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Abstract

Various results in Proof Theory, Set Theory, and Recursion Theory are
proved.

We introduce the reflection order, an ordering on patterns of iterated X1-
and IT}-reflection for ordinals. Extending Aanderaa’s theorem that 7} < o,
we prove that of has rank w in the reflection order and o} (o{) has rank
w®. We prove that the reflection order is a prewellordering of length >¢g
and that its conjunction-free fragment has length exactly w*. As part of the
proof, we extend classical results of Aczel, Richter, and Gostanian.

We study the determinacy of games of transfinite length, mostly of length
w?. We prove that clopen determinacy of length w? is equivalent to o-
projective determinacy of length w, to the existence of a certain uncountable
sequence of canonical inner models with finitely many Woodin cardinals, and
to the cut elimination theorem for Takeuti’s Determinate Logic for languages
with no atomic formulae of infinite arity. We obtain further characterizations
of this in joint work with S. Miiller and P. Schlicht.

We compute the consistency strength of determinacy for games of length
w? and payoff in other pointclasses, including the open sets, the F, sets, the
Borel sets, the projective sets, and the o-projective sets (the latter two
jointly with S. Miiller). We give new upper bounds for the consistency
strength of clopen determinacy for games with length of the form w?- 3 and
show that if there are w? Woodin cardinals below a measurable cardinal,
then there is a model of Kripke-Platek set theory satisfying ADg.

We study proofs in finitary and infinitary systems with weakened eigen-
variable conditions. Jointly with M. Baaz, we prove a speed-up theorem
for cut-free proofs and characterize the sequents provable in intuitionistic
g-calculus. In the infinitary case, we characterize cut elimination theorems
for these systems in terms of determinacy assertions, following Takeuti.

Jointly with D. Fernandez-Duque, we prove that provability logic is
strongly complete with respect to its topological semantics, and, in par-
ticular, with respect to the ordinal w* + 1. More generally, we introduce a
generalization of Icard spaces and show that provability logic is individually
strongly complete with respect to every Icard space of large enough rank.
Finally, we prove a completeness theorem for transfinite provability logic
with respect to finite polytopologies based on Icard spaces.

Mathematics Subject Classification (2010): 03B20, 03B45, 03D60, 03D70, 03E10,
03E25, 03E35, 03E45, 03E55, 03E60, 03F05, 03F07, 03F20, 03F45, 54G12, 91A44.
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Introduction

This thesis is centered around two recurring themes, each corresponding to
one possible sense that the preposition in the title can have. It is composed
of four parts, which are related in ways that might not be obvious at first
sight.

This work mostly fits within the scope of the program in which one at-
tempts to isolate criteria to determine the truth or falsity of general mathe-
matical statements. By Godel’s incompleteness theorems, not all mathemat-
ical problems can be solved by resorting exclusively to deductive reasoning,
and this occurs in particular when traversing the consistency strength hier-
archy in the direction of inconsistency.

Two natural ways to climb the consistency strength hierarchy are pro-
vided by consistency statements and by large-cardinal axioms. Gddel’s hope
was that large-cardinal axioms would settle otherwise independent mathe-
matical questions such as the Continuum Hypothesis. Unfortunately, Lévy
and Solovay’s [LS67] contributions to the technique of forcing showed that
this was not the case. This brought upon the need to isolate other key
mathematical axioms which are not large-cardinal assumptions. The results
in parts II and III of this thesis can be arguably interpreted as set-theoretic
and proof-theoretic evidence towards the view, ubiquitous within the au-
thor’s scientific circle, that these axioms must include (strong) determinacy
hypotheses.

Although arguing for axioms of definable determinacy might seem point-
less to the reader already convinced of the existence of large cardinals, we
believe that there is a subtle point to be raised: the position that axioms of
definable determinacy must hold, if taken to the extreme, must necessarily
be accompanied by a rejection of forcing axioms:
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Theorem 1.0.1 (Larson [Lar04]). Suppose that Martin’s Maximum holds.
Then, there is a definable game of length wy that is not determined.

This theorem is not vacuous, in that Woodin has shown (from suitable
assumptions) that it is consistent with ZFC that all definable games of length
w1 are determined. The question remains as to the extent to which determi-
nacy of games of length wy is provable, perhaps with the use of large-cardinal
or other (consistent) combinatorial statements. We mention the following
result, which builds heavily on work of Neeman and is not proved in this
thesis:

Theorem 1.0.2 (with D. Blue [ABb]). Suppose that there is a countably
iterable model of ZFC with a measurable Woodin cardinal and that the Con-
tinuum Hypothesis holds. Let X C 2“! be provably Ay definable from R.
Then X is determined.

The assumption on provability in the above statement can be weakened
to Q-provability, under suitable assumptions. The proof, however, depends
crucially on the Continuum Hypothesis, although we do not know if it is
necessary for the conclusion. Larson’s theorem suggests that this may well
be the case. If it were, this fact would make a very strong case for the truth of
the Continuum Hypothesis, provided countably iterable models of ZFC with
measurable Woodin cardinals exist, regardless of whether this is provable
from large cardinals alone.! For more details on the connection between the
Continuum Hypothesis and the determinacy of definable games, we refer the
reader to Woodin [Wo002] or Woodin [Woo016].

In this dissertation, we study—and argue for—axioms of definable deter-
minacy for games of countable length. Unlike the set of possibilities, the size
of this dissertation must be necessarily finite, and so we will mosltly focus
on games of length w?. Our expectation is that this lead to further studies
of axioms of definable determinacy for games of countable and uncountable
lengths, which may in turn eventually provide an answer to questions such
as the Continuum Hypothesis.

Our first (and main) argument is based on the realization that there is
striking similarity between the regions in the consistency strength hierarchy
linking PA and ZFC on the one hand, and the theories

ZFC + {“there are n Woodin cardinals”: n € N}

and
ZFC + “there are infinitely many Woodin cardinals,”

IThis is not known to be the case, albeit it is widely conjectured.



on the other. Starting from the assumption that the theories PA and ZFC are
both true, this suggests an approach to isolating a collection of true theories
extending ZFC and increasing in consistency strength; namely, if PA and ZFC
are true, then there must be a sequence of intermediate true theories linking
them. If the two regions of the consistency strength hierarchy specified
above indeed resemble each other, then the theories below each will have
stronger counterparts, and one may argue for their truth on the basis of this
counterparthood; this is what we do.

There is one potential issue: the choice of intermediate theories. There
are three canonical ways of extending PA and obtaining approximations to
ZFC that have been thoroughly studied; these are:

1. axioms of comprehension, asserting the existence of initial segments of
the constructible hierarchy L;

2. axioms of definable determinacy for (Borel) games of length w,
3. axioms asserting the closure of R under various jump operators.

A possible fourth alternative, one which goes back to Turing’s thesis (see
also Feferman [Fef62]), would be the extension of PA by iterated consistency
assertions in some canonical way. We believe that more research is needed in
this area before it can be incorporated in an argument of the present sort, so
we shall make no further comment on this. The reason why is this mentioned
at all is that it is in principle possible, albeit unlikely, that advances in this
area be in conflict with the argument we present here.

These three ways of extending PA have analogues which yield higher
consistency strength:

1. axioms of choiceless determinacy, asserting the determinacy of initial
segments of the relativized constructible hierarchy L(R);

2. axioms of definable determinacy for (Borel) games of length w?,

3. axioms asserting the closure of R under various inner-model-theoretic
operators.

Earlier work in Reverse Mathematics shows that the three paths from PA to
ZFC that we mentioned coincide (see Figure 1.1). The results in Part II show
that their respective analogues also coincide (see Figure 2.1 on page 21).
This means not only that the two aforementioned regions of the consistency
hierarchy resemble each other in a very precise way, but also that the earlier
potential issue was in fact vacuous. It seems extremely plausible that higher
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’ Base \ Comprehension Determinacy \ Operators \
RCAg Ly [x]-comprehension | X9-determinacy for | 2" exists for | Post,
for all x € R, ie., | gamesoflengthn € | all x € R Simpson
ACA N
RCAy L [7]-comprehension | Af-determinacy 2(®) exists for | Steel
for all x € R and all all x € R and | [Ste77]
a < wi, i.e., ATRg all o < wy
KP wak—comprehension, Y0-determinacy O exists Solovay
i.e., there is an
admissible set
KP La%—comprehension7 »9-determinacy Solovay
ie., there is a %i-
reflecting ordinal
KP + Sep | for all # € R and | Aj-determinacy the theory of | Martin
all @ < wy, there Lgz[z]  exists
is some % such that for all z € R
Lgz[x] = “V,, exists” and all o < w;
ZFC Projective Determi- | M} exists for | Neeman
nacy all n € N [Nee04],
Woodin

Figure 1.1: Theories between PA and ZFC + Projective Determinacy in con-
sistency strength. Theories in the same row are equivalent. (The indicated
base theories are not meant to be optimal).

regions of the consistency hierarchy also resemble the gap between PA and
ZFC, and this is evidenced by work of Neeman [Nee04], Sargsyan [Sar09],
Steel, Trang [Tral3], Woodin, and others.

The analogy between Figures 1.1 and 2.1 does extend beyond the results
presented in this thesis. For example, the o-projective hierarchy has a nat-
ural analogue which can be defined by paralleling the definition of simple
clopen games (see Definition 5.2.2 on p. 140). Determinacy for games at var-
ious levels of this hierarchy can be shown to be equivalent to the existence of
sequences of iterations of the Turing jump of an appropriate length. Another
example is given by the difference hierarchy between I19 and AY. Although
we shall not prove this here, determinacy at these levels corresponds, on the
one hand, to the existence of iteratively Xi-reflecting ordinals (MedSalem
and Tanaka [MTO08]) and, on the other, to the determinacy of L(R) up to
iteratively II]-reflecting ordinals.




The study of the reflecting structure of L (or of L(R)) at the level of
iteratively ¥1- and ITj-reflecting ordinals is foundationally very interesting,
because of its essential role in the proof-theoretic analyses of theories in
the vicinity of I13-comprehension (see Rathjen [Rat05b, Rat05a]). It seems
plausible that extensions of weak theories by iterated consistency assertions
provide a fourth bridge between PA and ZFC. Our position seems to predict
that these theories will have higher analogues which coincide with the the-
ories of determinacy for definable games of length w?, although it is hard to
make precise claims before further progress in the proof-theoretic analysis
of theories beyond II3-comprehension is made.

This region of the constructible hierarchy is also very interesting math-
ematically because of its connections to generalized recursion theory. Part
I of the thesis is devoted to this study. Its goal is to determine the order
in which various patterns of iterated reflection first occur within the con-
structible hierarchy. Patterns of reflection are finite objects, but their order
can only be determined by analyzing various transfinite ordinals « in terms
of their degrees of stability, the lengths of a-recursive wellorderings, and
their reflecting properties across different (possibly nonstandard) models of
(fragments of) set theory. We have chosen to lead the thesis with our study
of the reflection order because it is the most self-contained part, although
the computations involved might seem easier to the reader familiar with the
examples and/or results in Part IV.

Our second argument for axioms of definable determinacy as extensions
of ZFC is proof-theoretical. It is based on cut-elimination theorems that
arise as natural extensions of proof systems with locally unsound rules. The
initial goal was to consider examples of generalized notions of proof in which
correctness is determined by analyzing a proof in its entirely, and without
the restriction that every initial segment of a proof be also a proof. The
example we give at the beginning of Part III is the following argument,
which has a true conclusion and is admissible when formalized within the
framework we develop:

1. That Kurt Godel is Austrian entails that Kurt Godel is Austrian.
2. Hence, that Kurt Godel is Austrian entails that everyone is Austrian.
3. That is, if Kurt Godel is Austrian, then all people are Austrian.

4. Therefore, there exists a person such that, if that person is Austrian,
then all people are Austrian.
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This generalized notion of proof results from extending the permissible cir-
cumstances in which one may quantify terms. This type of reasoning is not
novel—it originates from the way terms are treated in Hilbert’s e-calculus. A
different, but similar, situation occurs in reasoning by contradiction, where
a proof cannot be prematurely terminated after a contradictory assump-
tion has been made, but before the contradiction has been reached. Our
proof systems have natural infinitary extensions by allowing countable con-
junctions and quantifier chains. The general rules for quantification can be
applied not only to quantifier strings of the form

Vg, Ve, Vs, ...

but also of the form
Vg, 3z, Vs, . ...

It is natural to ask whether the cut-elimination theorem extends to this
proof system. This is a purely syntactical question, independent of any
possible interpretation of the symbols and, in particular, of quantifier chains.
It turned out that this question was already studied by Takeuti, in the
case that the language contains atomic formulae of infinite arity and only
quantifier strings of length w; he showed that the cut-elimination theorem
was equivalent to the Axiom of Determinacy. We study the question in
the setting in which all atomic formulae have finite arity and show that the
cut-elimination theorem is equivalent to o-projective determinacy, if only
quantifier strings of length w are allowed, or to projective determinacy for
games of countable length, if quantifier strings of all countable lengths are
allowed. Thus, we arrive again at axioms of definable determinacy, this time
by adopting extensions of the cut-elimination theorem to infinitary logic.

It was in fact these two cut-elimination theorems that led to our studies
of o-projective determinacy, on the one hand, and to games of length w?,
on the other, before we knew of the relation between the two determinacy
hypotheses (via clopen games).

The final part of this thesis stems from the study of arithmetical theories
by means of iterated consistency assertions and/or reflection principles (see
Beklemisev [Bek04]). This area combines proof-theoretic techniques with
the representation of provability predicates by modal operators, allowing the
use of general algebraic methods to manipulate them. Part IV concerns the
topological counterparts of these algebras and builds on work of Beklemisev
and Gabelaia [BG13| and Ferndndez-Duque [FD14]. The key idea is to
exploit the arithmetical structure of the ordinals to derive results about
scattered spaces.
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Structure of the thesis

Other than this introductory chapter and the forthcoming summary of re-
sults, this thesis contains thirteen chapters, four of which are joint work
with other researchers. Chapter 4 was written jointly with S. Miiller and
P. Schlicht [AMS]; Chapter 5, with S. Miiller [AM]; Chapter 12, with M.
Baaz [ABal; Chapter 14, with D. Ferndndez-Duque [AFD17]. All chapters,
except for the one on open games, are intended to be submitted individu-
ally for publication and thus are formatted as individual articles. Because
of this, their respective introductory and preliminary sections might over-
lap. The ones not mentioned already correspond (in order) to the articles
[Ague, Agug, Aguf, Agud, Agub, Aguc, Agua, Aguh].
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Summary of Results

Here, we briefly summarize the main results proved in this thesis.

The Order of Reflection

In Part I, we study the reflection order, a binary relation on reflection pat-
terns. These are defined as follows: o] and 7 are reflection patterns. If s
and t are reflection patterns, then so are oi(s), 7i(s), and s At. Let X be
a class of ordinals. An ordinal « is X1-reflecting on X if

LoE¢ = BecanX (Lg E¢),

whenever ¢ is a (set-theoretic) X1-sentence, possibly with parameters in L.
An ordinal being IT}-reflecting on X is defined similarly.
We say « is of-reflecting if it is Xi-reflecting on Ord and we say it is 7{-

reflecting if it is IT}-reflecting on Ord. Inductively, we say « is o1 (s)-reflecting

if it is ¥{-reflecting on s-reflecting ordinals and we say it is 7] (s)-reflecting
if it is IT}-reflecting on s-reflecting ordinals. We say it is s A t-reflecting if it
is both s-reflecting and t-reflecting. Given two reflection patterns s and ¢,
we define

s <t (2.1)

if the least s-reflecting ordinal is smaller than the least t-reflecting ordinal.
An analysis of the reflection order involves answering questions such as (2.1).
The reflection order is essentially an order on finite figures defined by making
reference to much larger objects. Moreover, there can be no way of defining
it which is much more simple, as we will see that it is not equivalent to any
linear re-ordering of N which is wellfounded provably in PA.

15
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The starting point is a result of Aanderaa by which
7['% < a%.
A generalization of Aanderaa’s theorem is that
m < mi(m) < mi(mi(nr) <o <o
in fact, o has rank w in the reflection order. We prove:

Theorem 2.0.1. oi(ol) has rank w* in the reflection order.

In proving this theorem, we prove various facts about particular well-
known ordinals. For instance, we prove that of is stable precisely to the
supremum of lengths of of-recursive wellorderings, but that o (o1) is strictly
more stable. We also prove various relationships between reflection patterns

which we believe to be of interest and unintuitive, such as

a1 (mi(o1)) < o1(o1)
or
mi(o1) = mi(o1) Ami (7).

Our main result concerns the length of the reflection order. Clearly it is a
prewellordering; we show:

Theorem 2.0.2. The length of the reflection order is at least €.

The proof of Theorem 2.0.2 shows that the rank of (¢})™ in the reflection
order is at least the result of iterating the w-based exponential n-many times.

When discussing the reflection order with D. Schrittesser, he asked what
the length of the conjunction-free fragment of the reflection order was. The
answer is an easy consequence of the methods developed along the way to
Theorem 2.0.1:

Theorem 2.0.3. The length of the conjunction-free fragment of the reflec-
tion order is w*.

Another easy consequence of the proof of Theorem 2.0.1 is that the
conjunction-free fragment of the reflection order is cofinal in the full reflec-
tion order. In fact,

Theorem 2.0.4. The sequence of reflection patterns of the form (oi)™ is
cofinal in the reflection order.
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We do not know of any recursive upper bound for the length of the
reflection order, although we show that for every reflection pattern s, the
least s-reflecting ordinal appears below the least « such that

La <1 La++17

where o denotes the least admissible ordinal greater than «. (This is
optimal in the sense that if one replaces a™ + 1 by o' in the equation
above, the ordinal a is equal to 7}, the least of the reflecting ordinals.)
Presumably, all the relationships between reflection patterns are provable in
any theory which proves the existence of the corresponding ordinals, so this
suggests that the length of the reflection order is smaller than the proof-
theoretic ordinal of (lightface) IT3-comprehension. We do not have a proof
of this, but conjecture that it is in fact much shorter.

The computations in this chapter make use of the hyperexponential no-
tation e"3. The reader who desires a more careful treatment of hyperexpo-
nentials and logarithms, or examples, may consult Part IV.

At the end of this summarizing chapter, we include diagrams describing
the order between some ordinals given by the reflection order, together with
comments, including the ranks of some ordinals in the reflection order.

Games of Transfinite Length

Part II is concerned with two-player, perfect-information games of transfi-
nite length. The games we consider are defined as follows: fix a countable
wellorder « (the length of the game), and fix a set A C N of a-sequences
of natural numbers (the payoff set). Two players, Player I and Player II,
alternate turns playing natural numbers x(¢), producing a sequence:

I | z(0) z(2) oo z(w)
I1 z(1) z(3) ... z(w+1)

After a-many numbers have been played, the game ends. Let z be the
sequence thus produced. Player I wins if, and only if, z € A; otherwise,
Player II wins. Since the space N¢ is homeomorphic to the irrationals, we
refer to plays x as reals.

The first half of Part II deals with o-projective sets of real numbers;
these are the smallest collection of subsets of R closed under complements,
countable unions, and continuous images. Specifically, we are concerned
with infinite games on N whose payoff is a o-projective set. We consider
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the question of computing the consistency strength of the assertion that all
such games are determined. Because it is too coarse, this question cannot be
answered in terms of the usual large-cardinal hierarchy, but only in terms of
the existence of canonical inner models. It is an easy consequence of known
methods that the consistency strength of o-projective determinacy follows
from the existence of infinitely many Woodin cardinals and thus is strictly
weaker (since it only speaks about objects below the least inaccessible car-
dinal). Moreover, a theorem of Woodin states that projective determinacy
implies the consistency of ZFC with any finite amount of Woodin cardinals;
hence, the consistency strength of o-projective determinacy lies strictly be-
tween that of ZFC with all finite amounts of Woodin cardinals, and that of
ZFC with infinitely many Woodin cardinals.

Given a countable ordinal a@ < wy, we introduce the notion of a model
of class S,; these are countably iterable fine-structural extender models
constructed relative to a real parameter. The existence of models of each
class S, can be directly proved from the existence of infinitely many Woodin
cardinals, and thus seen to be weaker in consistency strength. We prove:

Theorem 2.0.5. The following are equivalent over ZFC:
1. o-projective determinacy;
2. For each oo < wy, there is a model of set theory of class S, .

Afterwards, we include joint work with S. Miiller and P. Schlicht in which
we study the relationship between games of length w with a complicated
payoff, and longer games with a simpler payoff. The methods used to prove
the main results are perhaps more important than the results themselves:
they generalize in very useful ways, as we will see later. We introduce the
notion of simple games of a given length a + w? and show, among other
things:

Theorem 2.0.6. (with S. Miller and P. Schlicht) The following are equiv-
alent over ZFC:

1. o-projective determinacy;
2. Determinacy for simple clopen games of length w?;
3. Determinacy for simple o-projective games of length w?;

The second half of Part II studies games of fixed countable length greater
than w. The starting point is Neeman’s theorem that if there is an active,
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countable, iterable extender model with § Woodin cardinals, then all ana-
lytic games of length w - 8 are determined. We study lower bounds for the
consistency strength of this assertion. Since analytic games of length w - n
can be simulated by projective games of length w, the first place at which
something new occurs is at length w?; thus, most of our work in this section
focuses on games of length w?.

Theorem 2.0.7. (with S. Miller) The following two schemata are equicon-
sistent over ZFC:

1. Determinacy for projective games of length w?;
2. {“there are w +n Woodin cardinals”: n € N}.

Our proof yields local lower bounds and extends to compute the strength
of o-projective determinacy and of ORII}-determinacy for games of length
w?.

After studying projective determinacy, we move on to simpler point-
classes. Like o-projective determinacy of length w, determinacy assumptions
for games of length w? with payoffs in pointclasses between the clopen sets
and the Borel sets have consistency strengths that lie within ZFC plus all
finite amounts of Woodin cardinals and ZFC with infinitely many Woodin

cardinals.

Theorem 2.0.8. The following are equivalent over ZFC:
1. Clopen determinacy for games of length w?;
2. o-projective determinacy.

Together with the results from the first chapter of Part II, we obtain a
computation of the consistency strength of clopen determinacy for games of
length w?.

A classical theorem of Steel states that, over Recursive Comprehension,
clopen determinacy is equivalent to open determinacy. This seems to sug-
gest that clopen determinacy for games of length w? is equivalent to open
determinacy for games of length w?. However, this is not the case. It is not
hard to see that the o-projective sets of reals are precisely the sets of reals
in L, (R). In contrast,

Theorem 2.0.9. The following are equivalent over ZFC:

1. Open determinacy for games of length w?;
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2. There is a transitive model of KP + AD containing R.
As for Borel determinacy, we obtain a triple equivalence:

Theorem 2.0.10. The following are equivalent over ZFC:
1. Borel determinacy for games of length w?;

2. For each o < wy, there is a transitive model of KP +AD + “V,, exists”
containing R.

3. For each o < wy, there is a countably iterable extender model of Z +
“there is a limit of Woodin cardinals A and Vi, exists.”

Borel determinacy of length w? is the first theorem that we know of
whose proof over ZFC requires models with large cardinals over a theory
weaker than ZFC.

The techniques employed adapt to prove results on the determinacy sets
in a specific level of the Borel hierarchy. Since we have considered the first
one, we consider the second one. For this, we need a definition. Here, A™
denotes the intersection of all admissible sets containing A.

Definition 2.0.11. A set A is Hf‘—reﬂecting if for all II; statements ¢, if
AT = ¢(A), then there is B € A such that BT = ¢(B).

Theorem 2.0.12. The following are equivalent over ZFC:
1. F,-determinacy for games of length w?;
2. There is a transitive, 1] -reflecting model of KP + AD containing R.

Our results on games of length w? can be summarized by Figure 2.1
(compare with Figure 1.1).

After our study of games of length w?, we move on to longer games.
We generalize our work on clopen games to compute upper bounds for the
strength of clopen determinacy of a various lengths. These upper bounds
are probably optimal, but we do not prove this here. The proof is based on
the methods of the first half of Part II and “shortening” theorems such as
the ones for games of length w?. We mention the following result:

Theorem 2.0.13. The following are equivalent over ZFC:

1. Clopen determinacy for games of length w3;
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’ Base ‘ L(R)-determinacy

‘ Games of length w? ‘

Operators

|

|

ZFC | L1(R) = AD >{-determinacy M} exists for all n € N | Neeman
for games of length [Nee04],
w-n Woodin
ZFC | L,,(R) = AD, i.e., | Al-determinacy NE(z) exists for all
L (R)-determinacy a < wy and some = €
for all o < wq R
ZFC | L, »(R) E AD, ie., | X{-determinacy
there is an admissible
set containing R and
satisfying AD
ZFC | L, (R) = AD, | X9-determinacy
i.e., there is a Hf-
reflecting set contain-
ing R and satisfying
AD
ZFC | Ly(R) = AD, ie., | Al-determinacy for all @ < wy, there
for all & < wiy, there is an iterable exten-
is some [ such that der model of Zermelo
Lg(R) = AD + “V, set theory with a limit
exists” of Woodin cardinals
A satisfying “Viio ex-
ists”
ZFC | AD + {“there are | Projective Deter- | {“there are | with
n Woodin cardinals”: | minacy w 4+ n Woodin | S. Miller
n € N}* cardinals”: n € N}*

Figure 2.1: Games of length w?.
only a proof of equiconsistency.

For the theories marked with *, we include
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2. Determinacy of all games of length w? with payoff in the smallest o-
algebra containing the open sets and closed under the real-game quan-
tifier.

Since clopen determinacy for games of length w? is false in L(R), the
above result cannot be improved by replacing the second statement with a
determinacy hypothesis for games of length w.

To finish the chapter, we use long games to prove a theorem on the
strength of ADgr. By theorems of Steel and Woodin, the following are
equiconsistent:

1. ZFC+ “there is a cardinal A which is a limit of Woodin cardinals and
a limit of <A-strong cardinals”;

2. ZF + ADg.

In particular, over ZF, ADg is strictly stronger than the existence of a proper
class of Woodin cardinals.

We have seen that the theory KP + AD has consistency strength almost
as high as ZF + AD (it implies open determinacy for games of length w?,
which implies o-projective determinacy). We see, however, that the theory
KP + ADg is much weaker than ZF + ADg.

Theorem 2.0.14. Suppose that there are w? Woodin cardinals and a mea-
surable cardinal above them. Then, there is a transitive model of KP + ADg
containing R.

Proofs in Systems with Unsound Rules

In Part III, we study proofs of sequents in formal systems with locally
unsound rules. We define the systems LK™ and LK™, obtained from
Gentzen’s LK by weakening its characteristic-variable condition in a certain
way. More specifically, we ask only that each strong quantifier inference
satisfy the following three properties, abstracted from proofs in Hilbert’s e-
calculus. Here, for free variables a, b, we write a <, b if the proof 7 contains
a strong-quantifier inference of the form:

'+ A, A(a,b,0)
'+ A,V A(z, b, )

or of the form:
A(a,b,0),T'F A

Az A(z,b,0),T F A
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The conditions are:

e (substitutability) the characteristic variable does not appear in the
conclusion of 7.

o (side-variable condition) the relation <, is acyclic.

e (weak regularity) the characteristic variable is not the characteristic
variable of another strong-quantifier inference in 7.

We show that every LK* - and LK™ -provable sequent is already LK-
provable. The main result is:

Theorem 2.0.15. (with M. Baaz) There is no elementary function bound-
ing the length of the shortest cut-free LK-proof in terms of the shortest cut-
free LK™t - or the shortest cut-free LK -proof.

We also obtain results on the complexity of Herbrand sequents in LK
and LK™, as well as the corresponding intuitionistic analogues, LJ* and
LJTT. Unlike their classical counterparts, LJ™ and LJ™ are not conserva-
tive over intuitionistic logic and do not admit cut elimination. As a con-
sequence of our study of proofs in unsound system, we obtain a charac-
terization of the collection of sequents provable in intuitionistic e-calculus.
Below, by a quantifier shift, we mean an instance of a sequent expressing
distributivity of a quantifier with respect to a Boolean connective, such as

Vx (AV B(x)) + AV Vz B(z).

Theorem 2.0.16. (with M. Baaz) Let S be a sequent in first-order logic.
The following are equivalent:

1. S is provable in intuitionistic logic with all quantifier shifts added as
azxioms;

2. S is provable in intuitionistic e-calculus;
3. S is provable in LJ*;
4. S is provable in LJTT.

The characteristic variable conditions of LK™ are closely related to
those in Takeuti’s system for Determinate Logic. Roughly, Takeuti’s con-
ditions are the natural generalizations of the ones for LK™+ and LK™ to
infinitary logic. Thus, Takeuti’s system for Determinate Logic is the natu-
ral extension of LK™+ and LK™ to infinitary logic.
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Theorem 2.0.17 (Takeuti). The following are equivalent for every transi-
tive model M of ZF + DC containing R:

1. M | “DL satisfies the cut-elimination theorem,”
2. M = AD.

The proof of Takeuti’s theorem is unusual in that it uses the Axiom
of Choice to prove that a statement inconsistent with it holds in an inner
model. Using a simple forcing argument, Takeuti’s theorem can be rephrased
without making reference to inner models.

Corollary 2.0.18. Assume ZF + DC. The following are equivalent:
1. DL satisfies the cut-elimination theorem,

2. AD.

In the second part of Chapter III, we prove variants of Takeuti’s theorem
by modifying his proof. We mention two. The langauge of Takeuti’s system
DL is uncountable. Its formulae are countable, but sequents need not be.
This language involves a restriction with regard to the length of strings of
quantifiers one is allowed to form. Removing this restriction gives rise to a
proof system we call DLg.

Theorem 2.0.19. Assume ZF + DC. Then, the following are equivalent:
1. DLy satisfies the cut-elimination theorem.
2. ADg.

Let “weak cut elimination” stand for the assertion that every sequent
having a proof with no atomic formulae of infinite arity has a cut-free proof.
Although full cut elimination contradicts the Axiom of Choice, weak cut
elimination does not:

Theorem 2.0.20. Assume ZF + DC. The following are equivalent:
1. DL satisfies weak cut elimination.
2. o-projective determinacy.

Putting everything so far together, we obtain the following theorem re-
lating proof-theoretic, set-theoretic, and game-theoretic hypotheses:

Theorem 2.0.21. The following are equivalent over ZFC:
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1. all o-projective games of length w are determined;

2. all simple o-projective games of length w? are determined;
3. all simple clopen games of length w? are determined;

4. all clopen games of length w? are determined;

5. for every a < wi, there is a model of class Sy ;

6. for every a < wy, for almost every x € R, there is a model of class Sq,
containing x;

7. Takeuti’s DL satisfies cut elimination for languages with no atomic
formulae of infinite arity.

Topological Interpretations of Provability

Our last chapter concerns the topological interpretations of provability logic.
The provability logic GL is the modal logic whose axioms are

O(¢ — ¢) = (H¢ — Oy)

and
O0¢ — ¢) — O¢

and whose rules of inference are modus ponens and necessitation (from ¢
deduce O0¢). The intent is that formulae ¢ be iterpreted as formulae in the
language of some formal system, such as ZFC, with formulae of the form [l¢
read as “¢ is provable.”

Solovay proved that GL is complete for its provability semantics, and
Segerberg proved that it is complete for its relational semantics. Esakia
proved that it is complete with respect to its topological semantics, in which
¢ (the dual of ) is interpreted as the limit-point operator. A strengthening
of this, due to Abazhidze and Blass, is that GL is complete with respect to
a single topological space, the ordinal w® with the order topology.

In Part IV, we introduce generalized Icard topologies, obtained from an
arbitrary scattered space X by adding the sets of all points with (Cantor-
Bendixson) rank in some (c, 3). This process can be iterated transfinitely
to generate the Icard topologies

{XTA CAE Ol’d}
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The simplest example of an Icard topology is an ordinal with the order
topology, obtained when A = 1 and X is the same ordinal with the scat-
tered topology given by initial segments. The following generalization of
Abashizde and Blass’ theorem was proved in the author’s Bachelor’s thesis,
written under the supervision of D. Fernandez-Duque. It employs hyperex-
ponential notation e*c; roughly, this is the result of iterating the function

a— —1+w”
A-many times.

Theorem 2.0.22. Let A be nonzero and X be a scattered space of rank at
least e*w. Then, GL is complete with respect to X1

Here, we prove the following strengthening to strong completeness:

Theorem 2.0.23. (with D. Ferndndez-Duque) Let A be nonzero and X be
a scattered space of rank at least e’w + 1. Then, GL is strongly complete
with respect to Xyy.

This is in contrast to the well-known fact that GL is not strongly com-
plete with respect to its relational semantics. On the way to proving the
theorem, we prove strong completeness with respect to a class of Kripke-like
structures we call w-bouquets. Some particular cases are:

Corollary 2.0.24. Let o be an ordinal. Let Iy be the order topology and T
be the topology generated by closed, cofinal sets on ordinals of uncountable
cofinality.

1. Suppose w* + 1 < «; then GL is strongly complete with respect to
(Oé,Il).

2. Suppose we < a; then GL is complete with respect to (v, (T¢)11)-

3. Suppose wywi1 < «, then GL is strongly complete with respect to
(a, (7e)11)-

In the second part of Chapter IV, we prove a completeness theorem
for the polymodal provability logic GLP. This logic contains a sequence of
modalities

{(¢) : £ € Ord}

interpreted as varying degrees of consistency. It is known to be complete
with respect to various arithmetical interpretations and to be incomplete
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with respect to relational semantics. There is a canonical topological inter-
pretation of GLP given in terms of generalized stationarity on sufficiently
indescribable cardinals, but it is open whether GL is complete with respect
to each individual topology, though we observe in Chapter IV that it is not
strongly complete.

We introduce the notion of a 5—polytopology, where ¥ is a finite sequence
of ordinals and prove completeness of GLP for 5—polytopologies. Roughly,
we show that given a scattered space X of large-enough rank and a formula ¢
consistent with GLP, and letting J be the sequence of modalities appearing
in ¢, there is a polytopological space

—.

(X, 79, : i < LTH(V))

satisfying ¢ and such that, moreover, each 7; is a rank-preserving extension
of the Icard topology X4y, .

Theorem 2.0.25. Let J be an increasing sequence of nonzero ordinals.
Denote by GLPT 9 the fragment of GLP whose only modalities appear in 9.

1. All theorems of GLP| J hold in every ﬁ—polytopology.

2. Let A be a limit ordinal greater than each element in J and (X,7) be a
scattered space of rank >e™1. Suppose ¢ only contains modalities in J
and is consistent with GLP. Then, there is an open subset of X such
that ¢ is satisfied on a J—polytopology over (U, m41).

This strengthens a result from the author’s Bachelor’s thesis in which J
was a pair of the form (1, ).
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1 least a such that L, <1 L,+; has reflection order 1

ol this ordinal satisfies Lo <1 Ls, and is of (7})-reflecting

|

0_%,2 least X}-reflecting ordinal which is a limit of ¥1-reflecting ordinals

|

La <1 Lé,ﬁ—l

|

Lo <1 Ls, 42

7i(of) also 7] (7})-reflecting; has reflection order w + 1

Figure 2.2: Reflecting ordinals, I. The topmost ordinal is the smallest and
arrows represent strict inequalities. Here d, is the supremum of lengths of
a-recursive wellorderings.



ot(mi(o1)

ol(mr}(o}) and Ly <1 Ls, 11
1

J% (7 (a%) and Lo <1 Ls, +2

Figure 2.3: Reflecting ordinals, II.

29
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ol (ri(a)) also o} (i (7l (0})))-reflecting
ot (mi (o (i (o)) has reflection order w - 3

ol A also o} A 7} (o1)-reflecting; has reflection order w?

(o1 Am)

l

l(wl(o} nmh)
(ot A
ol (ko (o} A )

l 1

o1 Ami(m)

Figure 2.4: Reflecting ordinals, III.
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O'%/\ﬂ'%

|

o1 Ami(r)

|

U% A 77% (77% (77%)) has reflection order w?

|

ol) this ordinal satisfies Lo <1 Ls, 11 and equals o (o} (7} (o

(o1)) has reflection order w* + 1

ot At (ol (mi(of (o)) has reflection order w® + w?

Figure 2.5: Reflecting ordinals, IV.

1
1

)



32 2. SUMMARY OF RESULTS

ol Ami(oi(mi(oi(o1))))

ot Arl(ri (7ot (7l (o (a)))))) has reflection order w® 4 w?

ol (o} (ri(ai(01)))) has reflection order w® - 2
U% A W% U% (0%)) has reflection order w**1

ai(of Ami(oi(o1)))

l

ai(of Ami(oi(of Ami(oi(o1)))))

l

ol(o1) Am

Figure 2.6: Reflecting ordinals, V.



Lo <1 Lo+ this ordinal reflects according to every pattern
=« least nonprojectible ordinal

Figure 2.7: Reflecting ordinals, VI.
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3.1 Introduction

Let L, denote the ath level of Godel’s constructible hierarchy, given by
Ly = 9, Loy1 = all sets definable over L, with parameters, and L, =
Ua<y Lo at limit stages. In a-recursion theory, one lifts the usual notion
of “computation” over the natural numbers (or, equivalently, over L) to
L, for sufficiently closed «. As became evident from early work by Kreisel,
Kripke, Platek, Sacks, Takeuti, and others (see e.g., Simpson [Sim78]), facts
about recursion on L, can be translated into facts about recursion on L, in
various ways. In particular, the termination of simple inductive definitions of
sets of natural numbers is deeply connected with the reflecting structure of L
(see e.g., Cenzer [Cen74] or Aczel and Richter [AR74]). The purpose of this
chapter is to study the order in which various reflecting properties given

37
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in terms of iterated ¥1- and ITi-reflection first occur in the constructible
hierarchy.

A formula in the language of set theory is 31 if it contains only existential
second-order quantifiers (i.e., ranging over classes) followed by arbitrary
first-order quantifiers. An ordinal « is said to be X1-reflecting if whenever
¢ is a ¥{ formula in the language of set theory and ay,...,a, are finitely
many elements of L, then

L, E ¢(ay,...,a,) implies 3ﬁ<a(a1,...,an€L5AL5 ):qﬁ(al,...,an)).

Given a class of ordinals X, an ordinal « is said to be X}-reflecting on X
if one can additionally demand that the ordinal 8 above belong to X. The
least Y1-reflecting ordinal is denoted by o1, and 7} is defined dually.

An ordinal « is said to be [-stable if

Lo <1 L,B-

Given an ordinal o, write o™ for the smallest admissible ordinal greater than
a. Aczel and Richter [AR74] showed that i # o1 and that a countable or-
dinal « is IT}-reflecting if, and only if, it is a*-stable. Afterwards, Aanderaa
[AanT74] showed that 7] < of. Gostanian [Gos79] showed that o is smaller
than the least o which is (o™ + 1)-reflecting; in fact, he showed that any
« which is both (a™ + 1)-stable and locally countable is also Y1-reflecting.
Later Gostanian and Hrbacek [GH79] employed Gostanian’s method to give
a new proof of Aanderaa’s theorem. A third, apparently folklore proof ap-
pears in Simpson [Sim78].
Let us now generalize the definitions of of and 7] as follows:

Definition 3.1.1. The notion of a reflection pattern is given inductively:
the empty set is a reflection pattern; if s and ¢ are reflection patterns, then
so too are s A t, oi(s), and 71 (s).

We write of for o1(2) and 71 for 7} ().

Definition 3.1.2. A reflection pattern is linear if it contains no conjunc-
tions, and non-linear otherwise.

Definition 3.1.3. An ordinal is said to be of(9)-reflecting if it is ¥i-
reflecting; it is said to be 7} (@)-reflecting if it is IIi-reflecting. Let s and ¢
be reflection patterns. Inductively, an ordinal « is said to be i (s)-reflecting
if it reflects X1 statements onto s-reflecting ordinals; it is said to be i (s)-
reflecting if it reflects II} statements onto s-reflecting ordinals; it is said to
be s A t-reflecting if it is both s-reflecting and t-reflecting.
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We may alternate between uppercase ¥ and II and lowercase ¢ and 7 in
speaking about patterns of reflection.

The ordering problem is: given two reflection patterns s and ¢, determine
whether the least s-reflecting ordinal is smaller than the least t-reflecting
ordinal. We will identify a pattern s with the least s-reflecting ordinal.
Thus, instances of the ordering problem are e.g., determining whether

oi(o1) < o1(mi (o] Amy))
or whether
mi(o]) < mi(of) Ami(m).

Other related problems emerge. For instance, one may ask whether of (o1) is

the least Xl-reflecting ordinal which is also a limit of ¥1-reflecting ordinals.
(Incidentally, the answer to all three questions is “no.”)

Let us mention the main results of this chapter. First, we solve the
ordering problem for linear patterns and in particular show:

Theorem 3.1.4. The linear order of reflection is a prewellordering of length
w

w®.
Although Theorem 3.1.4 makes no reference to the The proof requires
analyzing the structure full reflection order, its proof does require an analysis
thereof, to a certain extent. We shall see that all reflection patterns are
witnessed for the first time by ordinals between the least o which is a™-
stable and the least o which is (o™ + 1)-stable. In addition, we show:

Theorem 3.1.5. The linear reflection order is cofinal in the full reflection
order.

This raises the question of whether the full reflection order also has
length w®. This turns out to be false:

Theorem 3.1.6. The reflection order has length at least eg. Moreover, the
pattern (o)™ has rank at least the result of iterating the w-base exponential
n-many times.

We also compute the rank of specific reflection patterns in the reflection
order. By Aanderaa’s theorem, the pattern 7} has rank 1 in the reflection
order. To name a few further results:

Theorem 3.1.7. The pattern oi has rank w in the reflection order.
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Theorem 3.1.8. The pattern 71 A o1 has rank w? in the reflection order.
Theorem 3.1.9. The pattern oi(o}) has rank w* in the reflection order.

These results easily extend beyond what is explicitly written here. For
instance:

Theorem 3.1.10. The pattern of A 7i(ot(01))) has rank w**! in the re-
flection order.

Theorem 3.1.11. The pattern ol (o} A i (ol(a}))) has rank w“t* in the
reflection order.

Convention Every ordinal in this chapter is assumed to be both countable
and locally countable (i.e., for all 8 < «, there is a surjection from w to
in L,. These are the hypotheses for the theorems of Gostanian and Aczel-
Richter mentioned above, respectively.

3.2 Stability and Gandy Ordinals

For an admissible ordinal «, write
8o = sup {4 : ¢ is the length of an a-recursive wellordering of a subset of a},

where a subset of « is said to be a-recursive if it is Aj-definable over L,
with parameters. The value of §, remains unchanged if one replaces “a-
recursive” by “a-r.e.” in the definition. For every admissible «, d, is easily
seen to be a limit and e.g., additively indecomposable. We always have
0o < aT; an ordinal « is Gandy if §, = a™. Gostanian [Gos79] showed
that o} is the smallest ordinal which is not Gandy. In fact, he showed that
a locally countable ordinal is not Gandy if, and only if, it is Yi-reflecting.
Abramson and Sacks [AS76] showed that (RL)T is Gandy.

Since we know what the degree of stability of 71 is (viz. (71)"), a possible
first question is that of the degree of stability of of.

Proposition 3.2.1. o is not (50% + 1)-stable.

Proof. Let § = 6,1. Since § < (o])T, it is not admissible. As we observed
before, § is a limit ordinal; thus, the failure of admissibility must be due
to an instance of collection. Choose some A formula ) such that for some
@ € Ls, Ls [~ 1(a@)-collection. To see that o} is not (§ + 1)-stable, consider
the formula ¢ in the language of set theory asserting that there are sets A,
B such that:
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1. A and B are transitive sets satisfying V=L, A is admissible, A € B,
and there is @ € B such that B does not satisfy 1(a@)-collection;

2. for each Ord N A-recursive linear ordering R € B, either there is an
infinite descending sequence b through R with b € A, or there is an
ordinal § € B and an isomorphism f € B from R to ;

3. for each § € B, there is an (Ord N A)-recursive linear ordering R € B
and an isomorphism f € B from R to (3.

Notice that ¢ is a ¥ formula, since the only unbounded quantifier is the
one on B. Moreover, it does not hold in LU}, for the sets A and B would
need to be of the form L, and Lg, with o < 8 < of. Conditions (2) and
(3) together imply that 3 = &, but Gostanian’s characterization of of then
implies 8 = a™, contradicting condition (1). Finally, it does hold in Ls,1,
as witnessed by A = L1 and B = L;. To see that (2) holds, recall a
theorem of Gostanian [Gos79, Theorem 3.2] by which if « is X}-reflecting,
then every a-recursive linear ordering which is not a wellordering has an
infinite descending sequence in L,. Thus, every oi-recursive linear ordering
R either has an infinite descending sequence in Lg%, or else is isomorphic to
some ordinal 8 < §. One can construct an isomorphism witnessing this by
transfinite recursion: at stage v < [, one has defined f | v and sets f(7)
equal to the R-least element not in the range of f | ~. Since this process
takes J-many stages and R € LU% 11, such an ismorphism belongs to LU% 1
Since ¢ is additively indecomposable, it belongs to Ls. The proof that (3)
holds is similar. O

The proof of Proposition 3.2.1 shows:

Corollary 3.2.2. Suppose o is Li-reflecting and (6, + 1)-stable. Then, it
is a limit of X}-reflecting ordinals.

One cannot improve the conclusion of Proposition 3.2.1—every Yi-reflecting
ordinal is stable to the supremum of its recursive wellorderings:

Proposition 3.2.3. Suppose o is ¥.1-reflecting. Then o is 0,-stable.

Proof. Since ¢ is a limit ordinal, it suffices to consider arbitrary v < § and
show that
L, <1 L-y.

Let a € L, and ¢ be a ¥j-formula such that Ly = ¢(a). Without loss of
generality, assume that a is an ordinal. Let R be a o-recursive wellordering
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of length ~. In particular, R is o-r.e., so there is a ¥; formula %, such that
for all z,y € L,

TRy < L, = ¢(x,y).

Let us assume for notational simplicity that v is defined without parameters.
Given an ordinal ¢’; let R, be the binary relation given by

TRo1y <+ Lo ’: ¢($7 y)

Since v is X1, we have R,» C R, whenever ¢/ < 7 < ¢. In particular, R, is
wellfounded for all ¢/ < 0.
Because L., = ¢(a), there is a subset A of L, such that

1. A codes a model (M, E) of KP4+ V = L;
2. M has a largest admissible ordinal 7 and (7, E) is isomorphic to (o, €);

3. there is an ordinal 5 of M and a function f € M which is an iso-
morphism between RM (i.e., R, computed within M) and 3, and

LY = 6(a).

The existence of such an A can be expressed by a set-theoretic ¥{ formula
over L, with parameter a (as well as any other parameters involved in the
definition of R).

By E%—reﬂection, there is some ¢’ < o and some A,» C L, such that
a € Ly, and

1. Ay codes a model (N, F) of KP+V = L;
2. N has a largest admissible ordinal  and (n, F') is isomorphic to (¢/, €);

3. there is an ordinal b of N and a function g € N which is an isomor-
phism between R,]]V and b, and L} = ¢(a).

Here and for the rest of our lives, let us identify the wellfounded part of N
with its transitive collapse. Condition (2) implies that L,» € N. By (3),
there is an ordinal b of N and an isomorphism g € N from R, to b. Because
R, C R, it is wellfounded, and so b really is an ordinal. Now, L, E ¢(a),
and N has no admissible ordinals above ¢/, so b < (¢/)" < o. Since ¢ is ¥y,
we conclude that L, = ¢(a), as was to be shown. O

We have shown that o1 is d,1-stable and not (50% + 1)-stable. Note the
following consequence of the preceding proposition:
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Proposition 3.2.4. There is a Xi-sentence ¢ such that for every locally
countable, admissible o, L, = ¢ if, and only if, o is Y1-reflecting or 11}-
reflecting.

Proof. Let ¢ be the sentence that asserts the existence of some A C L,
coding a model (M, E) of KP +V = L containing ¢ and such that

M ):LU <1 L(;U.

Clearly, every IT}-reflecting ordinal satisfies this sentence, as does every ¥1-
reflecting ordinal, by Proposition 3.2.3.

Suppose that L, |= ¢, as witnessed by (M, E). Suppose moreover that o
is not Y1-reflecting, so that 6, = o by Gostanian’s characterization. Since
o € M, a well-known theorem of F. Ville (see e.g., Barwise [Bar75] for a
proof) implies that L,+ C M. Given an arbitrary 8 < T, we then have
B € M and B < §M, for otherwise 6} < oF, which is impossible, since any
o-recursive wellordering of a subset of o of length 6 would belong to M.
By choice of M,

M ): LO’ <1 Léga

and so M |= L, <1 Lz. However, being 3-elementary is absolute, so we
really do have L, <1 Lg and, since 3 was arbitrary, we have L, <1 L+, so
o is I} -reflecting. O

An immediate consequence is Aanderaa’s classical result:
Corollary 3.2.5 (Aanderaa). i < of.
Corollary 3.2.5 holds in a strong form:

Corollary 3.2.6. oi reflects X1 sentences on II}-reflecting ordinals.

Proof. Let ¢ be the sentence from Proposition 3.2.4. Then, if ¢ is another
¥1 sentence, so is the conjunction ¢ A . O

Corollary 3.2.6 is not news; it also follows from the proof of Corollary 3.2.5
written down in Simpson [Sim78]. Our method for analyzing the reflection
order is to prove results akin to Corollary 3.2.6. Now that we know the
degree of stability of o}, it is natural to ask what the least ordinal a which
is (0o + 1)-stable is. We shall eventually see that it is rather small and in
fact smaller than the successor of i in the reflection order. We finish this
section with some related results.

Proposition 3.2.7. Suppose o is locally countable and X1 -reflecting on 1 -
reflecting ordinals. Then o is (0, + 1)-stable.
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Proof. This is similar to the proof of Proposition 3.2.3. Again, it is easy to
see that ¢ is a limit. Let v = 0, + 1 and a € L, be such that L, = ¢(a),
for some X1 formula ¢. Let ¥ be the X1 formula expressing that o is locally
countable and there is a set A C L, coding a model (M, E) of KP+V =L
with 0 € M and such that

M E “Ls, 11 E 6(a).”

Then L, |= 1. By hypothesis, there is a ¥i-reflecting 7 < o such that L, =
1. Thus, 7 is locally countable and there is a model (M, E) of KP+V =L
with 7 € M and such that

M |=“Ls, 1 |= ¢(a).”

By Ville’s theorem, L.+ C M and, since 7 is Yi-reflecting, 6, < 7+. Hence,
M computes 0, and d, + 1 correctly and so we really have Ls_i1 = ¢(a).
Since ¢ is X1, we conclude L, = ¢(a), as desired. O

The preceding proof shows that if ¢ is as in Proposition 3.2.7, then o
is (6o + 2)-stable, (6,)“-stable, etc. It shows that if f is a function on
ordinals which is uniformly 3i-definable (with parameters in L,) on say,
multiplicatively indecomposable levels of L, then o is f(J,)-stable.

Definition 3.2.8. We denote by ai’e the least L1-reflecting ordinal which
is a limit of Yi-reflecting ordinals.

Proposition 3.2.9. O’i’é is smaller than the least o which is (6o + 1)-stable.

Proof. Let « be as in the statement. We claim that o is %}-reflecting.
Otherwise, 6, = a™t, and so a is (o™ + 1)-stable. But surely « is locally
countable, and thus Y{-reflecting, by Gostanian’s result mentioned in the
introduction. Thus, « is Xi-reflecting. By Corollary 3.2.2, « is a limit of
Yi-reflecting ordinals. However, this is expressible in L,; thus, the proof
of Proposition 3.2.1 shows that « is a limit of ordinals which are both ¥1-
reflecting and limits of ¥}-reflecting ordinals. O

As a consequence, we obtain a negative answer to one of the questions
posed in the introduction.

Corollary 3.2.10. O‘%’Z does not reflect X1 statements onto Yi-reflecting
ordinals.

We state without proof a result implying that O'i’é < mi(ot). Its proof
is similar to that of the much more powerful Theorem 3.3.9 below.
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Lo <1 Lo+ — o} — 07" > La <1 Ls,41 = La <1 Lsp2 — -+ > 71 (0})

Figure 3.1: Ordinals below 7} (o1)

Proposition 3.2.11. For every a < wi(oi), there is some o < wi(of)

which is both .1 -reflecting and (6, + «)-stable.

We end this section with Figure 3.1, which summarizes the relationships
between the ordinals considered so far. We shall also see that

mi(o1) < oi(o1)-

3.3 Reflection Transfer Theorems

In this section, we will present some results on the transfer of reflection
properties, i.e., results of the form

if o is s-reflecting, then it is t-reflecting,

where s and t are reflection patterns. Recall our convention that every
ordinal considered is countable and locally countable. The first reflection
transfer results we present are rather elementary:

Lemma 3.3.1. Let s be a reflection pattern and o be an ordinal.
1. If o is $1(0i(s))-reflecting, then o is L1 (s)-reflecting.
2. If o is I} (7{ (s))-reflecting, then o is 1} (s)-reflecting.

Proof. If o is ¥} (o1 (s))-reflecting and L, satisfies a X} sentence ¢, then, by
definition, there is a X1 (s)-reflecting 7 < o such that L, = ¢. By Xi(s)-
reflection, there is an s-reflecting n < 7 such that L, = ¢. Hence, o is
¥1(s)-reflecting. The argument for I1} (71 (s))-reflection is similar. O

Lemma 3.3.2. Let s be a reflection pattern and o be an ordinal.
1. If o is o1(s) A 7i(t)-reflecting, then it is wi(o1(s) A t)-reflecting.
2. If o is o1 (s) A i (t)-reflecting, then it is o1 (s A i (t))-reflecting.

3. If o is ol (s)-reflecting, then it is of (s A 7})-reflecting.
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Proof. Recall that if an ordinal o is s-reflecting, for any nontrivial reflection
pattern s, then it is recursively inaccessible and, in fact, a limit of recursively
inaccessible ordinals. (1) then follows from the simple observation that being
Y1 (s)-reflecting is expressible by a IT} sentence . Thus, if o is o} (s) A7} (¢)-
reflecting and satisfies some ITi-sentence ¢, then the conjunction ¢ A 1 is
also IT}, and any ordinal satisfying it must be X1 (s)-reflecting.

(2) is similar. For (3), there are two cases: if o is ITj-reflecting, then
the result follows from (2). If o is not IIi-reflecting, it is not o*-stable.
Hence, there is a least ¥ < o such that o is not v-stable, i.e., there is a 31-
formula ¢ and some parameter a < o such that L., = ¢ («a), but L, (= ¢(a).
The remainder of the proof is an adaptation of the proof of Corollary 3.2.5
presented in Simpson [Sim78]:

Let ¢ be the Xl-statement expressing that there is a model (M, E) of
KP+V = L end-extending L, such that for some v € M, L,];/,[ = v(«) and,
moreover, if 4/ is least such, then M %o is (<v/)-stable.” Then L, | ¢.
By choice of o, there is an s-reflecting ordinal 7 < o such that L, = ¢.
This means that there is a model (M, E) of KP + V = L end-extending L,
such that for some 7/ € M, Lf\y//[ = () and, for the least such 7/, we have
M E“1 is (<®')-stable”. Since v is X1 and L, [~ ¥ (), v/ must belong to
the illfounded part of M. So 7 is s-reflecting and, as in Proposition 3.2.4,
7 is I}-reflecting. By taking conjunctions as before, one sees that every %1
satisfied by L, is satisfied by some (s A 7])-reflecting 7 < o, as was to be
shown. O

Ezxample 3.3.3. In the introduction, we claimed that
o1(mi(o1)) < oi(o1).
To see this, notice that Lemma 3.3.2(1) and 3.3.2(2) imply that
o1 A =01 Ami(o1) = oi(mi (o) Ami = o1 Ami(o(mi(o1))

and thus that

o1 (mi(o1)) <op A

On the other hand, Lemma 3.3.2(3) implies that

a1(o1) = o1(o1 A ),

and so

o1 (mi(o1)) < o1 Am < oi(or),

as claimed. ]
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A natural question is whether one can strengthen 7 in the statement of
Lemma 3.3.2(3) and, in particular, whether of is o} (7} (7}))-reflecting. By

generalizing the proof of Lemma 3.3.2(3), we see that the answer is “yes.”

Definition 3.3.4. Let s be a reflection pattern. An ordinal « is 5-stable on
s if whenever Lg satisfies a ¥ sentence ¢(L,) with additional parameters
in Lg, there is an s-reflecting v < a such that L+ |= ¢(L,).

We caution the reader that an ordinal o being §-stable on @ is not the
same as it being [-stable, for the first definition allows L, as a parameter.
However, the definition coincides at sufficiently strong closure points:

Lemma 3.3.5. Let s be a reflection pattern. The following are equivalent:
1. « is at-stable on s;
2. a is I} (s)-reflecting.

We omit the proof of Lemma 3.3.5, which is a simple consequence of
Aczel and Richter’s characterization of I1j-reflection.

Theorem 3.3.6. Let s be a reflection pattern. Suppose o is o1 (s)-reflecting.
Then, it is oi (s A 71 (s))-reflecting.

Proof. The conclusion of the theorem follows from Lemma 3.3.2 if o is 7} (s)-
reflecting, so we may assume that it is not.

Since o is not 7 (s)-reflecting, it is not o -stable on s, so there is a
least 8 < ot and a Xj-formula 3z ¢(y, z) such that Lg = 3z ¢(Ls, x) and
whenever 7 < o and v is s-reflecting, then L.+ [~£ 3z ¢(L,,z). Let ¢ be the
formula expressing that there is a model M of KP + V = L such that

1. M contains o.

2. M E “Jzx¢(Ly, x) and, letting v be least such that M = ¢(L,,a) for
some a € L., o is <v-stable on s.”

By reflection, there is 7 < o with L, = v, as witnessed by some model N
which end-extends L. +. Since o is o} (s)-reflecting, we may assume that 7
is s-reflecting. Let v be N-least such that N = Jz € L, ¢(L;,z). Then,
we cannot have v < 7T, for otherwise 7 is an s-reflecting ordinal such that
L.+ E 3z ¢(L;,x), contradicting the choice of ¢. Thus, v belongs to the
illfounded part of N and, in N, 7 is <+v-stable on s. Since 7 is recursively
inaccessible (this can be assumed also if s = @), N is correct about s-
reflection below 7, so an argument as before shows that 7 is 77-stable on s

and thus I1}(s)-reflecting. O
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Ezample 3.3.7. By repeatedly applying Theorem 3.3.6, we obtain

1 11 1/ 1.1 1/ 1/ 171
o1 = oy(my) = oy (mi(m)) = oy (mi (7 (7)) = ...
This implies the sequence of inequalities

m < mi(m) < mi(m(m)) <o <o,

which strengthens Corollary 3.2.5.

The following strengthening of Proposition 3.2.3 is proved similarly:

Lemma 3.3.8. Suppose o is $1(s)-reflecting. Then, it is §,-stable on s.

Proof. Let 6(L,) be a X1 sentence with parameters in L, say, of the form
Jz0y(z, L,). Let n < 6, and b € L, be such that Ls, = 0y(b, Ly). Since
1N < d,, there is a o-recursive wellorder R of length 1. Let ¢ be the sentence
asserting the existence of a model M of KPi such that

1. M end-extends Ly41;
2. M E“ot exists”;

3. in M, R is isomorphic to an ordinal 79 and there is by € L% such that
LY = 0o (bo, Lo ).

Then L, |= 1. Moreover, v is X1 so, by reflection, there is an s-reflecting
7 < o such that L. = 1, as witnessed by some model N which end-extends
L.+. Now, in N, Li\ﬁ E 6o(bo, L) for some by € L%, where 79 is some
N-ordinal isomorphic to R;. However, R; C R, since R is o-recursive, and

0o is Yo, so we really have L+ = 6(L;), as desired. O

The following theorem, although perhaps odd-looking at first, is crucial
for our analysis of the reflection order.

Theorem 3.3.9. Let s be a reflection pattern. Suppose o is 11} (oi(s))-
reflecting but not X1 -reflecting. Then o is 111 (s)-reflecting.

Proof. Suppose ¢ is I}-reflecting on X1 (s)-reflecting ordinals but not ¥i-
reflecting. Let ¢ be the statement expressing that whenever (M, E) is an
end-extension of L, satisfying KPi, then M =“o is not X} (s)-reflecting.”
This sentence is T and thus cannot be satisfied by L, for otherwise it would
be reflected to a X1 (s)-reflecting ordinal. But clearly L, cannot satisfy 1 if
a is Y1 (s)-reflecting.
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Thus, L, = 1, so there is a model M of KPi end-extending L,41 such
that

M =40 is i (s)-reflecting.”

For ordinals 7 < o, whether 7 is t-reflecting is computed correctly by, say,
71+, and thus too by M, for any reflection pattern ¢t. By Lemma 3.3.8
applied within M,

M %o is d,-stable on s.”

Let ¢ be a II] statement, and a € L, be a parameter such that L, =
¢(a). By Barwise-Gandy-Moschovakis [BGMT71], there is a ¥; formula ¢*
such that for all admissible o with a € Lo, Lo, | ¢(a) if, and only if,
Lo+ E ¢*(a, Ly); thus, L,+ | ¢*(a, Ls). Let b € L,+ be a witness for ¢*
and let v < o be large enough so that b € L,. Since o is not Yi-reflecting
(in the real world), §, = o*, and thus

v < 6M,
Since ¢* is X,

M E*Ls, = ¢*(a, Lg),”

so by the §,-stability of ¢ on s within M, there is an s-reflecting 7 < ¢ such
that

M ):“LT+ ): Qs*(a?LT)'”

Since 77 < o, we really do have

I”T‘+ ): Qs*(aa LT)7
and so L; = ¢(a). This completes the proof of the theorem. O

Remark 3.3.10. The assumption that o is not X}-reflecting cannot be re-
moved from the statement of Theorem 3.3.9. To see this, let s be the empty
word. By Lemma 3.3.2(1), o} A 7} is I} (o})-reflecting. However, o} A m} is
not I} (7} )-reflecting, for being ¥{-reflecting is expressible by a ITi-formula,
and thus every ordinal which is (o} A 7} (71))-reflecting is also 7} (of A 73)-
reflecting and, in particular, a limit of (o} A 7{)-reflecting ordinals. O
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Remark 3.3.11. One cannot improve the statement of Theorem 3.3.9 to
conclude that o is I1} (o (s) As)-reflecting, for let s = 71. Then, 7 (o} (7})) =
71 (o}) by Lemma 3.3.2(3). However, as in Example 3.3.3,

mi(o1) < o1(mi(o1) < o ATy

This should be contrasted with Theorem 3.3.6 below. O
We conclude this section with two examples.

Ezample 3.3.12. By combining Theorems 3.3.9 and 3.3.6, one sees that

1.1 101 101 1.1 1 1¢ 1

m (o1) = mi(o7) Amy(my) = m(oq) Amy(m(mp)) = ...
Since we have seen that these reflection patterns are all smaller than o (o7} )
and o} A 7, it follows that o and 7} (o1) have order-types w and w + 1 in
the reflection order, respectively. O

Ezample 3.3.13. Let us present a proof of the inequality
1( 1 1.1 1 1.1
i (01 Ao A 7T1)> < oi(oy).
First, apply Theorem 3.3.6 to see that
a1(o1) = o1 (o] Ami(n)).

Then, apply Lemma 3.3.2 to see that

1A 11 1o 1 1, 1
oy Am(m) = oy Ao Amy),
so that
(1, 101 (1 1/ 1, 1
Finally, by Theorem 3.3.6, every o} (o1 A m}(o1 A 7}))-reflecting ordinal is
also of (71 (o1 A mi (o A7l)))-reflecting, so that of (o}) is a limit of 7] (o} A
7l (o1 A 7}))-reflecting ordinals.

3.4 Patterns Below o1 (01)

In this section, we describe the reflection order below oi(o}). To ease nota-

tion, we shall omit subscripts and superscripts (in this section) and simply
write o for o and 7 for 7}. We shall also sometimes omit parentheses; thus,
e.g., we will write

oNTo
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instead of
ol Ami(o}).
We will also express concatenation by direct juxtaposition, so that e.g., if
s = o A, then
ss=o An(oc Am).
We remind the reader one last time of our convention on all ordinals being
countable and locally countable. The following notation will be useful:

Definition 3.4.1. Let s and ¢ be reflection patterns. We write s = ¢ if for
every ordinal «, « is s-reflecting if, and only if, it is ¢-reflecting.

Definition 3.4.2. Let £ € N and s be a reflection pattern. We write

clgs = s; inductively,

cthls =0 Wkaﬂc,’is.

We write cfl for cfls, where s is the empty pattern.
We remark that, in particular, ¢2 = (om)™.

n

Lemma 3.4.3. For every n,k € N and every reflection pattern s, every

(o0 A TF*Ls)-reflecting ordinal is (mcks)-reflecting.

Proof. We first show by induction on n that
o ATl =0 A Wcﬁ.
Suppose that every (o A *+1)-reflecting ordinal is (mck)-reflecting, i.e., that

o AT =0 Arck = o Ar(cE ATP).

After some applications of Lemma 3.3.2, we have

oA chl = Uﬂcﬁ A Wc]fL
= Uﬂcﬁ A mF Tl
= aﬂ'cf; A 7Tk+10'7TCZ
=0 A 7Tk+1a7rcﬁ

= o An(rForc)

= o A7(o AThorc)

— k
=0 ATChy,

as desired. The argument given also shows that every every (o A 7FF1s)-
reflecting ordinal is (o A mcFs)-reflecting, although it does not prove the
converse (which, incidentally, is not true). O
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Corollary 3.4.4. For every n,k € N, every | < k, and every reflection

pattern s, every (o A T8F1s)-reflecting ordinal is (7*Tloncl s)-reflecting.

Proof. Suppose « is (o A 78 1s)-reflecting. By Lemma, 3.4.3,
o is wck 1s-reflecting.
By definition,
mek s =70 ArFoncks);

in particular,

k+1 k

a is ™ omc, s-reflecting.

We may thus apply Lemma 3.3.1 n times to see that every cFs-reflecting

ordinal is also c!,-reflecting, from which the result follows. O
Lemma 3.4.5. For every k € N, every ng,...,ni € N, and every reflection
pattern s, every (o A w°F1s)-reflecting ordinal is (7rk+107rcgocgl1 .. .cflks)—
reflecting.

Proof. This follows from applying Corollary 3.4.4 repeatedly. O

Definition 3.4.6. A reflection pattern is in 2-normal form if it is of the
form

n 0 1 k
T CpoCry -+ + g
for some natural numbers k, ng,n1,...,ng. If w is the reflection pattern

above, we define

k+1

o(w) =W np+wF g1+ +w-ng+n.

For now, we shall simply refer to patterns in 2-normal form as being
in normal form. We shall see that patterns in normal form have very nice
properties.

Lemma 3.4.7. Suppose s is a reflection pattern in normal form. Then,

every oo-reflecting ordinal is o(s)-reflecting.

Proof. By Theorem 3.3.6, any such ordinal is (o A 7¥)-reflecting for any k.
The lemma now follows from Corollary 3.4.4 and Lemma 3.3.1, and Lemma
3.3.2. O

We also have the following “contraction” lemma, which will be crucial:

Lemma 3.4.8. Suppose s is a reflection pattern. Then, every ocmoms-
reflecting ordinal is omws-reflecting.
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Proof. Suppose « is omoms-reflecting. By an argument as in Lemma 3.3.1,
applying Lemma 3.3.2, for every Yi-sentence ¢ satisfied by L, one can find
some moms-reflecting B < « such that Lg = ¢ and 3 is not X}-reflecting.
By Theorem 3.3.9, 8 is wmws-reflecting. By Lemma 3.3.1, g is ws-reflecting,
as desired. O

Lemma 3.4.9. Suppose ©t and ws are reflection patterns in normal form
such that o(wt) < o(ws). Then, every (ms)-reflecting ordinal is either (mt)-
reflecting or o-reflecting.

Proof. Let
Tt = ﬂ”cgoc}u . szkv
and
.m0 1 l
T8 =" Cpy Crny + - Cony»

where n and m are nonzero. Without loss of generality, we assume that ny
and m; are also nonzero. It follows that k < [. Suppose that o(nt) < o(7s).
It will be convenient, for illustrative purposes, to consider the case that k < [
first. If so, it suffices to show that every m(o A 7')-reflecting ordinal which is
not o-reflecting is (7t)-reflecting, for then the result follows from Theorem
3.3.9. By Lemma 3.4.5, every 7(o A 7!)-reflecting ordinal is

0 1 k

(o A Wlawcnocm ... cp, )-reflecting.

By Lemma 3.3.2, every such ordinal is

10 1 k

(T CpyCpy - - - Cp,, )-Teflecting,

and, by Theorem 3.3.6 or Lemma 3.3.1, according as n <l or [ < n, it is

n 0 .1 k ;
m(om" CpyCpy - - - Cp, )-Teflecting,

so that, if it is not o-reflecting, then it is

n 0 1 k

(7" CpyCny - - - Cn, )-Teflecting,

by Theorem 3.3.9, i.e., 7(t)-reflecting.
The general case is similar: let ¢ < k be greatest such that n; < m; and
notice that

Thus,
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k. and

i
where t' = ¢, ...cp 3

_. .m0 1 i !
TS =T CpoCrmy -+ Crny—n;

It suffices to show that every (o A wiont’)-reflecting ordinal which is not
o-reflecting is (mt)-reflecting, for then the result follows from Theorem 3.3.9.
Lemma 3.4.5 (with ort’ being the s in the statement) shows that every such
ordinal is

0 .1

4 . , _
(o AT'omC, Chy - - - c;iilaﬂt )-reflecting.

As before, by Lemma 3.3.2, every such ordinal is

m(onloncd e, ... c;;_llaﬁt')-reﬂecting.

By Theorem 3.3.6 and Lemma 3.3.1, every such ordinal is

0 1

n i—1
T(oT" oTCp Cpy -+ Crr

(omt’)-reflecting.
By contraction (Lemma 3.4.8), it is

n__0 1 i—1 1 :
m(on"omc, Cp, - - -y, t )-reflecting,

and by an argument like the one of Lemma 3.4.8, it is

n, 0 1 i—1

! .
(o Cpy -+ - o, t)-reflecting,

so that if it is not o-reflecting, then it is

W(Tr”cgo S cf;}lt’)—reﬂecting,
by Theorem 3.3.9, as desired. O

Lemma 3.4.10. Suppose t is a reflection pattern in normal form. Then
o At is equivalent to a reflection pattern in mormal form.

Proof. Put t = Trkcg]noc,ln L clml. The lemma is immediate unless k # 0 and

there is some least ¢ <[ such that m; # 0. Thus,

_ ki 1 !
L="T"CpCmy -+ Cmyy

=1%o A 7T7'(77TC7;M_1671.”1 e Cy)-

Let

_ k+i k+i+1 l
= Crmpyi Cmpgign -+ o
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so that

_ _k i i 1 kti—1
t=m"(0 AT OTChy, _1Cpyy -+ Crnyr 1o, S)-

If all m; are empty for j # 0, then the result follows easily; otherwise, by
Lemma 3.3.2 and Corollary 3.4.4,

1 Ck-l—z—l

—1Cmy -+ Co s OTCS).

t=7k(o Arlonc,
By Lemma 3.3.2,

1 k+i—1
i—1Cmq + Cmy

— k(. i ) 1 k+i—1
=0 AT (T OMChy, _1Cmy -+ Crri s

k+i omct 1 k+i—1

cmi—lcm1 e ka+i—1

oAt =0 AT(oc ATlorct, oTs)

oTs)

=oAT oms)

By Lemma 3.4.5 on the one hand and Lemma 3.3.1 and Corollary 3.4.4 on
the other,

k+i

oNT onrs =0 N,

but the reflection pattern on the left-hand side is readily seen to be equivalent
to one in normal form. O

Theorem 3.4.11. Let s be a reflection pattern in which the string oo does
not occur. Then, it is equivalent to a reflection pattern in 2-normal form.

Proof. This is proved by induction on the construction of s. Clearly, if s is
equivalent to a reflection pattern in normal form, then so too is ms. We only
need consider the string os in the case that s is of the form

m 0 1 [

T o Crny -+ + Comys

where m is nonzero. Then, it is easy to see that

m 0 1 I 0 1 !
O Cry iy« -+ Gy = O Cpp Cpn -+ Cppy
_ 0 1 [
- Cm0+lcm1 s le'

We need to show that s At is equivalent to a reflection pattern in normal
form. If both n and m are nonzero, then the result follows from Lemma
3.4.9; so suppose that one of m and n is zero, so that

sNt=o0cAsAt.



56 3. THE ORDER OF REFLECTION

Write n = n_; and m = m_; and let ¢ and j be least such that n; and m;
are nonzero, respectively. There are four cases to consider. The first one is
that in which both 7 and j are equal to 0. Then, there are reflection patterns
u and v, both in normal form, such that

t=omu
and
s = omv.

Suppose without loss of generality that o(mu) < o(mv). By Lemma 3.4.9, ev-
ery (mv)-reflecting ordinal which is not o-reflecting is (wu)-reflecting. Thus,
every s-reflecting ordinal is either t-reflecting or oco-reflecting, in which case
it is also t-reflecting by Lemma 3.4.7.

The second case is that in which ¢ = 0 but 5 # 0. Then, there are
reflection patterns u and v, both in normal form, such that

t=o7u
and
cANs=cAr"omv.
By direct computation,

sANt=omuANn™omv
=o(ru AT omv) AT o
=o(mu AT omv) Am™ (o(mu A T omv) A omv)

=o An" (o(ru AT omv) A ov).
Now, it is easily seen that
mo(ruArT™omv) =1 o(ru AT omv A Tomv)
=7 (U(ﬂ'U AT o) A 0'7'('0'71'1))
=7 (a(ﬁu AT omv) A mrv),
where the last equivalence follows from Lemma 3.4.8, and so

sANt=o Ar™o(ru AT o).
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Since each of mu and 7" o7v is a reflection pattern in normal form, Lemma
3.4.9 implies that their conjunction is equal to one of 7mu and 7™ onv. Let
us denote this conjunct by w. Then,

sANt=oc A7 ow.

Since w is in normal form, so too is 7% ocw, so the result follows from Lemma
3.4.10. The case in which ¢ # 0 and 7 = 0 is analogous.

The remaining case is that in which both ¢ and j are nonzero. Suppose
without loss of generality that n; < m; By replacing n; and m; by larger
numbers if necessary (this might need to be done in the case i = —1 and
mo = 0—a situation similar to the one in Lemma 3.4.10) we may assume
that there are reflection patterns u and v such that

oAt =0 ANr"oru
and

ocNs=ocAnomv.
Then, we have

oNsANt=oc ANmMoru AT orv

=o(r"oru AT omv) A mVomu A T om
=o AnMoru A7 (a(ﬂ”imru ATMom) A am)).
By contraction,

o AT orMomru =0 AT onomu

=o An"onu.
Since n; < myj, it follows by contraction that every ordinal which is
(o AN ™ on"omu)-reflecting

is also
(o A m"omu)-reflecting.

Similarly, we have
oNTor™ oy =0 AT (mrmj omv A J7ra7rv)

=o A7 (mrmj omv A 0'7'('1))
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and so every ordinal which is (o A 7™ on™i omv)-reflecting is also
(0 A7 (o™i omv A awv))—reﬂecting.
It follows that
oAsNt=o Ar"oru Ar" (J (r"iomu A T omv) A O’7T1)>
=oAn"o(rMoru AT o).
Since both m; and n; are nonzero, Lemma 3.4.9 implies that the conjunction
mMomu A T om

is equivalent to one of n™owu or m"omv. Denote this conjunct by w.
Then, w is in normal form. Since w begins with the symbol 7, 7™ ow is
also equivalent to a pattern in normal form. The result then follows from
Lemma 3.4.10. This proves the theorem. O

Theorem 3.4.12. oo has order-type w* in the reflection order.

Proof. By Theorem 3.4.11, every reflection pattern in which the string oo
does not occur is equivalent to one in oo-normal form. By Lemma 3.4.7,
this implies that oo is strictly bigger than each reflection pattern in which
the string oo does not occur. Conversely, if a reflection pattern does contain
the string oo, then naturally, it cannot be strictly smaller than co. An easy
induction shows that, for reflection patterns v and v in 2-normal form, u < v
if, and only if, o(u) < o(v), so the result follows. O

3.5 Linear Patterns

Our first result in this section concerns the length of the linear reflection
order; its proof induces a simple algorithm for comparing two arbitrary
linear reflection patterns.

Theorem 3.5.1. The length of the linear fragment of the reflection order
s w*.

Proof. Let us employ the simplified notation from the previous section. Re-
cursively, we assign ordinals to reflection patterns without conjunction: we
assign the ordinal w™ to the pattern

o™
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In particular, the ordinal 1 is assigned to the empty pattern. If s and t are
patterns to which ordinals o(s) and o(t) have been assigned, we assign the
ordinal

o(s) +o(t)

to the pattern
trs.

Note that if n < m, then, on the one hand,
a+w'+w"=a+wm,

while, on the other,

o"rs=0"""o"ws
=o" " (o"ws A ) by Lemma 3.3.2(3)
=o0" " (o"ws ANmo"ws) by Lemma 3.3.2(1)

=gm " (0"(71'5 ATo"ms) A 71'0"7?5) by Lemma 3.3.2(2)

=o"(ms ANmo"rs)

=o"rs No"wo" s,

Thus, every o™ rms-reflecting ordinal is also ¢"*mwo"ws-reflecting when n <
m; the converse is also true, by Lemma 3.3.1 and Theorem 3.3.9 (cf. the
argument of Lemma 3.4.8 on p. 52). It follows that this assignment of
ordinals is well-defined. By Lemma 3.3.1 and Theorem 3.3.6, we have

oo = oo

for any pair of nonzero numbers n and m, so every conjunction-free reflection
pattern is equivalent to one to which an ordinal has been assigned. It should
be clear by now that, for conjunction-free reflection patterns, s < t if, and
only if, o(s) < o(t), which completes the proof. O

The second result of this section is that the linear patterns are cofinal in
the reflection order.

Theorem 3.5.2. The sequence {(o1)" : n € N} is cofinal in the reflection
order.

Proof. To prove the theorem, we shall prove by induction on the construction
of a reflection pattern s that if s contains no occurrence of ¢™*!, then every
o(o™ At)-reflecting ordinal is also o (o™ At A s)-reflecting, for every reflection
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pattern ¢ (cf. Lemma 3.4.7 on p. 52). We may assume that n # 0, for
otherwise the conclusion follows from Theorem 3.3.6. Note that the case
that s is a conjunction is immediate from the induction hypothesis and the
case that s is of the form 75’ is also immediate from the induction hypothesis
and Theorem 3.3.6, thus, we suppose that s is of the form os’. The pattern
s’ might be a conjunction, say,

S/:80/\51/\---/\Sk/\To/\Tl/\'--/\Tl,

where each s; is of the form o™is! for some m; < n and some s} which is
a conjunction of patterns of the form 7s*, and each r; is of the form 77
Instead of proving that every o(o™ A t)-reflecting ordinal is o (6" At A 08')-
reflecting, we shall prove the stronger fact that it is

O'(O'n AEAG(o" LSy ASE A Ask) Arg ATy A-ee A rl))—reﬂecting.
By the induction hypothesis applied to s’, and the fact that each of s, and
ri=rogAri/N---Anr
is a conjunction of patterns of the form ws*, we obtain:

o(0"At) =o(a" NtASH A Asj AT)

a(a"/\t/\a”/\sé/\-‘ﬁ\sz/\r)

U(J"/\t/\a(a”_l/\86/\---/\32/\7“))
= a(o"/\t/\a(o”fl(sé/\--‘/\sw /\T)),

where the last two equivalences follow from Lemma 3.3.2. This completes
the proof of the theorem. O

3.6 Co-stability

Let us temporarily go back to our original notation with parentheses and

subscripts. By Lemma 3.4.7, if s < of(o1), then we additionally obtain

the stronger fact that oi(o}) is of(s)-reflecting. One may wonder if this
phenomenon obtains in general. We will see that it does not. In particular,
ol (r}(ol(a}))) is not o} (ol)-reflecting, and, consequently,

oi(o1) < o1 (mi(oi(01))) < oi(mi(oi(01))) Aoi(ol).
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The proof, however, will lead to a third reflection transfer theorem which
has the unintuitive consequence that

ai(mi(01(01)) Aoi(of) = a1 (oi(mi(01(01))))
The central notion for this is that of co-stability.

Definition 3.6.1. An ordinal o is d,-costable if for every IIy formula ¢
with parameters in L,, if Ls, = ¢(L,), then there is o < o such that
L.+ = ¢(La). Let s be a reflection pattern. We say o is d,-costable on s if
moreover « can be chosen to be s-reflecting.

The same way that 7{ can be characterized as the least ¢ which is d,-
stable, a% can be characterized as the least ¢ which is d,-costable. More
generally:

Proposition 3.6.2. Let s be a reflection pattern and o be an ordinal. Then,
1. If o is 65-costable on s, then it is X1 (s)-reflecting.

2. If s is a (possibly empty) conjunction of reflection patterns of the form
1

71(t) and o is X1 (s)-reflecting, then it is d,-costable on s.

Proof. The first item is immediate from the definition. For the second,
suppose o is X1 (s)-reflecting. Let ¢ be a II; formula with parameters in L,
such that Ls, = ¢(Ls). Let ¢ be the sentence asserting the existence of a
model M of KP + V = L such that

1. M contains o;

2. L) = 6(Ly).

By reflection, let op < o be an s-reflecting ordinal such that L., = ¢. If
oo is Li-reflecting, then it is (o] A s)-reflecting and thus o} (s)-reflecting, by
Lemma 3.3.2 and the assumption on s. Choose an s-reflecting o1 < o such
that L,, = 1. After finitely many steps, one arrives at some s-reflecting
0, which is not Y}-reflecting and such that L,, =, as witnessed by some
model N. Since oy, is not ¥i-reflecting, &,, = o, so 62 is greater than
every 3 < o,f. Since ¢ was chosen to be IIy, it follows that L_+ = ¢(Lo),
as desired. ! O

If one could remove the restriction on s in the statement of Proposition
3.6.2, then ol (a}) would be the least ordinal o which is 6,-costable on ¥}-
reflecting ordinals. Proposition 3.6.3 below shows that this is false.
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Proposition 3.6.3. oi(0}) is not the least ordinal o which is §,-costable

on Xi-reflecting ordinals.

Proof. The main point is that being §,-costable on s is expressible over
Ls, using L, as a parameter (see the proof of Proposition 3.2.1). Let 0 =
o1 (o}) and suppose towards a contradiction that o is indeed the least ordinal
a which is J,-costable on Yl-reflecting ordinals; then Ls, i satisfies the
statement expressing that there is an admissible « such that é,, exists and is
not admissible and « is §,-costable on ¥1-reflecting ordinals. By Proposition
3.2.7, 0 is (65 +1)-stable and thus a limit of ordinals o which are d,-costable

on Yi-reflecting ordinals—a contradiction. O

Proposition 3.6.4. Let s be a reflection pattern of the form wi(t). Then,
the least oi (s)-reflecting ordinal is not oi(ol)-reflecting.

We shall not prove Proposition 3.6.4, as it is a consequence of Theorem
3.6.6 below.

Ezample 3.6.5. The inequality stated at the beginning of the section now
follows: clearly of(mi(of(01))) is a limit of of(o})-reflecting ordinals and

thus

oi(o1) < o1 (i (0i(01)))-

By Proposition 3.6.4 applied to t = 7{ (o1 (o1)), the ordinal o1 (7 (o1 (01)))

is not o} (of)-reflecting, and thus

o1(mi(o1(01))) < oi(mi(01(01))) Aoi(or).

In particular, we have

o1(mi(01(01))) # oi(mi(o1(01))) Aoi(o).
This is in contrast to the fact that

o1(mi(o1(01))) = oi(mi (o1 (mi(o1(01)))) Aot (mi(oi(01)))-

by Lemma 3.4.8.

We now state and prove the third reflection transfer theorem:
Theorem 3.6.6. Let s be a reflection pattern. Suppose o is oi(mi(s))-
reflecting and o} (of A t)-reflecting. Then, it is

o1 (a1 (71 (s)) A t)-reflecting.
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Proof. Put r = 7i(s). Let o be an ordinal which is i (71 (s))-reflecting and

also o (o1 At)-reflecting. By Proposition 3.6.2, o is §,-costable on 7. Let 9
be the sentence asserting the existence of a model M of KP +V = L such
that

1. M contains o;
2. In M, o is §,-costable on t.

By o (o} At)-reflection, there is a (o} At)-reflecting ordinal 7 < o such that
L; |= 1, as witnessed by some model N. Thus, in N, 7 is J,-costable on r.
However, since 7 is Yi-reflecting, §, < 7. It follows that d, € N, so N is
correct about the §,-costability on r of 7. Hence, 7T really is §.-costable on r.
By Proposition 3.6.2, it is ¥1(r)-reflecting. Therefore, 7 is X1 (r)-reflecting
and t-reflecting, so o is as desired. O

Repeated applications of Theorem 3.6.6 yield:

Corollary 3.6.7. Let s be a reflection pattern. Suppose o is oi(mi(s))-
reflecting and o} ((o1)™ A t)-reflecting. Then, it is

ot (o)™ (71 (s)) A t)-reflecting.

We finish this section with a final reflection transfer theorem stated as
a (very useful) dichotomy. It is a strengthening of Theorem 3.3.9 which
clarifies the hypothesis on o not being Y{-reflecting.

Theorem 3.6.8. Suppose o is 71 (o1 (t A 7i(s)))-reflecting. Then, one of
the following holds:

1. o is 7 (s)-reflecting; or

2. o is o1 (t A mi(s))-reflecting.

Proof. Suppose o is 7} (o1 (t Ami(s)))-reflecting but not 7} (s)-reflecting. Let
6 be a ¥ sentence with parameters in L, such that

Ly =0
we need to find a (¢ A 71 (s))-reflecting 7 < o such that

L. = 0.
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By Barwise-Gandy-Moschovakis [BGMT71], there is a IT; formula 6*(a) such
that for every admissible o containing the parameters of 6, L, | 6 if, and
only if, L+ = 6*(Ly). In particular,

Lo+ = 0°(Lo).

Since o is not 7} (s)-reflecting, there is a least 3 < o™ such that o is not
-stable on 7} (s). Because 0* is IIy,

Ls b 6°(Ly).

Let ¢ be the sentence asserting the non-existence of a model M of KPi+V =
L end-extending L,y in which o is o} (t A 7} (s))-reflecting. This is a IT}
sentence and thus cannot be satisfied by any 71 (oi(t A mi(s)))-reflecting
ordinal and, in particular, by o. Thus, there is a model M of KPi+V = L
end-extending L,+1 and such that

M |= “o is o (t A 7} (s))-reflecting.”

Let x be the sentence asserting the existence of a model N of KP+V =L
such that

1. N contains o;

2. in N, letting 3 be least such that o is not S-stable on 71 (s), we have
N b <Ly b 0%(L,)."

Since B < o and M must end-extend L,+, 3 € M and M is correct about
B being the least ordinal at which o fails to be stable on 7{(s). Thus, we

have
M “Ly | X"

as witnessed, say, by L . Within M, o is of (¢ A 7 (s))-reflecting and thus
there is some 7 < ¢ such that,

M ): chT ): X;N

and so we really do have
L; =x.

Moreover, M is correct about reflection below o, so we may assume that
7 is (t A m}(s))-reflecting. By the definition of y, there is a model N of
KP 4+ V = L such that
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1. N contains 7;

2. in N, letting v be least such that o is not y-stable on 7{(s), we have

N ': “LB ): 9*(L7—).”
Since 7 is 71 (s)-reflecting, it is 7-stable on 71 (s), and thus v cannot be a
true ordinal smaller than 7. By Ville’s Theorem, N must end-extend L.+ .
Because 6* is IIy, it follows that

L+ ': 0*(LT)7

and thus, that
L, |: 0,

as was to be shown. O

3.7 A Chain of Length ¢

In this section, we extend the analysis of the reflection order beyond of (o1).

We will go back to our simplified notation in which we omit parentheses,
subscripts, and superscripts. We will show that the reflection pattern o”
has order-type at least

w

w
——

n times

and thus that the reflection order has order-type at least 9. We will again
assign an ordinal o(s) to each reflection pattern s in some normal form, prove
that the ordering induced by this assignment coincides with the reflection
order on patterns on which it is defined.

The computations below will be a bit shorter if we employ hyperexpo-
nential notation (see Ferndndez-Duque and Joosten [FDJ13a]). Below, we

write
a —1 if « is finite and nonzero,
—14+a=140 if =0,
« if « is infinite.
Define:
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2. ela=ea = -1 4w, and
3. e"tla = eema.
The left-inverse of the exponential e is the logarithm ¢ given by ¢0 = 0 and
la+wP) = B.

Inductively,
o = "

In this construction, the main patterns we will work with are those of the
form
o A mht
?

for example, oo will not figure in it.

As before, we will be able to combine them to form more complicated
patterns. This can be done through direct juxtaposition, or with the use of
a “linking” pattern; these will be those of the form

o(o" A 7).

Note that this includes the pattern om from before.

We will need the notion of the right side of an ordinal, which we define
below. The Hyperezponential Normal Form Theorem [AFD17] states that
every ordinal £ can be written in the form e“3, where § is either 1 or
additively decomposable. In the case ¢ < gg, we additionally have a < w,
so this expresion is covered by our earlier definition of e®.

If £ = e*f, where < w, then we say that the right side of £ is £ itself.
Inductively, if £ = e®3, where ( is additively decomposable and greater than
w, then we say that the right side of £ is e*’, where /3’ is the right side of
B.

Ezxample 3.7.1. The right side of

2
w w+2
W +w

e3(e?2 +e(el +2)) = w¥
is
w2
e3(e(2)) = et2 = w¥
Definition 3.7.2. We assign ordinals to some patterns:

1. If s is a pattern below oo, then o(s) is the order-type of s in the
reflection order.
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2. Let n,k € N. o(o" ! A 7kFl) = entl(k 4 1).
3. Let h € N. Suppose s is a pattern and o(s) is defined. Then,

(a) o(r*s) = o(s) + k;

(b) if 0 < £"*lo(s) (i.e., if £Po(s) is a limit ordinal), then o(c(a A
7s)) = e (tho(s) + w);

(c) if 0 < £"*1o(s) (i.e., if £70(s) is a limit ordinal) and k € N, then
o(o N htls) = el (tho(s) + k +1).

4. Let h € N. Suppose s and ¢ are patterns such that both o(s) and o(t)
are defined. Suppose moreover that 1 < £"*1o(s) (i.e., that £"o(s) is
a limit and the last term in its Cantor normal form has exponent at
least 2) and that o(t) is of the form e"*la, with a equal to its right
side, with w? < £"o(t) < ¢"o(s). Under these conditions,

o(t A o(oh Ams)) = el (tho(s) + £1o(t)).

Thus, for patterns with ordinal above w®, we have “initial” patterns of

the form
oL A gt

and defined four constructions to generate more complicated patterns. When
one considers the corresponding ordinals, what these constructions do is
modify the right side in various ways. Let us illustrate this with an exam-
ple:

Ezample 3.7.3. The pattern cooo A 7 has ordinal

w¥

el = w

while the pattern oo A 7 has ordinal

ww

el =w

Note that €31 is equal to its right side. Using various linking patterns of the
form o(o" A ), these two patterns can be combined.

w

1. When h = 0: o(coo AT Aor(cooo A)) =etl +e31 = W

2. When h = 1: O(O’O’J AT Ao(oAr(cooo A 7T))) = e(e31 + €%1) =
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3. When h = 2, this is no longer possible, as f?0(coo A7) = 231 = w <
w?. Instead, we may consider the pattern

o(oco Nm(ocooo A )

to which the ordinal
2?1 + w) = w*” W

has been assigned.

4. For h = 3, the pattern
o(coo ANm(cooo A T)

has the ordinal

w+tw

(el +w) =
assigned.
5. An ordinal that has not been considered so far is
ww""«kw""

e2(e’1 +€°1) = w ;

this corresponds to the result of linking two copies of cooo Ax via the
pattern o(co A7), i.e., to the pattern

oooo A Ao(oo Am(oooo A)).

Definition 3.7.4. Let o < g9. We denote by ¢* the unique reflection
pattern s such that o(s) is defined and equal to .

An easy induction shows that ¢* is well defined for all a < &g.

Lemma 3.7.5. Let o < g¢ and let s be a reflection pattern. Then, every
c*s-reflecting ordinal is either mws-reflecting or oms-reflecting.

Proof. This follows by simply observing the definition of ¢® and contracting
with Lemma 3.3.1 and Lemma 3.4.8. O

Lemma 3.7.6. Suppose that 8 < a < g9. Then, one of the following holds:
1. every c®-reflecting ordinal is wcP-reflecting; or

2. every c®-reflecting ordinal is omcP-reflecting.
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Proof. This is proved by induction on «. Let & be a ¢“-reflecting ordinal. It
suffices to show that ¢ is omc?-reflecting or momc?-reflecting, for in the latter
case either it is o-reflecting, thus owomc’-reflecting, and so omc?-reflecting
by Lemma 3.4.8; or it is not, and thus it is wc®-reflecting by Theorem 3.3.9.

If « is a successor ordinal v + 1, then ¢* = wc?, so £ is mc?-reflecting.
Let 8 < « be arbitrary. By induction hypothesis, either every ¢?-reflecting
ordinal is wcP-reflecting, whence ¢ is mmc?-reflecting and thus wc?-reflecting;
or every ¢”-reflecting ordinal is omc?-reflecting, so that £ is momcP-reflecting.

The more interesting case is when « is a limit ordinal. If « is of the form
e" 11, then ¢® = o™t A w. By Theorem 3.3.6,

0_n+1 — U(O’n A ﬂ,k)
for every k € N. By definition,
o(a" ATy = em(k +1)

for all k and clearly

lime™(k + 1) = "1,
keN

So that if 8 < «, then there is £ € N such that—by induction hypothesis—
one of the following holds:
1. o Ak = 0" AP A mcP; or
2. o" A7k = o™ AF A omcP.
Both cases easily imply that
o" At =" AP Ao’

and hence
an— a(a" ATEA 071'05)

so, in particular, o™T! is orcP-reflecting, as desired. The proof in this case
illustrates how the induction hypothesis is used. The remaining cases are
similar, but the computations are more involved.

By the previous observations, we may reduce to the case that « is a limit
ordinal not of the form e"T'1. We shall proceed by cases according to the
way ¢* was constructed. There are four cases:

1. ¢® = o™ Akt where k # 0, so that e"™!(k + 1) and « is equal to
its right side.
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2. ¢ = oM ATk for some v < o with 0 < /12y, so that the right
side of a is equal to e" 1 (k +1).

3. ¢ = (o™ A mc?) for some v < a with 0 < #7124, so that the right
side of « is equal to e lw.

4. ¢ =P Ao (o AmeY) for some B, < a such that 1 < £"F1y, g = el
with w? < "3 < v and B equal to its right side. If so, the right side
of « is then §.

Case (1) is treated very similarly to case (2) and so we omit the proof.
We deal with case (2) now. To ease notation we will assume that v is equal
to its right side and replace it by e"*1~, although the general proof is similar.
Thus, we assume « = e"*1(y + k + 1). First note that

v+ k+1)=ele(y+k+1)
— ehw'y+k+1

=R LW

= lim " (uﬂﬂc . m)
meN

= linll\]eh(e(’y +k) m)

me

Let
am = P (e(y+ k) - (m+1).

By definition,

h+1 h+1
Y0 — € (v+k) _ O_h—i—l A ﬂ_kce 5

Recall that the “linking” pattern for addition within e is o(c" A7), so that
cOmtt = ghtl A gk a(ah A wcam).
We will prove by induction on m that
= Nmwem,
Clearly,

h+1 h+1
@ = ghtl A phtloe"ty — jhtl /\ﬂ_(thrl A ke 7)

oA gL A reo
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Inductively,

(e} = O.h+1 A 7Tk+1 QX

c N\ e

h+1
= a(ah A 7700"”) A Rty

h+1
=oghtl A 7T<7TkCe TA a(ah A WC“'"))

h+1 h41
oMU A gh e A 7'['(7ch6 TA O'(O'h A WCam))

ht1 ht1
oML A gh L T A W(UhH ATEE T A a(ah A WC“”))

h+1
oA LT A retm,

Because

lim oy, = a,
meN

an argument as before with the induction hypothesis finishes the proof in
this case.

We may now proceed to case (3). Again assuming for notational sim-
plicity that ~ is equal to its right side and replacing v by "1y, we have

’Y).

h+1
& = oo A Tee

Notice that

h+1 (’Y + m)

a =Tl = lime
We had computed before that

h+1 ht1
€ (y+m+1) _ gt A gmtle iy

?

so, by an argument as before, it would suffice to verify that
c*=c* A J(Uh'H A 7rm+lceh+lw)

for all m. But this is immediate from Theorem 3.3.6.

Finally, for case (4), we assume c® = ¢® A o(c" A 7c?) for some 3,7 < «
such that 1 < M1y, g = e'p’ with w? < "3 < v and B equal to its right
side. If so, the right side of « is then 3. Again for notational simplicity we
assume that v is equal to its right side, and that « is of the form

a=e"(y+p5),

with w? < #'. We need to distinguish two subcases:
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1. # is of the form e'T'1 for some | € N (necessarily nonzero, by the
assumption w? < B');

2. /' is of the form e!*1(k + 1), for some I € N and some k # 0.

By our assumption that (§ is equal to its right side, these are the only
possibilities. In the second subcase, we have

a=e"(y+p)=e"(y+ e (k+1))

= el'(y + el )

= lim e"(y + e (w" - m)).

meN
Put
am = (v + €l (ek - (m +1))).
Thus,
@0 = "¢ (k) A o(a" A ﬂ'ceh7)

h+1+1 h
=c° FAo(ah Ame™)

h
= oML A TR A o(oh A e )
and, for each m,

hl
cOmtl — e (ek) /\o’(()’h+l /\ﬂ.cam)
h+1+1
=c° B Ao (oA metm)

— O_h+l+1 /\ﬂ_k /\O'(UhH /\ﬂ_cam)_
Now, we have

= no(ah A 7Tceh7)

h+14+1 h
=c° E+D A o (o® A Te )

h
O_h+l+1 Aﬂ_k+1 /\O'(O'h A e 7)

oh L A W(0h+l+1 ATE N a(o™ A ﬂceh"’)) Aa(ah A ﬂ'ceh'y)

h
oL A e A U(Jh A7 7).
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Inductively,
@ = gt A b LA o
= a(ah+l A Wcam) A RN pem
= ghtiHl A 7r(7rk A a(ahH A WC“”)) A e

gh L A W(JhHH ATE A U(UhH A Wcam)) A ™

= oM HHL A g+l A ﬂ(ahHH AR A O‘(OJH_Z A 7rc°"”)>

oL A gkt LA reemtt

so an argument as before completes the proof. Finally, in the first subcase,
where (' is of the form e/*11, we have

o=y + ) = ey + 1)

= ey + ew)
= lim e" 'm).
lim e(y + e'm)
Put
am = ey + em).
Thus,

hl h
m =M A g(o At

= "m A o(a" A chh'y)
=" AT™ Aa(oh A 7rceh7).
Now, we have
= No(ah A chhv)
=" o(ah A ﬂceh'y)
=" AT A (o A wceh7)
= " Ao (a? A ﬂcehw) Ao A 7rceh7)
= a(ah+l Amo(a™ A wcth)) AmAa(o A ﬂ'Cth).
Suppose an ordinal £ is
mo (ol A ﬂcehw)—reﬂecting.

By Theorem 3.6.8, one of the following holds:
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1. ¢is o(ah A ﬂcth)—reﬂecting; or
2. £is wcehW—reﬂecting.

Thus, if € is
oA ma (ot A ch}w)—reﬂecting,

then, one of the following holds:
1. £is oM AT A a(o” A e Y)-reflecting; or
2. & is (0" A me?"7)-reflecting.

However, note that

oA G A e

h h
oA o (ah A et 7) Amc® 7

h
O_h-‘rl A el

h h
oA J(O’h A e’ 7) Amc 7.

(The last equivalence is possible because [ is nonzero.) We have shown that
every ordinal which is

h
"N o (o A we®Y)-reflecting

is also X
AT A a(ah A et 7)—reﬂecting.

Therefore, an application of Theorem 3.3.6 shows:

= O‘(O‘h+l Amo(oh A chhv)) AmAa(o A ﬂcehw)

O‘(O‘h+l AT A O‘(O‘h A chh7)> AmAo(o A ch%)
= a(ah'H ATEA a(ah A chh7>> AT A U(Uh A ﬂ'ce}w)

for every 7 € N. But

o(ah+l ATt A O'(O'h A chh7)> =oc*™m,

so an appeal to the induction hypothesis—as before—finishes the proof of
the lemma. O
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Lemma 3.7.6 immediately implies that if 5 < o < g, then ¢? is strictly
smaller than ¢® in the reflection order. We have shown:

Theorem 3.7.7. The reflection order has length at least €.
We also mention the following consequence of the proof of Theorem 3.7.7:

Theorem 3.7.8. The reflection pattern o™ has rank at least €™1 in the
reflection order.

3.8 Concluding remarks

We have shown that the reflection order is a prewellordering of length at
least ¢ and, in fact, that the reflection pattern ¢™ has rank at least €1 in
the reflection order.

We have not given any upper bounds on the length of the reflection
order. Let us say something about this:

Proposition 3.8.1. Let s be a reflection pattern and suppose a is a count-
able, locally countable ordinal such that

La =<1 La++1.
Then, « is s-reflecting.

Proof. Since
Ly <1 Lo+,

it follows that a is mi-reflecting. By Gostanian’s theorem [Gos79] mentioned
in the introduction, « is o-reflecting. Inductively, suppose it is

(o1)"-reflecting
and let ¢ be a ¥1 sentence such that

Lo = 0.

Choose a II; sentence ¥* such that for all admissible 8 containing all relevent
parameters,

Lg =1
if, and only if,
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so that, in particular,
La+ ): ¢*(La)

Then, from the point of view of L.+, there are admissible sets L, and
L+ such that

1. ais (o})"reflecting, i.e., for every II; sentence ¢*, if Lo+ = ¢*(La),
then there is a (01)"-reflecting 8 < a such that Lg+ = ¢*(Lg). (The
quantification over ¢* is bounded.)

2. Los 4 (La).

Thus, by stability, there are admissible sets Lg and Lg+ in L, such that j3
is (o})"-reflecting and Lg = ¢*(Lg). Hence, a is (o] )" L-reflecting. There-
fore, a simple induction on the construction of a reflection pattern s, using
Theorem 3.3.9 shows that « is s-reflecting. O

The length of the reflection order is thus at most the least ordinal o such
that
Lo <1 La+1.

However, we believe that it is shorter and, in fact, recursive. The reason
is that each inequality between reflection patterns is surely provable in any
theory that proves the existence of the corresponding ordinals. Together
with Proposition 3.8.1, this suggests that the length of the reflection order
is smaller than the proof-theoretic ordinal of (lightface) II3-CAg and thus
smaller than the ordinal described in Rathjen [Rat05a].



Part 11

Games of Transfinite Length

7






4

o-Projective Determinacy

Contents
4.1 Introduction ... ... ......... . ..., 79
4.2 Preliminaries . ... ... ... ... 00000 82
4.2.1 o-projectivesets . . .. ... ... 83
4.2.2 Uniformization . . . ... .. ... ... .. .... 85
4.2.3 Inner Model Theory . . . ... ... ... ..... 88
4.2.4 Modelsofclass Sy, . . . .. .. ... 90
4.3 A Proof of o-Projective Determinacy . ... .. 102
4.4 IIl-Tterability . . ... .. ... ... ...... 108
4.5 Definable Determinacy .. ... ... ....... 118

4.6 The Strength of o-Projective Determinacy ... 129

4.1 Introduction

We consider infinite (Gale-Stewart) games on the natural numbers. These
games can be assumed to have the following normal form: given some fixed
A C R, players I and II alternate turns playing digits z(n) € {0,1,...,9}.
After infinitely many rounds have been played, Player I wins if, and only if|

belongs to A; otherwise Player II wins.

79
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Definition 4.1.1. A set of reals is o-projective if it belongs to the smallest
o-algebra on R containing the open sets and closed under continuous images.

The question of o-projective determinacy—whether o-projective games
are determined—cannot be decided within ZFC, Zermelo-Fraenkel Set The-
ory with the Axiom of Choice, but it is decidable in natural extensions
thereof. It can be shown, using the proof of a theorem of Martin and Steel
[MS89], that if there are infinitely many Woodin cardinals, then o-projective
games are determined.! By a theorem of Woodin (cf. [MSW16]), if projec-
tive games are determined, then there are models of ZFC with any finite
number of Woodin cardinals (a set A C R is projective if it can be ob-
tained from open sets in finitely many stages by applying complements and
continuous images). Thus, the hypothesis that corresponds to o-projective
determinacy lies somewhere strictly between infinitely many Woodin cardi-
nals, and all finite amounts of Woodin cardinals.?

This hypothesis is given in terms of certain smallness classes and can be
described as follows. A model M of ZFC is an initial segment of N = L, [A]
if M = Lg[A] for some 8 < . For the purposes of this introduction, “active”
can mean “with a measurable cardinal.”

Definition 4.1.2. Let M be a countable, wi-iterable extender model of
some fragment of ZFC.

1. M is of class Sy above ¢ if it has an initial segment which is active
above ¢;

2. M is of class S,4+1 above ¢ if it has an initial segment N of class S,
above some §p > § which is Woodin in N;

3. M is of class Sy above § if A < wi! and it has an active initial segment
in all classes S, above 4, for all a < A;

4. M is of class S, if it is of class S, above 0.

(See Figure 4.1 below for an example.)

If n is finite, then an extender model of class S, is usually called “not
n-small.” If « is infinite, then a model of class S, will have only a finite
amount of Woodin cardinals, but it will also have many ordinals that are
Woodin cardinals in some of its initial segments. The existence of models

!This was first pointed out to us by G. Sargsyan.
2As we will see, it is much closer to the latter.
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L, |E] |= 61,01 are Woodin
[0 9

A

Lo, [E] E do is Woodi fsi}lLal[E]

o) F--------
[ L

Figure 4.1: A model L, [E] of class S,

of any class S, does not imply the existence of models of set theory with
infinitely many Woodin cardinals.

The definition of the classes Sy, for limit A limit, has been chosen for
convenience; we will comment on this below. The main theorem is:

Theorem 4.1.3. The following are equivalent:
1. All o-projective games are determined.
2. The classes S, are all non-empty, for a < wy.

We begin in Section 4.2 by fixing conventions and proving basic facts
about the o-projective hierarchy and minimal models in the classes S,
a < wi. Roughly, we verify that the o-projective hierarchy behaves much
like the projective hierarchy and that inner models of class S, behave much
like the familiar model M}i In Section 4.3, o-projective determinacy is
proved from the large cardinal assumption. The proof is short, granted the
contents of Section 4.2.

The idea for the converse is to adapt the proof in Miiller-Schindler-
Woodin [MSW16] for the projective levels to our context. The proof of the
existence of M in [MSW16] involves different arguments for odd and even n,
because of periodicity in the projective hierarchy. Since we do not attempt
to prove either direction of Theorem 12.2.6 from locally optimal hypotheses,
we do not need to do this. We have chosen to adapt the proof for even
n here, which is essentially the successor case of a core model induction.
Our definition of the clases Sy for limit A ensures that the limit case of
the induction is immediate (cf. Lemma 4.2.16); nonetheless, this definition
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adds consistency strength at later stages in a subtle way. This is because
there are many equivalent formulations of Sy giving rise to non-equivalent
formulations of Syy; (this is exploited in the proof of Lemma 4.3.4).

A recurrent obstacle we shall face is that various arguments in the
context of models with finite amounts of Woodin cardinals involve L[E]-
constructions a la Mitchell-Steel [MS94]. These arguments do not work
here, because many of the extenders witnessing that a given model is of
some class S, (for w < «) are not total and so cannot be used for this type
of backgrounding. These obstacles can be overcome by appealing to the
theory of operator premice.

The proof of Theorem 12.2.6 requires verifying that some notions of Steel
[Ste95] carry over to the o-projective hierarchy; this is done in Section 4.4.
The remainder of the proof takes place in the last two sections, inductively.
The main goal in Section 4.5 is to show that the ws of a suitable inner model
is inaccessible in its HOD. Once this is done, the proof of [MSW16, Theorem
3.20] carries over smoothly. We include a sketch in Section 4.6 in which we
highlight the (albeit superficial) differences, but refer the reader to [MSW16]
for some of the arguments.

Large-cardinal assumptions of this form have previously been considered
by Rudominer [Rud97], who showed that minimal extender models satisfying
them contain precisely the reals ordinal definable in various initial segments
of L(R).

4.2 Preliminaries

We write R for the space of all infinite sequences of natural numbers, with
the product topology. Rigorously speaking, this space is not R, but rather
(homeomorphic to) R\ Q. Since rational numbers play no role in matters of
determinacy, we abuse notation. With this convention, R is homeomorphic
to R™ and to RY, so we sometimes identify reals with tuples of reals. A
pointset is a collection of points in R, or any of the spaces we identify with
R. A poiniclass is a collection of pointsets, in practice specified in terms of
definability (e.g., Al, the pointclass of all Borel sets).

Our notation is—to the best of our knowledge—standard. If f is a
function and A C dom(f), we write f[A] for

{f(a):a € A}.

If f is a function and A is a set, we say that A is closed under f if f(a) € A
for all @ € AN dom(f). An ordinal is even if it is of the form w - a + 2k,
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where k € N.

An ordinal a is recursive (in = € R) if there is a recursive (in x) wellorder-
ing of a subset of N having order-type . If z € R, we write w{ for the least
ordinal which is not recursive in z. Thus, w{ is the well-known Church-
Kleene ordinal. If x € R, the Turing cone generated by x is given by

{y € R: z is recursive in y}.

The Turing filter is the filter generated by Turing cones. We sometimes say
“almost all x € R” to mean “for all € R in some set in the Turing filter.”
If x and y are real numbers, we write x @ y for the recursive join of z and
y. If

(M, P)

is a structure consisting of a set with added predicates, we might abuse
notation by identifying it with M, or perhaps sometimes write |M| to refer
to its universe.

If k and X are ordinals, the collapse algebra for k and A, Coll(k, \) is the
partial order of all partial injective functions of size < k from & to A, ordered
by reverse inclusion. If M is a transitive model of set theory containing x
and X\ and g C Coll(k, \) is M-generic, then M|g] = |k| = |A|

4.2.1 o-projective sets

If A C Ris a continuous image of some B C R, then there is a real x; coding
the values of some continuous function f such that f[B] = A on a countable
dense subset of R. Conversely, projections from R"*! to R” are continuous.
Thus, o-projective sets are the smallest o-algebra on R containing the open
sets and closed under projections. One can also check that the o-projective
sets are exactly the sets of reals in L, (R) (cf. [AMS] for a proof); thus,
o-projective determinacy is the statement

Lw1 (R) 'Z AD

(which is not a schema). We will make no use of this fact, though.

Definition 4.2.1. The lightface o-projective (or c-analytical) hierarchy is
given as follows.

1. A set is ¥j(x) if it is a union of basic open sets which is recursive in
x.

2. A set is Al (z) if it is ¥} (z) and TI. ().
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3. A set is IT! () if it is the complement of a 3! (z) set.
4. A set is X}, (z) if it is the projection of a IT} (z) set.

5. A set A is ¥} (), for a countable limit A, if it is a countable union,
recursive in x, of sets Ay € Z%\k (), with A\ < A.

6. A set A is I} (z), for a countable limit ), if it is a countable intersec-
tion, recursive in x, of sets Ay, € H}\k (x), with A\ < .

Lemma 4.2.2 below follows by an easy application of the Axiom of Choice
for countable sets:

Lemma 4.2.2. A set of reals is o-projective if, and only if, it belongs to
Yi(z) for some A < wy and some x € R.

Let us mention the following elementary fact:

Lemma 4.2.3. The class ¥} (z) is closed under real existential quantifica-
tion.

Proof. This is clear if A is a successor ordinal. Otherwise, inductively, con-
sider a set A = ey Ax in X3 (z) NR2. We have
a € A if, and only if, Iy € R (a,y) € A
if, and only if, 3y € RIk € N (a,y) € Ay
if, and only if, 3k € N3y € R(a,y) € Ag

if, and only if, a € U IR A,
keN

The result follows. O

The boldface versions X} and IT., of the classes above are defined in the
natural way. The o-projective hierarchy can be recast in terms of infinitary
logic:

Definition 4.2.4. Let ¢ be a formula in the language of L., ..

1. ¢ is Bj(x) if it is a disjunction of quantifier-free formulae with no
infinite connectives recursive in x.

2. ¢ is Al(z) if it is X1 (x) and I (z).
3. ¢ is I (z) if it is Ly, w-equivalent to the negation of a XL (x) formula.

4. ¢ is T}, () if it is of the form 3z 1, where ¢ is I} (z).
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5. ¢ is Xi(x), for a countable limit A, if ¢ = \/ ey ¢k, Where ¢y € E}\k ()
with A < A, and the disjunction is recursive in x

6. ¢ is IT} (2), for a countable limit A, if ¢ = A,y ¢k, Where ¢y € H}\k (z)
with Ay < A, and the conjunction is recursive in x

Assuming that we have fixed a reasonable arithmetization of formulae
in Ly, w, we will identify them with elements of R.
The following lemma can easily be proved by induction.

Lemma 4.2.5. A set of reals is X\ () if, and only if, it is definable over R
by a formula in XL (x) with x as a parameter.

We refer to an L, ,-formula defining a X1 (z) set A from z as a definition
of A. If A is XL (x), then it has a definition that is recursive in z. The o-
projective hierarchy is of course not absolute, neither in its length nor in the
contents of each level.

4.2.2 Uniformization

Let A C R x R. A function f is said to uniformize A if
dom(f) ={z e R:3y(x,y) € A}

and (z, f(z)) € A for all x € dom(f). A pointclass T" is said to have the
uniformization property if every set in I' has a uniformizing function in I'.
Let A CR. A norm on A is a function

p: A — Ord.

Norms can be identified with prewellorderings of the reals, i.e., subsets of
R x R that are reflexive, transitive, and wellfounded. A pointclass I" has the
prewellordering property if every set in I' has a norm in I'.

A scale on A is a sequence {p; : i € N} of norms satisfying the following
semicontinuity property: suppose that {z; : k& € N} is a sequence of reals
such that

lim x, = .
keN

Suppose, additionally, that for each i € N, the sequence of ordinals
{ps(ay) : k € N}

is eventually constant, say with value A\;. Then the following hold:
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1. z€ A, and
2. pi(x) < \; for all i € N.

A pointclass I is said to have the scale property if every set in I' has a scale
which is uniformly in I'. A pointclass is adequate if it contains all recursive
subsets of R and is closed under finite unions and intersections and recursive
substitutions.

Theorem 4.2.6 (Moschovakis [Mos71]). Let I be an adequate pointclass
closed under real universal quantification and with the scale property. Then
I' has the uniformization property.

If T is a (lightface) pointclass, we write I' for the associated boldface

pointclass, and
Ar = {A : {A, ﬁA} C F}.

This is the Second Periodicity Theorem:
Theorem 4.2.7 (Moschovakis [Mos71]). Suppose T' is adequate.

1. If A €T admits a scale in T, then 3% A admits a scale in IRVRT.

2. Suppose that sets in Ap are determined. If A € I' admits a scale in
', then VR A admits a scale in YR IR T,

A consequence of the Second Periodicity Theorem is the following:

Lemma 4.2.8. Let o be even, nonzero, and recursive in some x € R.

1. Suppose that sets in AL are determined. Then the classes
1 1 1 1
Ha+1 (x)a 2a+2(x)7 Ha+17 and 2a+27
have the scale property.

2. Suppose that sets in Aé are determined for all even B < «. Then the
classes ¥3L(z) and XL have the scale property.

Proof. This is proved by induction. The case where « is finite is well known
and due to Moschovakis; it follows from Theorem 4.2.7. In fact, Theorem
4.2.7 yields the result whenever « is a successor ordinal. Thus, it suffices to
show that if « is a countable limit ordinal, then the pointclasses

¥!(x) and X}



4.2. PRELIMINARIES 87

have the scale property. The result for the lightface class can be proved
directly and the one for the boldface class follows by relativization. Let
A € ¥l (z) and write A as a countable union

A= U Ay, where Ay, € Eik(:v), ag < a.
keN

Since the union is recursive in x, we shall assume for simplicity that the
sequence {ay : k € N} is non-decreasing. In fact, we can replace multiple
sets of the same complexity by their union and assume that the sequence is
increasing.

Granted this abuse of notation (or replacing the finite union below by
an infinite one), we have

A\ | An € 2L, (),
n<k

so we may as well assume that all the sets A are disjoint. By induc-
tion hypothesis, each set Ay admits a scale in Eakﬂ(m) with associated
prewellorderings, say, {<¥: i € N}. Define a scale on A by setting = <; y if,
and only if, x € Ay and y € A and

1. k<K or
2. k=K, and x <Fy.

Each =; is clearly a prewellordering of A. Moreover, each family {=<¥: i € N}
is uniformly in ¥}, | ;(z), so it follows that {=;: ¢ € N} is uniformly in X, (),
provided that for each (some) i € N, the sequence of norms

{jf: k € N}

is recursive in x. For this, it suffices to assume without loss of generality
that each scale {=<¥:i € N} had been obtained by recursively applying the
proof of Theorem 4.2.7, together with this argument.

It remains to verify that {<;: i € N} is a scale. Suppose that {zj, : k € N}
is a sequence of reals converging to x and that for each ¢ € N, the sequence
of ranks

{lael= : b € N}

is eventually constant. This can only happen if all but finitely many xzy
belong to the same A, for some n € N. Then, for ¢ € N the sequences of
ranks

{’l"k‘j? ke N}
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are all eventually constant. It follows that x € A,, and x < x}, for all ¢ and
sufficiently large &, and so z € A and = =<; xj for all i € N and sufficiently
large k, as desired. O

We note an immediate application of Lemma 4.2.8 which we will use
later on.

Lemma 4.2.9. Let a be an even ordinal and suppose that sets AL are
determined. Let B € I} (zq) for some zo € R such that o < wj and
suppose that

(z,y) € A if, and only if, 3z € A}Hl(y,wo) (z,y,2) € B.

Then A € 11}, 1 (z0).

Proof. A theorem of Kleene (cf. [Mos09, Theorem 4D.3]) states that if e.g.,
I' is a lightface pointclass with the prewellordering property, closed under
recursion and quantification over N, and closed under either universal or
existential quantification over R, and if B is in I'" and

x € Aif, and only if, 3z € Ar(y) (z,y,2) € B,

then A is in I'. The result then follows from Lemma 4.2.8. O

4.2.3 Inner Model Theory

In this section we review some inner-model-theoretic results we will use and
fix some conventions. We will then focus in the next section on models in
the classes S, o < w1.

We assume familiarity with e.g., Steel [Stel0] or Mitchell-Steel [MS94],
specifically, we assume familiarity with extender models (premice) and their
fine structure, iteration strategies, and iteration trees. By a “premouse,” we
sometimes mean “z-premouse, for some r € R,” or even “a-premouse, for
some reasonably chosen set a.” Throughout this paper, all extender models
are assumed to be tame (i.e., they do not have extenders on the sequence
overlapping local Woodin cardinals) and defined using Mitchell-Steel index-
ing. If M is a (sound) premouse, we write p(M) or p,, (M) for the projectum
of M. If p(M) = 4§, we say that M projects to §. If p(M) < §, we say that
M projects across §. We might also say it projects strictly across é, to avoid
confusion. In this paper, we will only need to consider iterations of premice
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along normal iteration trees.®> Thus, every iteration tree is henceforth as-
sumed to be normal, and d-iterability refers to the existence of an iteration
strategy whose domain is the set of all normal trees of length < 4.

We recall two versions of the comparison theorem:

Theorem 4.2.10 (cf. Theorem 3.11 of [Stel0]). Let M and N be countable
k-sound, wy + 1-iterable extender models. Then, there exist iterates M’ and
N’ of M and N such that one of the following holds:

1. M’ is a non-dropping iterate of M and M' is an initial segment of N';
or

2. N’ is a non-dropping iterate of N and N’ is an initial segment of M'.

Theorem 4.2.11 (Lemma 1.11 of Steel [Ste95]). Let M and N be countable,
wy + 1-iterable extender models such that pg,+1(M) < 6 and pg,+1(N) <6,
where § is a cutpoint of M and N. Suppose M is kg-sound above § and N
s k1-sound above §. Then, one of the following holds:

1. M I N; or
2. NI M.

If T is an iteration tree, we denote by 0(7") the supremum of the lengths
of all extenders used in T' and by M (T') the unique passive premouse M
such that Ord N M = §(T") and such that for all @ < LTH(T),

M|ura(EL) = MT|uru(ED).

Definition 4.2.12. Let T be an iteration tree on M of limit length. @Q is a
Q-structure for T if

1. it extends M(T') (perhaps non-properly),
2. it has §(7T') as a cutpoint,
3. if 0(T) € @, then §(T") is Woodin in @,

4. either @) projects strictly across §(7T") or there is a subset A of §(7T),
definable over (), such that the extender sequence of () does not witness
any ordinal to be < §(T')-A-strong.

We normally will require @-structures to be sufficiently iterable above
O(T'). In this case, there will be a unique one, denoted Q(T).

3This means w-normal.
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Definition 4.2.13. Let T be an iteration tree on M of limit length and b be

T
a cofinal wellfounded branch through 7. We define Q(b,T) = J(iw b where
a is largest such that either a = §(7") holds or §(T) < 8 < Ord N M}l and

MT
0(T) is Woodin in Jo .

Recall that if T is an iteration tree and b and ¢ are distinct branches such
that Q(b,T) and Q(c,T') both exist, then neither is an initial segment of the

other; in fact, the extenders in J(%%’T) witness that 6(7") is Woodin with

respect to functions in M N MT. If Q(b, T) exists, then it is a Q-structure
for T. It follows that there is at most one cofinal wellfounded branch of T'
such that

Q(T) = Q(b,T).

For a premouse M, the (possibly partial) Q-structure iteration strategy ¥
is defined as follows: given an iteration tree T of limit length, ¥*(T') is the
unique cofinal wellfounded branch b such that

Q(T) = Q(b,T),

and Q(b,T) is sufficiently iterable, if such a branch exists. By a theorem
due “perhaps to Mitchell and Steel” (cf. Steel-Woodin [SW16, Theorem
2.3]), if M is a tame premouse projecting to w, then it has at most one
wi + l-iteration strategy, namely Y.

By a theorem of Woodin, arbitrary reals can be absorbed by generic
extensions of iterates of premice with Woodin cardinals. Neeman has shown
that this can be achieved by only considering generic extensions by collapse
algebras.

Theorem 4.2.14 (Neeman). Suppose that M is a countable, wi-iterable
model of ZFC with a Woodin cardinal §. Then, for every x € R, there is
an iterate N of M and an N-generic g C Coll(w, j(9)) such that x € Nlg|,
where j is the embedding.

4.2.4 Models of class S,

We will consider canonical extender models of each class S,. Because will
always want « to be countable therein, the models will be defined at most
on a Turing cone. The first such premice we consider will be the analogs of
M (z), for x € R. Since “M¢ (x)” seems to suggest an increasing sequence of
Woodin cardinals of length «, we have chosen completely different notation.
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N (x)

Definition 4.2.15. N%(z) is the unique wi-iterable sound z-premouse of
class S, all of whose proper initial segments are not of class S, if it exists.

(If there is more than one such premouse, then N (z) is undefined.) In
our context, we will usually not have anything stronger than w;-iterability;
this will work, however, as we will be dealing with boldface-type assump-
tions, which will imply stronger forms of iterability in sufficiently closed
countable inner models. We will make this precise and show that if for each
x € R there is some model satisfying Definition 4.2.15, then there is at most
one for each x € R.

By minimality, if N%(z) exists, then every element of N%(z) is definable
in Nf(z) from z. Hence, p(N%(z)) = w. If Ni(z) exists, then

a<wl G,
(This follows from the definition of the class S,.)

The existence of models of class Sy carries no additional consistency

strength over the existence of models of class S,, for all & < A. This is

done on purpose, as this ensures that the limit case of the inductive proof
of Theorem 12.2.6 will be trivial:

Lemma 4.2.16. Suppose that A < w¥ is a countable limit ordinal and N (y)
exists for all o« < X and almost all y € R. Then Nf\(m) exists.

Proof. Suppose that A and x are as in the statement of the lemma. Letting

M= U Niw),

a<

the choice of z implies that Ord™ is countable in L(M). Since 3 exists for
all y € R, there is an elemetary embedding

j:L(M)— L(M),

so the active premouse N induced by j is as desired. (Iterability follows from
the fact that the top extender of N is its only total extender; uniqueness
follows from the uniqueness of Nf(z), for a < \). O

We could denote by N,(x) the set-like part of the class-sized iterated
ultrapower of Ng(w) by its topmost measure and its iterates, although we
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will have no reason to. The operator a — NZ%(a) can be extended to act
on uncountable a; in this case, we demand that (i) L(a) be a model of ZFC
(although this is not necessary, we will not deal with other types of a here),
(ii) a contain a real z in which « is recursive, and (iii) countable elementary
substructures of N¥%(a) be wy-iterable.

Our goal for the remainder of this section is to prove Lemma 4.2.21 below.
To do so in what we think is the most cost-effective way, we briefly recall
some notions from the theory of operator premice. Although the theory is
very general, we will mostly be concerned with operators of the form

a— Ni(a).

We also refer the reader to Schindler-Steel [SS14, Chapter 1] or Wilson
[Will12, Chapter 2| for more details, and to Schlutzenberg-Trang [ST16] for
a more general treatment.

Let N be a transitive set such that

L(N) |= ZFC

and write Lp(N) for the union of all sound premice over N, projecting to or
across IV, all of whose countable elementary substructures have wi-iterable
transitive collapses. If « is recursive, or if there is some z € N such that
a < wf, then we denote by

NE(N)

the least initial segment of Lp(NN) which is an N-premouse of class S, above
N, if it exists. If & < wf, then being an (active/passive) z-premouse of class
S, is expressible by an rQ formula (with the exception of wi-iterability),*
and so the function

N — N£(N)

is a mouse operator with parameter x on HC, in the sense of [Will2]. By
[Will2, Lemma 2.1.12], it is a model operator with parameter x on HC that
condenses well, in the sense of [SS14].

4Recall that rQ formulae are of the form
Vv < criT(Ey) T JyIv (z Cy A (0 < v < criT(Em) ) A d(y, v, @)
for active premice, and of the form

Vz Iy (z Cy A P(y,a))

for passive premice. Here Ens denotes the top extender and ¢(-, -, 4) is 7X1 with parameters
and does not have z or 0 free.
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In the context of o-projective determinacy, we will only be concerned
with countable extender models. However, we will frequently need to con-
sider them inside other models of set theory in which they are not countable.
The reason why this does not make the theory more complicated is the fol-
lowing lemma, which says that X! can be extended to act on uncountable
models on whose countable elementary substructures X is total, provided
the complexity of Q-structures can be bounded:

Lemma 4.2.17 (cf. Lemma 1.6.12 of [SS14]). Let M be tame and Z be
a transitive and rudimentary-closed set containing HC. Let F' be a mouse
operator defined on all M(T) such that T € Z is by X, and suppose that
whenever P is countable and elementarily embeddable into M, Xt is total
and for all T by ¥4, X5(T) is the unique b such that

QO,T) 4 F(M(T)).

Then X4, is total and for all T € Z by ¥h,, ¥4,(T) is the unique b such
that
QO,T) A F(M(T)).

Suppose that N%(P) exists for some domain of sets P, all containing
some given x € R. Let us temporarily write

F(P) = Ni(P),

if the right-hand side is defined. Under these assumptions and notation, if
x <7 zand a = zis areal or a is a z-premouse, one can then define the certi-
fied construction K (a) and the relativized core model K (a) as in [SS14]
(perhaps making use of Jensen-Steel [JS13]). Recall that K%' (a) is the in-
ductive construction of an a-(F-)premouse in which at each successor stage
one cores down and either adds a certified (e.g., countably certified) exten-
der to the extender sequence E or applies F' (and not just the rudimentary-
closure operator), and that K% (a) is the core model defined within K% (a)
as K is defined within K€, cf. e.g., Steel [Ste96], Jensen [Jec03b], Mitchell-
Schindler [MS04] or Jensen-Steel [JS13] for the latter construction.
Structures to which we have given rise in this way are not premice in the
usual sense, but F-premice (or relativized a-F-premice). By construction,
they come equipped with an extender sequence E, but may have many more
(partial) extenders, arising from applications of F. Fine structural notions,
as well as that of an iteration tree, carry over to F-premice. Two important
points that should be made are that (i) the definition of an iteration tree in
this context requires that each node be an F-premouse (as opposed to merely
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a premouse) and that (ii) iterability for F-premice refers only to extenders
in the sequence E. The reader should note that the distinction between F-
premice and premice (for F' as has been defined) is not very consequential,
as every F-premouse can be repackaged into an ordinary premouse without
much trouble.

Recall also that M{'(a) is the core of the least stage in the K(a)-
construction with a Woodin cardinal (above Ord N a), if it exists. By
minimality, this least stage is not obtained by adding an extender in the
K%¥ (a)-construction, but by applying F. Thus, M{"(a) is Niﬂ(a), modulo
repackaging it into a structure in the appropriate language and verifying
iterability for extenders on the sequence of the latter, but not on that of the
former.

Lemma 4.2.18 below is standard.

Lemma 4.2.18. Suppose that N%(y) ewists and is wy + 1-iterable for all
y € R and that Niﬂ(a}) exists and is wy + 1-iterable by a strategy X2. Then,
if T is a normal tree on Ngﬂ(m), one of the following holds:

1. Q(T) exists and is a proper initial segment of N&(M(T)), and %(T)
is the unique branch b through T such that Q(T) = Q(b,T); or

2. T is non-dropping in model, 5(T) = j(0), where j is the embedding
of T and ¢ is the smallest Woodin cardinal of Niﬂ(:n), and M%(T) =
NE(M(T)).

Proof. This is simply the Mitchell-Steel theorem on the uniqueness of it-
eration strategies for tame mice stated explicitly for Ng 41(x). The only
difference is that now we bound the complexity of the Q)-structures we al-
low. If T is a tree for which no proper initial segment of N%(M (T')) provides
a @-structure, then, since Ng 41(x) satisfies “I am of class S, above J and
no proper initial segment of me is of class S, above §,” for some Woodin
cardinal d, we must have

1. T is non-dropping in model,
2. 0(T) = j(9), where j is the embedding of T,

3. M;;(T) satisfies “I am of class S, above j(d) and no proper initial
segment of me is of class S, above j(d).”

The last clause implies p(Mg(T)) < j(4). By applying the comparison theo-

rem to MZT(T) and NE(M(T)) (both models are w; + 1-iterable above §(T)),
we see that they must be equal. O
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A consequence of the preceding lemma is a simple description of the
unique iteration strategy for IV i 4+1(), assuming wy + 1-iterablity of all rel-
evant structures: given a normal tree 7', one first attempts to find a Q-
structure within the proper initial segments of N%(M(T)). If this is not
possible, then one searches for branches b such that M = N&(M(T)). If
so, then further iterates of this model take place entirely above M (T), so
one proceeds similarly, this time in search of even simpler Q-structures. We
say that such an iteration strategy is guided by Q-structures which are not
of class S,. The point is that in the boldface scenario, iteration strategies
can also be shown to be of this form if one only assumes wi-iterability. The
next lemma verifies that in the context of models of the form N (z).

Lemma 4.2.19. Let o be a countable ordinal and suppose N%(x) exists for
almost all x € R.

1. Let N be a premouse of class Say1 above some cutpoint & and let
a € NI|6. Suppose that L(a) = ZFC and tc(a) contains some real in
which o is recursive. Then N%(a) € N.

2. If o < wy, M is an z-premouse none of whose proper initial segments
are of class Sa, and either (i) pp(M) = w for some k such that M
is k-sound, or (it) M has no Woodin cardinals, then the unique w-
iteration strateqy of M is guided by Q-structures that are not of class
Sp for some B < a.

8. If M and N are two wi-iterable x-premice none of whose proper ini-
tial segments are of class Sy, then the conclusion of the comparison
theorem holds for M and N.

Proof. The case that « is finite is well known. Thus, we assume that « is
infinite and proceed by induction. Clauses 2 and 3 for limit « are easy to
show. To prove the lemma, we will show that 1 holds for « (i.e., N in the
statement will be of class Sy1), after which we will show that 2 holds for
a+ 1. Finally, we prove 3 for a+ 1. For convenience, we restate 2 and 3 for
a+1:
2. Suppose Niﬂ(az) exists for almost all x € R. If a < w{, M is an
z-premouse none of whose proper initial segments are of class S,41,
and either (i) pp(M) = w for some k such that M is k-sound, or (ii)
M has no Woodin cardinals, then the unique wy-iteration strategy of
M is guided by @Q-structures that are not of class S,.
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3. Suppose NgH(az) exists for almost all x € R. If M and N are two wi-
iterable x-premice none of whose proper initial segments are of class
Sa+1, then the conclusion of the comparison theorem holds for M and
N.

We begin with 1. Let N be a premouse of class S,41 above some cutpoint
9 and suppose that a € N[0 and tc(a) contains some real in which « is
recursive and L(a) |= ZFC. By an auxiliary induction, we show that N¥(a) €
N for all such @ and all v < «; this follows at once from Lemma 4.2.16 if v
is a limit ordinal, so we may as well assume that v is a successor, say, & + 1
and (for notational simplicity) that v = «.

Without loss of generality, assume that N has a least Woodin cardinal dg
above 0 and that N is of class S, above ¢y (this holds of an initial segment
of N, by definition). Let § be the smallest N-cardinal greater than dy such
that

|N|B| = ZFC + “there is some measurable kg above dp.”

Such a ( exists because N has a Woodin cardinal greater than dp. (The
measurable is here only to allow us to talk of core models as in [Ste96].) By
minimality, N is of class S, above 3, so, by the induction hypothesis applied
to 1, N|3 is closed under

b— N.(b).

Moreover, all such Ng(b) are countable and wj-iterable in V' and (by the
induction hypothesis applied to 2) their iteration strategies are given by Q-
structures which are not of class S¢, for some ¢ < &. By induction hypothesis
(applied to 1) these @Q-structures belong to N|5. A consequence of this is:

Claim 4.2.20. Let Ng(b) be as above. Then Ng(b) is ko-iterable in N|3.

Proof. We show, by induction on o < @&, that the restriction of the iteration
strategy ¥ of Noﬁ/ (b) in V to trees of length kg or less in N|S is in N|5. The
limit step is easy, so as before let us only consider the case o/ = & = £ + 1.

Let T' € N|S be a tree by this strategy. If Q(T) exists and is a proper
initial segment of Ng(M (T)), then X(7) is the unique b such that Q(T) =
Q(b,T). Let g C Coll(w,d(T')) be N|S-generic. By Mostowski’s Absolute-
ness Theorem,

(N|8)[g] E “there is a unique b such that Q(T") = Q(b,T").”

(The collapse is needed because b might not be countable in N|3.) Unique-
ness follows from the induction hypothesis applied to 3 and the argument
of [Stel0, Theorem 6.12]. By homogeneity, b € N|j.
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The other case is that in which no proper initial segment of Ng(M (1))
provides a Q-structure for T'. In this case, X selects a branch b such that
ML = Ng(M (T')). Again by the induction hypothesis applied to 3 and the
argument of [Stel0, Theorem 6.12], such a branch must be unique. By the
induction hypothesis applied to 1, Ng(M (T')) € N|B, so the same argument
as above shows that b € N|5. If so, the argument for the remainder of the
iteration is immediate from the induction hypothesis (applied to the claim).
This proves the claim. O

Let F' be the operator
b N(b)

and consider the output of a K% -construction above a and up to kg, as
computed in N|B. Since N|xg is closed under F' and has a Woodin cardinal
(namely, &), it has enough certifiable extenders to ensure that the K&%-
construction is closed under F' and has a Woodin cardinal, i.e., it reaches
MF (a). As remarked before, M{'(a) is Ni(a), provided we can show it-
erability for extenders not on the sequence of M{ (a). We show that it is
wi-iterable in V; a similar argument shows that it is countably iterable in
N.

Let M be the result of repackaging M{"(a) as a structure in the language
of a-premice. Let E be the extender sequence of M and E' C E be the
sequence from M{ (a). We view M as a structure in the language of set
theory with three additional predicate symbols, corresponding to E, E,
and to its topmost extender. Ultrapowers of structures in this language
are defined in the natural way. For the remainder of this proof, if 7" is an
iteration tree on M, we write

(M{', B, B}, ES™)

for the £th element of T. By the argument of [Ste96], M{ (a) inherits the
wi-iterablility of NV in V', so M is wy-iterable with respect to extenders on E’.
Since all its proper initial segments are not of class S, its iteration strategy
! is given by @Q-structures which are not of class S4, by the induction
hypothesis applied to 2.

Let T be a normal iteration tree on M, in the usual sense. If T" uses only
extenders from E’ and its images, then we can use the iteration strategy !
to pick branches at limit stages. If

(M{, E¢, E{, EP)
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is an iterate of M arising this way, the fact that X! has been used guarantees
that (MET , Eé, EEOp) is an a-F-premouse. Suppose that £ is least such that
Fg, the {th extender used in T, does not come from Eé Let £ = CRIT(Fy)
and v = v(F¢). By the remark just given, there is some { < & such that

1. F¢ belongs to the sequence of Ng(MgTK),
2. NE(M{|C) @ MT, and

3. Ni(MET]C) projects to or across (.

Since T' is normal, LTH(F},) < LTH(F¢) if n < £, and, since F¢ is least such
that Fy ¢ Ef, we must also have LTH(F;) < k. It follows that £ is the
least 7 such that x < v(F};), so Fr must be applied to an initial segment of
Mg . Since F¢ is not a total extender in M, T it is applied to a strict initial
segment of Mg . In fact, it must be applied to an initial segment of

NE(ME10)

This means that, starting from stage &, the iteration tree is a tree on
Ng(MgTK) above M£T|C, and, since Ni(MgTK) is wj-iterable above Mg|§,
we are done. This proves 1.

The argument for 2 is similar to that of Lemma 4.2.18 and uses the
induction hypothesis for 3. The difference here is that we do not assume
M is of the form Ngﬂ(x), but (i) if px(M) = w for some k such that M
is k-sound, then every normal iteration tree on M has to drop in model or
degree. Suppose T is an iteration tree on M, ¥ is an iteration strategy,
and X(7T) = b. Then XY(T) = b; otherwise, let ¢ = X!(T). Since there are
drops in b, py, (M) < §(T) for some m, so Q(b, T) exists. Since Q(c, T also
exists, the argument of [Stel0, Lemma 6.12] and the induction hypothesis
for 3 yield a contradiction.

If (ii) M has no Woodin cardinals and ¥ is an iteration strategy for M,
then one can always find Q-structures for normal trees T on M such that

so a similar argument shows ¥ = X!, This proves 2.

It remains to prove 3, but this is essentially immediate from 1 and 2, for
if M and N are as in the statement, then one can find some z € R coding
M and N and an z-premouse P of class S,41 and apply the comparison
theorem within P. By 2, the iteration strategies of M and N are guided
by @Q-structures, and P contains ()-structures for all its iteration trees by 1.
This completes the proof of the lemma. O
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We can finally prove the main result of this section—NZ(x) is well de-
fined:

Lemma 4.2.21. If for almost all x € R, there is an x-premouse of class
S, then there is at most one x-premouse satisfying the definition of NE(z)
for each x € R

Proof. This follows from Lemma 4.2.19.3, for any two models satisfying the
definition must project to w and can be compared. Thus, they must be
equal. ]

We mention another application of comparison (from wi-iterability):

Lemma 4.2.22. Suppose that N%(z) exists for almost all x € R and that
Ngﬂ(x) exists. Let N be an iterate 0fN§+1(x) obtained by applying Lemma
4.2.14 and g C Coll(w,j(5)) be N-generic, where § is the least Woodin

cardinal of Ngﬂ(m) and j is the embedding. Then, there is a real x4 € R
such that

[Nlg]| = |N&(zg)].
Proof. First note that
Niia(2) = NE(NG 4 (0)19).
This can be shown by a comparison argument. N is an iterate of N g ()
by a tree of length w + 1, non-dropping in model, below §, so a similar
comparison argument shows that

N = NE(Nj(9)),

where j is the iteration embedding. Pick any z, € RNN{g]|(j(d)+w) coding
N|j(9) and g¢. If € is any x4-indiscernible, then

{N15(0), g} € Le[zg].

It follows that the extender sequences of N%(z,) and N[g] agree above &, so
the lemma follows. 0
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Lp®(z) and co.

We will also consider a different—but closely related—collection of models:
the lower part models Lp®(z). These will mainly be studied in Sections
4.5 and 4.6. The main reason for us considering them is that they have
very strong closure properties. We will simply state the definitions and a
representation lemma for successor ordinals and prove the main properties
later on, when they are needed.

Definition 4.2.23. Let o be a successor ordinal and x € R be such that
a < wi. We recursively define

Lpg(x) =z,
og = Ord N Lp3 ()
LpGi(z) = U{M : M is an z-premouse not of class S, above og
that extends LpG(r), p(M) < og, og is a cutpoint of M,
M is sound above og and wi-iterable above og},
Lp§(x) = U LpG (), for A € Lim N wy,
B<A

Lp*(z) = |J Lp§(x).
B<wr

Lp®(z) can be thought of as a structure in the language of premice—its
extender sequence is the union of all extender sequences of the premice that
gave rise to it. In fact, Lp®(x) is indeed a premouse and it is rather easy to
describe.

Lemma 4.2.24. Suppose o = f+ 1 < wi. Let M be the with iterated ul-
trapower of Ng (z) by a normal measure on its smallest measurable cardinal.
Then

Lp®(x) = M|w;.

In particular
RN Lp*(z) = RN NE(z).

Lemma 4.2.24 can be proved by following the argument of Miiller-Schindler-
Woodin [MSW16, Lemma 3.23].

We now define Lp®(z) for limit ordinals. For these, we again briefly
resort to mouse operators.
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Definition 4.2.25. Let o be a limit ordinal recursive in a real x € R and
let F' be the operator

a— U Ng(a).

B<a

The constructible hierarchy relative to F' and x, L (z), is given by

Ly () = te({z}),
L§F+1($) = F(LgF(@)’
L¥(z) = U L?(a}), for X € Lim,
E<A
Lf@) = {J Lf(@),
£e0rd

provided the object on the right-hand side exists. The lower part model for
limit « is given by
Lp®(z) = Ly, (x).

It will be useful to slice Lp®*(x) into a finer hierarchy:

Definition 4.2.26. Suppose a < wf is a limit ordinal. Define

Lpg’o(l') =7,
Lp§ a1 (@) = NE (L, (2)),
Lpg\(z) = U Lpgﬁ(a:), for A € LimNa,

<A

LpGo(z) = U Lpjy (), for B < w1,
n<B,y<a

Lp®(z) = |J Lpfo(a).
B<w

We may write Lpg(x) for Lp§ o(z).

The definition of Lp®(z) can be naturally extended beyond w;. We may
also write Lp®(x) for LpQ,4(x), hopefully causing no confusion.

We conclude with a simple remark on relativized constructible hierar-
chies. We state it for F' as in Definition 4.2.25.

Lemma 4.2.27. Let o be a limit ordinal and suppose that the operator F
given by
a— U Ng(a)
B<a
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is defined almost everywhere. Suppose x and y are real numbers that compute
a and such that x € LY (y) and y € L¥ (x). Then

L () = L (y).

Proof. By hypothesis, N%(z) exists for almost all z € R. By Lemma 4.2.19,
L¥(z) and L¥ (y) are closed under F. An inductive argument, using Lemma
4.2.19 again, shows that if z € RN LY (x) and 8 < «, then Ng(z) is iterable
in LY (x). Since y € L (x), L¥(z) can carry out the definition of L¥ (y)
and, in fact,

LE ()" @ = L (y).

Similarly, F LR .
L7 (z)™ W = L7 (x),

so it follows that L¥'(x) = L¥(y). O

4.3 A Proof of 0-Projective Determinacy

The main result in this section will be:

Theorem 4.3.1. Suppose that NCﬁH_l(m) exists for almost all x € R. Then,
all sets in XL are determined.

Theorem 4.3.1 is not optimal, but it is easier to prove as stated. In partic-
ular, we give a proof that works for even and odd «. We will need a general
determinacy result due to Neeman, a version of which is the following:

Theorem 4.3.2 (Neeman [Nee04]). Let M be an wy-iterable proper class
transitive model with a Woodin cardinal § which is countable in V. Let A be
a Coll(w,d)-name for a set of reals. Then there is a strategy

o UN"—>N
neN

such that one of the following holds:

1. Whenever x € R is a play of a Gale-Stewart game in which Player
I plays by o, there is a countable iterate N of M and an N -generic
g C Coll(w, ) such that x € N[g] and N[g] =z € Alg].

2. Whenever x € R is a play of a Gale-Stewart game in which Player
II plays by o, there is a countable iterate N of M and an N-generic
g C Coll(w,6) such that x € N[g] and Nlg] = x & Alg].
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Neeman proved Theorem 4.3.2 for games of any (fixed) countable length
(starting with a sufficient amount of Woodin cardinals). This yields Corol-
lary ??7, granted Theorem 12.2.6 holds.

Definition 4.3.3. Let I' be a class of formulae, perhaps with parameters.

1. A transitive set M is said to be I'-correct if for all formulae ¢ € ' M,

¢ if, and only if, M |= ¢.

2. A transitive set M is said to compute truth in I" if there is a mapping

¢ ¢
in M such that for all formulae ¢ € I' N M,

¢ if, and only if, M |= ¢*.

For example, if I' = 31, then L is T-correct, by the Shoenfield Absolute-
ness Theorem. By a theorem of Woodin, M; can compute Eé—truth, but it
is not Xi-correct.

Lemma 4.3.4. Suppose Niﬂ(x) exists for almost allz € R. Then NiH(:c)
is E}lﬂ-correct.

Proof. The case where « is finite is well known (cf. e.g. Miiller-Schindler-
Woodin [MSW16, Lemma 1.17] for a proof). We begin with the limit case.
Suppose that o is a limit ordinal and Ng 41(z) exists for almost all z € R

and let z € R have large-enough Turing degree. By Lemma 4.2.19, N, i ()
is closed under
a+ Ni(a),

fora € RNN, i +1(), so it is ITI}-correct—and hence upwards X, |-correct—
by induction hypothesis. For the converse we need a slightly more involved
argument.

We begin by noting that simpler models than N s (z) can compute

a+1
(boldface) IT!-truth. For instance, let F be the operator
a— U Ng(a).
B<a

Thus, if z € dom(F), then Lf () = {z} Uw and

LY (z) = F(z) = | Ni(x).
B<a
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Claim 4.3.5. Suppose a (€ Lim) is recursive in y. Then Li (y) computes
truth in TI.

Proof. Tt would not be very useful to claim that LI (y) is II.-correct, since
IT}, subsets of RLT®) do not in general belong to L{'(y), although they do
belong to, say, La11(LY (v)).

The main point is that the sequence

{Ni(y): B < a}

is definable over L{"(y). By induction hypothesis, N g 1(y) s H}g—correct, SO
given a set A € Hé(a), where a € RN L' (y), LY (y) can compute whether
z € A by asking whether

N Fze4,
where vy is arbitrary such that
1. 8 <7, and
2. z,a € Ngﬂ(y).

For the remaining case, if A € II.(a) is a set, say,

A=) An,

neN
where A, € II}, (a), &y, < v, and a € RN L{'(y), then the sequence
{an :n € N}

is recursive in a and thus belongs to L{'(y), so L' (y) can compute whether
z € A by asking whether for all n € N and all sufficiently large v, we have

Ni (y) [ 2 € An.

This proves the claim. O

We now prove downwards X} 1-correctness of N, g 4+1(2). By Claim 4.3.5,
L (y) computes truth in IT! correctly for all y in which = is recursive.
Moreover, this computation is uniform, i.e., there is a fixed mapping

¢ ¢
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witnessing that Definition 4.3.3 holds of every such L{'(y). (This mapping
is obtained by following the proof of Claim 4.3.5.) Let ¢ be a formula in
YL 1(a,z) for some a € nyﬂ(x), say, of the form 3y ¢(a, x,y) and suppose
that y € RY is such that ¢(a,z,y) holds.

Let 99 be the Woodin cardinal witnessing that N g 41(x) is of class Sq 1
and let

k =sup{Ord N Ng(NgH(:c)]ég) (B < a}
(=0rd 1 L{ (N&y1 (2)160) )-

Thus, Niﬂ(x)\/ﬁ is of class Sg above ¢ for all 8 < «. (It is not of class S,
above dg!)

By the Léwenheim-Skolem Theorem applied to NN, i 41(2)]k within NV, i ()

and the Condensation Lemma, there is an initial segment P of N, i 41(x) such
that

P =“for all § < a, I am of class Sz above some
fixed Woodin cardinal §”

and such that P is countable in Ng 41(x). Since P is an initial segment of
Niﬂ(x), it is wy-iterable in V. Let N be an iterate of P such that y € N[g]
for some N-generic ¢ C Coll(w,j(d)), where j is the iteration embedding.
By the argument of Lemma 4.2.22, NJg] is essentially a premouse of the
form
Lf(ffg) = U Ng(%%
B<a

so it computes truth in IT}, by the claim. The proof of Lemma 4.2.22 shows
a way of defining x, from g and z, so, by homogeneity,

N |: “H_Coll(w,j((S)) Jz gb*(a’a xz, Z)a”

so, by elementarity and the fact that the mapping ¢ — ¢* is not moved by
the iteration embedding (because « is countable in P),

P ': “”_Coll(w,zs) Jz (25*(0,, €, Z)”;

but P is countable in Niﬂ(m), so N*

ot1(x) can construct generic filters for
partial orders in P. Thus,

Ngﬂ(ac) = “there is a P-generic h and a 2’ € P[h] such that P[h] = ¢*(a,x,2')”.
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Since we already know that Ng +1() is II}-correct, Claim 4.3.5 shows that

P[h] computes truth in IT}, also from the point of view of NV fy 4+1(), and this
is witnessed also by the mapping ¢ — ¢*. It follows that

Ni, (@) b ¢la,z, 2),

as desired.
For the successor case, note that NN, Cﬁy 4o(x) is closed under

a N§¢+1(a)a

fora € RN N§+2(x) by Lemma 4.2.19, so it is 3}, -correct. An argument
as before shows that it is X}, ,-correct. O

We can finally proceed to the:

Proof of Theorem 4.3.1. The case for finite n is well known. It follows from
the results of Neeman [Nee04, Section 2].

Let us first consider the case of double successor ordinals, i.e., let o be
an infinite ordinal and suppose that Ni 4o(z) exists for almost all z € R.
Let A be a set in Eéﬂ(:p), for some x € R, so A is definable from x by a
formula ¢ in X}, (), say

(b(y? .’IJ) =3z (bO(Z? Y, .T})

By hypothesis, N, i 4o(x) exists. Apply Neeman’s theorem to N, g 4o(), using
its least Woodin cardinal ¢ and setting A equal to the canonical Coll(w, d)-
name for all reals y such that ¢(y,x) holds. This is possible, since ¢ €

Nt

as2(x). Thus, there is a strategy o such that one of the following holds:

1. Whenever y € R is a play in which Player I plays by o, there is a
countable iterate N of Niw(x) and an N-generic g C Coll(w, j(9))
such that y € Ng] and Ng] = ¢(y,z), where j is the embedding.

2. Whenever y € R is a play in which Player II plays by o, there is a
countable iterate N of Ng”(w) and an N-generic g C Coll(w, j(9))
such that y € N[g| and Nlg] [~ ¢(y, x), where j is the embedding.

Suppose without loss of generality that the first case holds. We claim o
is a winning strategy for Player I in A. Let y be a play by o and let N and
g be as above. Thus,

Nlg] E é(y, z).
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By Lemma 4.2.22 and Lemma 4.3.4, N|g] is Ea+1—c0rrect. Therefore ¢(y, x)
really holds, as desired. This takes care of the double successor case.

The remaining case is similar. Suppose « is a limit ordinal. Let A be
a set in X! (z), for some x € R, so A is definable from z by a formula ¢ in

vL(x), say
x)=\/ os(y,x
B<a

By hypothesis Ngﬂ(m) exists. Let
r = sup{Ord N N? 5( a+1( x)]0) : B < a}.

Apply Neeman’s theorem again, this time to N a 4+1(), using its Woodin
cardinal ¢ and setting A equal to the canonical Coll(w, §)-name for all reals
y such that

(NE (@)R)]g] E 9" (y, ),

where ¢ — ¢* is the mapping obtained in Claim 4.3.5 (which is defined from
x and g via the proofs of Claim 4.3.5 and Lemma 4.2.22).
If § is the Woodin cardinal of Na+1< z) and g C Coll(w,d) is Na+1( x)-

generic, then Na +1(z)[g] is essentially a premouse of the form N (z,) for
some x4, by Lemma 4.2.22, and, by the same argument,

(NE 1 (2)]R)[g]

is essentially a model of the form L{’ (x4), where F' is the operator

a— U Ng(a)
B<a

By Claim 4.3.5, this model computes truth in 3!, as witnessed by the
mapping ¢ — ¢*, whereby an argument as before completes the proof. [

Corollary 4.3.6. Suppose that a+1( x) exists for almost all x € R and
that o < wf. Then

NiH(x) = Al -determinacy.
Proof. If Ay, A; € X!, then the formula

Vy(y e Ao <>y & Ay)
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is in IT} 4, so it follows from Lemma 4.3.4 that
PR)Var1@ 0 AL = (P(R) 1 AL)Venr @),

By Theorem 4.3.1, sets in X! are determined. It is easy to check that
determinacy for sets in Al is expressible (schematically) by formulae in
31,1, so the result follows from Lemma 4.3.4. O]

4.4 IIl-Tterability

We will need to define a notion of iterability which is simply definable, yet
suffices for the comparison of small premice. This is the natural extension
of Steel’s [Ste95] notion of II!-iterability. The results in this section can be
summarized as follows: under reasonable circumstances, the conclusion of
the comparison theorem holds for two premice which are not of class S, if
one of them is wy-iterable and the other is I}, ,-iterable.

Definition 4.4.1. Suppose § is a cutpoint of M. The notion of IT} -iterability
is defined as follows.

1. Suppose « is a successor ordinal. M is II}-iterable above ¢ if Player I1
has a winning strategy in the ath simple iteration game over M and
d (defined below).

2. Suppose « is a limit ordinal. Then M is II.-iterable above ¢ if when-
ever 3,7, N are such that

(a)

(b) 76Mand5<%

() N <M and N is not of class Sg above 7,

(d) N has « as cutpoint and is k-sound above « for all £ such that
v < pe(N),

Then N is H% g-iterable above

Let T be an iteration tree and « be an ordinal. A cofinal branch b of T
is a-good if whenever N is the direct limit along b or N is the ath linear
iterate of an initial segment of the direct limit along b by a single extender
and its images, then « belongs to the wellfounded part of N. Note that the
set of all pairs (z,y) such that

if x codes an ordinal a and a tree T on a premouse M, then y is a-good
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is X1,

Let n € N. The nth simple iteration game over M and § is defined®
for M that have ¢ as cutpoint and that are (k-)sound above ¢, for 2 < n,
and is defined according as n is even or odd. In this game, players I and 11
cooperate to define models M}, and ordinals d;, where 0 < k < n. There are
certain rules that the players need to follow during the game.

If n is odd, then the nth game (of length n — 1) is played as follows:

1. We begin with My = M and gy = 9.

2. In round k, for 0 < k < n — 2, Player I plays a countable, normal,
putative iteration tree T on M} above 0. Player 11

(a) accepts T, if it has a last, wellfounded model; or

(b) plays a cofinal, wellfounded branch b through 7" such that
be AL(My,T).
In the first case, set My, 1 to be the last model of T}, and
Ok+1 = sup{LTH(E4+1) : o+ 1 < LTH(T}) };

in the second case, set My41 to be the direct limit along b and
let
Ok+1 = sup{LTH(E4+1) : a € b}.

3. If all rounds have been played and no player has lost, then Player II
wins.

If n is even and nonzero, then the nth game (of length n — 1) is played
as follows:

1. We begin with My = M and dg = 6.

2. If 0 < k < n — 2 is even, then Player I plays a countable, normal,
putative iteration tree T3 on M} above ¢ and some z € R. Player 11
then

(a) accepts Ty, if it has a last, wellfounded model; or

(b) plays a cofinal, wellfounded branch by through T}

This is the game Z(M,d,n — 1) in [Ste95].
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In the first case, set My to be the last model of T}, and
Ok+1 = Sup{LTH(Fq11) : @« + 1 < LTH(T}) };
in the second case, set M1 to be the direct limit along b and let

Ok+1 = sup{LTH(Eqy+1) : @ € b}.

3. If k =n — 2, then the game is played as above, except that we do not
require b to be wellfounded. If so, the game ends and Player II wins
if, and only if, one of the following holds:

(a) zj does not code an ordinal; or

(b) the last model played is zj-good.

4. If 0 < k < n—2 is odd, then the rules are as in the case that k is even,
except that we require

T e Ay (o1, Te-1,br—1).

Let A be a countable limit ordinal and n € N. The A + 2n + 1th game
is defined similarly to the 2n + 1th game, except that it has an additional
round (2n + 1 in total):

1. We begin with My = M and dy = 0.

2. In round k, for 0 < k < n, Player I plays a countable, normal, putative
iteration tree T' on M} above §;. Player 11

(a) accepts T, if it has a last, wellfounded model; or
(b) plays a cofinal, wellfounded branch by through 7' such that

b€ A iany1 (M, T).
In the first case, set My to be the last model of T}, and
Ok+1 = SUp{LTH(Eq11) : « + 1 < LTH(T}) };

in the second case, set M1 to be the direct limit along b and
let
Ok+1 = sup{LTH(FEq4+1) : o € b}.

3. If all rounds have been played and no player has lost, then Player II
wins if, and only if, Mo,y is Hi—iterable.
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Let 0 < n. The A + 2nth game is defined similarly to the 2nth game,
except that it has an additional round (2n in total):

1. We begin with My = M and g = 4.

2. If 0 < k < 2n — 2 is even, then Player I plays a countable, normal,
putative iteration tree T3 on M} above ¢ and some z; € R. Player 11
then

(a) accepts Ty, if it has a last, wellfounded model; or

(b) plays a cofinal, wellfounded branch by through T}

In the first case, set My, to be the last model of T}, and
Ok+1 = sup{LTH(E4+1) : a + 1 < LTH(T})};
in the second case, set M1 to be the direct limit along b and let

Ok+1 = sup{LTH(E441) : @ € b}.

3. If 0 < k < 2n is odd, then the rules are as in the case that k is even,
except that we require

T € A}\+2n7k(mk—l7 Tk—17 bk—l)'

4. After round 2n — 1 has been played, the game ends. Player II wins if,
and only if, My, is H}\—iterable.

Lemma 4.4.2. Let o be a nonzero even ordinal recursive in x.

1. Suppose that sets in A}; are determined whenever 5 < « is even. Then
the set {(M,§) : M is II\ -iterable above 0} is 1L (z).

2. Suppose that sets in Al are determined. Then the set {(M,8) : M is
11}, -iterable above 8} is II} 4 (z).

Proof. For finite n this is proved in [Ste95]. Suppose A is a countable limit
ordinal and n € N. Clearly being II}-iterable is a II}(z) property. Now, if
n is odd, then M being IT} yn-iterable above ¢ is a formula of the form

VT 3by € Axyn (M, Tp) ... Iboy € Axin(My_1, Ty 1) M, is T}-iterable V F,
(4.1)
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where F' denotes the possible outcomes of the game in which it stops before
reaching the end. The formula

Jboy, € Axyn(My_1, Ty 1) M, is T}-iterable

is Hi +n(a¢) by Lemma 4.2.9, which we can apply since n is odd. It follows
that the formula

VT, 3boy € Ayin(My_1, Ty 1) M, is T}-iterable.

is also Hi +n(z). Inductively, and using Lemma 4.2.9 at each stage, the
formula (4.1) is T}, (x). If n is even, the proof is similar; we illustrate the
case n = 2. Here, M being Hi yn-iterable is a formula of the form

VT Vg Ibo VT € Axyi1(xo, To, bo) by My is H}\—iterable V F, (4.2)
where F' is as above. Here,
Vb, My is not H%\—iterable
is TI5 41 (), so that
3Ty € Ayy1(zo, Ty, bo) Vb1 My is not IT}-iterable
is TI5 ;1 () by Lemma 4.2.9. It follows that (4.2) is II5  , (). O

We shall now state the II.-comparison lemma 4.4.3 below. It is the
extension of [Ste95, Lemma 2.2] to infinite a.

Lemma 4.4.3 (II}-comparison). Let o be an infinite ordinal. Assume that
N (z) exists for almost all x € R. Let M and N be countable premice such
that

1. there are no Woodin cardinals in M nor in N above 0,

2. M and N have a common cutpoint J,

3. M and N are not of class S, above §, and

4. M is k-sound above & for all k such that 6 < pi(M). Similarly for N.

Then the following hold:
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1. Suppose that o = S+ 1 and M is wy-iterable above 0. Let T be a
normal iteration tree on M above & of countable limit length A and let
b the unique cofinal wellfounded branch of T such that Q(b,T') is wy-
iterable above §(T). Then b is the unique wellfounded cofinal branch c
through T such that Q(c,T) is Hhﬁ—itemble above §(T).

2. Suppose that « is a limit ordinal and M is wy-iterable above §. Let
T be a normal iteration tree on M above § of countable limit length A
and let b the unique cofinal wellfounded branch of T' such that Q(b,T)
is wi-iterable above 6(T'). Then there exists v < a such that

(a) the first extender in T is applied to an initial segment of M not of
class S41 above some 0y which is either ¢ or the largest Woodin
cardinal of M below CRIT(T), and

(b) b is the unique cofinal branch wellfounded branch ¢ through T
such that 1 < v implies that Q(c,T) is Hhv—itemble above 6(T).

3. Suppose that M is wi-iterable above §. Then M is I1i , ,-iterable above
J.

4. Suppose that M is wq-iterable above § and that N is Hha—itemble
above 6. Suppose moreover that M|§ = N|0. Then, there are a normal
iteration tree T on M and a putative iteration tree U on N, both of
successor length A + 1 such that one of the following holds:

(a) M, , < M, (so Ord™i11 belongs to the wellfounded part of
M>(\J+1) and T is non-dropping, or

(b) M§[+1 < M)\T_H (so M/{]H is wellfounded) and U is non-dropping.
If, in addition, M and N project to or across §, then one of the fol-
lowing holds:

(a) M <N, or

(b)) N <M.

Moreover, if M and N do have Woodin cardinals, but M is wy + 1-iterable
above § in N&(z) for almost all z, then the conclusions hold as well.

Proof Sketch. We assume that « is infinite. The proof is by induction. Sup-
pose that the lemma holds for all v < « and let W be a premouse of the
form N%(xw) in which M and N are countable. We first consider the case
that « is a successor ordinal 5 + 1. We need to prove (1), (3), and (4).
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Claim 4.4.4. If M has no Woodin cardinals, then M is w}V + 1-iterable in
w.

Proof. An argument as in Claim 4.2.20 shows that it is wj-iterable. Then,

if g C Coll(w,w}") is W-generic, the same argument shows that M is wfv[g}—
iterable in W |[g] and since Coll(w,w}") is a homogeneous partial order, the

claim follows. O

Let us work in W for the remainder of the proof (of the successor case).
The point is that W is correct about X! statements by Lemma 4.3.4, so
the hypotheses of the lemma hold in W, and it suffices to show that the
conclusions do too. Clauses (1) and (3) are proved as in [Ste95, Lemma 2.2].

Clause (4) is also proved as in [Ste95, Lemma 2.2], but perhaps one
wants to be careful, since one needs to ensure that the comparison between
M and N is short. The proof is as follows: one attempts to compare M
and N by least disagreement, defining a sequence of trees {7, U,}, along
the way. At limit stages, T’ 41 is defined by choosing the branch singled out
by the iteration strategy of M. Corollary 4.3.6 gives us Aé—determinacy
in W, which is enough to apply Lemma 4.2.9 for all even ordinals smaller
than «, regardless of whether « is even or odd. Thus, by (1), the branch is
Aé (T, Uy). The tree U,y is defined similarly:

1. if « is odd, then U,y is given by the unique cofinal, wellfounded
branch b through U,—if it exists—such that the direct limit along b
is H};—iterable. If b exists, then U,41 is A}B+1(Tv+1’ Uy).

2. if o is even, then let P be the last model of T’, 11, if it exists, or the
direct limit along the branch chosen for 7T’,, otherwise. Then U, is
given by choosing the unique branch b through U,—if it exists—such
that Player II can win the ath simple iteration game after Player I
has begun the game playing U, and « = (Ty41, P) and Player II has
responded with b. The next move of the game requires Player I to
choose a tree in Aé(x, Uy,b), so Player II having a winning strategy
is a Eé(l’,U,y,b, M) condition, by Lemma 4.2.9. If b exists (and is
unique), then U,41 is Aé(TVH, Uy).

The construction continues until it attempts to define an object which does
not exist. By construction, the set of all pairs (T3, U,) is EL (M, N).

Claim 4.4.5. There is some 1 < wy such that (T;, Uy) is not defined.
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Proof. Suppose otherwise. We use the facts that the sequence of such trees
is a X1 (M, N) set and that W is X!-correct. The point is that if g C
Coll(w,w}V) is W-generic, then W{g] is also 3} -correct (this follows from
the proof of Lemma 4.3.4). Thus, the sequence

{(T),U,) iy <o}

is an initial segment of the sequence

{(T'ya U'y) Y < 'AY}W[Q}

(where 4 is the length of the sequence in Wg]). In W]g], there are cofinal
wellfounded branches through U, .., 7 and U,,, Uy, and so they belong
to W, by the homogeneity of the collapse algebra. But this leads to a
contradiction, e.g., by the argument of the claim in the proof of Steel [Stel0,
Theorem 3.11]. O

If one assumes that M and N project to or across §, the second con-
clusion in clause (4) follows from the argument of [Ste95, Lemma 2.2] (one
must argue for infinite successor even ordinals as Steel does for finite odd
numbers, and vice-versa). Without this assumption, all one obtains from
the argument is the first part of clause (4). This finishes the proof of the
lemma when « is a successor ordinal.

Suppose now that « is a limit ordinal. We need to prove (2), (3), and
(4). To prove (2), note that since M is not of class S, above J, then one of
the following holds:

1. M has no total extenders with critical point above d, or
2. there is v < a such that M is not of class S, above §.

If there is v < a such that M is not of class S, above d, then M is H%ﬂ—
iterable above §, by II}-iterability, so (2) follows by induction hypothesis.
Suppose that M has no total extenders with critical point above 4. It follows
that every iteration tree on M above § has a first model of the form My such
that Mo <« M. Let T be such an iteration tree. By the remark just given,
My is not of class Sy above ¢, for some v < a. Let dg be the largest Woodin
cardinal of My below CRIT(T'), or dy = ¢ if there are no such cardinals.

The induction hypothesis applied to My above Jq yields the result. My
might have Woodin cardinals above dg; however, the definition of a normal
iteration tree dictates that extenders must be applied to the largest initial
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segment possible, so My must project to or across the critical point of T,
which is enough for the proof of the successor case of this lemma to go
through.

Clause (3) is immediate from (2). For (4), let n be least such that

M|n # Nln.

(We may assume such an 7 exists, for otherwise there is nothing to prove.)
As before, one of the following holds:

1. there is v < a such that M is not of class S, above J; or

2. M is in every class S, above ¢ for v < a, but has no total extenders
with critical point above 4.

Similarly for N. We consider all four combinations of 1 and 2 for M and N.
If both M and N are not of class S, above § for some v < «, then we are
done by the induction hypothesis.

A second possibility is that none of M and N have any total extenders,
but both are of class S, above ¢ for all v < a. If so, then a comparison

argument shows that
NA (M) < M

for all v < . [For each v, M has a least initial segment of class S, above
d, and it must project to or across d; since it is a proper initial segment, it
is sound above ¢ and hence must be equal to Ng(M!d)}

Let 7 be least such that N|n (and thus M|n) is not of class Sy above §
and let N’ be the smallest initial segment of N of class S, above §. By the
induction hypothesis applied to v + 1, N’ can be compared with Ng(N |0),
so they must be equal. Hence,

N <M,

contrary to the choice of 7.

A third possibility is that M is not of class S, above § for some least
7 < a, and N is of class Sy above ¢ for all v < a. We can easily reduce
to the case in which « is a successor ordinal, so let us assume that. By the
argument, of the previous case,

f
Ni(Mly) < N.
But then M and Ng(M |v) can be compared in the usual way, so M must

embed into an initial segment of an iterate of Ng(M |7). The resulting tree
on Ng(M |v) can be viewed as a tree on N, which yields the desired outcome.
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The remaining case is analogous, except that it uses the induction hy-
pothesis. Moreover, a similar argument with the added assumption that
both M and N project to or across ¢, yields the conclusion that

1. M <IN, or
2. N <M,

again using the induction hypothesis. This completes the proof of Lemma
4.4.3. O

We state a consequence of Lemma 4.4.3 that we will need. By the results
of the following sections, the hypothesis can be weakened to o-projective
determinacy only.

Theorem 4.4.6. Suppose that o-projective determinacy holds and NY(x)
exists for almost all x € R. Then, for almost all x € R,

NE () |=“there is a o-projective wellordering of R.”

Proof. Suppose first that « is a successor ordinal. For y, z € R, write y < z
if there is a (countable) IT}-iterable, sound z-premouse M with p(M) = w
which satisfies the hypotheses of Lemma 4.4.3 (with 6 = w) such that y, z €
M and y is constructed before z in M. By Lemma 4.4.3, if y and z belong
to Ni(z), then y < z if, and only if, for every z-premouse M € N%(z) as
above, y is constructed before z in M. Thus, < N Ni(z) is in AL (z), so
it can be computed in N%(x) by Lemma 4.3.4. Tt follows that < N Nf(z) is
a wellordering of R N N (x) in

ﬁ X
(Aclx-H)Na( ).

The limit case is immediate, since by definition « is recursive in x, so the
sequence

{Nj(z): 8 < a}

belongs to N%(z) and

#
NE(@)]wy ) | ZFC - Powerset + V = L( | Nj(@)).
B<a

This proves the theorem. ]
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4.5 Definable Determinacy

In this section, we begin working towards the proof of Theorem 12.2.6. It
will make the proof significantly easier that we assume o-projective deter-
minacy throughout (as opposed to, say, X} 41-determinacy). For the rest of
this section, we assume:

Inductive hypothesis o-projective determinacy holds and N (z) exists
and is wi-iterable for almost all x € R.

The inductive hypothesis thus should be added to every lemma stated in
this section. In order to mine consistency strength, we need to find models
M of class S, such that

M = OD-determinacy.

These models will be those of the form Lp®*(z). We have the following
correctness lemma for Lp®(x).

Lemma 4.5.1. Suppose a < wf. Then, Lp*(x) is XL -correct.

Proof. This is immediate from Lemma 4.3.4 and Lemma 4.2.24, for successor
«, and from Lemma 4.3.4 and Claim 4.3.5, for limit a. O

We will need the following property of models of the form Lp®(x).

Lemma 4.5.2. Suppose a < wf and o < w{. Suppose moreover that x €
Lly] and y € L[z]. Then

1. |Lp*(y)| = [Lp*(x)|,

2. Let P be the model of length wY computed in Lp®(y) using the defini-
tion of Lp®(z). Then P = Lp®(x).

Proof. We begin with (1). If « is a limit ordinal, then this follows from
Lemma 4.2.27. Suppose now that « is a successor, say, « =  + 1.
Since = € L[y], = € y* (where y* is regarded as a y-premouse). It is easy
to verify that
[NE(y)] = INE()].
Since x € L]y] and y € L[z|, an ordinal is an a-indiscernible if, and only if,
it is a y-indiscernible; thus, |z¥| = |y#|. As above,

N (@)] = [ NE ().
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It follows that
INE(y)| = |NE(2)], (4.3)

from which (1) follows, using Lemma 4.2.24.
For (2), the limit case again follows from Lemma 4.2.27. Suppose that
a =+ 1 and that (2) fails. Let

PL = Lp[,a(x)

for . < wy and let
Qu = (Lpf ()" W),

for ¢ < Ord"?" W) = )V (the definition of (Lp(z))“**® involves countable
iterability in Lp®(y)). Let ¢ be least such that

P # Q1.

There are two cases. If P11 ¢ Q,+1, then there is some z-premouse P such
that

1. P extends Q, and has Ord? as cutpoint,
2. P is wj-iterable above Ord%:,

3. P is not of class S, above Ord?",

4. P is sound above Ord?:,

5. P projects to or accross Ord®:,

6. either P ¢ Lp*(y) or P is not countably iterable above Ord?: in
Lp®(y).

By (1), P € Lp“(y), so P is not countably iterable in Lp*(y). However,
since P projects to or across OrdQ", its iteration strategy above @, is given
by Q-structures which are not of class Sg, and those belong to Lp*(y)—a
contradiction.

Hence, Q,+1 ¢ P,+1, so there is some z-premouse P such that

1. P extends Q, and has Ord? as cutpoint,
2. P is countably iterable above Ord® in Lp®(y),
3. P is not of class S, above Ord%",

4. P is sound above OrdQL,
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5. P projects to or accross Ord%:,
6. P is not wj-iterable above Ord? in V.

Let M be the wyth iterated ultrapower of N, g(y) by its topmost measure and
its images, so that
M|wy = Lp“(y)

by Lemma 4.2.24. Since
MNR=Lp%(y) NR,

P is wM-iterable in M. Let T and U be trees resulting from a comparison
of P and Lp®(z) by least disagreement inside M. If either of those trees is
nontrivial, they must drop (in the case of P, it must drop in model or degree,
since P projects to or across Ord?: and has no total extenders below Ord%:;
in the case of Lp®(x), it must drop in model, since Lp®(z) has no total
extenders). The usual argument from the proof of the comparison theorem
then shows that one of T" or U must be trivial.

On the one hand, T cannot be nontrivial, for then there is an iterate P* of
P of which Lp®(x) is an initial segment. Since Lp®(x) has no total extenders,
normality of U and coherence of the extender sequence of P implies that all
extenders used in 7" must be (equivalent to) measures of Mitchell order 0.
Thus, T is definable over Lp®(x)™“®) from ordinal parameters, so

Lp™(z) C L ()" ).
It then follows from (1) that
Lp*(x) = Lp™ ()",

contrary to the assumption. On the other hand U also cannot be nontrivial,
for otherwise there is an iterate Q* of Lp®(x) of which P is an initial segment;
but this implies that P is w;-iterable, contrary to the assumption. ]

We can now prove that the structure Lp®(x) is a model of OD-determinacy.
This is done by means of a Kechris-Solovay—type game, as is usual. We begin
with the limit case.

Lemma 4.5.3. Let a be a limit ordinal. For all x € R, there is some xg
such that whenever z € R is recursive in xg,

Lp®(z) = OD,-determinacy.
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Proof. Let x € R be arbitrary. We first show that every real x¢ is recursive
in some z such that

Lp“(z) = ODy-determinacy.

Suppose otherwise. Then, there is some z € R such that whenever z is
recursive in y, then

Lp®(y) = ODg-determinacy.
Consider the following game, G:

I |u, a

II|v, b

Here, players I and II alternate (w-many) turns playing natural numbers
and construct reals u,v,a,b € R. Player I wins if, and only if, there exist a
countable ordinal ¢ and a sequence® {Pe : £ < (,7 < a} such that for each

3
1. ngo =u® v,

2. Peyp1isa Ha—iterable u @ v-premouse extending P -, and it is of class
S, above P 1 but not of class S,;1 above P 41;

3. P41 projects to or across Ord N P o and has no Woodin cardinals;

4. If ~y is a limit ordinal, then P, = U, ., Pyn;

n<y

5. If £ is a limit ordinal, then Pt o = U, ¢ P0;

n<¢
6. There is some v < « and an initial segment P of P, such that

P = ZFC + —0OD,-determinacy, and
PEYweR(V =|Lp*(wa® (udv))). (4.4)
7.a®be P and z € F.

8. letting P be as above, we have a ® b € A, where A is the least non-
determined ordinal-definable set of reals in P.

6See Definition 4.2.26.
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The game is certainly o-projective and thus determined. We will reach
a contradiction by showing that no player can have a winning strategy. For
this, suppose that Player I has a winning strategy o. By the definition of
the game, z is recursive in o, so

Lp®(0) ~ OD,-determinacy.
By Lemma 4.2.27,
|Lp®(o)| = |Lp®(u & o)| for every u € RN Lp*(o)
and, in fact,
Lp“(o) EVu e R(V = |Lp®(u ® 0)]).

Let us say that a countable premouse N satisfies (x) if the following hold
for some z € R:

1. N is a sound z-premouse,
2. N is not of class S, and

N |= ZFC + =0D,-determinacy;

3. N satisfies (4.4) with z in place of u @ v, ie., N | Yu € R(V =
|Lp®(u ® 2)]).

By the comment above, Lp®(o) satisfies (x).

We now define a real r and a r-premouse N. Let Ny be the smallest
initial segment of Lp®(o) that satisfies (x). If for every zg € Ny, no proper
initial segment of Lp®(zo @ o) satisfies (), then we set N = Np. Otherwise,
pick such a zp and define N; to be the smallest initial segment of Lp®(zo® o)
satisfying (x). It follows that

Ord™ < Ord™o,

If one continues on to define Ny, N3, etc., there is ¢ € N such that N; =
Nit1 =: N and N is a r-premouse for some r € R.

Let Ay be the least non-determined set of reals in ODY. There is a
natural strategy for Player I in Ay, namely,

7(b) = a if, and only if, Ju e RN N o (r,b) = (u, a)

Clearly 7 € N. Let b€ N and a @ b be a play by 7; we claim a b € Ap.
Let u € RN N be such that o(r,b) = (u,a). Since o is winning for Player I
in G, there are a countable ordinal ¢ and a sequence {P:, : £ < (,7 < a}
such that for each &,
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1. PO,O =uodr;

2. P¢ 41 is a I} -iterable u @ r-premouse extending P, and it is of class
S, above P 1 but not of class S,;1 above P, 41;

3. P41 projects to or across Ord N Pt o and has no Woodin cardinals;

4. If v is a limit ordinal, then P, = U, P»;

n<y

5. If £ is a limit ordinal, then P: o = U, ¢ P0;

n<g

6. There is some v < o and an initial segment P of P, such that P |=
(%)-

7.a®be P and z € F..

8. a®be A, where A is the least non-determined ordinal-definable set
of reals in P.

We show inductively that each P . is an initial segment of Lp®(u @ r).
Suppose we have shown that P¢ ., <t Lp®(u @ r). Since Lp®(u ® r) is closed
under the operation

a— N,ﬁH(a),

and P, < Lp®(u @ r) by induction hypothesis, it follows from Lemma 4.4.3
applied to v + 2 instead of v+ 1, and with 6 = Ord N Pr) that
5’

Peqr1 < N’5+1(P§7’Y) <QLp*(u @),

as desired. Hence, if v is such that for some initial segment P of P, we
have
P (%)

and P is the minimal such initial segment, then P<1Lp®(u@®r), so |P| = |N|,
by the minimality condition on N. Since a ® b belongs to the least non-
determined set of reals in P, it belongs to Ay, as claimed.

The case that it is Player II who has a winning strategy ¢ in G is similar.
As before, it induces a strategy 7 for the least non-determined game ordinal-
definable from = on an r-premouse N defined as above, for some r € R. This
strategy is given by

7(a) = b if, and only if, Jv € RN N o(r,a) = (v, b).

If so, one reaches a contradiction as in the case that Player I has a winning
strategy. The only difference is that we must show that Player II does not
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win vacuously, i.e., that she does not win because there exist no sequences
{Per : € < (,v < a} as in the rules of the game. Given a play (r,v,a,b),
such a sequence can be easily extracted from Lp*(r & v) using Definition
4.2.26 (the sequence given there does not quite work, as it includes models
with Woodin cardinals, but one can obtain the desired sequence by adding
a level of constructibility at each stage).

Now, to see that OD,-determinacy holds of almost every real, notice that
otherwise every real x is recursive in some z for which there is a sequence
{Per : & < (,v < a}, for some ordinal ¢, such that

1. Poo =2z

2. Peyp1isa I1} -iterable 2-premouse extending P -, and it is of class S,
above P 41 but not of class Sy1 above P ,41;

3. Pr 41 projects to or across Ord N Py and has no Woodin cardinals;

4. If 7y is a limit ordinal, then P: , = U, o, Pyn;

n<y

5. If § is a limit ordinal, then Peo = U, ¢ Py0;

6. There is some v < « and an initial segment P of P, such that P |=

().

Arguing as above, one can show that every element of such a sequence is an
initial segment of Lp®(z). However, the conjunction of all these statements
is certainly o-projective, so by o-projective determinacy, it must fail for
almost all x € R, and we have just shown that this is not the case. This
completes the proof of the lemma. O

The corresponding version of Lemma 4.5.3 for successor ordinals can be
proved directly for the models N, i 41(x). This is sufficient (and necessary),
by Lemma 4.2.24. The proof is similar:

Lemma 4.5.4. Let o be infinite. For all x € R, there is some xg such that
whenever xq is recursive in z,

NﬂH(z) = OD-determinacy.

(e}

Proof. We will show that the conclusion holds for a Turing-cofinal set of z.
One can argue as in the proof of Lemma 4.5.3, using o-projective determi-
nacy, to show that it then holds of almost all zg € R. Before proving the
lemma, we begin with an observation:
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Let a be recursive in some z € R and let ¢ be the least Woodin cardinal
of N, i 41(x). Then ¢ is a limit of measurable cardinals in N, i 4+1(x) and, since

N, i +1(2)|6 has no inner model with a Woodin cardinal that is closed under
a— Ni(a),

K(CL‘)N£+1(JC)|QQ exists for all 0y < § which are measurable in Niﬂ(l‘). As

in Schindler [Sch06], one can define K(:E)Niﬂ(m)w in Niﬂ(:ﬂ) as the union

of the “partial K(z)s.” By an argument of Steel (cf. [Sch06, Lemma 1.1]
and Schimmerling-Steel [SS99, Theorem 2.3]) we have

#
Niia (2)|6 = K (a)Vorr @],
Now, we argue that if z is recursive in y € Ngﬂ(x), then

|V

«

4
11(@)[8] = [K (y)Nerr @],
To see this, suppose otherwise. Since z is recursive in y,
#
z € K(y)Nen @5,

Let £ index the least extender witnessing a disagreement between NV i ()
and

ﬁ x
P:= K(x)K@)N““( g

The index £ must be countable, for otherwise NNV, ! () and P have the same

a+1
reals. This would imply that N, i 4i1(z) and K ()™ 5+1@ Zave the same reals,

;
whereby the extender sequences of ny 41(z) and K (y)Na+1(®) agree above

Nt
W ar1(®) , contrary to the assumption that the models were different. Thus,

¢ is countable. But then let £ < (p and & < (§ be countable and such that
u x
JéVoH»I( ) Jé—‘)
J =pu = w.
If so, then it follows from Lemma 4.4.3 that

Nii
A

)

)

#
P Na+1($
2. Jg D,
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either of which is again a contradiction. Thus,
£ €T
INaa(@)l8] = K (y) o3,

as claimed.
This time, let us say that a countable premouse M satisfies (x) if there
is some z € R such that:

1. M is a sound z-premouse with no Woodin cardinals;

2. M is not of class Sp41 and

M = ZFC + —OD,-determinacy;

3. If z is recursive in y € M, then |M| = |K(y)™| and, in fact, if
Z ST %0 ST .- ST Tk,

xp € M, and
,'K(TO)A/I

P = K (ay,) K n)” :
then |P| = |M]|.

If y is a real, we write d,, for the smallest Woodin cardinal of NN, i +1(y). By
the observation above, if y is a real and N, i +1(y) F ~OD,-determinacy, then
N§+1(y)|5y satisfies (x).

Now, assume towards a contradiction that there is some xzg € R such
that Ni +1(y)|0y satisfies (x) whenever g is recursive in y. Consider the
following game G:

I |u, a

IT|v, b

Here, players I and II alternate turns playing natural numbers and construct
reals u, v, a,b € R. Player I wins if, and only if, there exists an u@v-premouse
M such that

1. M satisfies (x);
2. No proper initial segment of M satisfies (x);
3. M is IT} , ;-iterable;

4. a®be M, xg € M;
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5. a®b e A, where A is the least non-determined OD,. set of reals in M.

The game is certainly o-projective, so it is determined. Suppose first that
Player I has a winning strategy o. Since xg is recursive in o, No+1(0)|0s
satisfies (). Let Ny be the least initial segment of N,1(o) that satisfies
(). Suppose first that whenever w € RN Ny, o <7 w, and & < Ord™0,

K (w)™ ¢ ¥ (+);
in this case, let N = Ny. Otherwise choose such wy and &y and let
N1 = K (wo)™|&.

By repeating this process sufficiently many times, we arrive at some z € R
and a z-premouse N such that whenever w € RN N and £ < Ord",

K(w)™ | ¥ (%),

and moreover o € N.

N is not of class S,41, has no Woodin cardinals, and is wy-iterable. Let
A be the least non-determined OD,, set of reals in N and define a strategy
7 for Player I in A by

7(b) = a if, and only if, there exists u € R such that o(z,b) = (u,a).

Since T is recursive in o, 7 € N. Let a ®b € RN N be a play by 7. We
claim a @ b € A. Choose u € RN N such that o(z,b) = (u,a). Since o is a
winning strategy for Player I in G, there exists an (u @ z)-premouse M such
that

1. M satisfies (x);

2. No proper initial segment of M satisfies (x);
3. M is 11} -iterable;

4. a®be M, xy € M,

5. a®b e Ay, where Aps is the least non-determined OD, set of reals
in M.

We first compare M with Ngﬂ(u @ z). Applying Lemma 4.4.3 (with

0 =w) to M and N§+1(“ @ 2)|0ug2, we obtain a normal iteration tree 7' on

the premouse Niﬂ(u @ z)|0ue. and a putative iteration tree U on M, both
of successor length A + 1 such that one of the following holds:
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1L ML, <M, (so Ord™{+1 belongs to the wellfounded part of MY, ;)
and 7' is non-dropping, or

2. M/{]H < M>\T_H (so M/{]H is wellfounded), and U is non-dropping.

The first case cannot occur, for then M /{] 1 and has as proper initial segment
a non-dropping iterate of ny +1(u @ 2)[0ug=, which (since zq is recursive in
z) has an initial segment satisfying (*), contrary to the minimality of M, so
the second case occurs.

By the minimality conditions, M /{] 41 is the smallest initial segment () of
M/al such that

QF (%)

and, since ¢ is winning strategy for Player I in G, a @ b must belong to the
least non-determined OD,, set of reals in M ){J +1- By elementarity, a & b—
which is not moved by the iteration embedding—belongs to the least non-
determined OD, set of reals of the smallest initial segment P of IV, i 1 (udz)
such that

Let P be as above. It is an initial segment of nyﬂ(u @ z), so it is
iterable. We compare it with K (u @ 2)V. Since N = (%),

K (u® 2)] = |NJ,

and, by definition of N, no proper initial segment of K (u@® 2)" satisfies (x).
It follows that K (u @ 2)"¥ and P must have a common iterate. Since reals
cannot be moved by the iteration embedding, we have by elementarity that
a @ b belongs to the least non-determined OD, set of reals in K (u @ 2)¥,
which is the least non-determined OD, set of reals in N. Therefore, 7 is a
winning strategy for Player I in A—a contradiction.

Similarly, one reaches a contradiction if Player II has a winning strategy
in G. As in Lemma 4.5.3, one needs to show that Player II does not win
vacuously, but this can be done. ]

The main consequence of the last two lemmata that we will need is as
follows.

Lemma 4.5.5. For all x € R there is some xy such that whenever x is
recursive in z € R,

HODﬁpa(z) = “wQLpa(z) is an inaccessible cardinal.”
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Proof. Let ¢ be so that Lp®(xg) = ODs-determinacy and suppose that
is recursive in z. Recall that ©g is the supremum of all ordinals a onto
which there is an ordinal-definable surjection from R. We first need to show
that

Lp®(2) E ©9 = wo.

The Continuum Hypothesis holds in Lp®(z), so GOLPQ(Z) < wé/po‘(z). Notice
that in Lp®(z) there is a wellorder of R N Lp®(z) definable from z and
ordinal parameters. For successor «, this follows from Theorem 4.4.6; for
limit «, this follows from the construction of Lp®(z). Thus, if v < sz P a(z),
there is a surjection p, from R onto v in ODfpa(z). But then one can
average over the reals to obtain such a function with no real parameters,

-,

i.e., letting ¢(z,y,n, 5) be the formula defining p, (so p.(y) = n if, and only

—.

if, ¢(z,y,n, ) holds), one sets

n, if, #((¥)o, (¥)1,7m, B) holds of a unique 7 € Ord,
p(y) = .
0, otherwise.

This shows that
Lp®(z) E ©p = wa.

This, together with Lemmata 4.5.3 and 4.5.4, combines with the argument
of Moschovakis’s Coding Lemma to finish the proof. Cf. Claim 2 in the
proof of [MSW16, Theorem 2.24] for details. (Cf. also [KW10, Remark
3.5].) O

4.6 The Strength of o-Projective Determinacy

In this section, we prove Theorem 12.2.6. One of the implications we proved
already; it remains to show that o-projective determinacy implies that the
classes S, are all non-empty. Because of the induction hypothesis we employ,
we actually need to show that N%(xz) exists and is wi-iterable for all & and
almost all x € R; this will take little additional work. The limit cases of the
induction are immediate; it remains to take care of the (infinite) successor
case. Fortunately, most of the work has been done already. What remains is
almost identical to the proof of Miiller-Schindler-Woodin [MSW16, Theorem
3.20]. There are some superficial differences, so we sketch the argument, but
refer the reader to [MSW16, Theorem 3.20] for the full proof. We continue
assuming:
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Inductive hypothesis o-projective determinacy holds and N%(x) exists
and is wi-iterable for almost all x € R. In particular, the conclusion of
Lemma 4.5.5 holds.

Let x,z¢9 € R be a pair of reals for which the conclusion of Lemma 4.5.5
holds, i.e., whenever xg is recursive in z,

HODLP(2) = “wQLpa(z) is an inaccessible cardinal.”

Assume, additionally, that « is recursive in . By the inductive hypothesis,
if § < «, then Ng(x) exists and, in fact, Ng(P) exists whenever P is a
countable premouse containing x. Let F' be the mouse operator

a ny(a),

defined on almost all of HC.

If + <p z and a = z is a real or a is a z-premouse, one would like to
define the countably certified construction K (a) and the relativized core
model K ¥ (a). The problem here is that the inductive hypothesis ensures the
existence of N%(a) only for countable a. The remedy for this is to proceed
with the argument inside an inner model.

Lemma 4.6.1. Suppose that xq is recursive in z. Then, there is an inner
model M, of ZFC containing z such that

1. Ord N M, = wy,
2. M, is L | -correct,

3. M, is closed under F and F(a) is countably iterable in M, for all
ae€ M,.

Proof Sketch. The proof is like that of Claim 2 in [MSW16, Theorem 3.20].
Roughly, M, is the smallest model of ZFC of height w; closed under F' and a
o-projective (in fact, IT.,; or IT} ,) uniformizing function for the universal
I 41 set. The crucial difference is that we are assuming full o-projective
determinacy, which implies the uniformization property for H% (2') for all odd
B (granted 2’ is reasonable). This is what allows us to prove the necessary
correctness, regardless of whether « is even or odd. The resulting model is
seen to be definable by a set in IT} 1.- By o-projective determinacy, there
is no uncountable o-projective sequence of pairwise distinct reals, and this
is what allows us to prove that M, is a model of ZFC. O
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We would like to show that
M, = “N%, (2) exists.” (4.5)

If so, then an argument as in [MSW16] would show that Ng 41(x) is the
same as computed in almost all M, for y € R (this uses the correctness of
M, and Lemma 4.4.3) and is wy-iterable in V', which would complete the
proof of Theorem 12.2.6.

Hence, we suppose that the negation of (4.5) holds. Working in M,
we can apply Schindler-Steel [SS14, Theorem 1.3.20] (making use of Jensen-
Steel [JS13, Theorem 1.1] to rid ourselves of the large-cardinal assumption)
to obtain the existence (and iterability) of the core model K (x).

The remainder of the argument consists in reaching a contradiction from
the assumption that

K, = (K7 (2))"
exists. In M., the core model K, satisfies weak covering. Thus, one can find
singular limit cardinals v in M, of uncountable cofinality such that

e = ()

(v ¥

Fix any such 7.

Lemma 4.6.2. There is a real y >7 z such that:
1. (yHM= = WQLp“(y)7

2. Ki|(vH)M= € Lp®(y), and

3. (the universe of) Lp®(y) is a generic extension of Lp®(K|(yT)M=).

Proof. Cf. Subclaim 2 in the proof of [MSW16, Theorem 3.20]. The fact
that + has uncountable cofinality in M, is used in the proof. In particular,
it implies that

b < cof ()P ),

since Lp®(K.|(y")M=) is a definable class from the point of view of M,
(this follows from the fact that M, is closed under F' and from Definition
4.2.26—for limit a—and Lemma 4.2.24—for successor «). O

Using the notion of “certificate” from Mitchell-Schindler [MS04], one can
make sense of
(K ()",
To prove the analog of Subclaim 4 in the proof of [MSW16, Theorem 3.20],
we need to argue slightly differently, since the proof in [MSW16, Theorem
3.20] uses a lemma whose counterpart we have not proved.
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Lemma 4.6.3. (K (2))2"W) s definable over HODLP"®)
Proof. Working in Lp®(y), and given a real u, one can define the model
Lpoz(u>Lp“(y)

of height w}” (cf. Lemma 4.5.2), as well as its extender sequence, £, (which
can be amenably and uniformly coded by a set of ordinals). Because we
use the construction of [MS04] (there are no large cardinals in Lp®(y)),

(KT (2))"°*®) can be defined from z and (y, E,), the latter of which is a
class from the point of view of Lp®(y). By Lemma 4.5.2(2),

Lp*(y) BV = Lp®(y).

Let u € RN Lp®(y) be arbitrary such that
Lp*(y) EV = Lp®(u)
and let K" be the result of defining
(K (@) 7

using (u, E,) instead of (y, E,). We claim that K* = (K% (z))?"W)(=
KY). As in [MSW16], this will imply that the construction is not sensitive
to the choice of u, so that the parameter y in the definition of (K% (z))M?*®)
can be dispensed with; this will suffice.

The pair (u, E, | wlL e (y)) is definable over the structure

(Lwleo‘(y) [ya Ey] » Yy Ey)7

since wlL P a(y)—iterability for countable premice in Lp®(y) is witnessed by

countable @Q-structures. In fact, (u, E,) is definable from u in that structure.

Conversely, since
|Lp™(y)| = [Lp®™(w)" @),

y € Lpo‘(u)|wfpa(y), so the pair (y, By | wlea(y)) is definable over the struc-
ture
(Lwleo‘(y) [U, Eu] y Uy Eu)a

from y. It follows that

Lwlea(y) [u; Eu] = Lwle"‘(y) [ya Ey]a
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so the extender sequences of both structures agree above wle “® . This
implies that
Ln[ua Eu] = L,@[y, Ey]v

L (a3
whenever w;” W <.

Using the terminology of [MS04], we show that an extender F is certified
with respect to £, if, and only if, it is so with respect to £, (here and in
the forthcoming argument, we use terminology from [MS04, Section 1]). In
[MS04], the definition of “certificate” depends on a class of ordinals A such
that V' = L[A], because it depends on the notion of “X;-elementarity,”
which depends on A. We write X <{, Y for ¥i;-substructurehood, to
emphasize this A.

The main point is that, by the remarks above, we have

X <) Ly, B, if, and only if, X <" Ly B,

provided wlea(y) < K, and both u and y belong to X.

We now carry on with the proof. Suppose F' is certified with respect to
E,, CRIT(F) =k, LTH(F) = v, and U -<§%;Ey) L,+ly, Ey], with U countable
in Lp®(y). We need to find some

T:U —>g?iEy) L:ly, Ey]

witnessing that F' is countably complete with respect to U.

Let U be a countable (in Lp®(y)) 1 ,-clementary (with respect to (y, Ey))
substructure of L+ [y, ;] containing all elements of U, as well as u. Since
v is an uncountable cardinal, we have

U< U <™ Lyvlu, B,

as well as
O <) L [u, By,

so, because F' is certified with respect to E,, there is some
o (uBy)
T:U =717 Ly, Ey]
witnessing that F' is countably complete with respect to U. As before,

U —>§11Ey) L[y, Ey),
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so that whenever ¥ € U and ¢ is 314,

(U,y, E,) = ¢(Z) if, and only if, (U,y, E,) | ¢(Z)
if7 and Only lfv (Lﬁ[y7Ey]7y) Ey) ): QS(T[:Z:])’

and so .
T:U —>¥i v) Ly, Ey),

as desired.

Finally, it is clear that 7 witnesses that F' is countably complete with
respect to U; thus, F' is certified with respect to . The converse argument
goes through symmetrically. O

By Lemma 4.6.3 and the choice of x and y,
(K C’F@?))Lp ) “wQL P*®) is an inaccessible cardinal?

By [MSW16, Lemma 3.31], (K% (2))"®) is universal with respect to pre-

mice of height < wé: P with which it can be compared.

One needs to prove the following lemma, which corresponds to Subclaim
3 in the proof of [MSW16, Theorem 3.20]. The proof is the same, but we
sketch it.

Lemma 4.6.4. K.|(yv")M= is fully iterable in Lp®(y).

Proof Sketch. The core model K. |(7")M= is not of class S, 1 and is iterable
in M, by the @Q-structure iteration strategy. Moreover, by the argument of
Lemma 4.4.3 in M,, this strategy selects unique branches whose associated
Q-structures are IT}-iterable (one needs the proof, rather than the lemma
itself, because M, is only closed under a — N%(a); on the other hand, its Q-
structures are wy + 1-iterable in M, ). Because all such Q-structures are not
of class S, and are premice over initial segments of iterates of K|(yT)M=,
they belong to Lp®(K.|(v+t)M=), provided the iteration tree does too. It
follows that K,|(y*)M= is wi-iterable in Lp®(K.|(yT)™:). To prove the
lemma, one has to show that it is also w;-iterable in generic extensions
of Lp®(K,|(yT)M=). This uses 2. -correctness of Lp®(K.|(y")**) (Lemma
45.1).

For example, to prove that K.|(y")™ is iterable in Lp®(y) as in Sub-
claim 3 in the proof of [MSW16, Theorem 3.20], one defines a tree Tj in
Lp®(K,|(y")™=) that projects to a universal IT} set in Lp®(K,|(v+)M=)
and all its generic extensions by partial orders of size at most (y*)M=. One
then defines a tree 77 searching for witnesses to the failure of countable
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iterability of K,|(yT)™: by the Q-structure iteration strategy. Specifically,
T, searches for

1. the transitive collapse of a countable elementary substructure K of
K.|(y")M= and the collapse embedding T,

2. a putative iteration tree T on K by the Q-structure iteration strategy,

3. @-structures not of class S, witnessing the clause above and a branch
of Ty witnessing the IT}-iterability of the Q-structures,

4. A countable transitive model of a sufficient fragment of ZFC containing
all objects above and witnessing that T' either has a last illfounded
model, or else no cofinal branch b such that Q(T) < M.

One shows as in Subclaim 3 in the proof of [MSW16, Theorem 3.20] that
the tree T is wellfounded in Lp®(K,|(vt)M=), so it too is in Lp®(y), by the
absoluteness of wellfoundedness. This uses the fact that Lp®(y) is a generic
extension of Lp®(K,|(yvt)M=), so Ty projects to the complete IT.-set in
Lp“(y), whereby T is the same as defined in Lp®(y) and in Lp® (K, |(y1)M=);
thus K,|(yT)™: is countably iterable in Lp®(y). O

After this, one shows as in [MSW16] (cf. Subclaims 5 and 6 in the proof
of Theorem 3.20) that (K% (z))t?"®) is sufficiently iterable inside Lp®(y)
to be compared with K.|(y")M=. A universality argument shows that
K.|(vt)M: embeds into an initial segment M of an iterate of (K& (z))&"®)
and that either the comparison must use compatible extenders at some stage,
or .

(yH)M: = w2Lp )
remains a successor cardinal in M. In either case, one obtains a contradic-
tion.



136 4. 0-PROJECTIVE DETERMINACY



5]

Long Games and
o-Projective Sets

Contents

5.1 Introduction ... .................. 137
5.2 Simple games of length w? . . ........... 139
5.3 Decodinggames . .. ... ... 144
5.4 Determinacy from large cardinals. . ... .. .. 150
5.5 Further applications . . . . .. ... ... ..... 164

5.5.1 Longer games . . . . . . .. .. ... ... 165

55.2 o-algebras . . . .. ..o oL 167

5.1 Introduction

Let w* denote the space of infinite sequences of natural numbers with the
product topology, i.e., the topology generated by basic (cl)open sets of the
form

O(s) = {zr € W : x extends s},

where s € w<¥. As usual, we will refer to the elements of w% as reals. Given
a subset A of w*, the payoff set, we consider the Gale-Stewart game G of
length w as follows:

This chapter was written jointly with S. Miller and P. Schlicht.
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I
‘ 0 2 for xg,z1,... € w.
II ‘ I I3
Two players, I and II, alternate turns playing xg, x1,... € w to produce
an element = = (xg,x1,...) of w*”. Player I wins if and only if z € A; oth-

erwise, Player II wins. One can likewise define longer games by considering
subsets of w®, where « is a countable ordinal. If so, we will again regard
w® as a product of discrete spaces. A game is determined if one of players I
and II has a winning strategy. A set A C w” is said to be determined if the
corresponding game is.

These games have been studied extensively; under suitable set-theoretic
assumptions, one can prove various classes of them to be determined. One
often studies the determinacy of pointclasses given in terms of definability
(a general reference is Moschovakis [Mos09]). A pointclass central to this
chapter is the following:

Definition 5.1.1. The pointclass of o-projective sets is the smallest point-
class closed under complements, countable unions,! and projections.

In this chapter, we consider the following classes of games, and their
interplay:

1. games of fixed countable length a whose payoff is o-projective;

2. games of variable length <a+w? whose payoff is a pointclass containing
the clopen sets and contained in the o-projective sets;

3. games of countable length o with payoff in other o-algebras.

Later, Neeman extensively studied long games and their connection to
large cardinals in [Nee04]. These results are based on his earlier work in
[Nee95] and [NeeO2] on games of length w, where he started connecting
moves in long games with moves in iteration games. He showed in [Nee04]
for example that the determinacy of games with fixed countable length and
analytic payoff set follows from the existence of Woodin cardinals. Moreover,
he also analyzed games of continuously coded length (see also [Nee05]) and
games of length up to a locally uncountable ordinal. In [NeeO7] he even
showed determinacy for open games of length wy, indeed for a larger class of
games of length wy, from large cardinals. That the determinacy of arbitrary
games of length w; is inconsistent is due to Mycielski and has been known
for a long time (see [Myc64]).

LOf course, one only considers unions of sets in the same space, as is usual.
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As for the converse, the determinacy of infinite games implies the exis-
tence of inner models with large cardinals (cf. e.g., [Har78, KW10, Tral3,
Uhl16, MSW16] and others).

Summary of results We begin in Section 5.2 by introducing a class of
games of variable length below w?. We call these games I'-simple, where
I' is a pointclass. We show that o-projective determinacy implies the de-
terminacy of I'-simple games of length w? where I' is the pointclass of all
o-projective sets. In Section 5.3 we introduce a class of games we call de-
coding games. These are used to show that o-projective determinacy follows
from simple clopen determinacy of length w?. The proof also shows directly
that simple o-projective determinacy of length w? follows from simple clopen
determinacy of length w?

In Section 5.4, we prove simple clopen determinacy of length w? (and
thus o-projective determinacy of length w) from optimal large cardinal as-
sumptions. The proof is level-by-level. An alternative, purely inner-model-
theoretic proof of o-projective determinacy can be found [Agug|; our proof,
however, requires little inner model theory beyond the definition of the large-
cardinal assumption. Roughly, it consists in repeatedly applying a theorem
of Neeman [Nee04] to reduce a simple clopen game of length w? to an itera-
tion game on an extender model with many partial extenders. The difference
here is that players are allowed to drop gratuitously in the iteration game
finitely many times to take advantage of the partial extenders in the model.

Finally, in Section 5.5, we exhibit some additional applications of the
proof in Section 5.4. Specifically we prove from (likely optimal) large cardi-
nal assumptions that o-projective games of length w-60 are determined, where
0 is a countable ordinal. We also prove, from a hypothesis slightly beyond
projective determinacy, that games in the smallest o-algebra containing the
projective sets are determined.

5.2 Simple games of length w?

We begin by noting a result on the determinacy of games of length? <w?:

Theorem 5.2.1 (folklore). The following are equivalent:

1. All projective games of length w are determined.

w w

2
2Here and below, we identify the spaces w® , (w*)* and w***, as well as w*™ and

(@)™
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2. All projective games of length w - n are determined, for alln < w.
3. All clopen games of length w - n are determined, for all n < w.

Instead of providing a proof of Theorem 5.2.1, we refer the reader to
the proof of Theorem 12.2.6 below, an easy adaptation of which suffices (cf.
Remark 5.2.5).

Our first result is the analog of Theorem 5.2.1 for o-projective games.
Although the equivalence between the first two items remains true if one
replaces “projective” with “o-projective,” the one between the last two does
not. Instead, one needs to consider a larger class of games that are still
decided in less than w? rounds, in the sense that for any z € w*’ there is
n € w such that for allyGw‘*’Q, ifylw-n=x[w-n, then

x is a winning run for Player I if and only if y is.

Note that every game of length w - n can be seen as a game of this form, for
any n € w. For the definition below, we adapt the convention that if n € w,
then a subset A of w¥™ can be identified with

{xeww2:x[w-nEA}.

Definition 5.2.2. Let T' be a collection of subsets of w®’ (each A € T
identified with a subset of w*™ for some n € w as above). A game of length
w? is T-simple if it is obtained as follows:

1. For every n € w, games in I' of fixed length w - n are I'-simple.

2. Let n € w and for each i € w let G; be a I'-simple game. Then the
game G obtained as follows is I'-simple: Players I and II take turns
playing natural numbers for w - n moves, i.e., n rounds in games of
length w. Afterwards, Player I plays some i € w. Players I and II
continue playing according to the rules of G; (keeping the first w - n
natural numbers they have already played, but not ).

3. Let n € w and for each i € w let G; be a I'-simple game. Then the
game G obtained as follows is I'-simple: Players I and II take turns
playing natural numbers for w - n moves, i.e., n rounds in games of
length w. Afterwards, Player II plays some ¢ € w. Players I and II
continue playing according to the rules of G; (keeping the first w - n
natural numbers they have already played, but not 7).
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We are mainly interested in games of length w? which are simple clopen,
i.e., which are T-simple for I' = AY the collection of clopen sets in the
topology defined above. Let us start by noting that every simple clopen
game has in fact a payoff set which is clopen in w“*“ (this fact will not be
needed, but it justifies our terminology).

Lemma 5.2.3. Let G be a simple clopen game of length w? with payoff set
B. Then B is clopen in w**%.

Proof. We prove this by induction on the definition of simple clopen games.
In the case that G is a clopen game of fixed length w - n it is clear that B is
clopen. So suppose that we are given simple clopen games G;, i < w with
payoff sets B;. Moreover, suppose for notational simplicity that n =1, i.e.,
the players play one round of length w before Player I plays i € w to decide
which rules to follow. Inductively, we can assume that every B; is clopen in
w**“. Let G be the game obtained by applying (2) in Definition 5.2.2. For

r € w¥*¥, write z* for

zlw x| [w+1,w?).
Then x is a winning run for Player I in G iff

x € U{yEw“X‘”:y(w):i/\y*eBi}.

€W

Each B; is open, so the payoff set B of G is open. Additionally, z € B if,
and only if|

x € ﬂ{yEw“XW:y(w)%i\/y*eBi}.

€W

Each B; is closed, so B is closed. Therefore, B is clopen.
The argument for applying (3) in Definition 5.2.2 is analogous. O

The main fact about simple clopen games is that their determinacy de-
terminacy is already equivalent to determinacy of I'-simple games where I’
is the pointclass of all o-projective sets:

Theorem 5.2.4. The following are equivalent:
1. All o-projective games of length w are determined.
2. All simple o-projective games of length w? are determined.

3. All simple clopen games of length w? are determined.
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The proof of o-projective determinacy of length w from simple clopen
determinacy will take place in the next section. For now, we content our-
selves with showing that o-projective determinacy of length w implies simple
clopen determinacy of length w?, although the proof we give easily adapts to
show simple o-projective determinacy of length w? from the same hypoth-
esis. It will be convenient for the future to introduce the definition of the
game rank of a simple clopen game.

To each simple clopen game G of length w? we associate a countable
ordinal gr(G), the game rank of G, by induction on the definition of simple
clopen games. If G is a game of fixed length w - n, then gr(G) =n. If G is
obtained from games Gg, G1, ..., and from an ordinal w - n as in Definition
5.2.2, we let

gr(G) = sup{er(G;) +w:i € w} +n.

Remark 5.2.5. The proof of Theorem 12.2.6 is local. We leave the computa-
tion of the precise complexity bounds to the curious reader, but we mention
that e.g., the proof shows the equivalence among

1. the determinacy of games of length w which are IT! for some n € w;
2. the determinacy of simple clopen games of length w? of rank <w

3. the determinacy of simple games of rank <w which are IT} for some
n e w.

Thus, Theorem 12.2.6 generalizes Theorem 5.2.1.

The reason why we have chosen to define the game rank this way is that it
will make some arguments by induction easier later on. Let us consider some
examples: if gr(G) = w, then G is essentially a game in which an infinite
collection of games, each of bounded length, are given, and one of the players
begins by deciding which one of them they will play. If gr(G) = w + 1, then
the game is similar, except that the player does not decide which game they
will play until the first w moves have been played. More generally, a game
has limit rank if and only if it begins with one player choosing one among a
countably infinite collection of games that can be played.

Remark 5.2.6. Let G be a simple clopen game of rank o and p be a partial
play of G. Denote by G, the game that results from G after p has been
played. Then G, is a simple clopen game of rank < a.

Clearly, every simple clopen game has a countable rank.

Proposition 5.2.7. Suppose that all o-projective games of length w are
determined. Then all simple clopen games of length w? are determined.
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Proof. Let us say that two games G and H are equivalent if the following
hold:

1. Player I has a winning strategy in G if and only if she has one in H;
and

2. Player II has a winning strategy in G if and only if she has one in H.

We prove the proposition by induction on the game rank of a simple
clopen game G. In the case that the game rank is a successor ordinal, we
additionally show that the game is equivalent to a o-projective game of
length w (this is clear in the limit case). Suppose that « is a limit ordinal
and this has been shown for games of rank <a. Let a + n be the rank of
G, where n € w. If n = 0, then the result follows easily: by the definition
of game rank, the rules of G dictate that one player must begin by choosing
one amongst an infinite sequence of games G*. If that player has a winning
strategy in any one of them, then choosing that game will guarantee a win
in G; otherwise, the induction hypothesis yields a winning strategy for the
other player in each game G* and thus in G.

If 0 < n, say, n = k+ 1, then one argues as follows. Given a partial play
p of G, we denote by G,, the game G after p has been played. Consider the
following game, H:

1. Players I and II alternate w many turns to produce a real number z.

2. Afterwards, the game ends. Player I wins if and only if
dz; € w¥Vy1 € w¥3xg € WY ... Vy, € w* Player I has a winning strategy in G),
where p = (@, 21 * Y1, ..., Tk * Yp).>

Claim 5.2.8. H is equivalent to G.

Granted the claim, it is easy to prove the proposition, for, letting p be
as above, the rules of G, dictate that one of the players must choose one
amongst an infinite sequence of games G*. Assume without loss of generality
that this is Player I. By induction hypothesis, the set of p such that there
exists ¢ so that Player I has a winning strategy in G* is o-projective. Hence,
the payoff set of H is o-projective, as was to be shown.

It remains to prove the claim. Thus, let 0 < m < k and consider the
following game H,,:

3Here, z % y denotes the result of facing off the strategies coded by the reals = and y.
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1. Players I and II alternate w - (m + 1) many turns to produce real

numbers zg, ..., Zm.

2. Afterwards, the game ends. Player I wins if and only if

ITm41 YYm41 ITm42 - .. Yy Player I has a winning strategy in the game G,

where p = (20, ..., Zm, Timt1 * Ymtly - - -5 Th * Yk )-

Thus, H = Hyp. By induction on ¢ = k — m (i.e., by downward induction
on m), we show that H,, is equivalent to G. A simple modification of the
argument shows that (H,,), is equivalent to G, for each p € (w*)! and
each [ < m + 1; this is possible because G, is a simple clopen game of rank
< a+n. We will use the equivalence between (H,,), and G, as part of the
induction hypothesis.

We have shown (by the induction hypothesis for the proposition) that

G is equivalent to Hj. The same argument applied to G, shows that G, is
equivalent to (Hy), for every p € (w¥)¥*1 and thus that G, is determined.
Moreover, Player I wins a run p € (w*®)™*! of H,, if and only if she has a
winning strategy in (Hy,+1), and Player IT wins a run p € (w¥)™ ! of H,, if
and only if Player I does not have a winning strategy in (Hp,+1)p; however,

(Hm+1)p is determined for every p € (w®)

m+1as it is a o-projective game of

length w (this follows from an argument as above). Moreover, the induction
hypothesis (for the claim) shows that a player has a winning strategy in
(Hm+1)p if and only if she has one in G),. This shows that a player has
a winning strategy in H,, if and only if she has one in G, as was to be
shown. O

5.3 Decoding games

Our first goal in this section is to prove the following proposition.

Proposition 5.3.1. Suppose simple clopen games of length w? are deter-
mined. Then o-projective games of length w are determined.

In order to prove Proposition 5.3.1, we introduce a representation of

o-projective sets.

Definition 5.3.2. Fix an enumeration

{An+1 n e CU}
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of all basic open and basic closed sets in each (w“)k ,for 1 <k <w. Suppose
A C (w*)F is o-projective. A o-projective code [A] of A is defined inductively
as follows:

1. If A is basic open, then [A] = (n), where A = A,,.

2. If A is basic closed, then [A] = (n), where A = A,,.

3. If A=, 4, then [A] = ([Ao], [A1],...).

4. If A=), 4;, then [A] = (0, [Ao], [41],...).

5. If A = (w*)*\ B for some k € w, then [A] = (1,[B]).

6. If A=p[B], then [A] = (2,[B]).

7. If A=u|B], then [A] = (3,[B]).

Here, u[B] denotes the dual of the projection,

u[B] = {z € v : Yy (z,y) € B}.

A o-projective code of a given set is not unique. In fact,

Lemma 5.3.3. Let A be o-projective.

1. A has a o-projective code in which no complements and no basic open
sets appear.

2. A has a o-projective code in which no complements and no basic closed
sets appear.

Proof. Given a o-projective code for A, one obtains, by a simple application
of de Morgan’s laws, a o-projective code in which complements are only
applied to basic open sets or to basic closed sets. Since every basic open
set is clopen, basic open sets can be replaced by a countable intersection of
basic closed sets in the projective code; similarly, basic closed sets can be
replaced by a countable union of basic open sets. O

Definition 5.3.4. Suppose A C (w*)" for some 1 < n < w is o-projective
and fix a code [A] for A. The decoding game for A (with respect to [A]) is
a game of length w? according to the following rules: In the first n rounds,
which we will call the preparation, Players I and 11 start by alternating turns
playing w-n natural numbers to obtain reals x1, o, . .., T, € w*. Afterwards,
they proceed according to the o-projective code [A] of A via the following
recursive definition:
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1. If A is basic open, say A = A, then the game is over, i.e., further

moves are not relevant. Player I wins if and only if (z1,x2,...,2,) €
Ag.

2. If A is basic closed, say A = A, then the game is over, i.e., further
moves are not relevant. Player I wins if and only if (z1,22,...,2,) €
Ag.

3. If A =1; Ai, so that [A] = ([Ao], [A1],...), then Player I plays some
k € w. The game continues from the current play (without the last
move, k) with the rules of the decoding game with respect to [Ag].

4. If A = N); 4;, so that [A] = (0,[Ao],[A1],...), then Player II plays
some k € w. The game continues from the current play (without the
last move, k) with the rules of the decoding game with respect to [Ag].

5. If A = (w*)*\ B for some k € w, so that [A] = (1,[B]), then the
game continues from the current play with the rules of the decoding
game with respect to [B], except that the roles of Players I and II are
reversed.

6. If A= p[B], so that [A] = (2,[B]), then Player I plays some y € w* in
w moves of the game, where the moves of Player II are not relevant.
The game continues from the current play, together with gy, using the
rules of the decoding game with respect to [B].

7. If A =wu[B], so that [A] = (3,[B]), then Player II plays some y € w®
in w moves if the game, where the moves of Player I are not relevant.
The game continues from the current play, together with y, using the
rules of the decoding game with respect to [B].

Clause (5) of the preceding definition will not be used below, but we
have defined it in the natural way nonetheless.

Lemma 5.3.5. Let A C (w¥)"™ for some 1 < n < w be o-projective and fix
a code [A] for A. A player has a winning strategy in the game with payoff
set A if and only if the player has a winning strategy in the decoding game
for A with respect to [A].

Proof. Assume first that Player I has a winning strategy o in the game
G 4 with winning set A. Then the following describes a winning strategy for
Player I in the decoding game for A with respect to [A]. In the first n rounds
of the game, Player I follows the strategy o. Since ¢ is a winning strategy
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in G4, the players produce a sequence of reals (z1,...,z,) € A. In the
following rounds, Player I follows the rules of the decoding game according
to [A], playing witnesses to the fact that (z1,...,z,) € A. This means that,
e.g., if [A] = ([Ao], [A1],...), i.e., A = J; Ai, then Player I plays k € w such
that (z1,...,2,) € Ag. The strategy for the other cases is defined similarly.
This yields a winning strategy for Player I in the decoding game for A with
respect to [A].

Now assume that Player I has a payoff strategy ¢ in the decoding game
for A with respect to [A]. Then the restriction of o to the first n rounds of
the game is a winning strategy for Player I in the game G 4. Similarly for
Player II. O

Lemma 5.3.6. Let A C (w®)* be o-projective, for some 1 < k < w. Then,
for every o-projective code [A] for A in which no complements appear, the
decoding game given by [A] is simple clopen.

Proof. Choose a code [A] for A in which no complements appear. We will
show by induction on the definition of simple clopen games, that the game
obtained as in (6) or (7) in Definition 5.3.4 is simple clopen again. This will
finish the proof as games obtained by clauses (1)-(4) in Definition 5.3.4 are
clearly simple clopen, by the definition of simple clopen games.

Let us introduce some notation for this proof. If z € w®, we write z!
for the sequence of digits of = in even positions, and z!! for the sequence of
digits of x in odd positions. Thus, if x results from a run of a Gale-Stewart
game, then z! is the sequence of moves of Player I and z!! that of Player
I1.

So let G be a simple clopen game with payoff set B C (w*)*¥ and con-
sider the game GPF which is defined as follows. Players I and II start by
alternating turns playing w - £ natural numbers to define reals z1,..., x5 €
w*. Then players I and II alternate moves to play some real xpyi. Fi-
nally, Players I and II alternate again to produce reals zi, zo,... so that
(x1,..., Tk, :Eé_,’_l, 21,292,...) € (w¥)¥ and we say that (x1,..., 2k, Thi1, 21, 22, .. )
is a winning run for Player I in GP* iff (2q,... ,.’L'k,x}f_i_l,Zl,ZQ, ...) € B.

That means if B* denotes the payoff set of GP*, we have (T1y vy Thy Tpa1, 215 225+ - ) €
B* iff (x4, ... ,xk,x}gﬂ,zl,z% ...) € B. We aim to show that G'* is simple
clopen again.

Suppose first that G is a clopen game of some fixed length w - n, i.e., we
consider G as a game of length w? but only the first w - n moves are relevant
for the payoff set. Fix some k € w. In particular, B is a clopen set in w**%.

We can naturally write B = By x By x By for clopen sets By C (w*)¥,
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B; Cw* and By C (w*)“. By definition, the payoff set for the game GPF s
BO X (Bl)I X BQ, where

(BI)I = {.CL‘ cwY: .’I}I € Bl},

which is clopen. Moreover, in G* again only the first w - n moves are
relevant, so GP* is a clopen game of fixed length w - n and in particular
simple clopen.

Now suppose that G is a simple clopen game obtained by condition (2)
in Definition 5.2.2, i.e., we are given simple clopen games G;, i < w, and
after Player I and II take turns producing x1,..., 2k, Tkx+1, Player I plays
some natural number ¢ and the players continue according to the rules of
G; (keeping the moves which produced z1,...,zg, 2x+1). That means for
every i < w, some sequence (X1, ...,Tk, Lki1,0,21,22,...) IS a winning run
for Player I in G iff (z1,..., 2k, Xg41, 21, 22, . - - ) is a winning run for Player
Tin G;. We can assume inductively that the games Gf’k for i < w (obtained
as above) are simple clopen and we aim to show that Gf’k is simple clopen.
Consider the simple clopen game G* which is obtained by applying (2) in
Definition 5.2.2 to the games Gf’k and the natural number k£ 4 1. Suppose

Players I and 1T produce (21, ..., Tk, Tk11,1, 21, 22, - . . ) in a run of G*. Then
(X1, Tk, XTpt1,1, 21, 22, . . . ) is @ winning run for Player I in G*
. . . . ~Pk
iff (z1,..., Tk, Tk+1, 21, 22, ... ) is @ winning run for Player I in G’
iff (xq,... ,xk,m}cﬂ, 21,722, ...) is a winning run for Player I in G;
iff (xq,... ,mk,x}cﬂ, i,21,%2,...) is a winning run for Player I in G
iff (x1,...,Tk,2k41,1, 21, 22, - . . ) 1S & winning run for Player I in GP*,

where the first equivalence holds by definition of G*, the second equivalence
holds by inductive hypothesis, the third equivalence by choice of GG, and the
fourth equivalence by definition of GP*. Hence GPF and G* are equal and
GPF is a simple clopen game, as desired.

The argument for simple clopen games obtained by condition (3) in
Definition 5.2.2 is analogous. O

With Lemmata 5.3.5 and 5.3.6, Proposition 5.3.1 is proved. To finish
the proof of Theorem 12.2.6 one needs to show:

Proposition 5.3.7. Suppose either that simple clopen games of length w?
are determined or that o-projective games of length w are determined. Then
simple o-projective games of length w? are determined.



5.3. DECODING GAMES 149

Proposition 5.3.7 can be proved directly either by the method of the
proof of Proposition 5.3.1, or by that of Proposition 5.2.7. In the second
case, one need only carry out a straightforward adaptation, as was remarked
before. In the first case, a simple o-projective game G is reduced to the sim-
ple clopen game in which two players play the game G, producing a sequence
z € (w*)" for some n € w such that there is a o-projective set A C (w®)"
with the property that Player I wins G iff x € A, no matter how the players
continue playing the rest of G. After this, the players play the decoding
game for A to determine who the winner is in a clopen way.

We close this section with a useful characterization of the o-projective
sets, although it will not be used.

Proposition 5.3.8 (Folklore). A set A C R is o-projective if and only if it
belongs to Ly, (R).

Proof. Clearly, L, (R) is closed under countable sequences and P(R) N
Ly, (R) is closed under projections.

Conversely, by induction on a < wy, one sees that Ly (R) and the satis-
faction relation for L, (R) are coded by o-projective sets of reals:

1. Lo(R) = R = V41 is coded by itself. The satisfaction relation Sy for
Vw41 is given by
SO(¢76) Ans Vw+1 ): ¢(6)7

for ¢ a formula in the language of set theory and @ a finite sequence of
reals. Since every formula in the language of set theory is in the class
¥, for some n, Sy belongs to the pointclass U,,.,, 35 (i-e., the point-
class of countable unions of projective sets) and is thus o-projective.

2. Suppose that a o-projective code C,, for L,(R) has been defined and
that a o-projective satisfaction predicate S, for L,(R) relative to C,,
has been defined. Suppose that @ € (C,)"™ and

¢ =i VY2, ... QUm do(T1, ...y Tny Y1y -y Ym)

(where @ is a quantifier and ¢ is Ag) is a X,,-formula with n free
variables. Then, letting

CP={recR:3y € CoVys € Co ... QYm € Co Sa(G0, @, Y1, -, Ym)},

a o-projective code Cqy1 for Ly11(R) can be defined by the disjointed
union

Cot1 = CoU{C%7 : $ is a formula and @ € (Cy)"},
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where C’gﬁ is a real number coding® the set C$%. A satisfaction rela-
tion Sy41 can be defined from this: for atomic formulae, we set

Sot1(- € z,y) < (z,y € Co A Sal- € -, 2,y))V
(z € Cu AFPIT C (Co)™M@ y = CHTA S, (¢,d, ).

For other formulae, this is done as above, so the satisfaction relation
Sa+1 1s seen to belong to the pointclass |, ., ! (Cay1,Sa) and is thus
by using the inductive hypothesis o-projective.

3. Suppose that a o-projective code Cy, for L,(R) has been defined and
that a o-projective satisfaction predicate Sy, for L, (R) has been defined
for every o < A, where A is a countable limit ordinal. Then C) can
be defined as the disjoint (countable) union of Cq41 \ Cq, for a < A.
Thus C), is o-projective. The satisfaction relation Sy can be defined
as above.

This completes the proof. O

5.4 Determinacy from large cardinals

In this section, we prove level-by-level that the existence of certain iterable
inner models with Woodin cardinals implies simple clopen determinacy of
length w?, which in turn implies o-projective determinacy of length w. A dif-
ferent proof of this latter result can be found in Chapter 4, but the proof we
give here has the advantage that it requires almost no inner-model-theoretic
background. Another advantage is that it easily generalizes to yield further
results (cf. the next section).

The idea of this proof is to enhance a simple clopen game of length w?
by presenting each player with a fine-structural model that can be manipu-
lated to obtain information about the game. This method of proof is due to
Neeman [Nee04]; the difference in our context is that the models considered
will contain many partial measures and, in addition to taking iterated ul-
trapowers, we will allow the players to remove end-segments of their models
during the game so as to make the measures total and obtain new informa-
tion. Although this determinacy proof could have been framed directly in
terms of (the decoding game for) o-projective sets, it seems somewhat more
natural to consider simple clopen games of length w? instead and proceed
by induction on the game rank.

‘E.g., it could be the tuple (¢,d, o).
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Before we start with the proof, let us recall the relevant inner model
theoretic notions we will need. In what follows, we will work with premice
and formulae in the language of relativized premice Ly, = {&,E,F, i},
where F is a predicate for a sequence of extenders, F' is a predicate for an
extender, and & is a predicate for a real number over which we construct
the premouse.

For some real z, a potential x-premouse is a model M = (Jf, E,E i

n, By, x), where E is a fine extender sequence® and 1 an ordinal or n = Ord
(see Section 2 in [Stel0] for details). We say that such a potential z-premouse
M is active iff B, # 0. If v < n, we write M|v = (JZ, €,E | v, E,, z) for the
corresponding initial segment of M. A potential z-premouse M is called an
x-premouse if every proper initial segment of M is w-sound. If it does not
lead to confusion, we will sometimes drop the x and just call M a premouse.
Informally, an x-mouse is an iterable x-premouse. We will avoid this term
as the notion of iterability is ambiguous, but wi-iterability suffices for all
our arguments.® Here we say that an z-premouse M is wi-iterable if it is
iterable for countable stacks of normal trees of length < w; (see Section 4.1
of [Stel0] for a formal definition).
We consider premice belonging to various smallness classes:

Definition 5.4.1. Let M be an wq-iterable premouse and § € M N Ord.
1. We say M is of class Sy above § if M is a proper class or active.

2. We say M is of class S,+1 above 9 if there is some ordinal dg > § and
some N < M with g < N N Ord such that N is of class S, above dg
and dg is Woodin in N.

3. Let A be a countable limit ordinal. We say M is of class S above ¢ if
A <wM and M is of class S, above § for all a < .

Moreover, we say M is of class S, if it is of class S, above 0.

Ezample 5.4.2. Let n > 1 and recall that a premouse M is called n-small
if for every k which is a critical point of an extender on the sequence of
extenders of M, M|k ¥ “there are n Woodin cardinals”. Moreover, we say
M is O-small if M is an initial segment of L. Let M! denote the unique
countable, sound, wj-iterable premouse which is not n-small, but all of whose
proper initial segments are n-small, if it exists and is unique. If M} exists

®See Definition 2.4 in [Ste10], which goes back to Section 1 in [MS94] and [SSZ02].
SWe will only need weak iterability, in the sense of [Nee04].
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and is unique for all n € w, then — in particular — every x € w* has a sharp.
Let Nf denote the smallest active premouse extending

| M.

new

Then ij is of class S,,. If there is a premouse of class S,11, then it contains
N! and in fact N? is countable in it.

Note that if M is a premouse of class S, then M is aware of this, since
« is countable in M. If M is of class S, and not a proper class, then M
is active and we can obtain a proper class model by iterating the active
extender of M and its images out of the universe. By convention, we shall
say that this proper class model is also of class S,.

We recall the definition of the game rank of a simple clopen game. If G
is a game of fixed length w - n, then gr(G) = n. If G is obtained from games
Go,G1, ..., and from an ordinal w - n as in Definition 5.2.2, we let

gr(G) = sup{er(G;) + w:i € w} +n.

Remark 5.4.3. For every simple game G and initial play p of G, let G,
denote the rest of the game G after p has been played. Let pg,p1,... be
a sequence of initial plays of G starting with the empty sequence pg = 0
such that p; 1 end-extends p;, and either gr(G),) is a successor ordinal with
gr(Gp,) = gr(Gp,,) + 1 or gr(Gp,) is a limit ordinal. Then this sequence
has to be of finite length k£ 4+ 1 and we can choose k large enough such that
gr(Gp,) = 1.

Theorem 5.4.4. Suppose that v < wy and for every y € w* there is an
x >71 y such that there is a proper class x-premouse of class Sy which is a
model of ZFC. Then every simple clopen game G such that gr(G) < 7 is
determined.

In the proof, we are going to use premice of class S, to apply the following
theorem of Neeman multiple times.

Theorem 5.4.5 (Neeman, Theorem 2A.2 in [Nee04]). There are binary
formulae ¢1 and ¢r1 in the language of set theory such that the following
hold for any transitive, weakly iterable” premouse M which is a model of
ZFC:

Let & < wy be a Woodin cardinal in M and let A € M and B € M be
Coll(w, 0)-names for a subset of w*. Then,

" As defined in Appendix A, Tterability in [Nee04]. Note that w;-iterability implies weak
iterability.
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1. If M = ¢1[6, A, there is a strategy o for Player I in a game of length
w such that whenever x is a play by o, there is a non-dropping iterate
N of M with embedding j and an N-generic g C Coll(w,j(0)) such

that x € Nlg] and = € j(A)[g].

2. If M = ¢u[0, B, there is a strategy T for Player II in a game of length
w such that whenever x is a play by 7, there is a non-dropping iterate
N of M with embedding j and an N-generic g C Coll(w, j(0)) such

that x € Nlg] and = € j(B)lg].

3. Otherwise, there is an M-generic g C Coll(w,d) and an x € M[g] such
that © & Alg] and x & Blg].

We now proceed to:

Proof of Theorem 5.4.4. We may as well assume that ~ is infinite, since
otherwise G has fixed length <w?, so it is determined by the results of
[Nee95] and [Nee02] (see also the introduction of [Nee04]).

Let G be a simple clopen game with gr(G) < ~, say gr(G) = a. We
assume that « is a successor ordinal, since the limit case is similar. Let
r € w* code all parameters used in the definition of G. We may as well
assume that r belongs to the Turing cone given by the hypothesis of the
theorem.

To each non-terminal play p of G corresponds a game

G, := the game G after p has been played.

Clearly, G, is a simple game and gr(Gp) < . Given y >7 r, a y-premouse
M, we select § € Ord" and define formulae ¢} and ¢, and two sets W7
and W}, each of which is either a Coll(w, §)-name for a set of real numbers
or a set of natural numbers. The definition is by induction on gr(G,) (not
on p!). Formally, these names and sets of course depend on the model M in
which they are defined, so we sometimes write W7 (M) and Wi (M) to make
this explicit. But for simplicity and readability we will omit this whenever
it does not lead to confusion.

At the same time, we show that there are names, names for names,
etc., for these sets such that their interpretation with respect to generics
9o, - - -, g, Tor some n € w for collapsing Woodin cardinals of M is a set of
the same form with respect to the model M|go] ... [gn] instead of M. More
precisely, if M is a model as above and M has (at least) n + 1 Woodin
cardinals, then let P,, = P(dy, ..., dy) be the forcing iteration of length n + 1
collapsing the ordinals dg,d1,...,0, to w one after the other, where dg is
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the least Woodin cardinal in M and ;41 is the least Woodin cardinal in M
above 0; for all 0 < i < n, i.e., Py = Coll(w, dg) and for all 0 < i < n,

Pi+1 = ]P)i * Coll(w, (57;+1),

where Coll(w,d;11) € M is the canonical P;-name for Coll(w,d;;1). This
is of course equivalent to the product and to the Coll(w,d,), but we are
interested in the step-by-step collapse.

We consider nice P,-names p for finite sequences of reals with the prop-
erty that the game rank of G is decided by the empty condition.® By
induction on the game rank of Gy, we will specify for every n < w such
that M has at least n + 1 Woodin cardinals and every such P,-name p, a
P,,-name B?L’I in M such that whenever G is P,,-generic over M,

BRG] = WY (M[G)),
where p = p[G]. We will call this name Bng the good Pr-name for WIP .
We will also define analogous names B”!! for Wii. We now proceed to the
recursive definition of ¢¥, ¢f;, WF, W, B2! and BRI1.9

Case 1. gr(G,) = 2 (this is the base case).

Let y >7 r and let M be any y-premouse which is a model of ZFC and of
class S;. Assume without loss of generality that M is minimal, in the sense
that no proper initial segment of M is a model of ZFC of class S7. Let § be
the least Woodin cardinal in M, so that M is of class Sy above d, and let
p € M. We define the Coll(w, §)-names for sets of reals W¥ and W§ by!°

WP =WP(M) ={(9,9) | q Il—é/lou(w,&) Player I has a winning strategy in G~}
and
Wﬁ = Wﬁ(M) ={(1,9) ¢ Il—g{)u(w’é) Player II has a winning strategy in Gz~y}.

Let ¢f and ¢} be the formulae given by Neeman’s theorem (Theorem 5.4.5)
such that the following hold:

8Note that the game rank of G, depends only on G and finitely many digits of p.

9For every p, ¢¥ will be one of three formulae (there is one possibility for the successor
case and two for the limit case). We will however use the notation ¢ to make the
presentation uniform. Similarly for ¢7;.

10Here and below, all names for real are assumed to be nice.
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1. If M = ¢P[W?], there is a strategy o for Player I in a game of length
w such that whenever x is a play by o, there is an iterate N of M, an
elementary embedding j: M — N and an N-generic h C Coll(w, j(0))
such that = € N[h] and = € j(W?)[h].

2. If M |= ¢}, [Wh], there is a strategy 7 for Player IT in a game of length
w such that whenever x is a play by 7, there is an iterate N of M, an
elementary embedding j: M — N and an N-generic h C Coll(w, j())
such that = € N[h] and = € j(W§)[h].

3. Otherwise, there is an M-generic g C Coll(w, §) and an = € M[g] such
that « ¢ Wl[g] and = & W}i[g].

Now, we specify the good P,-names Bﬁ’l as claimed above, for models
with enough Woodin cardinals below ¢ so that P, is defined. For n = 0,
suppose that M is a premouse with Woodin cardinals g < § and is of class
Sp above ¢ and minimal above §.!! Let p be a nice Coll(w, §y)-name for a
finite sequence of reals and set

>y L . s .
BET ={((9,4),9) | 90 IFCon(w,0) 4 II—COH(WS)V Player I has a winning strategy in G’;)Aé}.

The good P,-names BE! for n > 0 and similar names BE!! for W are
defined analogously.

Case 2. gr(Gp) =y + 1 for some v > 2.

Let y >7 r and let M be any y-premouse which is a model of ZFC of
class S,4+1. Assume without loss of generality that M is minimal, in the
sense that no proper initial segment of M is a model of ZFC of class Sy11.
Let 0 be the least Woodin cardinal in M, so that M is of class S, above 4,
and let p € M. Then let

W = WP (M) = {(9,9) | ¢ Fehn) oF "1BI},
where B € M is the good Coll(w, §)-name with respect to p~ ¢, so that
whenever G is Coll(w, §)-generic over M, B[G] = W} Y(M[G]), where
p~y = (p9)[G]. We also let

Wﬁ = Wﬁ(M) ={(,4)lq ”_é/{)ll(wﬁ) ¢?1AQ[B]}7

LA case of interest will be that of such M which are initial segments of a model N of
some class Sz which is minimal above J§p. In such an NV, § need not be a cardinal.
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for B analogous as above. Note that B is a good name for W7 ¥ or W ¥
respectively and hence already defined since for every real y, gr(Gp,~y) = 7.
Let ¢f and ¢} be the formulae given by Neeman’s theorem (Theorem 5.4.5)
such that the following hold:

1. If M |= ¢F[WP], there is a strategy o for Player I in a game of length
w such that whenever x is a play by o, there is an iterate N of M, an
elementary embedding j: M — N and an N-generic h C Coll(w, j(0))
such that « € N[h] and 2 € j(WF)[R].

2. If M |= ¢%,[Wh], there is a strategy 7 for Player IT in a game of length
w such that whenever x is a play by 7, there is an iterate N of M, an
elementary embedding j: M — N and an N-generic h C Coll(w, j(9))
such that « € N[h] and a € j(WE)[A].

3. Otherwise, there is an M-generic g C Coll(w, §) and an = € M[g] such
that « ¢ Wl[g] and = & W}i[g].

Now, we specify the good P,,-names Bg,l. For n = 0, suppose M is a
premouse with Woodin cardinals dp < ¢ and that M is of class S, above
0 and minimal above §. Let p € M be a nice Coll(w, dp)-name for a finite
sequence of reals. Set

Bg’l = {((?J, d):90) | 90 ”‘cou(w,ao) q H_Coll(w,d)v ¢€Ay[3]}a

where B is a good P(dp, §)-name for W7. That means B is such that when-
ever G is P(d,d)-generic over M, B[G] = WIpAy(M[G]), where pTy =
(p"9)[G]. The P,-names BE! for n > 0 and similar names BP!! for W} are
defined analogously.

Case 3.

gr(Gp) = A is a limit ordinal and the rules of G dictate that, after p, it is
Player I’s turn.

Let y >7 r and let M be any y-premouse which is a model of ZFC and
of class Sy. Let p € M. Then let WP = WP (M) be the set of all k € w
such that there is an 7 < M N Ord such that M|n is an active y-premouse of
class Sgr((;pﬁ ,) Which is minimal, in the sense that no proper initial segment
thereof is of class Sgr(Gpﬁ .)» and, if we let M™* be the result of iterating the
active extender of M|n out of the universe, then

M* = g 5t WP R (M)
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This makes sense because for all k € w, gr(Gp~x) < gr(Gp), so the set
WP ¥(M*) has been defined for all M* as above. Moreover, W belongs
to M, since the formulae qﬁ’I’Ak(WIp Ak[M *]), together with their parameters
Wlphk(M*), are definable!? uniformly in p, gr(G,), and 7, as can be shown
inductively by following this construction and the proof of Theorem 5.4.5
(cf. the proof of [Nee04, Theorem 1E.1]).

We let ¢F[WP(M)] be the formula asserting that W7 is non-empty.
Similarly, let W} = W} (M) be the set of all k € w such that whenever
n < M N Ord is such that M|n is an active y-premouse of class Sy (¢
which is minimal, then

p’\k)

M* = oy Bl (M),

for M* defined as above. We let ¢% [T (M)] be the formula asserting that
W is equal to w. As before, the set W} belongs to M.

The good P,,-names B%I and B%I I are defined as before, for premice M
which are of class S above finitely many Woodin cardinals.

Case 4. gr(Gp) = A is a limit ordinal and the rules of G dictate that, after
p, it is Player II’s turn.

Let y >7 r and let M be any y-premouse which is a model of ZFC and
of class Sx. Let p € M. Then let WP (M) be the set of all k € w such that
there is an 7 < M N Ord such that M|n is an active y-premouse of class
Sgr(GpA ,) Which is minimal, in the sense that no proper initial segment of
M]|n is of class Ser(G,~4)» and, if we again let M* be the result of iterating

the active extender of M|n out of the universe, then
* “krap Tk *
M* = "V (M),

Again, W7 is in M. We let k2t (WP (M)] be the formula asserting that WP is
equal to w. Similarly, let W}; = W} (M) be the set of all k € w such that
whenever n < M N Ord is such that M|n is an active y-premouse of class

Sgr(GpA ») Which is minimal, then

M* = oy Bl (M),

for M* defined as above. We let ¢f [WH(M)] be the formula asserting that
Wi is non-empty.

12Recall that the structure M includes a predicate for its extender sequence.
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The good P,-names B! and BP!! are defined as before, for premice M
which are of class Sy above finitely many Woodin cardinals.

This completes the definition of the names WF, W, B2/ BPI and
the formulae ¢ and ¢f;. Continuing with the proof of Theorem 5.4.4, we
prove a technical claim which shows that these names behave well under
elementary embeddings.

Claim 5.4.6. Suppose gr(G) is a successor ordinal, let M be a proper class
premouse which is a model of ZFC of class Sgy(a) and minimal, in the sense
that no proper initial segment of M is a model of ZFC of class Sgr(G).13 Let
j: M — N be an elementary embedding. Let p € M be a finite sequence of
reals in M. Then

JWP(M)) = WE(N)
and, analogously,
J(WH(M)) = Wii(N).

Proof. Let § denote the least Woodin cardinal of M. We will in fact show
that whenever p € M is a P,-name for a finite sequence of reals such that
gr(Gp) is decided by the empty condition, we have

JBEY) = (BIPY,

and

HBR) = (BOYY,
i.e., if B € M is a good P,-name such that whenever G is P,-generic over
M,

Bl6] = Wi (c).

then j(B) € N is a good j(IP,,)-name such that whenever H is j(P,)-generic
over N,

J(B)H] = W P (N )

and similarly for BP!1.
This will yield the claim if applied to n = 0, as, by definition,

WP (M) = {(9,q) : ¢ Fongs) & By M)

13Since gr(Q) is a successor ordinal and M is minimal, M has a Woodin cardinal.
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Hence,
FOVPOM)) = {(0,9) :  Fongw oy oF LIBE I}
= {(,9) : 4 Fonw sy o0 1B NN
= WP(N),

and similarly for BP!/

By the definition of simple games, gr(G)) depends only on G, the length
of p, and finitely many values of p (those in which the players determine
the subgames played). Thus, if p is a P,-name in M for a finite sequence of
reals such that H—fp\{ gr(Gp) = v + 1 for some countable ordinal v and if ¥ is
a P(do,...,0n,0)-name for a real, then

II—P(50, O, ) gr(Gp y) =7.

The claim is proved simultaneously for all premice M and all p € M, by
induction on the game rank of gr(G,). We prove it for the names BE! for
Player I; the other part is similar. We proceed by cases:

First suppose that v =2 and let n < w and p € M be a P,-name for a
finite sequence of reals such that Il—{g/fl gr(Gy) = 2. Let B = BP! € M, so
that whenever G is IP,-generic over M,

BIG] = W/ (MG)).
By definition,
M- B={(3,9)|q IFcoli(w,s) Player I has a winning strategy in Gz, }.
By elementarity,
5B ={,9) | q IFCol(w,j(s)) Plaver I has a winning strategy in Gj(i))ﬁy}.

But this implies that j(B) is a good j(P,)-name such that whenever H is
j(Py)-generic over N,

§(B)H] = WP (N H)).

This finishes the case v = 2.

If vy=p8+1, where 8 > 1, let again n < w, p € M be a P,-name for a
finite sequence of reals such that II—IIQ/TIL gr(Gp) = f+1 and let B =Bl e M,
so that whenever G is P,-generic over M,

B[G) = Wil (m[G)).
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This means that
M E B ={(8,9) |4 Fonw.s & U[C},

where C € M is a good P(dy,...,0,,0)-name such that whenever g is
P(dg, ..., 0n,d)-generic over M,

C[g] _ WI(ZSA?J)[Q} (M[g)).

By inductive hypothesis, and using that ”_1%60 ) gr(Gy—y) = B < gr(Gy),

we have that j(C') € N is a good P(5(do),.-.,7(0n),j(d))-name such that
whenever h is P(j(dg), . ..,7(dn),7(0))-generic over N,

L. o (P~ h
J(O)[) = Wi [h)).
Since, by elementarity,

FN e 5B) = {00) | @ Feonwen 17 PLHIC)])

it follows that j(B) is a good j(IP,,)-name such that for every j(P,)-generic
H over N,
J(B)H] = Wy (),
as desired.
If ~ is a limit ordinal, let again n < w, p € M be a P,-name for a finite
sequence of reals such that H—é\fr{ gr(G) = 7. Let B = BP € M, so that
whenever G is P,-generic over M,

BIG] = Wil (Mm[G)).

This means that

M I+ B = {k € w|there is an initial segment M* minimal of class
Ser(Gy~,) Which satisfies <Z>?Ak[C"]},

where C' € M* is a good P,-name such that whenever g is P,-generic over
M,

. . '/\k *

Clgl = Wi" "M ar(g).

By inductive hypothesis, j(C) € N|(j(M*)NOrd) is a good j (P, )-name such
that whenever h is j(Py,)-generic over N|(j(M*) N Ord),

F(C)[R) = Wi PPN (ar) 0 Ord)[A]).
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Since, by elementarity,

IFN .. Ik j(B) = {k € w|there is an initial segment N* minimal of class
Ser(Gy~,) Which satisfies qb{(phk) [5(O)]},

it follows that j(B) is a good j(PP,)-name such that for every j(PP,)-generic
H over N,

J(B)H] = WP (N [H),

as desired. '
The argument for W}j(M) is analogous. This completes the proof of the
claim. O

Now we turn to the proof of the following claim, from which the theorem
follows. Recall that o = gr(G).

Claim 5.4.7. Let M be an r-premouse which of ZFC of class S, but has no
proper initial segment of class S,. Let § denote the least Woodin cardinal in
M. Then

1. If M = gb?[WI@], then Player I has a winning strategy in G.
2. If M = gb?I[WIQ%], then Player II has a winning strategy in G.
3. M = ¢f[Wf) v ¢fy W

Proof. If M is active, then we may identify it with the proper class sized
iterated ultrapower by its top extender and its images, so we may assume
that M is a model of ZFC. Note that M always has a Woodin cardinal, as
o is a successor ordinal. We first prove (3). Suppose that M f ¢?[IW?] and
M = ¢ [W2]. We inductively construct a run of the game G by its initial
segments p,, together with reals y.,,, ym-premice MPm which are proper
class models of ZFC and ordinals ,,,. Let pg be the empty play, yo = r, and
My = M. Inductively, suppose that p,,, ym, and MP™ have been defined
and that . '
M i G [ and MP e o W,

and let 9,,, be the least Woodin cardinal of MPm if it exists.

If gr(Gp,,) = v + 1 is a successor ordinal for some v > 2, then, by Nee-
man’s theorem (Theorem 5.4.5), there is an MPm-generic g, C Coll(w, dp,,)
and a y € MPm[g,,] such that y ¢ W™ [g,,] and y ¢ WH™[gm]. This means
that R R R R

MP [gpa] [ o7 (W™ ] and MP™[g] b= érp* W),
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Let ppmt1 = p,,y, MPm+1 = MPm|g,,]. Here MPm[g,,]| can be rearranged
as a Ym+1-premouse for some real y,,+1 coding y,, and g,, as g, collapses
a cutpoint of the y,-premouse MP™ (see [FNS10] for the fine-structural
details). We will always consider MPm+1 as such a y,,41-premouse.
Suppose that gr(Gp,,) is a limit ordinal and the rules of G dictate that
after pp,, it is Player I’s turn. By inductive hypothesis we have MPm
P [WF™], so there is no active initial segment MP"|v, v € Ord, of MPm of
class Sgr(GpQ ,) Which is minimal and satisfies qb?’zk[WIp ;k], for any k € w.

Moreover, MPm (= ¢ [Wh™]. Hence, there is some k € w and an active

initial segment of MPm of class Sgr((;pﬂ ,) which is minimal and does not

satisfy ¢?§R[Wﬁ’:k], where ¢* is defined analogous as above. Fix such a k
and such an active initial segment MPm|n of MP™ and let MPm+1 be the
proper class model resulting from iterating the active extender of MPm|n
out of the universe. Set p,,+1 = p;, k and ym+1 = Ym- Then,

NP e R [T and M e G A,

The case that gr(Gp,,) is a limit ordinal and the rules of G dictate that it
is Player II's turn after p,, is similar.

Finally, suppose that gr(Gp,,) = 2. By Neeman’s theorem (Theorem
5.4.5), there is some MPm-generic g, C Coll(w, dp,,) and some y € My, [gm]
such that y ¢ WP [gm] and y ¢ W™ [gm). This means that

L. MPm[gy] = “Player I does not have a winning strategy in G,~,”, and
2. MPm[g,,] = “Player II does not have a winning strategy in G,~,”".

However, gr(Gp—y) = 1, so G~ is a clopen game of length w. This is a
contradiction, as MP™[g,,] is a model of ZFC, so it certainly satisfies clopen
determinacy. This proves (3).

We now prove (1); the proof of (2) is similar.

Let M be as in the statement of the claim and suppose M = gb?[WI@] We
will describe a winning strategy o for Player Iin G (in V') as a concatenation
of strategies o, for different rounds of G. Playing against arbitrary moves
of Player II, we will for m > 1 inductively construct plays p,, for initial
segments of G according to o together with

e reals y,, such that y.,,4+1 >7 ym and yo = r,

® ym-premice MPm which are proper class models of ZFC of class Sgy(q,,, )
none of whose initial segments are of class Sg (g, ), and such that
Pm € MP™,
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e premice NP™ together with iteration embeddings j,,: MPm — NP

o if MP™ has a Woodin cardinal and d,,, is the least Woodin cardinal in
MPm, Coll(w, j(0p,,))-generics gy, over NPm.

In case MP™ does not have a Woodin cardinal, we will let g, , be undefined

and let MPm+1 = NPm_ In the other case, we let MPm+1 = NPm[g, |. Finally,

we will stop the construction after finitely many steps when gr(G,,,) = 1.
Let pg be the empty play and MP° = M. We will inductively argue that

MP = G WP (M),

where W™ (MP") is the Coll(w,dp,, )-name or set of natural numbers in
MPm defined above.

Assume inductively that p, and MP» with MP» = ¢P" [WF" (MP»)] are
already constructed for all n < m and that gr(G,,,) > 2. To construct pp,41
and MPm+1 we distinguish the following cases.

Assume first that gr(Gp,,) = v+ 1 for some v > 2. Since

M g (),

it follows from Neeman’s theorem (Theorem 5.4.5) that there is a strategy
om for Player I in a game of length w such that whenever x is a play by o,
there is an iterate NP of MP™ an elementary embedding j: MPm — NPm
and an NPm-generic h C Coll(w, j(p,,)) such that x € NPm[h| and z €
§(WP™ (MPm)[h]. Hence, by Claim 5.4.6, 2 € WP™(NPm)[h]. By definition,

NP [R) | @ S [WPms (NP h])].

Let ppm41 = pp,x, MPm+1 = NP [h], and gp,, = h. Note that p,,+1 € MPm+!
and as before NP [h] can be rearranged as a ypm,+1-premouse for some real
Ym+1 coding y,, and h (see [FNS10] for the fine structural details). Again,
we will always consider MPm+1 as such a y,,41-premouse.

Now suppose that gr(Gy,,) = A is a limit ordinal and the rules of
G dictate that, after p,,, it is Player I's turn. By assumption, MPm |=
gr Wi (MPm)). So

MP = WPm (MP™) 0.

Hence, there is a natural number k and an ordinal n such that MPm|n is an
active initial segment of MP™ of class Sg(q,~,) and is minimal, and, if we
let NP be the result of iterating the active extender of MP™|n out of the
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universe, then NPm = ¢€$k[WIPQk(Npm)]. Let pm+1 = ook, Ym+1 = Ym,
and MPm+1 = NPm_ Moreover, let o, be the strategy which tells Player I
to play k.

For the other limit case suppose that gr(G,,,) = A is a limit ordinal and
the rules of G dictate that, after p,,, it is Player II's turn. In this case we
can let o, = () as Player I is not playing, i.e., we only have to react to what
Player II is playing in the next round. Suppose that Player II plays some
natural number & and let py, 1 = p;pk. Since MPm = P [WF™ (MPm)], we
have

MPm = WP (MP™) = w.

In particular, k € WP™ (MPm). Thus there is an ordinal 7 such that MPm |y

is an active initial segment of MP™, minimal of class Sg (g and if we

p;,;k)’
let NPm denote the result of iterating the active extender of MP™|n out
of the universe, then NP |= ¢?’2k[WIp’2k(Npm)]. Let MPm+1 = NP and
Ym+1 = Ym-

Finally, assume that gr(G),,) = 2. Since MPm = ¢P™[WP™(MPm)], by
Neeman’s theorem (Theorem 5.4.5), there is a strategy o, for Player I in a
game of length w such that whenever x is a play by o,,, there is an iterate
NPm of MPm an elementary embedding j: MPm — NP™ and an NP™-generic
h C Coll(w,(8,,,)) such that x € N[h] and = € j(WF™(MPm))[Rh]. Then,
by Claim 5.4.6, € WF™ (NPm))[h]. Therefore,

NPm[h] = Player I has a winning strategy in G)—.

We let prp1 = pp,x and stop the construction. Since gr(Gp-z) = 1, Gp—a
is a clopen game of length w. As NPm[h] is a proper class model of ZFC, we
can use absoluteness of winning strategies for clopen games of length w to
obtain that Player I has a winning strategy in G,~, in V. Let 0,11 be a
strategy for Player I witnessing this.

This process describes a winning strategy o for Player I in G by con-
catenating the strategies o; for 1 < i <m + 1, as desired. O

This finishes the proof of Theorem 5.4.4. O

5.5 Further applications

In this section, we present some additional applications of the proof of The-
orem 5.4.4. Since the proofs are similar, we simply sketch the differences.
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5.5.1 Longer games

We begin by noting that the results presented so far generalize to longer
games. In particular:

Theorem 5.5.1. Let 6 be a countable ordinal. Suppose that for each o < wy
and each y € R there is some x >7 y and an z-premouse M of class S, above
some X\ below which there are 8 Woodin cardinals in M. Then o-projective
games of length w - 0 are determined.

The theorem is a consequence of a more general result akin to Theorem
5.4.4, namely, the determinacy of simple o-projective games of length w -
(0 4+ w), in the following sense:

Definition 5.5.2. Let T' be a collection of subsets of w0+« (with each
A € T identified with a subset of w9+ for some n € w as in Definition
5.2.2). A game of length w - 0 + w? is I-simple if it is obtained as follows:

1. For every n € w, games in ' of fixed length w - 0 + w - n are I'-simple.

2. Let n € w and for each i € w let G; be a I'-simple game. Then the
game G obtained as follows is I'-simple: Players I and II take turns
playing natural numbers for w - 6 + w - n moves, i.e., § + n rounds in
games of length w. Afterwards, Player I plays some ¢ € w. Players I
and II continue playing according to the rules of G; (keeping the first
w - 0 + w - n natural numbers they have already played).

3. Let n € w and for each i € w let G; be a I'-simple game. Then the
game G obtained as follows is I'-simple: Players I and II take turns
playing natural numbers for w - 8 + w - n moves, i.e., 8 +n rounds in
games of length w. Afterwards, Player II plays some i € w. Players I
and II continue playing according to the rules of G; (keeping the first
w - 0 + w - n natural numbers they have already played).

The notion of game rank in this context is defined as before: if G is a
game of fixed length w - 6 + w - n, then gr(G) = n. If G is obtained from
games (GGg, G, ..., and from an ordinal w -0+ w - n as in Definition 5.5.2, we
let

gr(G) = sup{er(G;) +w:i € w} +n.

Theorem 5.5.3. Let 6 be a countable ordinal. Suppose that for each a < wy
and each y € R there is some x >7 y and an x-premouse M of class S,
above some X\ below which there are & Woodin cardinals in M. Then, simple
o-projective games of length w - (6 + w) are determined.



166 5. LONG GAMES AND o-PROJECTIVE SETS

Proof Sketch. The theorem is proved like Theorem 5.4.4: first, by arguing
as in Proposition 5.3.7, one sees that is suffices to prove determinacy for
simple clopen games of length w - (6 + w). Let G be a game of successor
rank « definable from a parameter z. Given y >7 x and an active y-
premouse M of class Sy, one defines sets WF (M) and WF (M) and formulae
¢! and ¢}} by induction on gr(Gp) as in the proof of Theorem 5.4.4, provided
gr(Gp) < gr(G).

The difference is as follows: in the proof of Theorem 5.4.4, gr(G) =
gr(G,) occurs when p = (); here, it happens when p is a 6-sequence of reals.
Instead of defining WIP in this case, we define only WI@ and WIQ%. These are
names for sets of # + 1-sequences of reals and are defined as in Case 2 in the
proof of Theorem 5.4.4; namely,

WP ={(p.9)lq H_]C\I{)H(w,é) AL

where p is a name for a 6+ 1-sequence of reals, § is the least Woodin cardinal
of M above A, and 6* is the second Woodin cardinal of M above A, if it exists,
and w, otherwise. (Note that ¢ exists since, by assumption, « is a successor
ordinal). Wg is defined similarly. Once these names have been defined, one
applies Theorem 2A.2 of [Nee04] (the general version of Theorem 5.4.5) so
that (using the fact that M has § Woodin cardinals below \) one obtains
formulae ¢1 and ¢y with parameters Wlw and WI%, such that one of the
following holds:

1. f M E gbI[WI@], there is a strategy o for Player I in a game of length
w-0+w such that whenever & is a play by o, there is a non-dropping it-
erate N of M with an embedding j and an N-generic g C Coll(w, j(4))
such that & € N[g] and Z € j(W?)[g].

2. If M quI[WIQ}], there is a strategy 7 for Player II in a game of
length 0 - w + w such that whenever Z is a play by 7, there is a non-
dropping iterate N of M with an embedding j and an N-generic g C
Coll(w, (5)) such that # € Ng] and Z € j(W}})[g].

3. Otherwise, there is an M-generic g C Coll(w, §) and an & € M|[g] such
that & ¢ W[g] and & & Wi[g].

An argument as in the proof of Theorem 5.4.4 yields the following claim:

Claim 5.5.4. Let M be an x-premouse and X\ € M be an ordinal such that
M has 8 Woodin cardinals below \. Suppose that M is of class S, above
A and no proper initial segment of M is of class S, above X\, where « is
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a successor ordinal. Let § denote the least Woodin cardinal of M above .
Then

1. If M = ¢?[WI®], then Player I has a winning strategy in G.

2. If M E gb?I[WI@I], then Player II has a winning strategy in G.

3. M = of W] v ¢h[WH].

The theorem is now immediate from the claim. O

It seems very likely that the hypotheses of Theorem 5.5.1 are optimal.
However, the proof in [Agug] does not seem to adapt easily to show this.

5.5.2 o-algebras

The proof of Theorem 5.4.4 adapts to prove the determinacy of various o-
algebras. As an example, we consider the smallest o-algebra containing all
projective sets. We show that a sufficient condition for its determinacy is
the existence of x-premice of class S,11 for every x € R.

Theorem 5.5.5. Suppose that for each x € w¥ there is an x-premouse of
class Sy41. Then, every set in the smallest o-algebra on w* containing the
projective sets is determined.

Proof Sketch. Let A belong to the g-algebra in the statement. Let
{(=0(1T)) : o < wy}

denote the Borel hierarchy built starting from sets which are countable in-
tersections of projective sets, i.e., LJ(II.) = II. consists of all countable
intersections of projective sets and X9 (IT.) consists of all countable unions
of sets each of which is the complement of a set in 2% (IT}) for some 3 < a.
Standard arguments show that these pointclasses constitute a hierarchy of
sets in the smallest o-algebra containing the projective sets. It follows that
there is @ < wy and x € w* such that A € X9 (I1})(z), i.e., such that A be-
longs to X9 (II) and that A has a o-projective code (in the sense of Section
5.3) which is recursive in z.

Let [A] be a o-projective code for A which is recursive in x and in which
no complements appear. To show that A is determined, it suffices to show
that the decoding game for [A] is determined. Let us denote this game by
G. It is a simple clopen game; it is not quite of rank w + 1, so determinacy
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does not follow immediately from Theorem 5.4.4, but it follows from the
proof:

Given a partial play p of the game and a model N, we define sets WIp(N)
and Wh(N), formulae ¢1[W7 (N)] and ¢pp[WH(N)], and names BE! and BE!!
as in the proof of Theorem 5.4.4. The cases where gr(G)) < w are exactly
as in the proof of Theorem 5.4.4. The remaining cases are very slightly
different—for this, let us define the notion of subrank. Recall that G has the
following rules:

1. Players I and II begin by alternating w many rounds to play a real
number y € w*.

2. Afterwards, they alternate a finite amount of turns as follows: letting
[Ao] = [A] and supposing [A,] has been defined, [4,,] is a o-projective
code for a union or an intersection of sets, say {B; : i € w}, with
each B; of smaller (Borel) rank. By the rules of the decoding game,
one of the players needs to play a natural number ¢, thus selecting a
o-projective code [B;] for B;; we let [A,41] = [Bi].

3. Eventually, a stage n* is reached in which [A,+] is a code for a pro-
jective set; at this point the players continue with the rules of the
decoding game for [A,«].

Given a play p of G in which a player needs to play a natural number ¢ and
[Ay,] has been defined as above, we say that the game subrank of G) is the
least v such that A,, € Zg(Hij)(a;) or A, € Hg(Ei)(a;) '

We now continue the definition of the sets W’(N) and W}{(N), formulae
o1 [WP(N)] and ¢[WH(N)], and names B2! and BP'!. Assume p is such
that w < gr(Gp), so that the sets have not been defined already; we proceed
by induction on the subrank of G:

Case 4. The subrank of G), is defined and nonzero and the rules of G dictate
that, after p, it is Player I's turn.

Let y >7 = and let M be any y-premouse which is a model of ZFC and
of class S,. Let p € M. Then let W = W} (M) be the set of all k& € w such
that

ks o~k
ME ¢y “[Wp F(M)].

This makes sense because for all k € w, the subrank of G/~ is smaller than
the subrank of G, so the set W7 Ak(M ) has been defined. Moreover, W}
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belongs to M, since [A] is recursive in x and the formulae (Z)?Ak(WIp “RMY)),

as well as the sets W7 “*(M), are definable uniformly in p, as can be shown
inductively by following this construction and the proof of Theorem 5.4.5
(cf. the proof of [Nee04, Theorem 1E.1]).

We let ¢F [WF(M)] be the formula asserting that W} is non-empty. Sim-
ilarly, let W} = WH(M) be the set of all k € w such that

M = ¢ FWE R ().

We let @b [Wh(M)] be the formula asserting that WF is equal to w. As
before, the set Wﬁ belongs to M. .
The good P,-names BP' and B! are defined as in the other cases.

Case 5. The subrank of G, is defined and nonzero and the rules of G dictate
that, after p, it is Player II’s turn.
This case is similar to the preceding one.

Case 6. p is the empty play.

Let M be any z-premouse which is a model of ZFC and of class S,11
and let  be the smallest Woodin cardinal of M. In this case, Wlw is the
canonical Coll(w, §)-name for all reals p such that ¢7 (W7 [B]) holds, where
B e M is a good Coll(w, §)-name with respect to p, so that whenever G is
Coll(w, §)-generic over M, B[G] = WP (M][G]), where p = p[G].

The name W) is defined analogously. The formulae ¢! (WQ)) and ¢? (W)
are obtained by applying Neeman’s theorem to Ww and WH

This completes the definition of the names and formulae. After this, an
argument as in the proof of Theorem 5.4.4 yields the following claim:

Claim 5.5.6. Let M be an x-premouse which is of class Sy+1 but has no
proper initial segment of class S,+1. Let § denote the least Woodin cardinal
in M. Then

1. If M = ¢?[WI@], then Player I has a winning strategy in G.
2. If M = qzb%[Wﬁ], then Player II has a winning strategy in G.
3. M = o (W) v ¢y W),

The theorem is now immediate from the claim. O
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6.1 Introduction

We study the consistency strength of determinacy for games of length w?
with payoff in various pointclasses I'.  Specifically, given a set A C w“Q, ie.,
a set of sequences of natural numbers of length w?, with A € T, consider the
following game:

I‘no n9 cee My

11 ‘ niy ng ... Nwu+1

This chapter was written jointly with S. Miiller.
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Players I and II alternate turns playing natural numbers to produce some
T = (N0y N1y vy Ny Mgt 1, -+ - ) € w*”. Player I wins such a run z of the game
if, and only if, z € A; otherwise, Player II wins. We study the strength of
the statement that games of this form are determined, i.e., that one of the
players has a winning strategy. For all nontrivial classes I', this question is
independent of Zermelo-Fraenkel set theory with the Axiom of Choice (ZFC);
for some of them, however, it is known to follow from natural strengthenings
of ZFC, namely, from assumptions on the existence of large cardinals.

Recall that the projective subsets of a Polish space are those obtainable
from Borel sets in finitely many stages by applying complements and projec-
tions from a finite power of the space. We are mainly interested in the case
where T is a projective pointclass, i.e., II} for some natural number n, but
we will also consider the cases in which I is equal to ORI} or a o-projective
pointclass.!

The study of games of length w? is motivated by the folklore result that
projective determinacy for games of length w implies projective determinacy
for games of length a, for any a < w?. It is also not difficult to see that
! y1-determinacy of length w? follows from analytic determinacy for games
of length w - (w + n), for natural numbers n.?

Analytic determinacy for games of length w- (w +n) was proved by Nee-
man [Nee04, Theorem 2A.3] from a large cardinal hypothesis. Specifically,
he assumed the existence of a weakly iterable model of set theory with w-+mn
Woodin cardinals, along with a sharp for the model. In fact, he proved
this result for analytic games of any fixed countable length w - (# + 1), from
corresponding assumptions. This naturally yields the question whether his
results are optimal, i.e., whether the determinacy of these long games im-
plies the existence of models with certain numbers of Woodin cardinals. In
light of this, we prove the following theorem:

Theorem 6.1.1. Suppose that H711+1—determz'nacy for games of length w?
holds and let x € w¥ be arbitrary. Then, there is a proper class model M of
ZFC with w +n Woodin cardinals such that x € M.

The Woodin cardinals of the model we construct in the proof of Theorem
6.1.1 are in reality countable. Moreover, the model is a premouse, i.e., fine

!The pointclass of all o-projective sets is the smallest pointclass closed under comple-
ments, countable unions, and projections, where countable unions refer to sets which are
subsets of the same product space.

2In fact, an argument as in [AMS, Proposition 2.7] (see Chapter 5 with a more careful
analysis of the complexity of the payoff sets (using projective determinacy) shows that
these two determinacy hypotheses are equivalent.
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structural, and we can in fact construct it such that it is active, i.e., it has
a sharp on top. As a corollary of the theorem and the results from [Nee04],
we obtain an equiconsistency:

Corollary 6.1.2. The following are equiconsistent:
1. ZFC + Projective Determinacy for games of length w?.
2. ZFC + {“there are w +mn Woodin cardinals”™ n € w}.

The proof of Theorem 6.1.1 has two main parts: in the first one, the hy-
pothesis is shown to imply that for a closed and unbounded set of countable
sets of reals A, there is a fine structural model of the Axiom of Determinacy
with n Woodin cardinals whose set of real numbers is precisely A. In the
second part we use a Prikry-like partial order to force over these models and
obtain via a translation procedure an infinite sequence of Woodin cardinals
below the already existing ones.

Background The situation for games of length w is well understood:
There is a tight connection beween determinacy for these games and the
existence of inner models with large cardinals. Martin [Mar75] showed that
Borel games are determined in ZFC. Contrary to that, determinacy for X1
(i.e., analytic) games cannot be proved in ZFC alone. By theorems of Martin
[Mar70] and Harrington [Har78] 31 games are determined if, and only if, z*
exists for every x € w®. Martin and Steel [MS89] proved, for each n € w,
that the existence of n Woodin cardinals with a measurable cardinal above
implies the determinacy of all £ | ; sets. Woodin improved this for odd n by
showing that the existence of Mf(z), the canonical active w-iterable inner
model with n Woodin cardinals constructed over x, for all reals x suffices
to show X! ., determinacy. Afterwards, Neeman improved this in [Nee95]
even further and showed that for all n, the existence of M} (z) for all reals
x implies determinacy of all 0" (<w? — IT1) sets. Concerning the other di-
rection, Woodin (see [MSW16]) showed that if ! | games are determined,
then M (z) exists for all reals z, thus establishing a level-by-level character-
ization of projective determinacy in terms of the existence of inner models
with large cardinals. Similar characterizations are known for o-projective
games of length w (see [Agug] and [AMS]). Determinacy for games of length
w with payoff in DRI} is equivalent to AD*®) (see [MS08]).

Woodin showed that the existence of w? Woodin cardinals under choice
is equiconsistent with AD™ + DC and the existence of a normal fine measure
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on P, (R) (see Remark 9.98 in [Woo10]). This implies that determinacy of
analytic games of length w?® implies the consistency of w? Woodin cardinals
under choice. In fact, a similar result holds for w® Woodin cardinals and
determinacy of analytic games of length w!*® for all 1 < o < w and all limit
ordinals w < o < wy. For details see Theorems 2.2.1 and 2.3.11 in [Tral3],
as well as [Tral4] and [Tralb].

Further results The proof of Theorem 6.1.1 uses game arguments based
on techniques from Martin and Steel [MS08] and [MSW16], tracing back to
arguments of H. Friedman [Fri71] and Kechris and Solovay [KS85] as well as
inner model theoretic methods based on the unpublished notes [Stea]. The
method of the proof of Theorem 6.1.1 can also be used to show the following
two generalizations:

Theorem 6.1.3. Suppose that ORII}-determinacy for games of length w?
holds and let x € w* be arbitrary. Then, there is a proper class model M of
ZFC with w + w Woodin cardinals such that © € M.

As above, it is not hard to show that determinacy of analytic games of
length w - (w + w) implies determinacy of OFIT} games of length w?. Our
methods also generalize to games with o-projective payoff and premice of
class S, (see Chapters 4 and 5).

Theorem 6.1.4. Suppose that o-projective determinacy for games of length
w? holds and let x € W be arbitrary. Then, for every o < wi, there is a
proper class model M of ZFC with w Woodin cardinals with supremum A
which is of class S, above A and such that © € M.

Outline In Section 6.2, we establish conventions and recall some known
facts about extender models which will be used later on. Focusing first on
the case n = 1, Section 6.3 contains the main argument and shows that de-
terminacy for games of length w? with TI} payoff implies the existence of fine
structural models of the Axiom of Determinacy with one Woodin cardinal.
In Section 6.4, we argue that we can in fact assume that this fine structural
model satisfies DC and AD™. In Section 6.5, we show how to obtain a model
of ZFC with w+ 1 Woodin cardinals from this model. Finally, in Section 6.6
we explain how to carry out the modifications needed to prove Theorems
6.1.3 and 6.1.4.
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We would like to thank John Steel for valuable discussions related to
this paper, in particular to Lemma 6.3.8, and for making the unpublished
notes [Stea| available to us.

6.2 Preliminaries

For basic set theoretic definitions and results we refer to [Kan08] and [Mos09].
Moreover, we work with canonical, fine structural models with large cardi-
nals, called premice. We refer the reader to e.g., [Stel0] for an introduc-
tion, and to [MS94], [SSZ02], and [Ste08b] for additional background. As
in [Ste08b] we will consider relativized premice constructed over arbitrary
sets X. Let Lpm = {€, E.F, X } denote the language of relativized premice,
where F is the predicate for the extender sequence, F' is the predicate for
the top extender, and X is the predicate for the set over which we construct
the premouse. B

We say an X -premouse M = (Jf,e,E,Ea,X) for E = (E’)M, E, =
(FYM and X = (X)M is active if E, # (. Otherwise, we say M is passive.
We let M|y = (Jf, . E| v, Ey, X) for v < M N Ord. Moreover, we write
M|~ for the passive initial segment of M of height v, i.e. M||y = (JWE, € E|
7,0, X), for v < M N Ord. In particular, M||Ord™ denotes the premouse N
which agrees with M except that we let (F)N = (). We say an ordinal 7 is
a (strong) cutpoint of M if there is no extender E on the M-sequence with
CRIT(FE) < n <1h(E).

An arbitrary X-premouse might not satisfy the Axiom of Choice, but
it can be construed as an ordinary premouse which satisfies the Axiom of
Choice if a well-order of X is added generically. In particular, every X-
premouse M is well-ordered mod X, i.e., for every set Y € M there is an
ordinal « and a surjection h in M such that h: X X a« — Y. In this chap-
ter we shall mainly be interested in X-premice which satisfy the Axiom of
Determinacy (and hence not the full Axiom of Choice), where X € P, (R),
i.e., X is a countable set of reals.

Throughout this chapter, we work under the assumption that all premice
are tame, i.e., that there is no extender on the sequence of a premouse
overlapping a Woodin cardinal. This results in no loss of generality, as
otherwise the conclusions of the theorems in Section 6.1 hold.

In the rest of this section we summarize some facts about premice which
we are going to need later. Most of these can be found in [MSW16] and
[Uhl16] for z-premice for a real x and they straightforwardly generalize to
X-premice for arbitrary countable sets of reals X. Fix such a set X € P, (R)
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for the rest of this section.

Definition 6.2.1. Let M be an X-premouse and let o < wj. Then we say
that M is a-small if, and only if, for every ordinal k < M N Ord such that
there is an extender with critical point x on the M-sequence, in M|k there
is no set of ordinals W of order-type a such that every ordinal in W is a
Woodin cardinal in M |k.

If it exists and is unique, we denote the wi-iterable, countable, sound
X-premouse which is not a-small, but all of whose proper initial segments
are a-small, by M%(X). In this case M, (X) denotes the result of iterating
the top most measure of M?%(X) and its images out of the universe.

We will now argue that under certain conditions there is a comparison
lemma for n-small X-premice. This will be used in the proof of Theorem
6.3.1. For premice over a real = this can be found for example in [MSW16,
Lemma 2.11]; the argument there generalizes to premice over countable sets
of reals. For the reader’s convenience we will briefly sketch the main ideas
and recall the statements. The following notion will be important in what
follows to ensure that O-structures exist.

Definition 6.2.2. Let M be an X-premouse and let § be a cardinal in M
or § = M NOrd. We say that ¢ is not definably Woodin over M if, and only
if, there exists an ordinal v < M N Ord such that v > § and either

1. over M|~ there exists an r¥,-definable set A C ¢ for some n < w such
that for no k < ¢ do the extenders on the M-sequence witness that s
is strong up to d with respect to A, or

2. pn(M]y) < § for some n < w.

For several iterability arguments to follow we need our premice to sat-
isfy the following property, which, as a fine structural argument shows, is
preserved during iterations. This in turn ensures that O-structures exist in
iterations of a premouse M satisfying it.

Definition 6.2.3. Let M be an X-premouse. We say M has no definable
Woodin cardinals if, and only if, for all § < M N Ord we have that J is not
definably Woodin over M.

The proof of [MSW16, Lemma 2.11] generalizes to X-premice and shows
the following lemma. Here the hypothesis that ME(:U) exists for all x € R is
used to compare the countable premice M and N inside the model MF(x)
for a real x coding M and N. The fact that the iteration strategies for M
and N are guided by Q-structures ensures that their restriction to trees in
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;
Hé\j"(x), where J, is the least Woodin cardinal in MZ(z), is in Mf(z) and
hence w{ -iterability suffices for comparison in this situation.

Lemma 6.2.4. Suppose that ME(z) exists for all x € R. Let M and N
be countable wy-iterable X -premice such that every proper initial segment of
M and N is n-small and they both do not have definable Woodin cardinals.
Then there are iterates M* and N* of M and N respectively such that one
of the following holds:

1. M* is an initial segment of N* and there is no drop on the main branch
in the iteration from M to M*,

2. N* is an initial segment of M* and there is no drop on the main branch
in the iteration from N to N*.

In the statement of Lemma 6.2.4 the assumption that M and N do not
have definable Woodin cardinals can be replaced by the assumption that
M and N do not have Woodin cardinals; see the remark after the proof of
Lemma 2.11 in [MSW16].

There is a variant of this lemma for the case that one of the premice is
only II}-iterable as introduced in Definitions 1.4 and 1.6 in [Ste95]. In this
case, the last model of the iteration tree on that premouse need not be fully
well-founded, but the argument from [Ste95, Lemma 2.2] (see also Corollary
2.15 in [MSW16]) yields that we still have a comparison lemma.

Lemma 6.2.5. Suppose that M%(x) exists for all x € R. Let M and N
be countable n-small and solid X -premice which both do not have Woodin
cardinals. Moreover, assume that M is wy-iterable and N is 11}, , | -iterable.
Then there is an iteration tree T on M and a putative ® iteration tree U on
N of length A + 1 for some limit ordinal \ such that one of the following
holds:

1. ./\/l;\r is an initial segment of MY and there is no drop on the main
branch through T . In this case MZ)’\’ need not be fully well-founded, but
it is well-founded up to ./\/l:\r N Ord.

2. M%\’ is an initial segment of M:\r and there is no drop on the main
branch through U. In this case sz\{ is fully well-founded and U is an
iteration tree.

3We say that U is a putative iteration tree if it satisfies all properties of an iteration
tree, but we allow the last model, if it exists, to be ill-founded.
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Finally, note that by a standard argument ITi-determinacy, or equiva-
lently that Mf (x) exists and is wj-iterable for all z € R, implies that Mf (X)
exists and is wi-iterable for any countable set of reals X.

6.3 Models of the Axiom of Determinacy with a
Woodin Cardinal

Recall that P, (R) denotes the set of all countable sets of reals. We consider
models of the form M,,(A), where n € w and A € P, (R). It is not hard to
see that—provided they exist—many of these structures are models of the
Axiom of Choice. Our first theorem shows that, if games of length w? with
! 11 payoff are determined, then many of these structures are models of the
Axiom of Determinacy and we can in addition have that M, (4) "R = A.

Theorem 6.3.1. Let n € w and suppose that determinacy for H}lﬂ games
of length w? holds. Then, there is a club C C Py, (R) such that for all A € C,
ME(A) exists, is wy-iterable, ME(A)NR = A, and

M, (A) | ZF + AD.

To simplify the notation we will from this point on only consider the
case n = 1. The general case n € w can be shown by straightforward
modifications of the proof we give for n = 1 below. Moreover, we will focus
on the case x = 0 in the statement of Theorem 6.1.1 as the proof relativizes
easily. For the rest of this section assume that V is a model of ZFC and
Projective Determinacy, i.e., that M?(z) exists for all reals z. Note that
the hypothesis of Theorem 6.1.1, determinacy for IT} 11 games of length w?,
trivially implies Projective Determinacy since after the first w moves the
following rounds can be used to “play witnesses for projections”. Whenever
we are assuming a stronger determinacy hypothesis, we will point it out
explicitly.

Before moving on to the proof of Theorem 6.3.1, we recall some ba-
sic model-theoretic facts we will need later. In addition to the language
of premice, Lpm = {é,E,F X }, we will now also consider the language
Lom({Z; : i € w}) resulting from enhancing Ly, with constants &;, for i € w.
For an Ly ({#; : i € w})-model M = (M, €, EM M XM M. < w})
we write M | Ly for the restriction (M, €, EM, M XM of the model M
to the smaller language Lpm.

Let M = (M, e, EM, FM XM {z;:i € w}) for z; = M, i € w, be a

7 )
model in the enhanced language, so in particular {z;: i € w} C M. The
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definable closure of {x;: i € w} in M | Ly, is defined to be the submodel
(M, e, EMn M, FMn M, XM M)

of M | Lym where M consists of all a € M such that for some k < w and
some Lym-formula ¢(v, v, ..., k),

2

M | Lom = “Pla, xo, ..., z;] and there is a unique x such that ¢[z, zo, ..., x|

For sufficiently nice theories T, the definable closure of a model of T
does not depend on the model itself but only on the theory.

Lemma 6.3.2. Suppose T' O ZF is a complete, consistent theory in the
language Lom({Zi 1 i € w}) with the property that whenever

M= (M, e, EM FM XM {iM: i e w})

is a model of T and N'M is the definable closure of {iM: i € w} in M | Lpm,
then

1. for eachi € w, M = M € R,
2. NM < M| Lom.

Then NM does not depend on M, i.e., if P is another model of T with
properties (1) and (2), then N™ and NF are isomorphic.

Proof. Let T be as in the statement and let
M= (M, e, EM FM XM {iM: i e w})
and o .
P = (P, E” FP X7 {il:icw})

be two models of T'. Since T is complete, M and P are elementarily equiva-
lent with respect to the language Lom({#; : i € w}). If NM and NP are the
respective definable closures of M | Ly, and P | Ly, the natural function
p given by

the unique a € M such that M | Lym E ¢la, 231, .., ]
+ the unique b € P such that P | Lom = ¢[b, 21, ..., &} ]

for some k < w and some Lyy-formula ¢(x,v1,...,vx) is an isomorphism
from NM to NP. This follows from the following observations:
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1. Since #; are constants interpreted by reals and T is complete, they
.M _ .7)

have the same interpretation in M and P, i.e., for all i € w, ;" = ;.

2. If x € NM, then there is an Lpm-formula (v, vq,...,v) such that
M | Lom = Y[z, 21, o i) and z is unique with this property in
M | Lym. Thus, if x € EM

M |= “z is the unique element satisfying o[z, &, . .. ,wﬁ/l] ANz e EM?

and so by considering the Lpm({Z; : i € w})-sentence “there exists a
unique z with ¢(z,&;,...,4) Ax € E7,

P = “p(z) is the unique element satisfying [p(z), 47, ..., 25| A p(z) € ET?,

hence p(z) € EP. If 2 ¢ EM we have ¢ ¢ EF by the same argument.

The argument for the other predicates is analogous; hence, all predicates are
interpreted the same way. Therefore, N™ and A'F are indeed isomorphic.
O

We will now set a general context in which we prove the following two
lemmas, as we want to apply them in both the proof of Theorem 6.3.1 and
the proof of Lemma 6.3.8 below, for different formulae ¢.

Definition 6.3.3. Let X € P, (R) and let A be a countable X-premouse.
Let ¢ be an L,,-formula without free variables.

1. We say N is a p-witness if, and only if, N is 1-small, N' E ZF, there
are no Woodin cardinals in N, and N F .

2. We say N is a minimal @-witness if, and only if, A is a ¢-witness
and no proper initial segment of N is a ¢-witness, i.e., whenever P is
a proper initial segment of N satisfying ZF + “there are no Woodin
cardinals”, then P ¥ ¢.

Lemma 6.3.4. Let X € P,,(R) and suppose that N is a countable 13-
iterable X -premouse which is a minimal p-witness for some Lym-formula
. Moreover, assume that there is another countable X -premouse M which
is a p-witness and wi-iterable. Then N is in fact wy-iterable.

Proof. Let z be a real coding M and N and consider the coiteration of M
and N inside Mf(a:) in the sense of Lemma 6.2.5 using w;-iterability for M
and ITi-iterability for A. Let 7 and U be the resulting iteration trees on
M and N with final models M* and N'* respectively. We will show that
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N cannot win this comparison, i.e., N* < M* and there is no drop on the
main branch through /. This implies that N is elementarily embeddable
into the wq-iterable premouse M™* and thus wi-iterable.

Assume first that M* = N*, there is no drop on the main branch through
T, and there is at least one drop on the main branch through ¢/. Then M*
is (by elementarity) a model of ZF, contrary to the fact that p,(N*) <
N*NOrd.

Finally assume, again towards a contradiction, that M* <A* and there
is no drop on the main branch through 7. The model N'* need not be fully
well-founded, but this does not affect the rest of the argument as we shall
work in the well-founded part of A/*.

Notice that M* is a proper initial segment of N* which (by elemen-
tarity) satisfies ZF, “there are no Woodin cardinals,” and ¢. Therefore, it
cannot be that there is no drop in model on the main branch through U,
by elementarity and the minimality of A'. Assume for simplicity that there
is exactly one drop in model on the main branch through U, say, at level
B+ 1 < X (the general case is similar: if there is more than one drop, we
repeat the argument). Using the notation from [Stel0, Section 3.1], the fact
that there is a drop in model at stage § + 1 implies that M7, is a proper
initial segment of M?, where  is the U-predecessor of f+1 and M, is the
model to which the next extender on the main branch through U is applied.
So by elementarity between M7, and N* there is an ordinal o* witnessing
the failure of the minimality property for Mj_,, i.e., the following hold:

L a*<Mj, ,NO0rd < /\/lzg’ N Ord,
2. Mj 4|a” is a model of ZF with no Woodin cardinals, and
3. M la” F o

But Mj,, is an initial segment of /\/l?, so the same holds for M? la*. Now
by elementarity again—this time between N and ./\/lzg’—this failure of the
minimality property also holds for N, contradicting the fact that N is a
minimal ¢-witness. O

Lemma 6.3.5. Let X € P, (R) and let M and N be wy-iterable countable
X -premice which are minimal p-witnesses for some Lpm-formula . Then
M and N have a common iterate and on both sides of the iteration there is
no drop in model on the main branch through the iteration tree.

Proof. Let T and U be the iteration trees of length A\ 4+ 1 for some ordinal
A on M and N respectively obtained from a successful comparison in the
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sense of Lemma 6.2.4. Write M* = /\/lz\— and N* = MY for the last models
of the iteration trees. We cannot have M* <N*, by the argument of Lemma
6.3.4. Similarly, the alternative N* << M* leads to a contradiction, so we
must have N'* = M*,

Only one side of the comparison can drop; assume that there is a drop
in model on the main branch through U. The case that the main branch
through 7 drops is analogous. As in the proof of Lemma 6.3.4, we assume
for simplicity that there is exactly one drop in model along the main branch
through U, say at stage 8+ 1 < A; the general case is dealt with similarly
by repeating the argument. By elementarity, M* = N* and M., are ¢-
witnesses. Moreover, as N is a minimal p-witness, by elementarity the same
holds for MY, where ¢ is as in the proof of Lemma 6.3.4 the U-predecessor
of S+ 1. But M < M?, contradicting the minimality property for Mzg
Therefore, both sides of the comparison do not drop in model. O

We are now going to define a collection of games of length w? which
are generalizations of the game in [MS08, Lemma 3]. The argument there
goes back to ideas in [Fri71] allowing one of the two players in the game
to play the theory of a model with certain properties in addition to the
usual moves. In the proofs of Theorem 6.3.1 and Lemma 6.3.8 below we will
consider two different instances of games from this collection where Player
I plays a complete and consistent theory in the language of premice with
additional constant symbols.

Before we give the definition of the games, recall that if X € P,, (R)
and M is an X-premouse, then analogously to the existence of a definable
well-order in L, there is a uniformly definable X-parametrized family of
well-orders the union of whose ranges is M (cf. [Ste08b, Proposition 2.4]).
More specifically, we can fix a formula 6(-,-,-) in the language of premice
Lpm such that for any such X and any X-premouse M, the following hold:

1. for any = € M, there is some o € Ord™ and some r € X such that
M E (o, x);

2. for all r € X and o € Ord™ there is at most one 2 € M such that
MEO(a,r ).

Moreover, fix recursive bijections m and n assigning an odd number
> 1 to each Lpym({#; : ¢ € w})-formula ¢ such that m and n have dis-
joint recursive ranges and for every ¢, m(¢) and n(p) are larger than
max{i : &; occurs in ¢}.
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Definition 6.3.6. Let ¢ and ¥ (xo, a, b) be Lyn-formulae and let G, , denote
the following game of length w? on w: Fix some enumeration (¢;: i € w) of
all Lom({#; : i € w})-formulae such that &; does not appear in ¢; if j <.
Then a typical run of G, 4 looks as follows:

I|z0 a v, U1, 23

I b T2 4
1. Player I starts by playing some parameter g € w";

2. Players I and II take turns playing natural numbers to construct reals
a,b € w¥;

3. Players I and II take turns, respectively playing sequences of natural
numbers (v;, T2;4+1) and xg; 49 in w®, for i € w. We ask that v; € {0,1}.

Here v; will be interpreted as the truth value of the formula ¢; from the
enumeration fixed above. This can be thought of as Player I either accepting
or rejecting the formula ¢;. If so, the play determines a complete theory T’
in the language Lpm({Z; : 7 € w}).

Player I wins the game G, , if, and only if,

1. 1 =adb.

2. For each ¢ € w, T contains the sentence #; € w* and, moreover, for
each j,m € w, T contains the sentence &;(m) = j if, and only if,

xi(m) = 7.

3. For every formula ¢(z) with one free variable in the expanded language
Lom({Zi 11 € w}), and m(¢) and n(¢) as fixed above, T contains the
statements

3z ¢(x) — Fz Ja (d(w) A O, Trn(g)> T))s
2 (p(x) Az € X) — A(En(g))-

4. T is a complete, consistent theory such that for every countable model
M of T and every model N'* which is the definable closure of {z; : i <
w} in M | Lom, N* is well-founded and if N denotes the transitive
collapse of N'*,

(a) N is an X-premouse, where X = {z;: i € w},

(b) N is a minimal ¢-witness,
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(c) N is II3-iterable in the sense of [Ste95, Definition 1.6], and
(d) N E(xo,a,b).

If Player I plays according to all these rules, he wins the game. In this
case there is a unique premouse N, as in (4) associated to the play p =
(xo,a @ b,vg, x1,x2,...) of the game. Otherwise, Player II wins.

Remark 6.3.7. Rule (3) in the game G, , ensures that if M is a model of
the theory T, then the definable closure of {z; : i € w} in M | Ly is an
elementary substructure of M [ Ly, (by the Tarski-Vaught criterion) by the
following argument: Suppose 3z¢(z) holds in M. Then rule (3) ensures that
3z Ja (¢(z) A O(a, Tpyg), ). Now, the formula ¢(x) A Ja(0(, Ty g), ) A
VB € a=TJy(d(y) AO(B, Zm(g),y))) uniquely defines a witness x for ¢(z) (the
minimal witness according to the well-order given by 0(:, Z,,(¢), ")) Hence,
rule (4) can be followed by Player I by playing an appropriate theory T', as
then the model N is uniquely determined by it, by Lemma 6.3.2.

To prove Theorem 6.3.1, we first need to show the following lemma.
We thank John Steel for pointing out to us that it can be proved via a
modification of our argument for Theorem 6.3.1.

Lemma 6.3.8. Suppose that II} games of length w? are determined. Then
there is a club C* C P, (R) such that for all A € C*,
RN MI(A) = A.

Proof. Assume towards a contradiction that the statement of the lemma
fails. Thus, there is a stationary set of sets A € P, (R) such that

Let .
@ = “there is a real y which is not in X”

and

¥(z0,a,b) = “there is a real definable from xq which is not in X and
if zo is the least real definable from z which is not in X,
then its bgth digit is a7,

where a = (ag,a1,...) and b = (bo, b1, ...) with a;,b; € w for all i € w. This
will only be applied in X-premice M for some X € P, (R) with zp € X and
“least” refers to the least real in the well-order of elements of M definable
from x¢ which is given by 6(-, zg, -).
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Consider the game G, y, i.e., after Player I plays the parameter o, the
only relevant moves are the following: Player II plays a natural number b
asking Player I for the bgth digit of the least real definable from x¢ which is
not going to be in X and Player II answers by playing a1. Afterwards they
continue playing the rest of X = {zg, z1,... } and the theory of a p-witness.

The winning condition in this game G, is I13, so it is determined and we
can distinguish the following two cases to obtain a contradiction by arguing
that no player can have a winning strategy.

Case 1: Player I has a winning strategy o in G 4.
Let W be the transitive collapse of a countable elementary substructure
Y of some large V,; such that ¢ € Y and let m denote the inverse of the
collapse embedding, i.e.,
T W=2Y < V..

Since RW is countable, it follows that Mf (RY) exists and is wi-iterable.
Since the set of R for such elementary substructures W is a club in P, (R),

we may assume that
RY C R M (RY).

The game G, can be defined in W. Let 0 € W be such that (o) = o,
i.e.,, 0 = o NW. By elementarity,

W E “0 is a winning strategy for Player I in G, .

Let h be a well-ordering of RY in V of order-type w. Consider a play
of the game G, in V' in which Player II plays some b € w* and x2, x4, ...
according to h and Player I plays according to the winning strategy o. Every
proper initial segment of the play is in the domain of &. It follows that the
real part (zg,21,x2,...) of the play, say p, enumerates R". Furthermore,
p is consistent with o, whereby p is won by Player I. This means that p
determines a II3-iterable R" -premouse A/, which is a minimal ¢-witness.

Let dgw denote the Woodin cardinal in M;(R%Y). Since we chose W so
that R C RN M, (R")|6pw and since satisfying ¢ for the RW -premice A,
and M;(RY)|0gw means having a real which is not in R"Y we have that
M7 (RW)|Sgw is an wi-iterable @-witness. Thus, Lemma 6.3.4 implies that
N, is wi-iterable as well.

Let zyp € w* be the first move given by o (so z¢ is also the first move
given by 7). Moreover, let ag € w be the first move of Player I after z( given
by o (and 7). Let 7 be the real defined by

7(n) = a(xo,ap,n),
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for all possible moves n € w of Player II for by. We claim that 7 is the least
real in MV, not in RW which is definable from zg. This will be a contradiction,
since €W aso e W and xg € W.

Let 7' be the least real in N, not in RY which is definable from .
Assume that 7/ # 7 and choose some ng € w such that 7(ng) # 7/(ng). Let
q be the play of the game G,y in which Player I plays according to ¢ and
Player II plays some b € w® with first digit ng and then h as above. As
Player I plays according to ¢ and hence according to o, this is a winning
play for Player I. Let A, be the corresponding model. In particular, N, F
Y(z0,a,b), i.e. the least real in Ny not in RY which is definable from o has
a1 = a(xo,ap,no) as noth digit.

By the rules of the game, A is a II}-iterable RW_premouse which is a
minimal ¢-witness. Hence, Lemma 6.3.4 yields (as in the case of N,,) that N
is in fact wi-iterable. So Lemma 6.3.5 implies that A, and N coiterate to a
common model and there is no drop in model on the main branch through
the trees on both sides of the coiteration. Let 7 on N, and U on N be
iteration trees witnessing this. As N and N, both satisfy 1 (zo, a,b), they
contain a real different from all reals in R which is definable from zg. In
fact, the least such real 7’ is the same in N}, and N;. But by choice of ¢, the
noth digit of this real is 7/(ng) = a(xo, ag, no) = 7(ng), which is the desired
contradiction.

Case 2: Player II has a winning strategy o in G, .

Let W be the transitive collapse of a countable elementary substructure
Y of some large V, such that ¢ € Y and let m denote the inverse of the
collapse embedding. Moreover, let ¢ € W be such that n(c) = o, ie.,
g = onNW. Since RV is countable, it follows that Mf(RW) exists and is
wi-iterable in V. As before, by our hypothesis we may assume that

RY ¢ RN M (RY).

Let @ = M{(R")|a, where « is least such that Q F ZF+ “there are no
Woodin cardinals” and Q contains a real which is not in RW. Let A< be
the definable closure of R in Q and A9 the transitive collapse of N*<.
Then N < Q. Thus, there is some real z in N'© which is not in R" such
that z is definable in AN'C from some real zo € R". We shall ask Player
I to begin every play of the game G, by playing this real xo. Assume
without loss of generality that z is the least real in '€\ R" definable from
xo according to the well-order defined by 6(-, x, -).
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Consider the play p in G, y in which Player II plays according to ¢ (and
hence according to the winning strategy o) and Player I plays:

1. zp € RW | in the first round,
2. a1 = z(bp), in response to Player II playing by € w according to o,
3. other, arbitrary, natural numbers ag, as, as, .. .,

4. some enumeration h of RW in order-type w with h € V as in Case
1, together with the theory of Q in the language Lom({Z; : i € w}),
where the constants @; are interpreted by the reals z; € R" according
to p, satisfying rules (1), (2), and (3) of the game G .

Arguing as before, one shows that the reals in played in p enumerate R .
It follows that the model N'C witnesses that p is a winning play for Player
I, which contradicts the fact that o is a winning strategy for Player II. This
proves the lemma. O

Finally, we are ready to prove Theorem 6.3.1.
Proof of Theorem 6.3.1. Assume towards a contradiction that we have
M, (B)|op = AD

for a stationary set of sets B € P, (R), where dp denotes the Woodin
cardinal in M;(B). Let

p=“X =R+ -AD"
and

Y (xg,a,b) = “there is a non-determined set of reals definable from zy and
if Z is the least such set in the well-order relative to X,
thena® b e 2.

This will only be applied in X-premice M for some X € P, (R) with zp € X
and as in the proof of Lemma 6.3.8 “least” refers to the least set in the well-
order of elements of M definable from z¢ which is given by 6(-, zo, -).

In this case, the game G, 4 is a variant of the Kechris-Solovay game in
[KS85] (see also the game in [MSW16, Lemma 2.3]) adapted as a model
game. The winning condition is II}, so the game Gy, is determined. We
will obtain a contradiction by arguing that no player can have a winning
strategy.
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Case 1: Player I has a winning strategy o in G .
Let W be the transitive collapse of a countable elementary substructure
Y of some large V,; with ¢ € Y and let 7w denote the inverse of the collapse
embedding, i.e.
T WY V..

Since RW = RN W is countable, it follows that Mf (RW) exists and is
wi-iterable (in V). By Lemma 6.3.8, the set of R for W as above with
the additional property that M;(R")NR = RY is club in P,,(R). By
assumption, we may thus choose W so that M;(R")NR = RY and in
addition

M;(RY)|6gw K~ AD.

Note that the game G, can be defined in W and let ¢ € W be such
that 7(o) = o, i.e., d = 0 N W. By elementarity,

W |= “o is a winning strategy for Player I in G, .

Let h be a well-ordering of R" in V of order-type w. Clearly, every
proper initial segment of h is in W. Consider a play of the game G, in
V in which Player II plays some arbitrary b* € w” and x9, x4, ... according
to h and Player I plays according to the winning strategy o. Every proper
initial segment of the play is in the domain of ¢. It follows that the real
part (zg,x1,72,...) of the play, say p, enumerates R". Futhermore, p
is consistent with o, whereby p is won by Player I. This means that p
determines a I3-iterable RY-premouse A, which is a minimal p-witness.
In particular, N, "R = RW. Since both N, and M;(R")|sgw are RW-
premice and M (RW)|6pw is a p-witness, A, is wi-iterable by Lemma 6.3.4.

Let zyp € w* be the first move given by o (so z is also the first move
given by 7). Let Z = Z(x,NN,) denote the least non-determined set of reals
in NV, which is definable from xo. This exists since N, E ¢(xg,a*, b*), where
a* is the sequence of natural numbers Player I plays after xy in response
to b* according to o. There is a natural strategy 7 for Player I in G(Z)—
the Gale-Stewart game with winning condition Z played in N,—which is
induced by . Let 7 be the unique strategy such that for a,b € w* NN,

a = 7(b) if, and only if, (zg,a) = (b).

Note that 7 € W as 7,29 € W and, since the reals of N, are those of W,
we also have 7 € N,.

We claim that 7 is a winning strategy for Player I (in the game G(Z)
in NVp,), which will contradict the fact that the set Z is non-determined in
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Np. Let a® b € RWY be a play by 7. Let ¢ be the play of the game Gou
in which Player I plays according to ¢ and Player II plays b and then h as
above. As Player I plays according to ¢ and hence according to o, this is a
winning play for Player I. Let A, be the corresponding model. In particular,
Ny E ¢(x0,a,b), ie. a®be Z(xg,Ny), where Z(xo,Ny) denotes the least
non-determined set of reals in N, which is definable from .

By the rules of the game, N is a II}-iterable RW_premouse which is a
minimal p-witness. Hence Lemma 6.3.4 yields that Nj is in fact w;-iterable.
So we can apply Lemma 6.3.5 to N and N,,.

Let T on N, and U on N, be iteration trees witnessing the conclusion
of Lemma 6.3.5. As N, and N, both satisfy ¢(xo,-,-), there is a non-
determined set of reals definable from zg in both Nq and Np. As xg is not
moved by the iteration embeddings and Z = Z(z,/N,) is the least such set
in the well-order relative to zo defined by (-, z, ) in N}, by elementarity Z
is also the least such set in the well-order relative to xy defined by 6(-, zo, -)
in Ny, ie. Z = Z(zg,Np) = Z(x9,Ny). Thus, a ®b € Z. Hence, 7 is a
winning strategy for Player I, contrary to the fact that Z is non-determined

in ./\/p.

Case 2: Player II has a winning strategy o in G .

As before, let W be the transitive collapse of a countable elementary
substructure Y of some large V,; with ¢ € Y and let m denote the inverse of
the collapse embedding, i.e.

T W2Y < V..

Then Mf(RW) exists and is wy-iterable in V. As before, we may choose W
so that
MRY)YNR =RY and M;(RY)|6gw = AD.

Let 6 = o NW, so that ¢ € W and
W = “o is a winning strategy for Player II in G, .

Let @ = M;(R")|a, where « is least such that there are no Woodin
cardinals in Q and Q = ZF+—-AD. Let N *Q he the definable closure of RW
in Q@ and N9 the transitive collapse of N*€. Then N¢ < Q and N is w;-
iterable because it is elementary embedded in the wi-iterable premouse Q.
Moreover, there is some non-determined set in A’ witnessing N'¢ = —AD,
and this set is definable in @ and hence in N'© from some real zo € RW.
We shall ask Player I to begin every play of the game G, by playing this
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real zg. Let Z(zo, N'?) denote the least non-determined set definable from
xg in N according to the well-order relative to RW defined by 6(-, zg, ).
Since ¢ is a winning strategy for Player II in the game G, in W, in
particular & wins against all plays in which Player I begins by playing xg.
There is a natural strategy 7 € N’ for Player II for the Gale-Stewart game
inside A'€ with payoff set Z(xo, N'?), namely, the unique strategy such that

b= 7(a) if, and only if, b = &(xg, a).

Note that 7 € N'© as , 29 € W and 7 can be coded by a real in RV,

We claim that 7 is a winning strategy for Player II in N'¢. Let a & b be
a play by 7 in the Gale-Stewart game G(Z(zo,N'?)) in N2. Then a @ b €
NCNR =RY. Consider the corresponding play p in Gy in V extending 7
in which Player IT keeps playing according to ¢ (and hence according to the
winning strategy o) and Player I continues by playing some enumeration h
of RW in order-type w with h € V in addition to the theory T of Q in the
language Lpm({#; : ¢ € w}), where the constants &; are interpreted by the
reals z; € RW according to p. We ask Player I to organize these moves in
such a way that they satisfy rules (1), (2), and (3) of the game G ;.

Let M be some model of T, let Ng be the definable closure of RV in
M | Ly as in rule (4) in the definition of G, and let AV, be the transitive
collapse of ;. By Lemma 6.3.2, N and N/ *< are isomorphic and thus
Ny, =N €. Therefore, the theory T of the model Q played together with the
reals in RW satisfies all rules of the game Gy, except perhaps for the very
last one (4d), i.e., Player I cannot lose because of having played the wrong
theory but only because a ® b ¢ Z(xo,N,), where Z(zo,N,) denotes the
least non-determined set in Np definable from zg in the well-order relative
to R" defined by 6(-,x,-). In fact, this must be the case, as Player II
played according to o, which is a winning strategy.

However, N, = N'C and in particular Z(xo,N,) = Z(z9, N'?). Hence,
a®b ¢ Z(xg, N?). Therefore, 7 is a winning strategy for Player II in
the Gale-Stewart game G(Z(xg,N'9)) in N9, contrary to the fact that
Z(x0, N'2) was not determined. This finishes the proof of Theorem 6.3.1. [

6.4 Dependent Choices and AD™"

By Theorem 6.3.1 we obtain a countable set of reals A such that M;(A) is
an A-premouse constructed over its reals and M;(A) F ZF + AD from the
assumption that all TT3 games of length w? are determined. We aim to show
that there is a model with w 4+ 1 Woodin cardinals from this hypothesis.
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First, we have that in fact M;(A) E DC by the following theorem, which
is a special case of [M18, Theorem 1.1].

Theorem 6.4.1. Let A € P, (R) be a countable set of reals such that
Mi(A)NR = A and M,(A) E ZF + AD. Then M;(A) F DC.

In what follows we argue that we can in fact assume that M;(A) satisfies
AD™, a strengthening of AD isolated by Woodin, and © = 6, i.e. that the
Solovay sequence is trivial. We recall the definitions and basic facts for the
reader’s convenience.

Assuming AD, recall that

© = sup{f : there is a surjection f: R — S},

and
0y = sup{p : there is an OD surjection f: R — (3}.

Definition 6.4.2. A set A C R is co-Borel if there is a set of ordinals S
and a formula ¢ in the language of set theory such that

A={z eR: L[S z] E ¢(S,x)}.

Definition 6.4.3. Ordinal determinacy is the assertion that whenever A C
w¥, A< 0O,and f: ¥\ — w¥ is a continuous function, where ¥\ is viewed
as a product of discrete spaces, the set f~![A] is determined.

Definition 6.4.4 (Woodin). AD" is the conjunction of the following three
statements:

1. DCg,
2. Every A C R is co-Borel,

3. Ordinal determinacy.

By a theorem of Woodin (see Section 8.1 in [KW10]) the theory “ZF +
DCgr + AD + —AD™” has high consistency strength; more precisely, it proves
Con(ADg) and hence by a theorem of Steel (see Corollary 1.21 in [Stea])
the existence of a premouse with a cardinal A which is a limit of Woodin
cardinals and of <A-strong cardinals. Since this is much stronger than the
consistency of w + 1 Woodin cardinals, we shall assume that for any A as
above in fact M;j(A) F ZF + DC + AD™.

Similarly, by another theorem of Woodin (see Theorem 15.1 in [Ste08c])
the theory “ZF + AD™' + y < ©” has high consistency strength; its consis-
tency implies the existence of a model with a cardinal A which is a limit of
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Woodin cardinals and a cardinal k which is <A-strong. Again, this is much
stronger than the consistency of w+ 1 Woodin cardinals, so we shall assume
that My(A) F ZF +DC + AD' + 0O = 6.

Finally, we also have that M;(A) satisfies Mouse Capturing (MC), i.e.,
that for any two countable transitive sets x and y such that z C y and
z € ODyugy), = is contained in an w;-iterable y-premouse (see for example
[Ste08c|, [Sarl3] or [ST] for more on Mouse Capturing and the consistency
strength of its negation).

6.5 w + 1 Woodin cardinals

In this section we will use the results from the previous sections to construct
a premouse with w + 1 Woodin cardinals. More precisely, we prove the
following theorem:

Theorem 6.5.1. Suppose there is some A € Py, (R) such that
1. Mf(A) exists,
2. RNM;(R)=A, and
3. Mi(A) F AD.

Then there is an active premouse with w + 1 Woodin cardinals.

Using the argument of Section 6.4, for the rest of this chapter, we fix a
countable set of reals A such that M;(A) is an w;-iterable A-premouse with
M;(A)NR = A and

My (A)E ZF + DC + ADT + © = 6 + MC.

The rest of this section is devoted to the proof of Theorem 6.5.1. Most
of the proof in this section closely follows ideas from Section 3 in the un-
published notes [Stea]. See also Sections 6.5 and 6.6 in [SW16] for a similar
argument applied to L(R) or [SS15]. We start by introducing some nota-
tion, generalizing ideas from [SW16, Section 3] and [ST16] to our context.
Suppose that A is as in the statement of Theorem 6.5.1 and work inside
V =M (A).

The proof of Theorem 6.5.1 can be split in several parts. After we recall
some useful properties of models of determinacy, we define suitable premice.
From these we will, by pseudo-comparison and pseudo-genericity iteration,
obtain models which we can use in a Prikry-like forcing to construct a model
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with w Woodin cardinals. Then we argue that this model can be rearranged
into a premouse on top of which we can perform a P-construction to add
one more Woodin cardinal.

6.5.1 Some properties of models of determinacy
The following standard lemma will be useful later on:

Lemma 6.5.2. There is a ¥2 scale é ona Y2 set which is universal for £?
such that, letting T be the tree obtained from ¢, we have for any countable
transitive set a,

P(a)NL[T,a] = P(a)N ODQU{Q}

= {b € H(w1) : b belongs to an w;-iterable a-premouse}.

Proof. Since © = 6, every set of reals is ordinal-definable from a real. Let
U C R? be any X2 set that is universal for £2. Woodin has shown that 3?2
has the scale property under ADT (see [Ste08a, Theorem 7.1] for a proof
of this in derived models). Let T be a tree on w x w x §2 obtained from a
¥2-scale on U (thus T projects to U).

Now, suppose b € P(a) N ODyyq)- By Mouse Capturing, b belongs to
an wi-iterable premouse over a. The set

A ={M : M is an w;-iterable premouse over a and b € M}

belongs to X%(a), so there is an a’ recursive in a such that A = U,. It
follows that T}/, the part of T' projecting to Uy, is illffounded both in V' and
in L[T,al]. Since from any member of A one can easily recover b, it follows
that b € L[T, a].

Conversely, every real in L[T,a] is definable from a and ordinal param-
eters. This is because the reals of L[T,a] do not depend on the choice of
the universal set U nor on the scale on U (this follows e.g., from [Mos09,
Exercise 8G.29], see also [HK81]).

Hence, we have shown that

P(CL) N L[T, CL] = P(a) N ODaU{a}
= {b € H(wy) : b belongs to an wj-iterable a-premouse},

as desired. 0

Fix a 7 set U which is universal for 32 in V = M;(A) and a tree T as
above for the rest of this section.
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6.5.2 Suitable premice
We begin by isolating a class of models suitable for our purposes.

Definition 6.5.3. Suppose b is a countable transitive set. We write

Lp(b) = J{M : M is a sound ws-iterable b-premouse such that p,(M) = b}.

Moreover, we inductively define Lp'(b) = Lp(b),
Lp"*(b) = Lp(Lp™ (b)),

and
Lp*(b) = [ Lp"(b).
n<w

Remark 6.5.4. Recall that we are working inside M;(A), which is a model
of AD, so the club filter is an ultrafilter on w;. This can be used to show
that wi-iterability already implies wq + 1-iterability (see e.g. [Stel0, Lemma
7.11] for details), so that any two wj-iterable b-premice M and N as in the
definition of Lp(b) can be successfully compared and line up, i.e M < N or
N < M. Therefore, Lp(b) is a well-defined premouse.

In the definitions below, let a be an arbitrary countable transitive set.

Definition 6.5.5. We say that an a-premouse M is suitable if, and only if,
there is an ordinal § such that

1. M is a model of ZFC - “Replacement” and M NOrd = sup,,,(6+")M,
2. ¢ is the unique Woodin cardinal in M, and
3. M is full, i.e. for every cutpoint* n in M, Lp(M|n) < M.

If M is suitable, we denote its Woodin cardinal by &;;.

Lemma 6.5.6. Let M be a countable a-premouse and xp; a real coding
M. Then for any real z >7 xpr, the statement “M is suitable” is absolute
between V' and LT, z].

Proof. Suppose not, say M is suitable in L[T, z] but there is some 7 <
M N Ord and a sound w;-iterable M|n-premouse N in V with p,(N) = M|n
such that N ¢ M. This statement is ¥% and hence such a counterexample
would also exist in L[T),z]. By the same argument, if we suppose that M

“In the case where 7 is not a cutpoint, we refer to the *-transformation in [Ste08c,
Section 7).
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is suitable in V, every such wi-iterable M|n-premouse in L[T, z] is also wi-
iterable in V. Hence the statement “M is suitable” is absolute between V/
and L[T, z]. O

Definition 6.5.7. Let 7 be a normal iteration tree on a suitable a-premouse
M of length < w}. Then we say that T is correctly guided if, and only if,
for every limit ordinal A\ < 1h(7), if b is the branch choosen through 7 | A
in 7, then Q(b, 7 | A) exists and Q(b, T [ A\) I Lp(M(T [ N)).

Definition 6.5.8. Let T be a normal iteration tree on a suitable a-premouse
M of length < w}". Then we say that 7 is short if, and only if, T is correctly
guided and if 7 has limit length, then Q(T) exists, and Q(7T) < Lp(M(T)).
If 7 is correctly guided but not short, then it is said to be mazimal.

As in [ST16], we define the notion of being suitability-strict in order to
make the proofs of Lemmas 6.5.12 and 6.5.13 below work.

Definition 6.5.9. Let M be a suitable a-premouse and let 7 be a normal
iteration tree on M of length < w}". Then we say that T is suitability-strict
if, and only if, for all o < 1h(7),

1. if [0, )7 does not drop then M is suitable, and
2. if [0, )7 drops then no R < M7 is suitable.

Definition 6.5.10. Let M be a suitable a-premouse. Then we say that
M is short tree iterable if, and only if, whenever T is a short tree on M of
length < w’,

1. T is suitability-strict,

2. if T has a last model, then every putative iteration tree U extending
T such that Ih(U) = 1h(7T) + 1 has a well-founded last model, and

3. if 7 has limit length, then there exists a cofinal well-founded branch
b through 7 such that Q(b,T) = Q(T).

Definition 6.5.11. Suppose M is a suitable a-premouse. We say R is a
pseudo-normal iterate of M if, and only if, R is suitable and there is a normal
iteration tree 7 on M such that either T has successor length and R is the
last model of 7 or 7 is maximal and R = Lp¥(M(T)).

As usual, this notion can easily be generalized to stacks of normal trees,
but we omit the technical details. The interested reader can find them in
a different setting for example in [SW16], [Sar14], or [MS17]. The following
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lemmas are the analogues of Theorems 3.14 and 3.16 in [SW16]. The proofs
are similar to the ones in [SW16] and [ST16] and use absoluteness as in the
proof of Lemma 6.5.6; we omit further details.

Lemma 6.5.12 (Pseudo-comparison). Suppose M and N are countable
short tree iterable, suitable a-premice. Then, they have a common pseudo-
normal iterate R such that R € L[T, z], where z is a real coding M and N.

Moreover, 6p < (max{dys, o }H)H0A = wlL[T’Z],

Lemma 6.5.13 (Pseudo-genericity iteration). Let M be a countable short
tree iterable, suitable a-premouse and y an arbitrary real. Then, there is a
non-dropping pseudo-normal iterate R of M such that R € L[T,z|, where
z >y is a real coding M, y is generic over R for Woodin’s extender algebra
at g, and 5g < (63, 14 = wlL[T’Z].

6.5.3 The models R}

As before, let a be an arbitrary countable transitive set. Let z be a real
such that a € L[x]. We consider the simultaneous pseudo-comparison of all
short tree iterable, suitable a-premice coded by some real z < x. We carry
out this pseudo-comparison while at the same time performing a pseudo-
genericity iteration making every z <p x generic over the common part of
the final model. Note that there are only countably many reals z <p =z
for every fixed real x and let R™ = R%~ denote the resulting model. Le.,
either R~ is the common last model of the iteration trees obtained by the
process described above, or all of these trees are maximal and R~ is the
common part model of one (and hence all) of these trees. Moreover, let
R =R =Lp(R¥)and 6§ =R¥» ™ NOrd.

Lemma 6.5.14. We have the following properties.
1. As an R~ -premouse, no level of R projects across ¢,
2. 6r = 0 is a Woodin cardinal in R,
3. P(O)NR =P(6) NODr-y(r-},
4. P(a) N'R = P(a) N ODyqq}, and

5. wlL[T’x} =4.

Proof. We carry out the pseudo-comparisons and pseudo-genericity itera-
tions to obtain R~ within L[T, z] in the sense of Lemmas 6.5.12 and 6.5.13.
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Claim 6.5.15. The pseudo-comparisons reach a limit stage in which all of
the iteration trees are mazimal.

Proof. If the pseudo-comparisons reach a limit stage in which one iteration
tree T is maximal, this already implies that all iteration trees are maximal
since they agree on their common part model and thus a short iteration
tree U would provide a Q-structure Q(U) <I Lp(M(U)) = Lp(M(T)) for T,
contradicting the maximality of 7T .

Therefore, we can suppose toward a contradiction that all iteration trees
occuring in the pseudo-comparisons are short. Then the pseudo-comparsions
are in fact comparisons and they end successfully using the short tree itera-
tion strategies. They give rise to a last model R* such that every z <p x is
generic over R* for Woodin’s extender algebra. Moreover, the main branches
through all iteration trees in the comparisons are non-dropping and we have
elementary iteration embeddings

NN = R

for each short tree iterable, suitable a-premouse N coded by some real z <
x. In particular, R* is suitable, witnessed by a Woodin cardinal 6* = d+.

The proof of the comparison lemma (cf. e.g., the claim in the proof of
[Stel0, Theorem 3.11]) shows that, if a coiteration terminates successfully,
the comparison process lasts at most countably many steps in L[T, ], and so
R* is countable in L[T, z]. By construction, z is generic over R* for Woodin’s
extender algebra at 6*, so we shall write R*[x] for the corresponding generic
extension.

Subclaim 6.5.16. RN L[T,z] C RNR*[z].

Proof. Recall that Woodin’s extender algebra at ¢* has the 6*-c.c. and
hence ((6*)1)R" = ((6)1)R'#, Let v = ((6*)7)R". Consider the countable
set R*[z]|y and the model L[T, R*[z]|y]. Since z € R*[x]|y, we have that
L[T,z] C L[T,R*[x]|7]. Now, Lemma 6.5.2 implies that every real y in
L[T, R*[z]|7], belongs to an w;-iterable R*[z]|y-premouse NY. By taking an
initial segment if necessary, we can assume that NV is sound and p,,(NY) < 7.
Since L[T,x] C L[T, R*[x]|7], it suffices to show that every real y in an wi-
iterable R*[x]|y-premouse N¥ belongs to R*[z].

Let NY = PNY(R*|vy) be the R*|y-premouse obtained as the result of
a P-construction above R*|vy inside NY in the sense of [SS09] or [Ste08Db,
Section 3]. As the size of the extender algebra at §* is small, NV is again
a premouse and by definability of the forcing p,,(N¥) < 7 (see for example
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[Ste08b, Section 3] for a similar argument). Therefore, the suitability of R*
yields N¥ I<R* and hence NY = N¥Y[z] I R*[z], where N¥[z] and R*[z] are
construed as R*[z]|y-premice. Thus y € R*[z], as desired. O

Since R* is countable in L[T,z], in particular §*, the Woodin cardinal
in R*, is countable in L[T,z]. Using the subclaim, this implies that §* is
countable in R*[z]. But the extender algebra at 6* in R* has the §*-c.c., so
0* remains a cardinal in R*[x]—a contradiction. O

Since all iteration trees are maximal, we have R~ = M(T), where T
is an iteration tree of limit length on a suitable a-premouse coded by some
real z <7 z. Then R = Lp(R™) satisfies (1) and (2).

For (3), note that () N ODg-yr-} is the set of all subsets of § which
belong to an wj-iterable R~ -premouse. Since R = Lp(R ™) these correspond
to initial segments of R.

This also implies that every subset of a in ODgyy,) belongs to R since
ODaugay € ODg-ygr-}. For the other inclusion in (4), suppose that b is
a subset of ¢ and b € R. As no new subsets of a are added during the
iteration, b € N for some short tree iterable, suitable a-premouse N coded
by some real z <7 x. But then N|n is w;-iterable for every ordinal 7 such
that p,(N|n) = a as, in these cases, Q-structures exist. Hence, b belongs to
an wi-iterable a-premouse and hence to OD,(q}-

Finally, (5) follows by the same argument as in the proof of the subclaim

since the assumption that 6 < wlL[T"ﬂ together with (1) and (2) suffices to

derive the contradiction. O

The construction of RY depends only on the Turing degree of z, i.e.,
r =7 y implies RZ = RY. Therefore, we will also write RZ for RZ, if
d = [z]r.

6.5.4 Prikry-like forcing a premouse

We define a Prikry-like partial order P to add a premouse with infinitely
many Woodin cardinals. Let D denote the set of all Turing degrees and
let v denote the Martin measure on D. Further, let D™ be the set of all
increasing sequences of Turing degrees of length m and u,, be the measure
on D™ induced by the product of u. More precisely, let ug = p and assume
inductively that py, is already defined on DF for some k& < m. Then we let
for any X € D*1, e 1(X) = 1 if, and only if, for pp-a.e. do and py-a.e.
(dl,...,dk>, (do,...,dk) € X.
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To define the Prikry-like partial order P, we first define a sequence of pre-
mice along an increasing sequence of Turing degrees. For d = (dy, ... ,dy,) €
DL we let

f(a) = Rif
if dy is large enough so that R% is defined, and recursively

d;
ol (@ =Rl

for i < m, if d;; is large enough so that RQ“’(I ) is defined.
a

7

Recall that U is a X2 set which is universal for 2 in V = M;(A). Now,
the conditions in P are of the form (s, X), where
1. s =(So,...,Sn) is a sequence of premice such that for some d, € prtl
S; = Q% (0) for all i < n; and

2. X = (X: k < w) € L(U, A)5 is a sequence of sets such that for all
k<w,

(a) X}, is a collection of (k + 1)-sequences of premice, and
(b) (QU(Sn),- ... QH(Sn)) € Xi for pysr-ae. d e DH,

We call s the stem of the condition (s, X). For two conditions (s, X)
and (r,Y) in P with s = (So,...,Sp) and r = (Ro, ..., Rpn), we let (s, X) <
(r,Y) if, and only if, one of the following holds:

1. s=rand X; CYj for all i < w; or

2. for some k < w and a sequence (Q¢(Rn,), - .., Qg(Rm)) € Y} given by
some d € DFHL,

(a) s=1r"(Q4Rm),--., QL(Rm)), and
(b) foralli < wand sequences & € D™+ such that (Q§(Sy,), ..., Q5(Sn))
is defined and belongs to X;, we have

(Qoﬂﬁg(Rm),---7Q£A€(Rm)7Qk:f(R )s - Qk+z+1( m)) € Yirivi:

if, and only if, X = (Xk: k < w), where each X} is a set of stems each of
which is compatible with s = (Sp, ...,S,) and the following hold:

5The reason for requiring X e L(U, A) will become apparent in the proof of Lemma
6.5.24.
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1. X is closed under initial segments in the following sense: whenever
(zo,...,z) € X for some k < w, then (xq,...,2;) € X; for all i < k;
and

2. for all k < w and all z € X,

{d €eD:x (RE) € Xkﬂ} € .

The next lemma shows that P has the Prikry property. As the proof is
analogous to e.g., the proof of Corollary 6.39 in [SW16], we omit it.

Lemma 6.5.17. Let (S,X) € P be a condition and A a countable set of
sentences in the forcing language. Then there is some (s,Y) < (s, X) such
that (s,Y) decides ¢, for all ¢ € A.

Now fix a G which is P-generic over M;(A) and let @ = (Q,: n < w) be
the union of the stems of conditions in G. Write §,, for the largest cardinal
in Q,. By definition, all Q,, are such that Q,, = Lp(Q,|d,) and Lp*(Q,|d,)
is a suitable premouse, so §, is a Woodin cardinal in Q,,. Let

n<w

Lemma 6.5.18. The following hold:
1. for alln < w, P(6,) N L[Q] C O,
2. for alln < w, 8, is a Woodin cardinal in L[Q)],
3. Qn = Quo|(6;)9=; hence, L[Qu] = L[Q].

Proof. We show (1), from which (2) and (3) follow. Let us first show that
P(6,)NQn+1 C Qp; a consequence of this is that P(d,)NQ,, C Q,, whenever
n < m. To see this, suppose there is a subset a of §, which is in Q,1+1. By
Lemma 6.5.14(4), P(0,) N Qui1 = P(dn) N ODg,10,}- Lemma 6.5.14(3)
implies that P(d,) N Q, = P(d,) N ODg-)(g; > but this is equal to P(0n) N
ODQHU{Qn} by definability of Q,, = Lp(Q,,;). Hence, we have a € Q,, as
desired.

To prove (1), let a € P(8,) N L[Q]. Let & be a term defining a from
Q and an ordinal parameter in M;(A)[G]. The Prikry property (Lemma
6.5.17) yields a k < w and a condition (s, )Z) with s of the form (s, ..., sk),
with n < k, which decides all statements of the form “£ € a¢”. By genericity
we can choose (s,)?) € (G, so that, in particular, s; = Q; for all i < k.



6.5. w+1 WOODIN CARDINALS 201

Claim 6.5.19. We have £ € a if, and only if,
HAY (¢ is of the form (to,....tx) A t; = Q; foralli <k A (t,Y) IF € € a).

Proof. If € € a, then the condition (s, X) is a witness for the displayed
equation. Conversely, suppose there is some condition (t, 17) as in the dis-
played equation, but £ ¢ a. Then we must have (s,)z) IF ¢ ¢ a. Note
that t = s. Define Z by Z; = X; NY; for all i < w. Then (s,Z) < (s, X)
and (s,Z) = (t,Z) < (t,Y). Now, let H be P-generic over M;(A) such
that H contains (s,Z). Then, in M;(A)[H], both £ € a and ¢ ¢ a hold, a
contradiction. O

The claim yields that a € ODg, 1, and thus a € ODQ;U{Q;}HP(%) =

Qr NP (6k), by Lemma 6.5.14(3). So in particular a € 9 NP(J,). By the
remark at the beginning of the proof, this implies a € Q,,, as desired. O

Write A = sup,,,, 0, and fix any premouse P |= ZFC extending Q in
which A remains a cardinal. We form a derived model of P. More pre-
cisely, working in M;(A)[G], let S be the partial order consisting of se-
quences (ho, ..., hj) such that for all 0 < n <k, h,, € M;(A) is Coll(w, dp,)-
generic over Q,,. The order on S is sequence extension. Fix h S-generic over
M;(A)[G], let (hy: n < w) be the induced sequence, and let h be given by
h(n,m) = hy,(m). We may abuse notation and identify s with h and with the
corresponding Coll(w, <\)-generic filter over M (A)[G], since (0,: n < w) is
definable from Q., by the previous lemma.

Using this h, we can build the derived model of P: Write

R = [JRNPLA T3],

new

and

Homj, = {p[S]NR}|In < w(P[h | 6,) F S is a
<A-absolutely complemented tree)}.

Note that R}, and Homj, only depend on Q. and h, not on the full
premouse P, so this notation makes sense. For this reason, we sometimes
do not distinguish between P and Q. in what follows.
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6.5.5 Preparation for adding extenders on top

Our next goal is to add the extenders of My(A) on top of Q. while pre-
serving the Woodin cardinals of O, to obtain a model with w + 1 Woodin
cardinals. This will be done via a P-construction. For this, some preparation
is needed— we need to show e.g.,

Le[Qoo][h] = (M1(A)[€)[G][R]

for some ordinal ¢ below the Woodin cardinal of M;(A).

We first need the following lemmas which again essentially can be found
also in [Stea]. Recall that we have V = M;(A) and write RY = M;(A)NR =
A.

Lemma 6.5.20. R; =R".

Proof. Ry C RY is easy to see as each pair (Qy,h,) is in M;i(A), so let
x € RV for the other inclusion. Let (s, X) € P be an arbitrary condition in
the Prikry-like forcing defined above, say s = (Sp,...,Sk). For each n < w
consider

Y, ={te X, |3de D" (& <rdy At = (QUSh), ..., LS}

and note that (s, ?) < (S,X ). Moreover, since pseudo-genericity iterations
are included in the construction of the premice RY, it follows by density
that for all ¢ > k, x is generic over Q; for Woodin’s extender algebra at d;.
Hence x € R}. O

Lemma 6.5.21. Homj = A}

Proof. We first show A? C Homj. Let B ¢ A2, so that B is, by a theorem
of Woodin since AD' holds, Suslin and co-Suslin. Choose z € R such that
B € A2(z) and choose i € w large enough so that z € Q;[h;] (this exists by
the previous lemma). From 7" and z, one can construct trees Sp and S; on
w X K, for some ordinal x < &2, such that Sy and S; project to B and R\ B,
respectively. We have

S(), S, € L[T, Qj, hz]

for every j > i. Moreover, by the absoluteness of well-foundedness, if = €
L[T, Qj, hi] "R, then

L[T, Q;, hi] = « € p[So] U p[S1]-
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Moreover, if Q is a small partial order in L[T, Q;, h;] (say, of size strictly
less than ¢;) and g is Q-generic over L[T, Q;, h;], then

L[T, Qj, hillgl = R = p[So] U p[S1],

for (since d; is countable in V') otherwise there is a Q-generic g over L[T, Q;, h]
with g € V such that

L[T, Qj, hillg] |= 3z € R (x & p[So] U p[S1]).

However, such an x does belong to one of p[Sp] or p[Si] in V' and thus it
must do too in L[T, Q;, hs][g] (by the absoluteness of well-foundedness).

We have shown that in L[T', Q;, h;] there are <d;-absolutely complement-
ing trees Sp and 57 that project to BNL[T, Q;, h;] and (R\ B)NL[T, Q;, hil,
respectively.

The trees Sy and S7 might be big (in principle £ might be of arbitrarily
large size below 82). Let M be an elementary substructure of some large
L,[T, Qj, hi] such that

1. M € L[T, Q;, hil,

2. L[T, Qj, hi] = M| =6,
3. Ls,[T, Q;,hi] € M, and
4. 59,51 € M.

Let Sg and S{ be the images of Sy and S1 under the collapse embedding for
M. Then, S} and S are also <d;-absolutely complementing and S} projects
to BN L[T, Qj, h][g] whenever g is Q-generic over L[T, Q;, h;| for a partial
order Q in L[T, Q;, h;] of size strictly less than ;.

Claim 6.5.22. For all j > i, S}, 97 € Quo[hi].

Proof. Note that h; is Coll(w, ;)-generic over Q;, 1. Recall that by defini-
tion, Q41 = Rcéj for some Turing degree d. Therefore we have, for such a
d, by an argument similar to that in the proof of Subclaim 6.5.16 that

Now, by Lemma 6.5.2, every subset of Q; in L[T, Q;, h;] is definable
from Q;, h;, and ordinal parameters in V. SJ and Sy are essentially subsets
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of 0; in L[T, Q;, h;], so they are definable in V' from Qj, h;, and ordinal
parameters. By Lemma 6.5.14(4),

P(Qj[hil) NRG, g = P(Q;lhal) N OD o, h,jug ey inil}-
This implies that Sg and S{ belong to Qj+1[hs], which proves the claim. [

It follows that Sé and S{ are <dj-absolutely complementing trees in
Qoo [h;] since by an argument as in the proof of Lemma 6.5.18, for every
g, which is generic for a partial order of size strictly less than d;, Quo[g] N
P(8;) € Qjlg). Now, we aim to piece the trees SJ together to obtain a tree
witnessing that B € Hom}. Let Sg be the disjoint union of the trees S5
for all £k > 1.

Claim 6.5.23. For all j > i, all partial orders Q € Qs[hi] of size strictly
less than 0; in Qxlhi], and all g which are Q-generic over Qus[hil,

plsg] 2= ilel = p[sg] 9=l = B 1 Quc[hig)-

Proof. Since Sé and S{ are <d;-absolutely complementing trees in Qoo [h;],
we have for all k,j > 1,

plS3]9=1] = B 1 Quo[hi] = p[SE] 21,

Hence, p[Sg] 2=l = p[S]]19=h] = BN Q. [hi).

Recall that if the projections of two trees are disjoint, they remain dis-
joint in generic extensions. It follows that for any tree S in Q.[h;] which
has a <é;-absolute complement,

p[S] %=1l = U{p[S’]Q‘”[hng} | 8" € Quolhi] is a tree with
Quo[hi] = p[S] = p[S]},

whenever g is Q-generic over Qn[h;] for a partial order Q in Qx[h;] of size
strictly less than d;. So in particular

p[S/]Qoo[hi][g] C p[Sg]Qx[hi][g]

for any tree S’ € Quo[hi] which, in Q[h;], projects to the same set as Sé.
As argued above, we can apply this to S’ = S and, since the other
inclusion holds by definition, obtain

plsig] =l = plsg] @l

for any g as above. This proves the claim, as p[Sé]QOO hlle) = BN Qoo [hi][g)-
O
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We can define ST analogously; it witnesses that Sj is <A-absolutely
complemented in Qxlh;]. The claim implies B = p[S;] N R} and hence
B € Homj. This proves A? C Hom},.

We now assume towards a contradiction that A? # H omy, i.e., that
the A? sets form a proper Wadge initial segment of Hom}.. Since Homj is
closed under continuous reducibility and the ¥? set U which is universal for
3?2 is minimal in the Wadge hierarchy above the pointclass A%, it follows
that U € Homj.

By definition of Homj , there is some i € w and a <A-absolutely com-
plemented tree S in Qu[h;] such that, since RV = R} by Lemma 6.5.20,
p[S]NRY =RV \ U.

By Lemma 6.5.2, the relation

is I12, so it appears in a section of the complement of U. Using S, we can get
areal x such that x ¢ ODy(g,s,,n,)} Put € Quolhi]. Then in fact x € Q;[h]
by the argument in the proof of Lemma 6.5.18. However, Q; = Lp(Q;|d;),
so every real in Q;[h;] is definable from Q;|0;, h;, and ordinal parameters,
which is a contradiction. This completes the proof of the lemma. ]

Recall that RV = A. Define & to be the least £ > ©LU:A) guch that
L¢(U, A) E ZF. Since V& is a countably iterable A-premouse, it is easy to
see that

V|£0 = Lfo (Ua A)

Finally, we have the following agreement between L[Qq][h] and L(U, A)[G][h]
(as classes):

Lemma 6.5.24. L[Q.]|[h] = L(U, A)[G][h].

Proof. In L[Qx][h], one can easily compute the derived model of L[Q]
associated to h. Thus, using Lemma 6.5.21, it follows that U € L[Q][h].
By Lemma 6.5.20, A = RV € L[Q.][h] and, using L(U, A) and Q,, one can
easily define P and G. Conversely, from G one can easily recover Q... [

This, together with the observation above, has the following corollary:

Corollary 6.5.25. L¢ [Q][h] = V[&[G][h].
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6.5.6 Adding extenders on top

Finally, we use a P-construction (see for example [SteO8b, Section 3| or
[SS09]) to add extenders witnessing another Woodin cardinal on top of Qx.
In Lemma 6.5.26, we first extend Corollary 6.5.25 to ordinals £ > &y in order
to obtain an appropriate background universe W for the P-construction.
Using the fact that V[G][h] is a forcing extension of the A-premouse V =
M;i(A) by a small forcing, the proof of this lemma is straightforward and
similar to the argument in [Ste08b, Section 3], so we omit it.

Lemma 6.5.26. There is a proper class (Qoo, h)-premouse W such that for
any § > &o,

1. W€ has the same universe as V|E[G][h],
2. for any k < w, pp(W|€) = w if, and only if, pr(V]§) = A, and

3. foranyk < w, if p(W1€) > w, then pr,(W1€) = pr(V€) and pry1 (W)
Per1(V]E)-

Let P = PW (L, [Qxo]) be the result of a P-construction above L, [Qoo]
performed inside W and let P: for § > &y denote the levels of the P-
construction. The following lemma shows that P is as desired.

Lemma 6.5.27. The following hold:

1. For £ > &, if X C P¢ is definable over Pe with parameters from P,
then X N Qxo|dn € Qoo for alln < w.

2. For all £ > &, pu(Pe) > A
3. P is a premouse and P[h] = W.
4. P has w+ 1 Woodin cardinals.

Proof. For the proof of (1) note that P¢ is definable over V[£[G] from Q.
since the translation between V' |£[G][h] and W ¢ is definable and h is generic
over V|{[G] for a homogeneous forcing. Hence, if X C P is definable over
Pe with parameters from P¢, then X € V[G]. We can assume without loss
of generality that X is a set of ordinals and let X,, for every n < w be a
term defining X N4, from Q. and the ordinal parameter £. Now we can
argue as in the proof of Lemma 6.5.18 to obtain X NJ, € O, as desired.
Suppose (2) fails and let £ > & be least such that p,(P¢) = p < A. Say
this is witnessed by some set of ordinals X C p, which is definable over P¢
with parameters from P¢, but X ¢ P¢. Since A = | On, there is some

n<w
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n < w such that p < é,. This means that X = X N4, € QO by (1). But
Qo C P¢, a contradiction.

Finally, (3) and (4) now follow from this and standard properties of the
P-construction, see for example [SS09]. O

This finishes the proof of Theorem 6.1.1 and, by putting the active ex-
tender of Mf(A) on an initial of P, e.g., as in [FNS10, Section 2], also the
proof of Theorem 6.5.1.

6.6 Generalizations

We finish this chapter by sketching the modifications of the above argument
which are needed to prove Theorems 6.1.3 and 6.1.4.

Proof of Theorem 6.1.3. Instead of Theorem 6.3.1, we now aim to obtain a
countable set of reals A such that M,(A) NR = A and M, (A) F ZF + AD.
For this purpose, we replace 1-smallness in the definition of ¢-witness (see
Definition 6.3.3) by w-smallness. Moreover, we replace II3-iterability in the
definition of the game G, , (see Definition 6.3.6) by the notion of weak
iterability (also called D®IIi-iterability) as in [Stel0, Definition 7.7]. Note
that determinacy of games of length w? with D®II} payoff suffices to show
that this game is determined. Furthermore, Theorem 7.10 in [Stel0] suffices
to carry out the comparison arguments used to prove Theorem 6.3.1. The
proofs in Sections 6.4 and 6.5 straightforwardly generalize to this context.

O

Proof of Theorem 6.1.4. Instead of Theorem 6.3.1, we now aim to obtain a
countable set of reals A such that there is an A-premouse M of class S,
such that M "R = A and M E ZF 4+ AD. For this purpose, we replace
1-smallness in the definition of p-witness (see Definition 6.3.3) by not being
of class S,. Moreover, we replace IIi-iterability in the definition of the
game G, (see Definition 6.3.6) by the notion of II}-iterability as in [Agug,
Definition 4.1] (see Chapter 4). Note that determinacy of games of length
w? with o-projective payoff suffices to show that this game is determined.
Furthermore, Lemmas 2.19 and 4.3 in [Agug] (see Chapter 4) suffice to carry
out the comparison arguments used to prove Theorem 6.3.1. The proofs in
Sections 6.4 and 6.5 straightforwardly generalize to this context. O
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7.1 Introduction

Let us call a subset A of R clopen if A\ Q is clopen in R\ Q. We study games
of transfinite length whose payoff set is clopen when viewed as a subset of
R\ Q (henceforth identified with NY—the space of infinite sequences of
natural numbers, viewed as a product of discrete spaces). More specifically,
let o be a countable wellorder and fix a bijection

p:N—=a.

For simplicity, we will assume that p is recursive, although this assumption
can be dropped by relativizing to a real parameter. Fix A C R and consider
a game of length « in which two players, I and II, alternate turns playing
natural numbers

I | n(0) n(2) oo n(w)
IT n(1) n(3) ... n(w+1)



210 7. LONG CLOPEN DETERMINACY

After a-many rounds have been played, the game ends. Player I wins if, and
only if,

(n(p(0)),n(p(1)),n(p(2)), - ..) € A;

otherwise, Player II wins. It is a classical theorem of Gale and Stewart
[GM53] that if A is clopen and a = w (the order-type of N), then the game
is determined (in which case we say that A itself is determined).

A celebrated result of Martin [Mar75] implies that clopen games of length
w+w are also determined. Moreover, this is the extent of clopen determinacy
provable in ZFC, Zermelo-Fraenkel set theory with the Axiom of Choice; i.e.,
ZFC does not prove that clopen games of length w 4+ w + 1 are determined.
This is a theorem of Harrington (see [Har78]). Determinacy for longer clopen
games is, however, provable in natural extensions of ZFC by large cardinal
axioms, and it is natural to ask the extent of clopen determinacy provable
in theories stronger than ZFC. For example, clopen determinacy for games
of length w? + w is provable in the theory ZFC 4 “there are infinitely many
Woodin cardinals,” but clopen determinacy for games of length w? 4+ w + 1
is not.

Our work in this chapter takes a different direction, however. Namely, by
using completely elementary methods, we prove that every long clopen game
is reducible to a more complicated, but shorter, game. Many results in this
direction are folklore. For example, it is not hard to show that clopen games
of length w + w are determined if, and only if, Borel games of length w are
determined. The argument generalizes to show that clopen games of length
a+w are determined if, and only if, Borel games of length o are determined.
Similarly, clopen games of even (resp. odd) length a + 1 are determined if,
and only if, open (resp. closed) games of length o are determined. By
combining these two observations, one can shorten clopen games of length
a + w + 1 to analytic games of length a. For similar reasons, the problem
of shortening clopen games quickly reduces to the particular case in which
the length is additively indecomposable (see Section 7.4 below).

Our first reduction of clopen games is, thus, from length w? to length w.
Below, a set A C R is o-projective if it belongs to the smallest collection of
subsets of R containing all open sets and closed under continuous images,
complements, and countable unions.

Theorem 7.1.1. The following are equivalent:
1. Determinacy for clopen games of length w?.

2. Determinacy for o-projective games of length w.
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As a consequence of Theorem 7.1.1 and the main result of Chapter 4,
one obtains a characterization of clopen determinacy for games of length w?
in terms of large-cardinal assumptions. The implication from (1) to (2) can
be found in Chapter 5, i.e., [AMS] (as well as a weak form of the implication
from (2) to (1)), so we shall only prove the converse. In light of Theorem
7.1.1, one might conjecture that clopen games of any countable length can
be shortened to length w. However, this is not the case. This is because
clopen determinacy for games of length w? + w + 1 implies that R? exists
(this follows from a theorem of Trang [Tral3], together with the observation
on analytic games above). Since it is consistent that every set of reals in
L(R) is determined, no determinacy assumption for games of length w can
imply clopen determinacy of length w? + w + 1 (incidentally, w? + w + 1 is
the least such ordinal).

However, as we will see, long clopen games can still be shortened. We
will speak of some quantifiers on R. Projections are usually denoted by
the quantifier 3, i.e., one writes 3z A(z) for “{z : A(x,y)} is nonempty.”
Another example is the game quantifier given by

oz A(z,y) if, and only if, Player I has a winning strategy for {z : A(x,y)}.

Game quantifiers for longer games D, as well as for games on R, O, are
defined similarly.

Definition 7.1.2. Let @ be a quantifier. We denote by o(Q) the smallest
o-algebra on R containing the open sets and closed under Q.

Similarly, if {@,}, is a collection of quantifiers, we denote by o({Q,}.)
the smallest o-algebra on R containing the open sets and closed under each

Q.-

It is easy to see that o(3) = o(D) is the pointclass of all o-projective
sets. The shortening theorem for games of length w? is as follows:

Theorem 7.1.3. The following are equivalent:
1. Determinacy for clopen games of length w3.
2. Determinacy for games of length w? with payoff in o(OF).

Theorems 7.1.1 and 7.1.3 are both instances of a general theorem which
is stated and proved in Section 7.3.

For expository reasons, we have chosen to include the proof of Theorem
7.1.1 in Section 7.2; it is similar to the general case, but easier. Although
we are interested in shortening results for infinite games in their own right,
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our main motivation is their applications to proofs of determinacy from
large-cardinal hypotheses, such as:

Theorem 7.1.4. Suppose that there are w - 8 Woodin cardinals. Then,
clopen games of length w? - B are determined.

In Section 7.5, we explain how to derive (a strengthening of) Theorem
7.1.4 from the shortening theorems and known techniques. We note that the
conclusion of Theorem 7.1.4 would follow from work of Neeman [Nee04] if
one additionally assumed the existence of a measurable cardinal above the
Woodin cardinals.

7.2 Games of Length w?

Let A C RxR be clopen and write A, for the set of all y such that (z,y) € A.
Hence,

ORA = {z : Player I has a winning strategy in the game on R with payoff A,}.

We define
ORAY = {O®A: A is clopen}.

Recall that L (R) is the ath level of the constructible hierarchy relative to
the set of all real numbers. In particular, a subset of R is o-projective if,
and only if, it belongs to L, (R) (this is a simple, folklore fact, but a proof
can be found in [AMS]).

Lemma 7.2.1. ofA{ C L, (R).

The converse of the lemma (for sets of reals) follows from the argument

of [AMS].

Proof of the lemma. Suppose that a recursive procedure for coding finite
and countably infinite sequences of real numbers by real numbers has been
fixed, as well as a recursive relation C so that z C y if, and only if, z and y
code sequences and x is a proper initial segment of y.

Let A C R x R be clopen. For each z € R, there is a game of length w
with moves in R given by A,. Let us identify this game with A,. We shall
show that O® A € L, (R). For every x € R, we define

Tz:{t€R<N:EIyE]RNEIZGRN(tEy/\th/\(:C,y)EA/\($,,2)€A)}.



7.2. GAMES OF LENGTH w? 213

Thus, T, is the set of “contested” positions in A,. We define a binary
relation on R? by

(z,y) < (w, z) if, and only if, y e RN Az =wAz€ Ty Az T .

Since A is clopen, for every € R and every y € RN there is some n € N
such that for every z € R,

y | n=z|nimplies (y € A, <> z € A,).

It follows that < is wellfounded, so it has a rank function, p. The rank
function is defined by

p(w, 2) = sup {p(e,y) + 1 () < (w,2)}.

Now, < is analytic, so, by e.g., the Kunen-Martin theorem (see e.g., [Mos09,
Theorem 2G.2]), p is bounded below wy, say, by 1. Let us write

y < 2 if, and only if, (z,y) < (=, 2)

and denote by p, the associated rank function. For every z € R, p, is
bounded by n. If z is a partial play of A, and p,(z) = 0, i.e., if z is <,-
minimal, then it does not belong to T, so every extension of z to a full play
in the game with payoff A, is won by the same player. As in the effective
proof of (short) clopen determinacy, define:

Wo(z) = {a eRN:3yeRVzeR (a’\y”\z Z Ty A
Jw e RY (a7y 2z CwA (v, w) € A))};
Wa(z) = {a cRN:FyecRVz2eR(aTy 2 € U Wg(az))},

(<a

Wo(z) = | Wal).
aeOrd

It is not hard to see (in V, where the Axiom of Choice holds) that from
a partial play a of even length, Player I has a winning strategy in A, if
a € Wy (x). Conversely, if a ¢ W (x), then Player II has a strategy that
prevents Player I from ever reaching a position in W (x) and ultimately
wins. It follows that

A= {zeR:()€Wn()}.



214 7. LONG CLOPEN DETERMINACY

Let us refer to the least £ such that y € We(x), if any, as the weight of
y and denote it by w,(y). The point is that if a has weight £, then any
extension of a of smaller weight has smaller rank in <,. It follows that for
every a € Wy(z), wy(a) < pz(a). This is shown by an easy induction on
the weight:

Put £ = wy(a). Let us assume that 0 < &, so there is y € R such that for
all z € R, a”y ™z has weight < £&. By minimality of &, z can be chosen so
that the weight of a™y ™z is arbitrarily large below £ (£ could be a successor
ordinal, in which case this means “equal to the predecessor”). By induction
hypothesis,

& =sup {wx(aﬁyﬁz) +1:z¢€ R} < sup {px(aAyAz) +1:z€ R}.
It cannot be that a ¢ T, for this contradicts the assumption that w,(a) # 0;
thus, a € T, and, similarly, a”y € T, in which case we must have
& <sup {px(a"\yf\z) +1:z€ R}

= sup {pz(a“yﬁz) +1l:a7y 2z =<, a“y}

= pz(a”y)
It follows that p,(a) is at least & + 1. This proves the claim. It follows that

Woo(z) = Wy()

for every x € R.
Finally, the construction of W, (x) can be carried out within L, (R),
uniformly in z, so OFA € L, (R), as desired. O

To prove Theorem 7.1.1, suppose that o-projective games of length w
are determined. Let A be a clopen set and consider the game of length
w? on N with payoff A. The argument to follow is a clopen version of one
of Blass [Bla75]. Unlike the situation in [Bla75], we do not have too much
determinacy to work with; however, we do not need much when dealing with
clopen games, and we do not need uniformization.

Consider the following game:

I g0 01

17 T0 Bl (7.1)

Here, players I and II take turns playing reals coding strategies for Gale-
Stewart games. Player I wins if

(o9 % 10,01 %T1,...) € A,



7.3. GAMES OF LENGTH w*® 215

where o x 7 denotes the result of facing off the strategies o and 7; otherwise,
Player II wins; i.e., instead of playing the game, the players simply reveal
their strategies and use them compute a run of the game. This is a clopen
game on reals, so it is determined by the Gale-Stewart Theorem [GM53].
Clearly, if Player I has a winning strategy in this game, then she has one in
the long game with payoff A. Suppose instead that Player II has a winning
strategy; we claim she has one in the long game.

We will construct a strategy 7 for Player II in the long game with the
property that every partial play by 7 is not a losing play for Player II. Since
the game is clopen, there can be no full play in which the winner of the
game has not been decided, so 7 will be a winning strategy. The strategy
is constructed by blocks; first, we define it for plays of finite length. Given
x € R, one may consider the following variant G, of (7.1):

I 01 ()]
17 Tl To

Here, Player I wins if, and only if,
(x,01%T1,...) € A;
otherwise, Player II wins. This is also a clopen game, so the set
W = {x € R: Player I has a winning strategy in G}
belongs to D®AY, and thus to L, (R), by the lemma. By hypothesis,
Loy (R) = AD,

and so W is determined. Player I cannot have a winning strategy, for oth-
erwise it could have been used as a first move to obtain a winning strategy
in (7.1). Thus, Player II has a winning strategy in W. This will provide the
restriction of 7 to the first w-many moves. Given the first w-many moves,
say, a, one repeats the argument above to obtain the restriction of 7 to
moves of length w - 2 extending a. Eventually, one defines the response of 7
to every b € N<“2, as desired. This completes the proof of Theorem 7.1.1.

7.3 Games of Length w"

In this section we study games of length w®. We first assume « is a successor
ordinal and show:
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Theorem 7.3.1. Let 2 < a < wi. The following are equivalent:

1. Determinacy for clopen games of length w®T!.

2. Determinacy for games of length w® with payoff in J(DE,HQ).

We shall only prove that (2) implies (1). As will be pointed out (see
the proof of Lemma 7.3.2), the converse again follows from the argument of
[AMS].

Let S = {(B,1i) : Player I has a winning strategy in the game of length
w1 on R with payoff B and i = 1, or else Player I does not have a winning
strategy in the game of length w™'*% on R with payoff B and i = 0}. Thus,
L(R)[S] is the smallest inner model of ZF that “knows” whether each of its
games of length w7 on R is won by Player I.

Lemma 7.3.2. Let 2 < o < wy. The following pointclasses all coincide:
1. U(Df—lm)y
2. 0(Dye),
3. P(R)N Ly, (R)[S]
4- 9§—1+a+1A(1)'
Proof. First, notice that for any adequate pointclass I', the fact that
OF ol = Dypal

can be shown easily by considering games like the one in the previous section.
This is despite the fact that the two determinacy hypotheses associated to
these quantifiers are not in general equivalent. The equality between (1)
and (2) now follows by a simple transfinite induction on the construction of
the o-algebras.

Let us prove the equality between (1) and (3). Clearly, Ly, (R)[S] con-
tains all reals and contains surjections

me : R — Le(R)[S],

for each £ < wy. It follows that it is closed under countable sequences and in
particular P(R) N Ly, (R)[S] is closed under countable unions. It is clearly
closed under complements and Oy a.

For the converse, we need to verify that every set of reals in L, (R)[S5]
belongs to o (D). For this, it suffices to show that for each £ < wy, there
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is a prewellordering <¢ of a subset of R, with <¢ in 0(J«), such that if =¢
denotes the induced equivalence relation and

T=e Yo T2 YyANy Lex
denotes the strict part of =, then
(field(=¢), <, =¢)/ =¢ = (Le(R)[S], €, =).

This is easily done by induction: for the successor case, suppose =¢ has been
defined and let i¢ : field(=¢) — L¢(R)[S] be the isomorphism. Suppose more-
over that igl [SNLe(R)[S]] is in 0(Dye). We first define the prewellordering
jz 41 as an extension of

{(€0).€v): @y e = |
by setting (§, ) =g, (£ + 1,y) if, and only if, the following hold:

1. yis a tuple of the form (¢, b), where b = by, ..., by is a finite collection
of reals in field(=¢) and ¢ is a formula of arity n in the language of
set theory extended with a predicate symbol S

2. The structure (field(=¢), <¢) satisfies the formula ¢(bo, . . ., by,) if equal-
ity is interpreted as =<¢-equivalence and S is interpreted as igl[S N

Le(R)[S]]-

Then, =¢41 is defined to be the extensional closure of jz 41, L.e., writing
x ~ y if z and y have exactly the same <z 41-predecessors, one also sets
xr Z¢p1 y if o ~ y or there are u,v such that u ~ z, v ~ y, and u jZH .
It is not hard to verify that this prewellordering is as required. Moreover, if
one writes

ig+1 : field(Zer1) = Lear (R)[S]

for the isomorphism, the set igjl[S N Le1(R)[S]] is in definable from <¢qq
using the quantifier O, and thus belongs to (D).
It remains to verify the equality between (3) and (4). We shall only
prove that
D-1+at1A] C P(R) N Lo, (R)[S],

The converse can be proved by an argument similar to the one in [AMS,
Section 3], using the equivalence of (2) and (3).

The proof is much like that of Lemma 7.2.1. We repeat it with the
necessary changes. For notational simplicity, let us assume that « is infinite,



218 7. LONG CLOPEN DETERMINACY

so that —1 + a = «. Let A C R x R be clopen. For each x € R, there is a
game of length w®! with moves in R given by A,. We need to show that
O, 1A € Ly, (R)[S]. Again, assuming some suitable coding of sequences of
reals by reals, we define for every x € R:

.= U {t ERYT: Iy e R F2 e R (tC yAL T 2A(z,y) € AN(x, 2) & A)}.
neN

Define a binary relation on R? by

(z,y) < (w,2) if, and only if, y € | JR" " Aa=wAz €Ty AzC y.
neN

As before, the fact that A is clopen implies that < is wellfounded, so it has
a rank function, p, which is bounded by some 1 < wi, by the analyticity of
<. Define the relation <, and its rank function p, as before and set

Wo(z) = U {a e R ™. D%aﬂ(a’\gjg Tz N
neN

Jw e R (A" wA (z,w) € A))};

Wa(z) = {a ceR ™ OR G (a7 e U Wg(m))},
neN {<a

Weo(z) = U Wa(x).
a€eOrd

An argument like the one in Lemma 7.2.1 shows that for each z € R and
each partial play a, the least £ such that y € We(x), if it exists, is at most
pz(a), which implies that

Weo () = Wy ()

for every = € R.

It is easy to see that for every partial play a with length w® - n, for
some n € N, Player I has a winning strategy from a in A, if a € W (z).
Conversely, if a ¢ W (), then Player I cannot have a winning strategy from
a, for such a strategy would guarantee that every sufficiently long partial
play consistent with it belongs to some W, (x) and thus that a € W (z) (we
cannot conclude that Player II has a winning strategy, but we do not need
to). Now, the set S, = S N L,(R)[S] belongs to L, (R)[S]. Using S, as a
parameter, the construction of W, (x) can be carried out within L, (R)[S],
uniformly in z, whereby o, A belongs to L., (R)[S], as desired. O
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Lemma 7.3.3. Let 2 < a < wy. Suppose that all games of length w=11¢

R with payoff in J(DE_HQ) are determined. Then, clopen games of length
w et on R are determined.

on

Proof. Let A be a clopen game of length w=!T**! on R (so A is clopen
when viewed as a set of reals). For every partial play p of A, let A, denote
the game A after p has been played. This is also a clopen game of length
w- e+l o) R

We consider the following game, which we denote by G:

I |z T (K wTH)
II Yo v (K wTe)

At the end of the game, a sequence
p = (x0,Y0,21,...) € R

has been produced. Player I wins if she has a winning strategy in A,. If
Player I has a winning strategy in G, then she clearly has one in A.

Suppose Player I does not have a winning strategy in G. We describe a
winning strategy for Player II in A. Note that G is a game of length w1+
on R with payoff in o%_,,,,, A = c(©F_,,.), so G is determined. Thus,
Player II has a winning strategy in G, say 3. Any play consistent with 3
produces an infinite sequence pg such that Player I does not have a winning
strategy in Ap,.

Let pg be any sequence produced this way. Consider the following game,

G(po):

I |z 71 (< wTHY)

I1 Yo v (K wT) (72)

At the end of the game, a sequence
p = (x0,Y0,71,...) € R
has been produced. Player I wins if she has a winning strategy in Ap~.
Player I cannot have a winning strategy in this game, for it would yield a
winning strategy in A,,. As before, this game belongs to U(DE,HQ) and is
thus determined. It follows that there is a winning strategy Y (pg) such that
any play p; consistent with it has the property that Player I does not have
a winning strategy in Ay, .
The game A is clopen, so any full play won by Player I is won at a
bounded stage. It follows that by repeating the above procedure one obtains
a winning strategy for Player II in A. O
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If « is an infinite ordinal, then determinacy for games of length w® on N
with payoff in o(DX.) implies determinacy for games of length w® on R with
payoff in o(9%.), and so the theorem follows from the preceding lemma.
Oddly, if « is finite, the proof requires an additional argument:

Lemma 7.3.4. Let 2 <n <w. Suppose that games of length w™ on N with
payoff in U(DEn,l) are determined. Then, clopen games of length w1 are
determined.

Proof. Let us assume n = 2 for simplicity, so we assume that games of length
w? on N with payoff in o(9®) are determined and show that clopen games of
length w? are determined. In this proof, unlike before, it will be convenient
to maintain the distinction between games and their payoff sets.

Let A be a clopen set and let G(A) be the clopen game of length w?® on
A. We want to show that G(A) is determined. Let G be the following game
on R:

I | og o1 (< wz)
I1 70 o (< w?)

Player I wins if, and only if,
(o0 * 10,01 % T1,...) € A.

This is a clopen game on R of length w?. Clearly, if I wins G, then I wins
G(A). By hypothesis, games of length w on R with payoff in ¢(OF) are
determined, so Lemma 7.3.3 applies, i.e., clopen games of length w? on R
are determined. Hence, if Player I does not win G, then Player II does. If
so, we need to construct a strategy for Player II in G(A). As usual, it will
be given by blocks, this time of length w? each. Given p € RN or p € N“z,
we define the game G/(p) of length w? with moves in R by

I | oy o1 (< w?)
11 70 (< w?)

Player I wins if, and only if],
(p,o0 * 10,01 *T1,...) € A.

Let W = {p : Player I has a winning strategy in G(p)}. Since G(p) is a
clopen game on R of length w? for each p (uniformly), W is a set in DEQ AY.
Let H be the game on R of length w given by:

I |0y o1 (< w)
II 70 o (<w)
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Player I wins if, and only if,
(00 * 10,01 % T1,...) € W.

Note that Player I cannot have a winning strategy in H, since it would
easily yield a winning strategy for G. Let H’' be the game of length w? with
moves in N and payoff W. Player I cannot have a winning strategy in H’,
for it would induce a winning strategy in H. Since H' is a game of length
w? with moves in N and payoff in D& A, it is determined, so Player II has
a winning strategy in H’. This strategy may act as a non-losing strategy for
Player II to use throughout the first w?-many moves of G(A). An argument
as before completes the proof. O

This completes the proof of Theorem 7.3.1. The analogue for limit ordi-
nals is:

Theorem 7.3.5. Let A\ be a countable limit ordinal. The following are
equivalent:

1. Determinacy for clopen games of length w™.

2. Determinacy for games of length w® with payoff in o({OF.},<) for all
B < A

Theorem 7.3.5 is proved much like Theorem 7.3.1. The key observation
is that, if {)\; : i € N} is a sequence cofinal in ), then games of length w*
can be decomposed into w-many blocks the ith of which has length w*i. We
note that, in the process of proving Theorem 7.3.5, one shows the following
analogue of Lemma 7.3.2, where S\ = {(a, B,i) : @ < X and either Player
I has a winning strategy in the game of length w® on R with payoff B and
i = 1, or else Player I does not have a winning strategy in the game of length
w® on R with payoff B and i = 0}.

Lemma 7.3.6. Let A be a countable limit ordinal. The following point-
classes all coincide:

1. o({D5 hicr)
2. U({DwL}L<>\);
3. P(R) N Ly, (R)[S)]

4. oF AY.
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7.4 Games of Decomposable Length

The proof from the last section (as well as the argument from [AMS]) adapts
to shorten games of any countable length. For games of length 8 + 1 and
0 + w, this was mentioned in the introduction. Meanwhile, for games of
other forms, we obtain the following analogues of Theorems 7.1.1, 7.3.1, and
7.3.1:

Theorem 7.4.1. Let w < 0 < wy. The following are equivalent:
1. Determinacy for clopen games of length 6 + w?.
2. Determinacy for o-projective games of length 0.
Theorem 7.4.2. Let 2 < a < wi and 6 < wy. The following are equivalent:
1. Determinacy for clopen games of length 6 + w™t!.
2. Determinacy for games of length max{6,w"} with payoff in U(DE_HQ).

Theorem 7.4.3. Let \ be a countable limit ordinal and 6 < wi. The fol-
lowing are equivalent:

1. Determinacy for clopen games of length 6 + w.

2. Determinacy for games of length ~v with payoff in o ({OX.},<1) for every
v EAU{6}.

The proofs of these theorems are similar to the ones presented so far.
They use (the statements of) Lemmata 7.2.1, 7.3.2 and 7.3.6, as well as the
proofs of Theorem 7.1.1 and Lemmata 7.3.3 and 7.3.4. The key observation
is that games of length 6 4+ w® can be divided into w-many rounds, the first
of which has length 6 and the rest of which have lengths that add up to w®.

7.5 Proofs of Determinacy

Let us finish by mentioning an application of these results to proofs of de-
terminacy. No new ideas are involved beyond the ones presented here, in
[AMS], and in [Nee04], so we shall be brief. Let us say that an ordinal « is
an w-limit ordinal if it is of the form w? - 3 for some . By work of Neeman
[Nee04], analytic games of length w - o can be proved to be determined e.g.,
if one assumes the existence of —1 + o Woodin cardinals and a measurable
cardinal above them, or slightly less. If one is only interested in proofs
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of clopen—rather than analytic—determinacy for games of a given w-limit
length o = w? - 3, then one can dispose of the measurable cardinal by first
shortening these games using the methods presented and appealing to the
technique of [AMS, Section 4]. This involves generalizing the notion of a
model of class S, (v < wi) in a straightforward way:

Definition 7.5.1. Let x € R and let M be a countable, wi-iterable extender
model over z.

1. M is of class S§f above ¢ if o« < w{ and M has an initial segment which
is active above d;

2. M is of class SJ,; above ¢ if it has an initial segment N of class
SS above some A such that there are, in order-type, a-many Woodin
cardinals in N within the interval (4, A);

3. For a countable limit A, M is of class S§ above § if A < wM and M
has an active initial segment in all classes S5 above 4, for v < A;

4. M is of class Sﬁ if it is of class 5’3‘ above 0.

When o = 1, the classes 5’% generalize the notions of “not n-small” to
the o-projective hierarchy.

The proof of [AMS, Theorem 4.4] (see also [AMS, Theorem 5.3]), to-
gether with the shortening results, shows:

Theorem 7.5.2. Let 0 and a be countable ordinals. Suppose that for each
v < wi and there is some x € R and an extender model M over x which is
of class S,“;a above some A below which there are 8 Woodin cardinals in M.
Then, every clopen game of length w - (0 + w™t1) is determined.

A similar theorem holds for games with length of the form w - 6 + wWw*®
by considering models of class Sja, in the natural sense. A comparison
argument shows that any countable, wi-iterable extender model M (not
necessarily of ZFC!) over z with a -w Woodin cardinals is of class S5 for all
v < wi. This, together with standard methods, implies Theorem 7.1.4 from
the introduction.

If one proves clopen determinacy for games of length « in this way, the
hypotheses employed are known to be optimal in the cases a = w? [Agug]
and @ = w? -2 [AM]. The author conjectures that this is the case for all
countable w-limit a. The consistency strength of determinacy for clopen
games of arbitrary countable length « is a very interesting open problem.
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Long Open Determinacy

Our result on open games of length w? is very similar to the ones in the
previous section. It was conjectured by Philipp Schlicht.

Theorem 8.0.1. The following are equivalent:
1. Open games of length w? are determined,
2. There is a transitive model of KP + AD containing R.
Proof. Clearly, if M is a transitive model of KP + AD containing R, then
L(R)M
is also a model of KP containing R. Since
P(R)N LR)M ¢ M,
then it is also a model of AD. Thus, the following are equivalent:
1. There is a transitive model of KP 4+ AD containing R.
2. Ly(R) = AD, where  is the least R-admissible ordinal.

It is well known that the inductive sets of reals are precisely those which are
Yi-definable over L, (R) with real parameters, where « is as above. We use
the following result:

Theorem 8.0.2 (Moschovakis [Mos72]). The following are equivalent:

1. U is an inductive set of reals;

225
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2. there is a projective set of reals A such that

x € U if, and only if, Izg € RVz1 € R ... In € N(x, (xg,...2,)) € A;

3. there is an analytic set of reals A such that

x € U if, and only if, Izg € RVz1 € R ... In € N(x, (xg,...2,)) € A4;

Let 3¢ denote the pointclass of all open sets and
OExY = PRU . U € 29},
Let us rephrase Moschovakis’s theorem in a way that is more useful for our
purposes.

Lemma 8.0.3. A set of reals belongs to O*XY if, and only if, it is inductive.
Proof. Suppose U is inductive and let A be an analytic set of reals such that
xz € U if, and only if, 3xg € RVz; € R ... 3n € N(z, (x0,...2y)) € A.

Fix a closed set B such that
A = p|B]
and choose a countable collection {B; : i € N} of basic clopen sets such that
B=()B.
€N

Consider the following game of length < w on R:

I |z 9 ... |1 x*

II 21 e i
In the first phase of the game, Players I and II alternate turns playing real
numbers. At the end of any given turn n, Player I may decide to transition
to the second phase of the game. If so, then Player I must play a real number

z* and Player II must respond with a natural number ¢ € N. The conditions
are:

1. If Player I never decides to move the game forward to the second phase,
then Player II wins.

2. Otherwise, if the transition occurs at the end of turn n, then Player I
wins if, and only if],

(x,(xo,...,xn),z") € B;.
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This is clearly an open game. Moreover, Player I has a winning strategy in
this game if, and only if, x € U. Thus, letting x be as above, we have

PR) N H®(R) c 0B,

Conversely, let U € £ N P(R?). Write

U=JU

€N
as a countable union of basic clopen sets. Thus,
x € ORU if, and only if, 3zg € RVz; € R ... In € N(z, (xg, x1,...)) € Up.

Since U, is basic open, it is of the form

O(s,t) = {(z,y) e R: (s,1) T (z,y)}-

Let k, be the length of s and t. By our choice of coding of infinite sequences
of real numbers by real numbers, the first &, digits of a sequence (zg, z1,...)
depend only on g, ..., x,. We will make use of this. Clearly, the set

Uy ={(z,(k,xo,...,xx)) : k is greater than or equal to the length of the

unique finite sequences s and ¢ such that U, = O(s,t), and
k1 Frpto . (2, (o, 21,...)) € Upn)};
is projective. Let
A={zeR:3xgeRVzy € R ... In,m € N(z, (n,z0,21,...,2,)) € U}
We claim that A is inductive. To see this, first notice that the collection of
all pairs (x, (n,zg,z1,...,x,)) belonging to some U}, is projective. More-
over, the real (n,zo,>1,...,% 4, m)) coding the tuple (n,zo,21,..., % m))

agrees on the first n digits with the real (n,xg, x1,...,2,) coding the tuple
(n,x0,x1,...,2,). Thus, it follows from the definition of U, that

(LL‘, <na Zo, L1y - - 7$n>) S U;vkl

implies

(.%', <n,$0,$1, . ,x<n,m>>) S U;;
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Hence, A is inductive. Finally, writing k, for the length of the finite se-
quences s and ¢ such that U, = O(s, t),

x € Aiff 3zg € RVzy € R ... In,m € N(z, (n,x0,21,...,2,)) € U,
iff dzg e RV e R ... 3dn,meNEk, <n A

Elyn—i-l Elyn+2 e (ﬁ, <x07x17"‘7$nayn+17' . >) € Um
iff 3xg € RVz; e R ... Im € N(z,(xo,z1,...)) € Uy,

Here, the first and second equivalences hold by definition. The third equiva-
lence holds because whether (z, (g, z1, . ..)) belongs to Uy, depends only on
the first &, digits of (xo,z1,...) (by definition of k,,), which in turn depend
only on zg,x1,...,2,, . ]

So far, we have shown that
P(R)NO*S) = P(R) Nz~

where & is as above. Thus, if open games of length w? are determined, then
games of length w with payoff in O®X{ are determined, and thus L(R) is a
transitive model of KP + AD containing R. Conversely, suppose that

L,.(R) |= AD.

Since L. (R) = KP, it satisfies Aj-separation, i.e., every subset of R that is
Aj-definable over L, (R) (with parameters) belongs to L, (R). Thus, hyper-
projective sets are determined. By the Kechris-Woodin [KW83] determinacy
transfer theorem, inductive sets are determined, so games of length w on N
with payoff in O®X{ are determined. We may now argue as in the previous
chapter:

Let A € 0. Consider the game:

I g0 g1

II T0 1 (8.1)

Here, players I and II take turns playing reals coding strategies for Gale-
Stewart games. Player I wins if

(00 * 10,01 % T1,...) € A

otherwise, Player II wins. Le., instead of playing the game, the players
reveal their strategies and use them compute a run of the game. This is
an open game on reals, so it is determined by the Gale-Stewart Theorem
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[GM53]. Clearly, if Player I has a winning strategy in this game, then she
has one in the long game with payoff A. Suppose instead that Player II has
a winning strategy in (8.1).

We construct a strategy 7 for Player II with the property that every
partial play by 7 is not a losing play for Player II. Since the game is open,
every full play none of whose proper subplays is won by Player I is won by
Player II, so 7 will be a winning strategy. The strategy is constructed by
blocks; first, we define it for plays of finite length. Given z € R, consider
the following variant G of (8.1):

I 01 ()]
I7 T1 To

Here, Player I wins if, and only if|
(z,01%T1,...) € A
otherwise, Player II wins. This is also an open game, so the set
W = {z € R: Player I has a winning strategy in G}

belongs to O®XY and so it is determined. Player I cannot have a winning
strategy, for otherwise it could have been used as a first move to obtain a
winning strategy in (8.1). It follows that Player II has a winning strategy in
W. This will provide the restriction of 7 to the first w-many moves. Given
the first w-many moves, say, a, one repeats the argument above to obtain
the restriction of 7 to moves of length w - 2 extending a. Eventually, one
defines the response of 7 to every b € N<w2, as desired. This completes the
proof of Theorem 8.0.1. O
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Long Borel Determinacy

Contents
9.1 Introduction ... .................. 231
9.2 Preliminaries . .. ... .. ... 236
9.3 Determinacy and L(R) . .............. 239
9.4 Proofof Lemma9.3.1 ................ 254
9.5 Derived model theorems . ... .......... 264

9.1 Introduction

Given a Borel subset A of the Hilbert space ¢2, define a two-player perfect-

information, zero-sum game in which Player I and Player II alternate turns

playing digits 20 € {0,1,...,9} infinitely often, giving rise to a real number
o 0

0_ L
T = Z 10i+1°
i=0

Afterwards, they continue alternating turns to produce real numbers 2!, 22,

and so on. To ensure that the sequence belongs to /2, we normalize, e.g., by
setting

:L.Z

1+1

Player I wins the game if, and only if, i/ € A; otherwise Player IT wins. These
are games of transfinite length w?. (Recall that w denotes the order-type
of the natural numbers.) It is a natural question whether these games are
determined, i.e., whether one of the players has a winning strategy.

y' =

231
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Given A C [0,1], the Gale-Stewart game on A is defined as follows: two
players, I and II, alternate infinitely many turns playing digits z(0), z(1), ...,
as before. This play gives rise to a real number z € [0, 1] as before. Player I
wins the game if, and only if, x € A; otherwise, Player II wins. We say that
a set A C R is determined if the game associated to ANJ0, 1] is determined.

Our games of length w? can be recast in terms of Gale-Stewart games:
given A C [0,1], players I and II alternate infinitely many turns playing

digits 23, 20,29, .. .; afterwards, they alternate infinitely many turns playing
digits xcl],:):%,:r%, ...; and so on. Let
p:NxN-—-N

be a Borel bijection, e.g.,
(@,7) = S+ 5)(E+7+1) + .
Put A
_ 2
T=2 2 T
7=01t=0
Player I wins the game if, and only if, x € A; otherwise, Player II wins.

A third and most useful way of studying these games is in terms of the
Baire space NV: given a Borel A ¢ NN, two players alternate w? many turns
playing elements of N and produce an infinite sequence {z; : i € N}, with
x; € NN, As before, by means of a Borel bijection, this sequence is identified
with an element z € NN. Player I wins the game if, and only if, = € A;
otherwise, Player II wins. It is this the way in which we will speak of games
of length w? hereafter. Every Polish space is a continuous image of NV and

Borel sets have enough closure properties that these forms of determinacy
are all equivalent.

Zermelo set theory (Z) was introduced in 1908 by E. Zermelo with the
goal of reducing Cantor and Dedekind’s theories to a small collection of
principles. It, together with A. Fraenkel and T. Skolem’s refinements, re-
sulted in Zermelo-Fraenkel set theory (ZF). In this chapter, Z consists of the
axioms of extensionality, separation, power set, pairing, union, foundation,
and infinity; and ZF consists of Z, plus the axiom(s) of replacement. ZC and
ZFC are the results of adding the Axiom of Choice to Z and ZF, respectively.

Although ZC is a powerful theory in which a great deal of mathematics
can be formalized, there are many examples of theorems that cannot be
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proved without the use of the axiom of replacement. An early example of
this was that of Borel determinacy, i.e., whether all Borel subsets of R are
determined.

Theorem 9.1.1 (Martin [Mar75]). Suppose A is Borel. Then A is deter-
mined.

Even before Martin’s Borel determinacy theorem had been proved, it was
known that any proof would need essential use of the axiom of replacement:

Theorem 9.1.2 (Friedman [Fri71]). Borel determinacy is not provable in
ZC.

Friedman’s work showed that any proof of Borel determinacy would re-
quire the use of arbitrarily large countable iterations of the power set opera-
tor, and Martin’s work showed that this suffices. A convenient slogan is that
Borel determinacy captures the strength of countably iterated powersets.

It is known that one cannot hope to prove the determinacy of any reason-
able class of non-Borel games within ZFC; however, one can extend ZFC by
very natural large cardinal axioms, or strengthenings of the axiom of infinity,
and use them to prove the determinacy of games on the natural numbers.
These connections between large cardinal axioms and infinite games have
been the focus of extensive study for decades; some of the most famous
results include Martin’s [Mar70] proof of analytic determinacy, Martin and
Steel’s [MS89] proof of projective determinacy, and Woodin’s [Woo88] proof
of the Axiom of Determinacy in L(R), the smallest model of ZF containing
all reals and all ordinals. (Recall that the Axiom of Determinacy is the
assertion that every Gale-Stewart game (of length w) is determined. By
a result of Mycielski and Steinhaus, it is inconsistent with the Axiom of
Choice.) More specifically, Woodin showed that if there are infinitely many
Woodin cardinals and a measurable cardinal greater than them, then the
Axiom of Determinacy holds in L(R). The measurable cardinal is necessary,
in the sense that the existence of infinitely many Woodin cardinals does not
imply that the Axiom of Determinacy holds in L(R).

Our main theorem shows that Borel determinacy for games of length
w? captures the strength of countably iterated powersets above a limit of
Woodin cardinals.!

Tn the interest of expedience, one may define the statement “there are infinitely many
Woodin cardinals” to mean the following in ZC: there is an infinite sequence (do, 01, .. .)
of cardinals such that for each ¢ € N, Vs, is a model of ZFC and §; is a Woodin cardinal
in Vs, whenever i < j.
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Theorem 9.1.3. The following are equivalent over ZFC:
1. Borel determinacy for games of length w?;

2. For every countable «, there is a countably iterable extender model of
ZC satisfying “Viiq exists, where A is a limit of Woodin cardinals.”

Hence, Borel determinacy for games of length w? is a natural example of
a theorem whose strength can only be correctly gauged over ZFC in terms
of weaker set theories. The models referred to in Theorem 9.1.3 are fine-
structural and built over some x € R. As a consequence thereof, we obtain a
result on the provability of Borel determinacy for games of length w? similar
to the one for short games:

Corollary 9.1.4. Borel determinacy for games of length w? is provable in
the theory ZFC + “there are infinitely many Woodin cardinals,” but not in
the theory ZC + “there are infinitely many Woodin cardinals.”

The first part of Corollary 9.1.4 follows from Theorem 9.1.3, together
with a theorem of Steel [Ste93] and a reflection argument. Our proof of
Theorem 9.1.3 does not quite go through if one replaces ZFC by ZC in
the statement, although we conjecture that the equivalence is still provable
there. Nonetheless, the proof does go through if one replaces ZFC by ZC,
together with the assumption that there are enough ordinals® and, in partic-
ular, if one assumes that there are infinitely many Woodin cardinals. This
yields the second part of Corollary 9.1.4.

The main step towards proving Theorem 9.1.3 is a “shortening” result
like the ones in Chapter 7. It shows that Borel games of length w? are
determined if, and only if, those in a much more complicated class of games
of length w are. Recall the definition of Godel’s constructible hierarchy over
R: Lo(R) is V41 (the collection of all sets of von Neumann rank <w),
Lo+1(R) is the collection of all sets definable over L,(R) from parameters
in Lo(R), and Ly(R) = Uy<y La(R) if X is a limit ordinal.

Theorem 9.1.5. Let ¥ be the least ordinal such that for every countable
ordinal o, there is & < O such that L¢(R) satisfies “V,, exists.” The following
are equivalent:

1. Borel determinacy for games of length w?;

2. Ly(R) is a model of the Aziom of Determinacy.

2Tt suffices to assume that ¥, exists for all o < wy (see below).
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It is independent of ZFC whether Ly(R) is a model of the Axiom of
Determinacy or of the Axiom of Choice (or neither), but it is never a model
of Zermelo set theory, since P(R) N Ly(R) ¢ Ly(R).

The use of large cardinals is essential in proofs of determinacy by Godel’s
second incompleteness theorem, for one can often prove the existence of in-
ner models of set theory satisfying forms of the axiom of infinity from the
determinacy of infinite games. Results of this form include Friedman’s The-
orem 9.1.2 and Theorem 9.1.3, but also Harrington’s [Har78] work on ana-
lytic determinacy and Woodin’s work in projective determinacy and the Ax-
iom of Determinacy (see e.g., [MSW16] and [KW10]). More recent work in
this direction includes that of Steel [Stea], Montalban-Shore [MS11], Welch
[Welll], Trang [Tral3], and others. In order to obtain equivalences such as
Theorem 9.1.3, as opposed to equiconsistency results, one needs to involve
the techniques of the core model induction. Since we shall be confined within
L(R), the arguments we will need can be found in Steel-Woodin [SW16].
Other expositions include Schindler-Steel [SS14] and Wilson [Will2].

The determinacy of games of countable length with analytic (or projec-
tive) payoff has been proved by Neeman [Nee04] from assumptions that are
very likely optimal. The optimality for games of sufficiently closed length
has been verified by Trang [Tral3] and by Woodin, in unpublished work.
Reversals of determinacy hypotheses for projective games of length w? were
obtained in [AM] and for clopen games in [Agub]. Games of length w? were
first considered in print by Blass [Bla75].

The chapter is structured as follows: Theorem 9.1.5 is proved in Section
9.3. The proof is purely descriptive-set— and recursion-theoretic. It involves
the use of model games which incorporate elements from the constructions in
Martin and Steel [MS08], Friedman [Fri71], and Martin (see [Mar]). A tool
used in the proof (Lemma 9.3.1) is a method of describing initial segments of
the L(R)-hierarchy by games in which two players determine the truth of a
statement in L(R) by challenging each other’s claims with auxiliary games.
This lemma is proved in Section 9.4. The chapter ends with Section 9.5,
in which localizations of arguments from inner model theory are shown to
imply Theorem 9.1.3, starting from Theorem 9.1.5.



236 9. LONG BOREL DETERMINACY

9.2 Preliminaries

We shall use notions from descriptive set theory and ordinal recursion theory
freely. We refer the reader to Moschovakis’ book [Mos09] and to Barwise’s
book [Bar75] for background. Additional background, as well as history, can
be found in the chapters from the Handbook of Set Theory by Schindler-
Zeman [SZ10], Steel [Stel0], and Koellner-Woodin [KW10].

Our notation is standard. Among the usual abuses of notation in which
we shall engage are the identification of R with the Baire space NV, as well as
the identification of Gale-Stewart games with other infinite zero-sum games
without explicitly transforming the payoff set into that of a Gale-Stewart
game. We also identify R with V1. In particular, natural numbers are
real numbers.

If o is a strategy for a short game (i.e., one of length w) on N, then we
may alternately regard o as a real, as a function on NV, or as the function
on R which to each x € R assigns the unique y which results by playing
against x in a way consistent with o. If o and 7 are two strategies, o * 7
denotes the result of facing them off against each other.

We will often need to consider games of length w with moves in R. These
can be considered as games of length w? on N in which Player I's moves
are ignored throughout the (2n + 1)th block of w-many moves, and Player
II’s moves are ignored throughout the (2n)th block of w-many moves. In
particular, if Borel games of length w? are determined, then so too are Borel
games of length w with moves on R; the converse is not true, as the latter
statement is provable in ZFC (by Martin’s proof of Borel determinacy).

At no point other than Section 9.5 will we need any inner model theory,
but we will make use of simple fine-structural facts about L(R). We make
use of the Jensen hierarchy over the reals (see [Jen72]). Recall its definition
given by:

JO (R) = Vw-i—l
Ja+1(R) = closure of J,(R) U {Jo(R)} under rudimentary functions
JA(R) = | J Ja(R), for limit A.

a<A
The following definition is perhaps not standard, but will suffice for our
purposes:

Definition 9.2.1. Let « and 8 be ordinals. We say that the projectum of
Jo(R) is Vg if B < o and B is the least ordinal such that

Va1 N (Jas1(R) \ Jo(R)) # 2.
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Let 5 be such that Vj3 is the projectum of J,(R). We say that J,(R)
projects to Vg. Since R always belongs to Jo(R), 5 is at least w + 1. If
f =w+ 1, we say that J,(R) projects to R. If J,(R) does not project to R,
then every subset of R definable over P(R)7*®) belongs to J.(R), so

(N, R, P(R) N Ja(R))

is a model of third-order arithmetic.
If the projectum of J,(R) is not defined, then J,(R) contains all definable

subsets of V/BJ‘1 ® for all 6 < a, and so
Jo(R) = ZF.

Proposition 9.2.2. Suppose that the projectum of Jo(R) is Vg and w+1 <
B. Then, there is a surjection

p: VaNJa(R) = Jo(R)
m Ja+1(R).

Proof. This proof is similar to those in [Jen72, Section 3] and [Ste08c, Sec-
tion 1]. Suppose that the projectum of Ly (R) is Vg, with w+1 < 3, and let
¢ be a formula in the language of set theory such that for some a € J,(R),
we have

{z € Ju(R) : Jo(R) = ¢(a,2)} € Var1 N (Jag1(R) \ Jo(R)).

Call the set just defined A. Suppose that ¢ is ¥,. In L(R), every set
is definable from a real and ordinal parameters, in fact, by Lemma 1.4 of
[Ste08c|, there are surjections

fo:[w- %Y xR — Jg(R)

which are uniformly ¥; over Jg(R). Thus, we may assume that a € R by
replacing n with a bigger natural number if necessary, and replacing ¢(a, z)
with the formula

¢(fa(g, a),x) holds for the least tuple 5 such that the set
{x: o(fa(5, a),z)} does not exist.

Since w + 1 < 3, Lemma 1.7 and Theorem 1.16 of [Ste08c| imply that
Jo(R) has a X,, Skolem function, i.e., that there is a partial map

hiJa(R) x R = Jo(R)
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which is ¥,, in a parameter p € J,(R) such that whenever S is a nonempty
Y, set over J,(R) with a parameter ¢ € J,(R), then

h(q,z) € S for some z € R.

Thus, one can define the 3, Skolem hull of J,(R) with a ¥,, formula using
parameters from J,(R). Let p be the parameter defining h and

H = Hull ™ (Vs 1 Ja(R), {p}).
By Lemma 1.9 of [Ste08c],
1. H is a ¥,-elementary substructure of J,(R), and

2. H = f[X<¥] for some partial map f which is ¥, over H with param-
eters in H, where X = (Vg N Jo(R)) U {p}.

The latter conclusion easily implies that in fact
H = f[X~*]

for some partial map f as above, where X = Vg N J,(R).
Since w+1 < B, ‘H contains all reals, so, by condensation, there is v < «
such that the transitive collapse of H is J(R). Let

m:Jy(R) »H
be the collapse embedding, which has critical point >5. By definition, A €
V41, so
if Jo(R) = ¢(a,x), then z € Vj.
Since V3N Jo(R) C Jy(R) and a € R, we have for every x € J,(R),
Jo(R) = ¢(a, ) if, and only if, Jo(R) = = € Vg A ¢(a, ),
if, and only if, J,(R) =2 € Vg A ¢(a, x).

This is not entirely straightforward, as V3 N Jo(R) need not be an element
of J,(R) (or of Jo(R)), but for each 7, the set

{z € J,(R) : z has rank 3}

is uniformly A‘{"(R) (8) (provided B < m). Thus, the set A is definable over
J~(R), which implies that v = «. Using 7 and the function f from above, one
obtains a partial surjection from Vg N J,(R) onto J,(R) which is definable
over J,(R) by a ¥, formula with parameters. This easily translates into
a Il,41 (with parameters) total surjection f* from V3 N Jo(R) onto Jo(R).
Clearly f* belongs to J,+1(R), which completes the proof. O
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9.3 Determinacy and L(R)
If ACRxRisaset and z € R, we define A, = {y e R: (x,y) € A} and

ORA = {x € R: Player I has a winning strategy in the game
with payoff A, and moves in R}.

The set O A is defined similarly for A a subset of other spaces, such as R™.
Letting O Al = {ORA : A is Borel}, we write

v =sup{a : there is a prewellordering of R in DX A}l of rank a}.

The ordinal 1 is usually denoted by dr Al 3
Lemma 9.3.1. P(R)N L1 (R) C 9FA{.
The proof of Lemma 9.3.1 will be delegated to the following section. For

now, let us assume that it is true.

Remark 9.3.2. Under determinacy, Lemma 9.3.1 can be proved easily by ap-
pealing to general Wadge theory. The proof that we shall provide, however,
is direct, and goes through in e.g., ZF + DC.

Definition 9.3.3. We denote by 9, the least ordinal £ such that L¢(R) is
a model of
KP + Separation + “V,, exists.”

We also define
¥ = sup Y,.

a<wi

The main result of this section is the following;:

Theorem 9.3.4. The following are equivalent:
1. Borel determinacy for games of length w?;
2. Ly(R) = AD.

We need some preliminaries. We will work with structures in the lan-
guage of set theory with additional constants {&; : ¢ € N} (which will be
interpreted as real numbers). We fix:

3Note that D®A] is a much smaller class than Af(R) = AORH%, the class of all sets A

such that both A and its complement belong to D¥II3.
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1. a formula 6(-,-,-) in the language of set theory defining in L(R) an
R-parametrized sequence of wellorderings the union of whose domain
is L(R) (e.g., the one given by Lemma 1.4 of [Ste08c]), and

2. injective functions n(-) and m(-) assigning natural numbers to formulae
in the extended language in such a way that their ranges are recursive
and disjoint and whenever &; occurs in a formula ¢, then i < m(¢)
and i < n(¢).

Let us begin with an observation:

Lemma 9.3.5. Suppose that M is a model of KP and M contains an ordinal
a isomorphic to . Then (Vo)™ (which need not belong to M ) is wellfounded.

Proof. Let us identify the wellfounded part of M with its transitive collapse.
In particular, we write « for the ordinal a in the statement of the lemma.
Although (V,) need not belong to M, it is Aj-definable (with parameters)
over M, so given z € (Vo)™, M can determine the rank of z. Thus, if
zeMyand y M (V,)M, then

rank™ (z) < rank™ (y) < a.
Since « is wellfounded, (V)™ must be too. O

Lemma 9.3.6. For every a < wy, let T, be the set of all (real numbers
coding) complete and consistent theories T in the language of set theory
with additional constants {&; : i € N} such that

1. T extends KP + ‘R exists”+V = L(R) + {#; e R:i € N},
2. T contains Skolem schemata of the forms
Jz e Rop(x) — ¢(33'n(¢>))7
3z ¢(z) — Fz 3B € Ord (0(B, Tp(g)> ) N ¢(2));
3. all models of T contain an ordinal isomorphic to «.
Then T, is a Borel subset of R.

Proof. Given a complete and consistent theory 7' in the language of set
theory extending KP, we say that M is a term model of T if M is the
natural =-quotient of the collection of all formulae ¢ with one free variable
such that

“there is a unique z satisfying ¢(z)” € T,
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with the membership predicate and the constants &; having the obvious
interpretations. Suppose that 7' is as in the statement of the lemma and let
M be the term model of T. It follows from the Tarski-Vaught criterion and
the fact that M satisfies the Skolem schemata that M is in fact a model of
T. Moreover, it embeds into every model of T', so every model of T' contains
an isomorphic copy of a + 1 if, and only if, M does.

Fix some wellordering < of N of length o + 1. Thus, the following are
equivalent:

1. T eTy,;
2. there is a term model M of T, and a function f such that

(a) the range of f is the field of <,
(b) the domain of f is the set of €-predecessors of an ordinal of M,
(c) for all y € dom(f), f(y) is the =<-least number greater than f(z)

for every & €M y;

3. for all term models M of T, there is an M-ordinal m € M such that
for all functions f, if

(a) the range of f is contained in the field of <,
(b) the domain of f is the set of €M-predecessors of (m + 1),
(c) for all y € dom(f), f(y) is the =<-least number greater than f(z)
for every x €M y,
then f(m) is the <-largest number.

Therefore T, is Borel. ]

Lemma 9.3.7. ¢ is least such that
Ly(R) = “Borel games on R are determined.”

Proof. Clearly ¢ has this property, for Ly(R) has initial segments with
enough iterated powersets of the real numbers for Martin’s proof [Mar75] to
go through; moreover, the existence of winning strategies for games on R is
upwards absolute between transitive sets that contain R.

Let us verify that ¢ is the least such ordinal. We need to employ model
games such as the one of [MS08]. A similar application of the techniques
of [MSO08] was used in [AM] to produce iterable models of AD with Woodin
cardinals. Fortunately, our situation is simpler inasmuch as we do not need
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to construct models with large cardinals (yet); the drawback is that we
cannot even ask for wellfoundedness in the payoff. One deals with this
issue as in Martin’s reversal of Borel determinacy (unpublished, but see the
exercise in pp. 53-54 of [Mar] for the case of 11 games on N).

Let a@ < wy be an infinite successor ordinal. We consider the following
game:

I | xo,up T2, U1
I7 1, V0 x3, U1

Here, Players I and II play a countable sequence of reals {z; };en, as well as
two countable sequences u,v € 2. Fix an enumeration {¢i : i € N} of all
formulae in the language of set theory with added constants {z; :€ N}. We
ask of the players that:

1. Tr := {¢; : u; = 1} is a complete, consistent theory in the expanded
language, satisfying the following conditions:

(a) Tt extends the theory KP + Separation + “R exists” + DC +
V = L(R);

(b) T7 contains the statement #; € R for each i € N, and it contains
the statement @;(n) = m if, and only if, z;(n) = m;

(¢) Tt contains the Skolem schemata

dr € Rop(x) = ¢(in(y)),
3z ¢(z) — Fx 3B € Ord (0(B, (), ¥) A ¢(T));

(d) We ask that all models of 77 contain an ordinal isomorphic to a.
If so, then by the proof of Lemma 9.3.6, there must be a formula
¢ in the expanded language that defines the ath ordinal in every
model of Tr. We demand then that 77 contain the axiom

“if ¢o(x) holds, then V, exists,”
as well as
da(x) N p(a) = Ly(R) = KP + Separation + “V, exists,”

whenever ¢ is a formula and the formula “the unique a satisfying
¢(a) is an ordinal smaller than a” belongs to 77.

2. Trr = {¢; : v; = 1} is a complete, consistent theory in the expanded
language with the same requirements as above.
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If T satisfies the properties above and M is a model of 17, then the definable
closure of {z : i € N} in M is an elementary substructure of M isomorphic
to the term model of T7. Denote this model by Ny. In particular, Ny satisfies
KP + Separation + “V,, exists” and no proper initial segment of N does.
Similarly for Player II. If the above conditions are met, Player I wins if, and
only if, one of the following holds:

1. Ny is isomorphic to an initial segment of Nyj; or

2. there is an ordinal a of Ny such that L,(R)"! is isomorphic to an
initial segment of Ny7, but L,y 1(R)MN is not.

In either clause, we do not demand that the initial segment of N;; be an
element of Njj.

Sublemma 9.3.8. The winning condition is Borel.

Proof. Let us momentarily reason in
KP + Separation + “R exists” + DC + V = L(R).

Suppose that Je¢(R) 4V, exists,” for every ordinal £&. Thus, for every &,
the projectum of J¢(R) is strictly smaller than V,. By Proposition 9.2.2,
whenever ¢ is an ordinal, there is some

a€Vyn J§+1(R)

such that a codes J¢(R). Now, let Ny and Nj; be as in the definition of
the game (i.e., suppose that 77 and Tj; satisfy the conditions necessary in
order for Ny and Nj; to be defined). Now, N; and Nj; might have initial
segments that satisfy “V,, exists,” but they certainly do not have any initial
segments satisfying “V,41 exists,” so for every initial segment N of either of
Ny or Nyy of (internal) limit length greater than «, we have

for all ¢ € Ord™, there is a € (Vo41)" coding (J¢(R))V.

(One could easily get around this issue by removing the condition that the
theories satisfy KP + Separation, but we have adpoted the rule because this
is the theory used in the definition of ¥,.)

Back in the real world, we verify that conditions (1) and (2) are Borel.
We will show that it is Borel to check whether the elements of (V,)™ are
(up to isomorphism) those of (V,, )", for some initial segment N of (V,,)"1.
This suffices for (1), by the above remark and by replacing o with o + 1.
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As in the proof of Proposition 9.2.2, one should bear in mind that (Va)N
need not be an element of IV, but it is definable over N in a Borel way by
defining an initial segment of the rank function along a Borel presentation
of o viz., a set © € N has rank « in N if, and only if, f(z) = « for some
(all) function(s) f such that

1. the range of f is o+ 1,

2. the domain of f is a subset of N containing = and is transitive (so, in
particular, €V is wellfounded in dom(f)),

3. for all y € dom(f), f(y) = sup{f(z): z €V y}.

Let f7 (in V) be a function assigning to each set in (V)" its rank in Ny
and fr; be defined similarly. Consider the following Ehrenfeucht-Fraissé-like
game:

1. Player II begins by selecting an ordinal a € Nj;. Define N = (J,(R))r.
For the rest of the game, the players attempt to determine whether
(Vo)™ is equal to (V)Y up to isomorphism.

2. During turn 1, Player I selects some xg € (V)T or some yo € (Vo).

In the first case, let & be least such that zg € (Vg,)™; Player II

needs to respond with some yg € (VgO)N . In the second case, let &

be least such that yg € (VgO)N ; Player II needs to respond with some

Zo € (V‘éo)NI‘

3. During turn n + 1, assuming x,,, ¥, and &, have been defined, Player
I plays some &,11 < &, and either some x,,1 € (VgnH)NI such that
Tnt1 eNr g, or some Yn+1 € (Vgnﬂ)N such that y,41 eNur Yn. In
the first case, Player II must respond with some y,11 € (V,,,)" such
that y,41 €M7 y,; in the second case, Player II must respond with
some Ty41 € (Vgnﬂ)Nf such that z,,1 €N x,,.

4. The first player who cannot make a legal move loses the game.

This game can easily be coded by a clopen game of length w on N with
parameters o, Ny, Nz, fr, and frr; let us denote it by EFy(Ny, Nyp, f1, f11)
to emphasize this. If there is an ordinal a € Nj; such that (V)N =
(Va)J“(R)N”, then clearly Player II has a winning strategy. Moreover, if
there is no such ordinal, then one can easily use the fact that (V)™ and
(V)N are wellfounded to construct a winning strategy for Player 1.
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There is a problem with this game, viz., that one may also want to con-
sider initial segments of Nj; not of the form J,(R) for a an ordinal of Nyj.
For this, we define a game EF(Ny, Ny, fr, frr) which is like EFy(Nyt, Ni1, f1, f11),
except that Player I begins by selecting an ordinal ag of Ny, after which
Player II selects a € Nj; and they continue as before to determine whether

(Va) o = (V) B

An argument like the preceding one shows that Player II has a winning
strategy in EF(Ny, Ny, f1, f11) if, and only if, (Vo) = (V)N for some
initial segment N of Njj.

Now, one sees that the following are equivalent:

1. the elements of (V)T are those of (V)" for some initial segment N
of (Va)N1r,

2. there is sequence of surjective functions {fsz : f < a} and an initial
segment N of Njy such that, identifying the wellfounded parts of Ny
and N with their transitive collapses,

(a) fo maps the empty set to the empty set,

(b) for all B < a, fas1: (V5)V1 — (V3)Y maps each set b to the set
{fs(a) : @ €N1 b}, in the sense of N,

(c) for all limit 8 < «, fs = U <5 fy
3. for every pair of functions f; and f;; assigning respectively to each set

in (V,)M and (V)N its rank in N7 and N7, Player I does not have
a winning strategy in the game EF(Ny, Ny1, f1, f11)-

Since EF(Ny, Nip, f1, fr1) is a clopen game, Player I not having a winning
strategy is a IT} condition. It follows that condition (1) is Borel.

Similarly, to prove that (2) is Borel, it suffices to show that it is Borel
to check whether there is a € N; such that

L (V) =BT (V) Nor
2. (Va) et ® g (Vo) Nor

An argument as above shows that the conjunction of these two statements
is Borel. This proves the sublemma. O
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We have shown that the payoff set of the game is Borel. Moreover, it is
easily won by Player I in V| for she can play the theory of Jy_(R) = Ly, (R)
and, e.g., only recursive reals. Recall that 9, is least such that

Jy, (R) = KP + Separation + “V,, exists.”

Moreover, as long as Player II plays by copying the theory chosen by Player
I (and plays arbitrary reals), then every strategy that ensures that Player I
will win demands that she play the theory of Jy, (R). Thus, the theory of
Jy, (R) can be easily computed from R and any winning strategy for Player
L.

Now let £ be an ordinal such that the game is determined in J¢(R). Then
J¢(R) contains a winning strategy 7 for some player. Since J¢(R) contains
all plays of the game, 7 is also a winning strategy in V, so it must be a
winning strategy for Player I. Hence, we must have 9, < £, since 7 cannot
belong to Jy, (R). Therefore, if J¢(R) contains strategies for the game above
for each o < wq, then it contains every ordinal below ¢, which is what was
to be shown. O

Lemma 9.3.9. Let £ < 9. Then there is a prewellordering of R of length
greater than & definable by a set in DRAL.

Proof. Choose a < wy such that £ < ¥, and let (i, ), (j,y) be two pairs in
N x R. The ordinal ¥, will play no role in the game other than bounding the
complexity of the payoff set. We consider a two-player game G(«, 1, z,j,y)
given by

I o, UQ To, Ul

II T1,V0 r3,U1

I Y1 to Y3, 1
11 Y0, S0 Y2, 51

Here, I and II play two runs of the game from Lemma 9.3.7 in parallel, except
that their roles are reversed in the second game. As before, we suppose fixed
an enumeration {¢; : ¢ € N} of all formulae in the language of set theory
with added constants {i; : ¢ € N}. The rules are:

1. If ¢; is not a formula with one free variable and with no constant
symbols other than &g, then Player II loses.

2. If ¢; is not a formula with one free variable and with no constant
symbols other than &g, then Player I loses.
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3. Both players have to obey the rules in each subgame.

4. If so, then Player II has to win the second subgame. Moreover, she
must set 79 = y and the theory played must contain the formula “there
is a unique ordinal satisfying ¢;.”

5. If so, then Player I has to win the first subgame. Moreover, she must
set g = = and the theory played must contain the formula “there is a
unique ordinal satisfying ¢;.”

If all rules thus far have been obeyed, then we declare the winner according
to the following rules (here, we identify the theories played with their term
models):

1. Every real played in the first subgame must be played in the second
subgame by Player II; otherwise, Player I wins.

2. Every real played in the second subgame must be played in the first
subgame by Player I; otherwise, Player II wins.

3. If no winner has been declared thus far, let N; be the winning model
from the first subgame and Nj; be the winning model from the second
subgame (both with « in their wellfounded parts). Then,

(a) We demand that N; be isomorphic to an initial segment of Nyy;
otherwise, Player II wins.

(b) Let a; be the unique ordinal in Nj satisfying ¢; and let a;; be
the unique ordinal in Njj satisfying ¢;. Then, Player I wins if
for every (some) isomorphism j from N; to an initial segment N
of Nyr, we have

Nip ):](a[) <ajgy.

If not, then Player II wins.

Let 9}, be the order-type of the set of ordinals definable in Ly, (R) from a
real. Given pairs (4, z), (j,y) as above, if there is not a unique ordinal n < 9,
such that

Ly, (R) = ¢;(y,n),
then Player I has a winning strategy in the game obtained by playing the

theory of Ly (R) in both subgames. This way, Player I is guaranteed to win
the first subgame and Player II is forced to play the theory of Ly (R) in the
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second subgame, which will cost her the game. Similarly, if  above exists
and there is not a unique ordinal v < 9, such that

Lﬂa (R) }: ¢z ('% '7)7

then Player II has a winning strategy in the game. Otherwise, let v and 7
be as above. We claim that

v < n if, and only if, Player I has a winning strategy in the game. (9.1)

If so, then the game defines a prewellordering of R of length greater than 7,
in which the pairs of highest rank are those whose first coordinate fails the
syntactic condition (1)—(2) and the pairs of second-highest rank are those
not defining an ordinal in Ly, (R), i.e., those failing conditions (4)—(5). The
facts that condition (1) is checked before condition (2) and that condition
(4) is checked before (5) will ensure that the game defines a reflexive relation.
Let us now proceed to the proof of equation (9.1).

Suppose 7 < 1. A winning strategy for Player I is defined by setting
xo = x as appropriate and playing the theory of Ly, (R) in the first subgame
together with all reals played in the second subgame. In the second subgame,
Player I also plays the theory of Ly, (R). This strategy ensures that Player I
will win the first subgame, as in Lemma 9.3.7. Moreover, if Player II wishes
to have any chance of winning the second subgame, she must also play the
theory of Ly, (R). If so, then this will define two models Ny and Njs as in
the rules of the game, both wellfounded. Either there will be a real played in
the first game and not in the second—in which case Player I wins—or both
plays will contain the same reals. If so, the models N; and N;; both embed
into Ly, (R) and are hence wellfounded, so their transitive collapses are of
the forms L,, (o) and Ly, (o), for some countable set of reals o. Since each
model satisfies the formulae:

1. KP + Separation,
2. “V, exists,” and
3. “for all n € Ord, L,(R) =~ KP 4 Separation + ‘V,, exists,” ”

they must be equal. If Player II has not lost at this point, then we must
have yp = y. The fact that L,, (o) embeds elementarily into Ly, (R) implies
that the ordinal defined by ¢; and x must be at most the ordinal defined by
¢; and y in those models, as desired.

Conversely, suppose that Player I has a winning strategy in the game.
We consider a run of the game by that strategy in which Player II plays the
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theory of Ly_(R) in the first subgame, as well as in the second, where she
also plays all reals from the first subgame. This ensures winning the second
subgame and losing the first one. As before, this forces Player I to play
the theory of Ly, (R) in the first game, so the play defines two wellfounded
models with the same reals and the same theory, whose transitive collapses
must therefore be equal. Since the play must be won by Player I, the ordinal
defined by ¢; and x must be at most the ordinal defined by ¢; and y.

This proves the claim and, together with the remark following equation
(9.1) shows that the relation < given by

(i,z) = (4,y) if, and only if, Player I has a winning strategy in G(«, 1, x, j,y)

is a prewellordering of length greater than ¥). A standard Skolem-hull
argument shows that if 3 < «, then ¥g < ¥},. Using the fact that the
game from Lemma 9.3.7 is Borel, one sees that for every «, G(«o, i, z, j,y) is
uniformly in Al(a, (i,), (j,y)), which completes the proof. O

Before proving the theorem, we need two more lemmata.

Lemma 9.3.10. Let w + 1 < a < wi. The pointclass (23)L9«®) has the
scale property.

Proof. Let v = ¥4. Since Ly(R) is a model of ¥;-separation, v is R-
nonprojectible, in the sense that there is no total function which is (X)%®)
with parameters in L-(R) and which maps 7 injectively into some 5 < 7.
The usual argument for L (see Barwise [Bar75, Theorem 6.8]) shows that ~y
is recursively R-inaccessible, i.e., R-admissible and a limit of R-admissibles.
To prove the lemma, we first verify that the proof of Martin-Steel [MS08,
Lemma 1] goes through in L., (R) and shows that every (ORIT})%®) set?
admits a closed game representation in L,(R). To see this, first observe
that every wellfounded tree 7" in L,(R) has a rank, since v is a limit of
R-admissibles. This observation ensures that the proof of the claim in the
proof of [MS08, Lemma 1] holds in L (R) so that (using the notation from
[MS08]) Player I has a winning strategy in G, if, and only if, she has one in
G ¢ for some €. Now, each G . is a closed game and G}, € Lei(R). By
standard arguments, if Player I has a winning strategy in G;’g, she has one
in Les 11 (R) whenever £ < £* and ¢* is R-admissible. Clearly, ©%®) is also
recursively R-inaccessible and, by the Lowenheim-Skolem theorem,

LGLW(R) (R) <1 Ly (R),

“In the choiceless context, O is to be understood in terms of quasi-strategies.
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so it follows that if x € R and ¢ is least such that Player I has a winning
strategy in G;E, then

5 < @L’Y(R)_

Denote this least £ by &, and let A be the supremum of all &, such that &,
is defined; thus, A < ©L®) This shows that the map z G\ belongs to
L,(R). One finishes the argument as in [MS08, Lemma 1].

The statement of [MS08, Lemma 3] also holds true in L, (R), i.e.,

(OFI}) ™) = £1(L, (R), {R}).

Here, the proof needs no modifications other than weakening condition (2)
to only require that the model satisfy (say) KP, as opposed to ZF~. This
shows, using the proof of [MS08, Theorem 4], that the pointclass

21 (L (R), {R})

has the scale property. Now the proof of Solovay’s basis theorem (e.g., the
one in Section 2 of Koellner-Woodin [KW10], replacing their Ty with some
strong-enough theory that holds in Ly, (R)) shows that

S1(Ly(R), {R}) = (83 ®)
from which the lemma follows. O

Lemma 9.3.11. Suppose that sets in O® Al are determined. Then, Borel
games of length w? are determined.

Proof. This argument is a local version of the one in Blass [Bla75]. Consider
the game on R of length w in which two players alternate turns playing
strategies for games of length w:

I | og o1
II T0 T1

Player I wins if, and only if,
(o9 *x 10,01 %71,...) € A,

where o x 7 denotes the result of playing the strategies o and 7 against each
other.

Call this game G. It is a Borel game (on R), so it is determined. If it
is Player I who wins this game, then Player I also wins the game of length
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w? with payoff A. Suppose that it is Player IT who wins this game; we shall
construct a winning strategy for the game of length w? with payoff A for
Player II.

Let X denote the winning strategy for Player I in G. ¥ is essentially a
set of reals. By the remark at the beginning of the proof of Lemma 9.3.7,
we may assume

Y € Ly(R).

Recall that ¥ = sup{d, : @ < wi}. By the minimality of 9, and the R-
stability of 67, we have
Do < (87)%*!

for each a@ < wy. This implies by Lemma 9.3.10 that P(R) N Ly(R) has the
scale property. Since it is closed under quantification by R, Theorem D of
[Mos71] implies that it has the uniformization property.

Denote by A* the set of all sequences p of natural numbers of length
w - n, for some n € N, such that there is a sequence

7eR"
such that p results from applying ¥ to 7. Put
Ay =A"NR"

For any given p € Aj, there might be many strategies 7 for Player I wit-
nessing p € A*; however, A} is definable from 3, so it belongs to Ly(R).
Applying the uniformization property, one finds a function

fltAT%R

such that for each p € A}, fi(p) is a strategy 7 witnessing p € A* and,
moreover, fi € Ly(R). Inductively, suppose f, has been defined. For any
given p € Ay |, there might be many strategies 7 such that f,(p [w-n)"7
witnesses p € A*, or none at all; however, Ay, is definable from ¥, so
it belongs to Ly(R). Applying the uniformization property, one finds a
function

fa1 s Ay = R

with f,41 € Ly(R) and such that the following hold for each p € Ay, for
which such a 7 exists:

1. far1(p) is a sequence 7 witnessing p € A*; and

2 fus1(p) 'm0 = fonlp |- m) for every m < n + 1.
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Let us also define a partial function f,, : RY — RN by

fw(p) = U fn(p fn),

neN

if the right-hand side is defined, and put

f:Ufn

n<w

Let us call a sequence p of natural numbers of length w - n, with n € N,
promising if for every m < n, p [ w-m € A* and this is witnessed by
f(®) | m. Given a promising sequence p, we shall construct a strategy o*
for Player II (for a game of length w on N) such that for every x € R,
p~(0*(x)) is promising. Thus, if p* is a run of a game of length w? all of
whose initial segments of limit length were obtained in this way, then it is a
play all of whose initial segments are promising. This means that

Pt =f(") *S(f(p")),

which implies that p* € A.
Now, let p € R™ be promising and consider the game G* on N of length
w:

Player II wins if, and only if, p™x is promising. We first show that Player
I cannot have a winning strategy. Suppose towards a contradiction that 7
is a winning strategy for Player I. Thus, if Player I begins a run of G by
playing
fp)~,

during the first n+ 1 moves and Player II plays by i, then she will begin by
responding with n moves according to X, resulting in a sequence of strategies
00,...,0p_1 SO that

D= (f(p)(O) *00, .- ’f(p)(n - 1) * Un—l)

and continue responding with one last move by X, say 0. Put x = 7 % 0.
Since the play of G just described is consistent with X, we have p—x € A*.
Although it need not be the case that f(p~z)(n) = 7, the construction of f
ensures that f(p~x) is a sequence T witnessing p~x € A* and f(p~z) [ n =
f(p). Thus, the run of G* in which Player I plays by 7 and Player II plays
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by o results in a play = such that p™x is promising, which is a contradiction.
Hence, Player I cannot have a winning strategy in G*. We will show that
the payoff set of G* belongs to DX Al; this will imply that it is determined
and thus that Player II has a winning strategy, which will finish the proof.

The payoff set of G* (for Player II) consists of all x € R such that p~xz
is promising. A sequence being promising is defined in terms of ¥ and f.
Now, each f, belongs to Ly(R) and, since

cof (¥) = wy,
there is some o < w; such that each f,, belongs to Ly, (R). Since
(Lgro,® (R))” C Ly, (R),

we have f € Ly_(R). By choosing « large enough so that ¥ € Ly_(R), we
ensure that

{p € R" : p is promising and n € N} € Ly (R).

By Lemma 9.3.9, 9 < 74, so that, by Lemma, 9.3.1, the set in the displayed
equation belongs to O® Al which completes the proof. O

Woodin has shown that R* exists and AD holds in L(R) if, and only
if, there is a countably iterable proper-class model of ZFC with infinitely
many Woodin cardinals. Neeman [Nee04] has shown that if such a model
exists, then all analytic games of length w? are determined (incidentally, the
converse follows from a theorem of Trang [Tral3] and a theorem of Martin-
Steel [MS08], after appealing to Woodin’s theorem). Let us remark that the
argument just given yields a direct proof of analytic determinacy for games
of length w? which involves no inner model theory.

Theorem 9.3.12. (Neeman-Woodin) Suppose that R* exists and L(R) =
AD. Then, analytic games of length w? are determined.

Proof. Given an analytic set A, let G be the game defined as in the proof of
Lemma 9.3.11. It is an analytic game on R and, if won by Player I, then the
game of length w? with payoff A is also won by Player I. Since R exists, then
analytic games on R are determined, by the argument in Martin [Mar70],
so if Player I does not win A, then Player II does.

Since AD holds in L(R), all sets in O*IT} are determined. Moreover, the
pointclass ORTT} is correctly computed in L(R), so if Player II wins an ana-
lytic game on R (this is a O®TI] fact), then she has a winning strategy which
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is (A})L®) Hence, the game G* defined as in the proof of the preceding
lemma belongs to L(R) and is thus determined. The rest of the argument
is as before. O

Theorem 9.3.4 now follows: if Borel games of length w? are determined,
then all sets in O® Al are determined (in the usual sense). By Lemma 9.3.9,
P < 711, SO

Ly(R) = AD (9.2)

by Lemma 9.3.1. Conversely, suppose (9.2) holds. By Lemma 9.3.7 and
the fact that the existence of winning strategies for games on R is upwards
absolute from initial segments of L(R) (since they contain all possible plays
of the game), we have

ORAL C Ly(R). (9.3)

Thus, sets in DA}l are determined (in the usual sense). By the previous
lemma, this implies that games of length w? with Borel payoff are deter-
mined. Theorem 9.3.4 is thus proved.

Corollary 9.3.13. ~v{ = 9.

Proof. Immediate from Lemma 9.3.1, Lemma 9.3.9, and the observation
that Lemma 9.3.7 implies equation (9.3). Note that the three lemmata were
proved under no determinacy hypotheses. O

9.4 Proof of Lemma 9.3.1
Let o < 41 be an ordinal; we show
P(R) N Los1(R) c ORAL

The proof consists in defining a game that determines membership in a set
definable over L, (R); we call it the definability game. Readers familiar with
Tanaka’s [Tan90] proof of Steel’s [Ste77] classical result on the equivalence
between arithmetical transfinite recursion and clopen determinacy should
find similarities.

Fix some prewellordering < of R in O® Al of length o + 1 or greater.
To ease notation, assume that < is defined without real parameters. The
definability game will involve playing representations of elements of Ly (R).
These are defined inductively: pairs (0, z), where = € R, are representations
for . Let 5 +1 <, b€ Lg(R) and

B={rcLs(R) : Ls(R) k d(.b)}
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be an element of Lgi1(R). If a; codes a representation (v, y,ys) of b and
ly|< < B, then the triple

(é?mﬂﬂxb)v (94)

is a representation of B, whenever xg is any real of rank 3 in <5

Lemma 9.4.1. Let o and < be as above. Then, every set in L,(R) has a
representation.

Proof. By induction on ordinals 8 < a. O

Let us also inductively define a proto-representation to be either a pair
(0, ) as above, or a triple as in (9.4) whose first coordinate is a formula and
third coordinate is a proto-representation, i.e., one drops the requirement
on the <-rank of the second coordinate.

Being a proto-representation is easy to check—the class of all proto-
representations is YX{. Being a genuine representation, on the other hand,
is more complicated, as, if ((5, xg,xp) is as in (9.4), then one needs to check
that xp in fact codes a representation for an element of Lg(R).

In principle, one can have highly inefficient representations in which one
defines simple objects in a complicated way. We will denote by Rep,, the set
of codes of all representations of the form (0, x) and of the form (qu, g, Tp),
where x5 has rank <« in <. Belonging to Rep, does not guarantee that a
representation is optimal, but it guarantees that, in a sense, it is not “more
complicated than a.”

Lemma 9.4.2. Let o < v, =<, and Rep,, be as above. If x, has rank o in
=, then Rep, € ORAl(z,).

Proof. 1t is easy to determine whether a real number codes a representation
of the form (0,y), so let us consider only proto-representations which are
triples.

For a triple (¢, z,y) to be a representation of an element of L,(R) in
Rep,, it is necessary and sufficient that the following two conditions hold:

1. z < x4,

2. y codes a representation (1[), Ty, Tc) and T, < .

5Strictly speaking, we should allow x, to code finite tuples of representations, but we
shall generally abuse notation by assuming that these tuples have length 1.



256 9. LONG BOREL DETERMINACY

Given a € R, we define a game G(a) on reals with payoff in Al(z,). In this
game, Player I claims that a codes a representation, and Player II claims
otherwise.

If @ does not code a triple, the game ends immediately and Player I
loses. Otherwise, suppose a codes a triple (¢, x,y) as above. Player II must
begin by challenging one of the two conditions (1) or (2) above. If Player
IT decides to challenge condition (1), then they must play the game with
payoff in Al(x,z,) determining whether

T < Tq;

if so, the winner of this subgame is the winner of G. If Player II decides
to challenge condition (2), then Player IT must provide one of the following
three reasons:

1. y does not code a triple nor a pair (0, %), where § € R;
2. y codes a triple (@Z;,a:,y, zc), but z < z.;
3. y codes a triple (7,/3, T, ), but z. is not a representation.

If Player II claims that y does not code a triple or a pair (0,7), then the
game ends and Player I wins if, and only if, y codes a triple or a pair (0, 7).
If Player II claims that z = x,, then, as above, they must play the game
with payoff in A(z,z,) determining whether

$7-<I'.

Finally, if Player II claims that y codes a triple (121, T, T.), but z. is not a
representation, then she again must provide a reason, and so on. If Player 11
correctly identifies the problems with Player I's purported representations
throughout the game, then she must initiate a subgame after finitely many
turns (because < is wellfounded). Hence, we add as a rule that if the game
finishes after infinitely many turns without Player II having initiated a sub-
game, she loses. We note that, although different subgames can be initiated
by Player II, they are all Borel, and in fact they are so in a uniform way,
i.e., they are all instances of the same game (namely, the one for determin-
ing whether v < v), and only their parameters vary. This uniformity is
necessary for ensuring that the payoff of G(a) is also Borel.

Now, Player I wins a run p of the game if, and only if, one of the following
holds:
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1. One of the players violates a rule and the first one to do so is Player
1T,

2. The players obey the rules and for all n, Player II does not initiate a
subgame in the nth turn;

3. The players obey the rules, there is a least n such that Player II initi-
ates a subgame in the nth turn, and p | (n,c0) is a win for Player I in
this game.

The first condition is ¥9(a, p, x4 ), the second one is I1{(a, p), and the third
one is Al(a,p). Thus, the winning condition is in Al(a,p,z,). Moreover,
if (¢,z,y) is a representation of an element of L,(R), then any challenge
raised by Player II can easily be overcome by Player I, so she must have a
winning strategy. Similarly, if (¢, x,y) is not a representation of an element
of Lo (R), then Player IT can identify the reason why this is the case and pose
a challenge Player I cannot overcome. Therefore, Player I has a winning
strategy in this game if, and only if, a indeed codes a representation of
an element of L,(R) in Rep,. We have shown that the set of codes of
representations of elements of L,(R) is the set of all a for which Player I
has a winning strategy in the Borel game G(a), as was to be shown. O

Remark 9.4.3. The fact that all auxilary games were Borel in a uniform way
was crucial in the proof of Lemma 9.4.2. In fact, the set |, <1 Rep,, is not

in DRAL 0

Definition 9.4.4. The order of a proto-representation is defined induc-
tively: the order of a proto-representation of the form (0, z) is 0; the order
of a proto-representation of the form (¢, x3, ;) is the maximum of |zg|<
and the order of xy.

Thus, if € Rep,,, then the order of x is strictly less than a.

We now proceed to the definability game and, with it, to the proof
of Lemma 9.3.1. The idea of the game is very simple: two players argue
whether a formula holds of some sets in a given level of the L(RR)-hierarchy.
However, its description is lengthy. This is due to two complications that
arise: the first one is that we need the payoff of the game to be Al. This
requires us speaking about representations of sets instead of sets directly.
The second one is that many rules need to be put into place to ensure that
the players are honest in their moves.
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Fix some n € N, a parameter 24 € L,(R), and a set
A€ X, (Loa(R),z4),

say, A ={y € Lo(R) : Lo(R) = ¢(y,z4)}. In the definability game, Player
I attempts to show that a given y € L'yi (R) belongs to the set A above, i.e.,
that

La(R) = ¢(y, z4) (9.5)

We assume that the scopes of all negations in ¢ (and in all formulae ap-
pearing below) are atomic formulae. We also assume that no implications
appear in ¢. The game will involve Players I and II playing purported rep-
resentations of sets in L, (R). Fix some representation (¢, x4, z,) for A and
some real z* coding it. Let a € R; we define the game Dy(a). If a does
not code a pair (0,y) or a triple (¢, zy, x.), the game ends immediately and
Player I loses. Otherwise, the game begins. We will describe the rules in
the case that a codes a triple; the rules in the case that a codes a pair (0, y)
are analogous; soon, we will restrict our attention to reals a of order <« (as
the reader will soon realize, this restriction postpones a certain complication
in the definition of the game). Player I’s goal is to convince Player II that
the triple coded by a is a representation for some y such that equation (9.5)
is satisfied. The game is defined from z* and a (as well as the parameters
defining <, which we assumed for simplicity to be non-existent).

The rules of the game give the players opportunities to initiate subgames
in which they challenge the other’s moves. If this happens at any point, the
definability game will end and the winner will be declared to be the winner
of the subgame. We do not need to speak about winning strategies for the
subgame—we can simply ask the players to play it. All subgames will have
Borel payoff and real moves; this allows the players to check during the game
whether a given O® Al fact holds.

At the beginning of of D4(a), Player II has the oportunity to claim that
(¢y, Ty, x) is not a representation of an element of Ly (R),

i.e., that (¢y,zy,z.) & Rep,. If this happens, then the game is over and
Player I wins if, and only if, the challenged object is indeed a representation;
otherwise Player II wins. If Player II does not claim either of the two
statements above, the game proceeds.

At the beginning of turn k, Players I and II have defined a proto-
representation (¢, x k> ) for some set B and finitely many proto-representations
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(Y » Tk Tgr ) for some sets wr. Player I claims that w* € B, i.e., that

Lgi(R) = p(a”, b);

Player II claims otherwise. Below, we write @ = @* and b = b* for notational
simplicity; as before, we might abuse notation by assuming @ is a tuple of
length 1 and simply writing w. We define the order of the game at turn k
to be the maximum of the orders of w and b. Let us describe the rules of
the game by cases:

1.

If ¢ is of the form v V x, then Player I selects either ¥ or y. We set
¢r+1 equal to that choice and leave the rest of the objects unchanged.

. If ¢y is of the form 9 A x, then Player II selects either 1) or xy. We set

¢r+1 equal to that choice and leave the rest of the objects unchanged.

. If ¢r(w, b) is of the form Iz ¥ (w, b, z), then Player I must play a proto-

representation x, which is allegedly a representation in Repgr of some
z € Lge(R) such that

Lge(R) = ¥(w, b, 2).

At this point, Player II has the opportunity to object to the fact that
z, belongs to Repgk. If so, the game ends and Player I wins if, and
only if, . € Repgs. If Player I does not challenge Player I's move,
then the game continues with ¢y = ¥ and z added to w; the rest of
the objects remain unchanged.

. If ¢ (w,b) is of the form Vzi(w,b,z), then Player II must play a

proto-representation x, which is allegedly a representation in Repgk
of of some z € Lgr(R) such that

Lge(R) = (w, b, ).

As before, Player I has the opportunity to object to the fact that x,
belongs to Repgx. If so, the game ends and Player I wins if, and only
if, z, ¢ Repgr. If Player I does not challenge Player II's move, then
the game continues with ¢x11 = 1 and 2z added to ; the rest of the
objects remain unchanged.

. If ¢, is a non-negated atomic formula, then it is of the form u € v,

where v and v are any of b or some w;; both u and v have associated
proto-representations that have been played in one of the previous
turns, or given by the initial data. There are three subcases that we
need to distinguish:
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(a)

(c)
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Suppose that the proto-representation associated to v is of the
form (0,x), for some z € R, and the proto-representation asso-
ciated to w is of the form (0,y), for some y € R; then the game
ends. Player I wins if, and only if, y € x; otherwise, Player II
wins.

Suppose that the proto-representation associated to v is of the
form (0,x), for some xz € R, but the one associated to u is of the
form
(¢ua Ty s xu)

The problem is that—in principle—(¢y, 2, , ,,) might be a com-
plicated (true) representation of a simple set.® The game pro-
ceeds as follows: since the proto-representation associated to v
is of the form (0,x), it is a true representation of some real
number. Player I must thus play a natural number n € = and
claim that (¢y,y,, %) is a representation of n, i.e., that, there
is u' € Ly, (R) represented by z, such that

Ly, (R) ¢y (u',m) if, and only if, m < n.
Player IT must object by playing some mgy € N such that one of
the following holds:
i. mp <n but L, (R) & ¢u(u',mg); or
ii. n < mg and Ly, (R) = ¢u(u',mp).

During the remainder of the game, the two players must deter-
mine whether

Ly, (R) |= ¢u(u',mo).

We know how to do this: namely, we set B¥t1 equal to

{meN: Ly, (R) | ¢u(u.m))}

{m €N: L"]u(R) l: ﬂqﬁu(u’,m)},

according to which objection was raised by Player II, and work
with the canonical representation for B¥*1; and w**! = (0, my).

Suppose that v has an associated proto-representation of the form

(X,Hﬁ'n,wav)-

50riginally introduced into the game by either player.
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This case is similar to the previous one: Player I claims u € v,
ie.,

Ly(R) = x(u, av).

The problem (as before) is that the proto-representation

(¢ua Ly s xu)

associated to w might be unnecessarily complicated. We ask
Player I to decide whether z,, < x,. To ensure that Player I
tells the truth, we then ask Player II to decide whether z,, < x;.
If the two players disagree on this, the game ends, with the win-
ner being declared as the winner of the subgame that determines
whether z,, < x,.

Otherwise, suppose first that the players both believe that x,, <
xy. At this point, Player II can claim that the proto-representation
(du, Ty, ,Ty,) associated to u does not belong to Rep,. If so,
then—as above—the game ends, and the winner of the game is
the winner of the game given by Lemma 9.4.2 applied to z, and
the proto-representation associated to u.” If Player II chooses
not to make that claim, the game continues with ¢rr1 = X,

Tgkt1 = Ty, Tpkt1 = Tq,, and whtl

= u.
If the players both believe that x, < z;,, then we need to argue
as above. If u truly is an element of v, then u must have a
representation of order strictly less than n. Player I must play
such a representation, say, (¢u/,:1:nu,,:z:u/). As usual, Player II
may object by claiming that (¢, xy,,, z.) € Rep,, in which case
the game ends and the winner is declared according as whether
(b, Ty, Tuw) € Rep, or not; or by claiming that (¢u/, zy,,, Tu)
is not in fact a representation of the same object as (¢, xy, , Ty).
Let u' be the object represented by (¢, 2y, ,,2w) (if any). This
is now treated much like the case (5b). Player II must claim one
of the following;:

i. v ¢ u;or

. u ¢ u.
Assume without loss of generality that it is the first alterna-
tive that is claimed. Player II must play a proto-representation
(Gor, Ty, T) for a set v' witnessing that u' # u. Player I can

"Note that this proto-representation could have been played by Player II at an earlier
turn; this does not matter.
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make the usual objection that (¢./,zy,,,Z.) & Rep,, , in which
case the game proceeds as usual. Otherwise, Player I may claim
that v' € v’ or that v € u. In the former case, the game proceeds
with the proto-representation (¢, ,2y) for ' = BFt1 and
wk*t! equal to the proto-representation (durs Ty, Ty). The other
case is similar.

6. Finally, if ¢ is a negated atomic formula, then it is of the form u & v,
where u and v are any of b or some w;; both v and v have associated
proto-representations that have been played in one of the previous
turns. One distinguishes three subcases and proceeds as in case (5).

The hope is that both players play only real representations when they
should play proto-representations and that the initial triples are also real
representations. Let us say that a (partial) play in which these conditions
are satisfied is honest.

A key remark is that, if a play p is honest, then the order of p decreases
after each time the players find themselves in one of situations (5) or (6)
(assuming the game does not end). This implies that an honest play in
which both players accept each other’s moves will end after finitely many
turns by one of the winning conditions in clauses (5)—(6) and the winner will
be defined then.

If our expectations on the honesty of the players are not realized, the
game will end in one of two possible ways: by means of a subgame initiated
by a player challenging the other player’s choice, in which case the winner
of the definability game will be the winner of the subgame; or perhaps
after infinitely many turns, if a player made improper moves and was not
challenged by the opponent (or perhaps if one of the initial triples was not
a real representation and this was not noticed by Player II). In this latter
case, we declare Player I as the winner.?

There are three types of subgames that can be initiated: the one given
by Lemma 9.4.2, its dual—that in which the roles of Player I and Player 11
are reversed—, and the game associated to the prewellordering <. Games of
each of those three types are uniformly in A}, and defined using the initial
parameters, as well as parameters played during the (main) game.

Thus, Player I wins a run p of the game if, and only if, a codes a triple
and

8This choice will not be very consequential. Such an outcome will not occur in any
case of interest, but it needs to be considered to make the game zero-sum.
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1. There is some k such that a player breaks a rule during turn k£ and
the first player to do so is Player 1I;

2. There is some k such that a player initiates a challenge during turn &
and p [ (k,00) is a win for Player I in the subgame;

3. The game ends at a finite stage k by Player I fulfilling the condition
in case (5) or case (6) above; or

4. After infinitely many steps, no player has won or initiated a challenge.

The first condition is ©{(z*, a, p). The second condition is Al(z*,p). Lastly,
the third condition is X{(p) and the fourth condition is IT{(p). Hence, the
payoff set is in Al(2*, a,p).

Lemma 9.4.5. Player I has a winning strategy in D 4(a) if, and only if, a
codes a representation in Rep, of some set y € Lo(R) such that

La(R) = 6y, 24)- (9.6)

Proof. Clearly it is necessary that a code a representation in Rep,, for some
set y € Lo(R) in order for Player I to have a winning strategy. Suppose it
does and that (9.6) holds. The strategy for Player I is simple—essentially,
she will always tell the truth. This will ensure that the intuitive interpre-
tation of the game in terms of Player I claiming that a formula holds in an
initial segment of L(R) and Player II claiming otherwise is accurate.

If Player I’s assertions are ever challenged by Player 11, the subgame can
be won as in Lemma 9.4.2. Otherwise, at a given turn k, if (¢x, zge, Tyr)
and (Yk, Tk, Tgr) are as in the definition of the game, then they will be
true representations. If ¢, is a disjunction, then one of the disjuncts will
hold in Lgk(R) and Player I will choose it. If ¢ is a conjunction, then both
conjuncts will hold in Lgr(R) and so it will not matter which one Player IT
chooses. If ¢ is of the form dz ), then there really must be a witness to
¥ in Lge(R), and Player I will play a true representation of this witness,
say, of minimal order. If ¢ is of the form Vz 1 and Player II plays a proto-
representation which is not a representation of an element of L gk (R), or has
order higher than that permissible by the rules of the game, then Player
I will challenge Player II’s move and win the game as in Lemma 9.4.2.
Otherwise, Player II will play a representation of an element of L gk (R) and
1 will hold of this element. If ¢y is atomic or negated atomic, then it will
be true, so that either the game will end and be won by Player I or continue
according to the form of the representations relevant to the turn of the game
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the players are in. As remarked earlier, the order of every honest play of
the game decreases after each time the players find themselves in one of
situations (5) or (6). Hence, the strategy just described ensures that either
a player will initiate a challenge that will end by Player I winning, or that
the game will end after finitely many turns and be won by Player 1.
Similarly, if Player I has a winning strategy, then (9.6) must hold, for
otherwise essentially the same strategy for Player II will be a winning strat-
egy. The point is that if Player II plays properly, every play will end either
after finitely many turns or with a subgame. O

Thus, given a set of reals A € Ly+1(R) and a code z* of a representation
for A (which exists by Lemma 9.4.1), one has

A= {y € R: Player I has a winning strategy in D4 ({0, y>)}

Since D((0,y)) is in Al(z*,(0,y)), we have
P(R) N Las1(R) c ORAL

Therefore, the proof of Lemma 9.3.1 is complete.

9.5 Derived model theorems

In this section, we prove two lemmata that tie determinacy in Ly(R) to the
existence of countably iterable extender models of Zermelo set theory with
infinitely many Woodin cardinals. The first lemma is proved just like its
analogue for L(R). The second lemma is also similar to its analogue for
L(R) but has some differences. We will assume some familiarity with the
theory of extender models, e.g., as presented in Mitchell-Steel [MS94] or
Steel [Stel0].

We note that every interval of the form [(67)F9a®) 9,] is a gap (cf. the
proof of Lemma 9.3.10 above).

Lemma 9.5.1. Suppose that for every a < w1, there is a countable, count-
ably iterable extender model of

Z+ “Vapq exists and A is a limit of Woodin cardinals.”

Then Lyg(R) = AD.
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Proof. Let a < wy be large. We show that
Ly, (R) = AD. (9.7)

Let M be an extender model as in the statement and let {J; : i € N}
enumerate the first infinitely many Woodin cardinals of M. As usual, M is
a model of the Axiom of Choice. Since M is a model of Powerset, we have

+

M = “for every k, k" exists.”

A consequence of this is that M = KP; thus M can define the class (L(A))M
for all A € M. Assume without loss of generality that M is minimal, in the
sense that
M=V = L(Vy).

Since M = ZC, it can form ultrapowers of itself in the usual (non-fine-
structural) sense and realize them e.g., as the union of all ultrapowers of
initial segments of its cumulative hierarchy. One can carry out the usual
proofs of basic facts about the stationary tower Q.s, as well as the proof
of Woodin’s derived model theorem (e.g., the one in [Steb]) within M.”
Suppose ¢g* C Coll(w, A) is M-generic. Since M = ZC + KP, then

Mlg*] | ZC + KP,

(this follows, e.g., from work of Mathias [Mat15]) so that if R* is the set of
reals of a symmetric collapse at A, then

LRHM =7 + KP (9.8)

(for the proof of this in the case of L, see Gostanian [Gos80, Theorem 1.6].)
Since A is a limit of Woodin cardinals in M,

L(R*YM = AD + DC. (9.9)

Now let g C Coll(w,R) be V-generic. In Vg let {z; : i € R} enumerate R
and find a sequence M; of extender models such that for each i € N,

1. M;4q is the direct limit of an iteration tree on M; of length w by
extenders with critical point above the ith Woodin cardinal of M; and
length below the ¢ + 1th Woodin cardinal of M;,1;

9This is where we use the assumption that « is large. For instance, the proof in
[Steb] involves building conditions for the stationary tower Q«; starting from elementary
substructures of Vy4+.,. We have not attempted to prove (9.7) from optimal hypotheses; it
seems plausible that a more careful argument shows e.g., that Ly, (R) = AD if there is a
countable, wi-iterable extender model of ZF - Powerset with a limit of Woodin cardinals.
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2. If j; + My — M;41 is the embedding, then j; € V and there is an
M, 1-generic g; C Coll(w, j(9;)) such that z; € M;11[g;].

If so, then, letting My, be the direct limit of {M; : i € N}, it follows by the
restriction on the extenders allowed in the trees that M., is wellfounded. If
j is the embedding, then j(A) = w}. By (9.9) and the homogeneity of the
symmetric collapse,

M = “IF every set in L(R) is determined and L(R) = DC,”

where R is a name for the set of reals of the symmetric collapse. By elemen-
tarity,
L(R*)M= |= AD + DC. (9.10)

The symmetric collapse can be chosen (in V[g]) in such a way that it absorbs
the generic g; for each i € N, in which case (R*)M= = RV, so L(R*)M= is
of the form L¢(R). Suppose h C Coll(w, \) is M.-generic and chosen so
that the symmetric collapse induced by A absorbs g; for each ¢ € N. By the
remark before equation (9.8), we have

My [h] E ZC.
Since Coll(w, \) has the A*-chain condition,
My [h] E “V, exists.” (9.11)

Now, clearly, we have
Le(R) € Moo |h],

so L¢(R) satisfies AD by (9.10); it satisfies Z by (9.8), and it satisfies “V,
exists” by (9.11). By minimality, ¥, < &, which completes the proof. O

Lemma 9.5.2. Suppose that Ly(R) = AD. Then, for each a < wy, there is
an wi-iterable extender model of

Z+ “Vayq exists and X is a limit of Woodin cardinals.”

Proof. Suppose that Ly(R) = AD. Let a < w; be large and find some v < 9
such that

1. Ly(R) is a model of Z +“V, exists,”

2. if 2,y € R and z is definable in L, (R) from y and ordinal parameters,
then there is 7' < 7 such that x is definable in L./(R) from y and
ordinal parameters.
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For example, one could take v to be least such that

L R
Vot o ).

Clearly L (R) is a model of “V,, exists.” Moreover, if a € Lg(R), with 5 < 7,
then—by minimality—there is n € N such that

yitaw® o p o (R).

a+n

Thus, there is a stage '+ 1 € (8,7) at which a new element of Vi,
is constructed and, by Proposition 9.2.2, there is a surjection from Vi, N
Jg/(R) to Jg(R) in Jg1(R). In particular, there is a surjection from V4, N

L R
Jg(R) to a. Hence, P(a) a+e® Vaff{ﬁ( ) and so

Pa) e ® = pa)l® e L (R),

so we have that L (R) |= Z. Lastly, the definition implies that v is a cardinal

(in fact, the largest cardinal) of Ly, (R) greater than ©ate® 5o that
(by the Lowenheim-Skolem theorem), we have

LV(R) <1 Ly ]R)

atw (

Hence, if 2,y € R and « is definable in L, (R) from y and ordinal parameters,
then

L,(R) = 3y (x is definable in L./(R) from y and ordinal parameters),

S0 -y is as desired.
The first thing to verify is that

L,(R) = “Mouse Capturing.”

Recall that “Mouse Capturing” is the statement that for every pair of reals
(z,y), x is definable from y and ordinal parameters if, and only if, x belongs
to a countably iterable extender model over y. In Schindler-Steel [SS14,
Theorem 3.4.6], it is shown that for all reals x, y, the following are equivalent:

1. z is definable from y and ordinal parameters in Lg(R) for some 3 < v,

2. x belongs to an extender model over y which is countably iterable by
an iteration strategy in L. (R).
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The equivalence is stated modulo an inductive hypothesis W, but this hy-
pothesis is proved (see the argument in pp. 157-158 of [SS14]) under the
assumption of AD (in L(R), but the argument goes through in L,(R)). By
our choice of «, this shows that L,(R) satisfies Mouse Capturing.

The second thing to verify is that

L,(R) £ AD";

this follows from the usual proof for L(R): Ordinal Determinacy follows
from the facts that by Kechris-Kleinberg-Moschovakis-Woodin [KKMWO08,
Theorem 1.1], (5%)L7(R) is a limit of cardinals with the strong partition prop-
erty, and that by a theorem due independently to Moschovakis and Woodin
(see Larson [Lar17] for a proof), this implies <(67)%(®)-determinacy. Since

L((;%)L-Y(IR) (R) <1 Ly(R),

this implies Ordinal Determinacy in L~ (R).

That every set of reals is co-Borel in L, (R) follows from the argument
in [Lar17]. (It uses the fact that (X?)%(®) has the scale property, which is
proved by following the argument of [MSO08] as in Lemma 9.3.10).

We have checked that L. (R) satisfies AD™ and Mouse Capturing. Now,
let 8 < a be arbitrary and let zg be a real such that 3 is recursive in xg.
Define the theory

S =7+ KP + AD" + DC + “Mouse Capturing” + “Vj exists.”

Let & be least such that J,(R) = S; clearly x < v and, in fact, x < (67)% (),
We now run the proof of Steel-Woodin [SW16, Theorem 7.2] for the theory
S within L,(R) (so that s here takes the role of the ordinal denoted by ~y
therein), except that we consider the pointclass (27 (z5))”<®), rather than
(22)7=(®) " Similarly, one replaces the L[E]-construction on p. 325 of [SW16]
by an L[E](xg)-construction. Letting M, N, and ¢ be as in [SW16], and
My be set of all elements of M|¢ which are definable from xg in M|E, the
argument shows that M has the form J(Ny), for some ¢ and some extender
model Ny over zg and, moreover, the following hold:

1. Ny satisfies “there are infinitely many Woodin cardinals”;
2. no initial segment of My projects to Ny;
3. My has an (w7, w)-iteration strategy Xo;

4. the derived model of My at its limit of Woodin cardinals satisfies S.
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Now, let A be the limit of Woodin cardinals of My. Then, an ordinal n > A
is a cardinal of M if, and only if, it is a cardinal of a generic extension of
My by Coll(w, M) if, and only if, it is a cardinal of the derived model of M.
Since this derived model satisfies S, it follows that My has S-many cardinals
above A and, since My is a model of the Generalized Continuum Hypothesis,
we have My = “Vj exists” Since f < a was arbitrary and « was arbitrary,
the result follows. O

Theorem 9.1.3 is immediate from Theorem 9.3.4, Lemma 9.5.2 and Lemma,
9.5.1.
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10.1 Introduction

In this chapter, we study the consistency strength of Fj,-determinacy for
games of length w?. We see that the situation is—in a way—very similar to
that of short games. For example, over the base theory

KP + DC + “R exists,”

F,-determinacy for games of length w? is much stronger than AD; however,
it is much weaker than AD + X-separation. Over ZFC, AD is stronger, nat-
urally. There, F,-determinacy for games of length w? is stronger than the
existence of a transitive model of KP 4+ AD containing all reals; yet weaker

271



272 10. LONG F, DETERMINACY

than the existence of a transitive model of KP + AD + ¥ ;-separation contain-
ing all reals. Much like in the case of short F, games, long games are tied to
reflection for set-theoretic formulae of a certain complexity; except that—
rather than in L—one needs to consider reflection in the L(R)-hierarchy.
Given an admissible set, let AT denote the next admissible set, in the sense
of Barwise-Gandy-Moschovakis [BGMT71]; i.e., AT is the smallest admissible
set containing A. By convention, we shall assume that all admissible sets
are transitive.

Definition 10.1.1. An admissible set A is II] -reflecting if for every II;
formula ¢ with parameters in A and one free variable, if AT = ¢(A), then
there is some B € A with all parameters in ¢ such that BT = ¢(B).

Our main theorem is:
Theorem 10.1.2. The following are equivalent:
1. X9-determinacy for games of length w?;
2. There is a I -reflecting model of AD containing R.

Precursors to this work include Blass’ [Bla75] theorem that determinacy
for all games of length w? is equivalent to ADg, Trang’s [Tral3] work on
analytic games of additively indecomposable length, as well as previous work
on games of length w? that are open (see [Agub]), clopen [Aguf], Borel
[Agud], or projective [AM].

10.2 Preliminaries

In this section, we collect some preliminary definitions and results.

10.2.1 Games of transfinite length

We study two-player, perfect information games of length w? which are F,
i.e., X9-definable. These are games in which, given 4 € P(R) N XY, two
players, Player I and Player II, alternate w?-many turns playing natural
numbers, thus producing a sequence = € N“”. Since the spaces R \ Q and
N are recursively homeomorphic, the sequence x may be identified with
a(n irrational) real number. Player I wins if z € A; otherwise, Player II
wins.
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As above, we will often identify sequences of natural numbers of length
w? with w-sequences of reals and with single reals. We will denote by

xr = (xo,T1,...)

the single real number coding the sequence (zg, 21, . . .), via some fixed recur-
sive coding. The precise coding used will be immaterial, except for the conti-
nuity property that the first n digits x should only depend on xg, x1,...,Zy.

10.2.2 Reflection in L(R)

We recall the definition of the L(R) hierarchy: Lo(R) is defined to be V41,
the collection of all sets all of whose elements are hereditarily finite. L,1(R)
is the set of all subsets of L,(R) definable over L,(R) with parameters. At
limit stages, Lx(R) is the union of all L, (R), for @ < A. The function

a— Lo(R)

is A1 with R as a parameter. The first step towards proving Theorem 10.1.2

is the observation that it suffices to restrict to admissible sets of the form
L, (R).
We will use the following non-standard notation:

Definition 10.2.1. Let « be an ordinal. We denote by

at

the least ordinal 8 such that a < 8 and Lg(R) is admissible.
Definition 10.2.2. An ordinal « is TIf -reflecting if Lo (R) is I -reflecting.

Lemma 10.2.3. Suppose A is a I -reflecting set and let @ = Ord N A.
Then, o is II] -reflecting.

Proof. Let ¢ be a II; formula with parameters in L,(R) such that

(La(R)T E ¢(La(R)).

Clearly, (Lo(R))* = L.+ (R). Moreover, At is an admissible set containing
Lq, s0 Lo+ (R) C AT Let 9 be the formula in the language of set theory with
parameters in AU {A} asserting that for all 3, if no v € («, ) is admissible,
then Lg(R) = ¢(La(R)). Being admissible is expressible internally, o is A;-
definable from A, and—as remarked earlier—Lg(R) is A;-definable from
and R (which belongs to L,(R). Hence, ¢ is II;. Moreover, A" = 1(A),
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so, by reflection, there is B € A such that BT | ¢(B) and B contains all
parameters in 1. In particular, R € B. Let 8 = Ord N B; since B € A,
B € A, so, in particular, 3 < a. Lg+(R) C BT. By choice of v, we obtain
that Lg+ (R) = ¢(Lg(R), as desired. O

Corollary 10.2.4. The following are equivalent:
1. There is a Hf—reﬂecting model of AD containing R; and
2. There is a 1] -reflecting ordinal o such that L, (R) = AD.

Proof. Suppose that A is a II{ -reflecting model of AD containing R and let
a = Ord N A. By Lemma 10.2.3, L,(R) is II{ -reflecting. Moreover, it is a
subset of A containing all reals, and thus all possible strategies for games;
thus L, (R) = AD. The converse is immediate. O

This motivates the following definition:
Definition 10.2.5. We denote by og the least Hf—reﬂecting ordinal.

oR is the analog of the ordinal o} for L(R). Unlike o}, the set-theoretic
properties of o® are not decidable within ZFC. For instance, under AD, og
is big—it is a limit of weakly inaccessible cardinals. In contrast, if V = L,
then op < wo.

Definition 10.2.6. Let A C R x R and write A, = {y € R: (z,y) € R}
We write O®A for the set of all # € R such that Player I has a winning
strategy for the game on R with payoff A,. We define

OfxY = (DRA: A e X9},

To prove Theorem 10.1.2, it suffices to prove that determinacy for F,
games of length w? is equivalent to the fact that L., (R) = AD. Following
previous proofs of determinacy for games of length w?, our first goal is to
locate winning strategies for X9 games on R. We shall show that

PR) N e — oRyg,

The main tool for this is the theory of inductive definitions on R, the
basics of which we recall next.
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10.2.3 Inductive definitions

Suppose that ¢ : P(R™) — P(R™) is an operator. We define sets ¢* C R™
inductively by

¢’ = o,
o= = | o(¢="),
p<A
o = ¢ U B¢,
0= {J o\
AeOrd

The least k such that ¢ = ¢" is called the closure ordinal of ¢ and
denoted |¢|. If I' is a class of operators, we write

T = sup{|¢|: ¢ € T'}.
Definition 10.2.7. Let I" be a class of operators
¢: P(R™) — P(R™).

We say that R C R™ is I'-inductive if there is b € R™™" such that for all
a e R,
a € R if, and only if, (a,b) € ¢>.

An operator ¢ is defined by a formula ¢ (x, X) if, and only if,
P(X) ={a e R™ : ¥(a, X)}.

Thus, it is natural to consider classes of operators specified in terms of
definability. Let I' be a pointclass; we say that an operator ¢ is in I if it
is defined by a formula in I" with an additional predicate symbol X. We
say that an operator is positive if this additional predicate symbol appears
only positively, i.e., not in the scope of any negations (or in the antecedent of
implications). An operator is monotone if X C Y C R implies ¢(X) C ¢(Y).
Every positive operator is monotone, of course. We may also speak of a
formula defining an operator being positive under the obvious circumstances.

Definition 10.2.8. Let I' be a pointclass.
1. I'—IND is the pointclass of all I'-inductive sets.

2. TP°*—IND is the pointclass of all (positive-I')-inductive sets.
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3. IT""—IND is the pointclass of all (monotone-I')-inductive sets.

Definition 10.2.9. A subset of R is inductive if it is positive analytical
inductive, i.e., letting IND be the class of all inductive sets, we have

IND = | (X,;"°°~IND).
neN

A subset of R is co-inductive if its complement is inductive. We write colND
for the class of co-inductive sets.

Pointclasses of the form X! (or of other forms) can be relativized by
allowing sets of reals as parameters. This leads to a relativized version of
the inductive sets:

Definition 10.2.10. Let X C R. A subset of R is inductive on X if it is
positive analytical-on-X inductive, i.e., letting IND(X) be the class of all
sets inductive on X, we have

IND(X) = J (2,7°°(X)—IND).
neN

In the definition above, “positive” refers to the variable on which the
induction is carried out; the parameter X need not appear positively in it.

Let x be the closure ordinal of the inductive sets, i.e., the supremum of
closure ordinals of positive analytical inductive definitions. Then L, (R) is
the smallest model of KP containing R and

L (R
IND = P(R) N x5+ ®),

where >1-definability in the equation above allows for parameters. Subsets
of R that are both inductive and co-inductive are called hyperprojective. By
Ajp-separation, these are the sets of reals in L,(R).

In general, let a be an ordinal and suppose that « is smaller than the
least non-R-projectible ordinal, i.e., that there is a surjection

p:R— Ly(R)

which is ¥j-definable over L,(R) (this restriction can be relaxed, but all
ordinals relevant to this chapter will be of this form). Let X be a set of
reals coding L, (R) in this way. Then, if kx is the closure ordinal of the X-
inductive sets, we have that L, (R) is the smallest model of KP containing
L (R) and

IND(X) = P(R) N x-<x®),
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There is yet another characterization of inductive sets that we will use. It
is probably folklore; a proof can be obtained easily from the main theorem
of Moschovakis [Mos72] and can be found in in the previous chapter of this
thesis:

Theorem 10.2.11. IND(X) = 08X0(X).

We mention some results on the relation between inductive definitions,
monotone inductive definitions, and positive inductive definitions.

Theorem 10.2.12 (Harrington-Kechris [HK76]). Let F be a collection of
operators containing 11} and closed under AV, 3R and recursive substitu-
tions. Suppose that

1. WF e f, and
2. F e Fmon_IND.
Then F™°" —IND = F—IND.

In a later section, we will use the preceding theorem in the case F =
coIND. In this case, one can obtain a stronger result (cf. [HK76] or [HK]
for an even more general theorem).!

Theorem 10.2.13 (Harrington-Moschovakis, 1974).
coIND—IND = colND?**—IND.

Harrington and Moschovakis in fact proved a more general theorem that
implies both Theorem 10.2.13 and the following classical result:

Theorem 10.2.14 (Crilliot). 1 —IND = £]P°*~IND.

Definition 10.2.15. A pointclass I is called a Spector class on R? if the
following conditions hold:

1. T is closed under A,V, 3% V&,
2. T" contains all analytical relations;
3. I is parametrized by R;

4. T has the prewellordering property.

!We would like to thank A. S. Kechris for sharing the notes [HK] with us.
2This differs from the notion of “Spector pointclass” in Moschovakis [Mos09)].
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10.2.4 Short F, games

In order to locate winning strategies for 39 games on R within the L(R)-
hierarchy, it might be helpful to recall the location of winning strategies for
39 games on N in the L-hierarchy. This is a result of Solovay and is obtained
by combining three theorems in recursion theory.

The first one of them is also due to Solovay:

Theorem 10.2.16 (Solovay). E%’pOS—IND = oxy.

Solovay’s theorem was not originally published, but a proof can be found
in [Kecl6] or in [Mos09]. It will adapt to prove the analog for games on R
later, as well as the fact that D®X9-determinacy implies determinacy for
39 games of length w?. The second theorem is Grilliot’s Theorem 10.2.14
which, together with Theorem 10.2.16 implies that

Y1—IND = 0%%.

The final theorem is due to Aczel and Richter. Recall that of denotes
the least Xi-reflecting ordinal.

Theorem 10.2.17 (Aczel-Richter [AR74]). |X}| = o}, where || refers to
closure under inductive operators on N.

Corollary 10.2.18. Suppose Player I has a winning strategy in a X9 game.
Then Player I has a winning strategy for that game in LU%.

Our strategy for locating Player I's winning strategies for 39 games on
R will be to follow the same steps as in the argument for games on N.
10.3 Coinductive operators

Theorem 10.3.1. O¥XJ = colNDP**—IND.

Proof. We begin by quoting Wolfe’s proof of ¥9-determinacy and Solovay’s
proof of Theorem 10.2.16 to prove that

kX9 ¢ colNDP**—IND. (10.1)

Although the argument for this inclusion is very similar to the one for games
on N, a variation of it will be used below in the proof of Lemma 10.5.1 below,
so we prefer to include all the details.
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Let A C R? be a X9 set (where we assume no parameter is needed; the
general result follows by relativization). Say A is given by

(z,y) € A<+ InVm (n,x | m,y [ m) € P,

where P is recursive. The proof proceeds by showing that winning a certain
game G*(()) equivalent to A, is equivalent to the membership of z in a set
in coINDP*—IND. For s a finite sequence of real numbers of even length,
define G*(s) to be the following game:

1. Players I and II alternate turns playing real numbers a,.

2. After infinitely many rounds have taken place, Player I wins if, letting
t(m) = s {ap,a1y...,Qn)

(i.e., letting ¢ be the real coding the result of concatenating s with the
first m moves of the play (g, aq,...)), we have

InVmV¥m' < m(n,z | m',t(m) | m') € P.

Note that by our conventions on coding sequences of reals by single reals,
we have

s {ag,a1,...) [ m=t(m) [ m.

This implies that Player I has a winning strategy for the game on A if, and
only if, she has one for the game on G*(({)). The game G*(s) is like G*(()),
except that we assume that s has already been played. We shall show that
Player I having a winning strategy is in colNDP°°—IND.

Let s be a finite sequence of real numbers of even length and X be a set
of reals. Consider the following game, G(X, s):

1. Players I and II alternate turns playing real numbers av,.

2. After infinitely many rounds have taken place, Player I wins if, and
only if, letting
t(2m) = s (ag, ..., qom),

one of the following holds for each m € N:

(a) there is n < LTH(s) such that we have

vm' <m(n,x | m',t(2m) | m') € P.
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(b) t(2m) € X.
The formula

¢(s,X) = “s has even length and Player I has a winning strategy in G(X, s)”

(10.2)
is clearly in DRH? with an additional predicate for X and X appears pos-
itively in it. Since II{ games on R are determined by the Gale-Stewart
theorem [GM53], the dual pointclass of O*I1{ is 0¥ %Y. By Theorem 10.2.11,
(10.2) is in colND???. The claim is now that

s € ¢ < “Player I has a winning strategy in G*(s)”

As in Solovay’s proof, it is first shown that if s € ¢, then Player I has
a winning strategy in G*(s), by induction on £. Suppose that this holds for
#<¢ and that s € ¢%, so that Player I has a winning strategy in G(¢<¢,s),
say, 0. A winning strategy for G*(s) is obtained as follows: Player I begins
by playing G*(s) by o so long as the first winning condition of G(s, X) is
satisfied, i.e., so long as after round m, letting t(m) = s (ag, a1, ..., Qn),
we have

In < TH(s)Vm < m(n,z | m' t(2m) | m') € P.

If after some round this condition is not satisfied, then (since o is a winning
strategy), we must have

K <€(s (a0, 00m) € 6°),

in which case the induction hypothesis yields a winning strategy for the
game G*(s™(ap, . .., agm)) which should now be followed.

Conversely, if Player I has a winning strategy o in G*(s) then s must
belong to ¢>°, for otherwise (by monotonicity of ¢ and determinacy of closed
games) Player II has a winning strategy 7 in G(s, ). If so, we could
face off the strategies o and 7 against each other. Since 7 is winning for
Player II, after finitely many rounds, one will reach a partial play ¢(2m;) =
s (ap,...,qm,) such that the following hold:

1. Vn < LTH(s) Im' < my (n,z [ m',t(2mq) | m') & P; and
2. t(2m1) ¢ ¢oo

The second condition yields a new strategy 7 for Player II that can now
be played against o in G(t(2m;), $*°) until some stage mg at which the two
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conditions above hold again, etc. Continuing this process infinitely often
yields a play
t=s"{ag,a1,...)

such that for each k,
Vn < LTH(t(2myg)) 3m' < my (n,z | m' t(2mygyq) [ m') € P,
so that
Vn3am/ (n,z | m',t | m') & P,

contradicting the fact that o was a winning strategy for Player I in G(s).
This completes the proof of (10.1).
The second step consists in showing that

colNDP*—IND ¢ D%x9. (10.3)

Let ¢(s, X) be a positive colND operator.

By a theorem of Kechris and Moschovakis (cf. [Kecl6, Theorem 2.18])
and since XY is parametrized by R and has the prewellordering property,
OR3J is a Spector class on R. By the “Main Lemma” of Moschovakis [Mos74]
(cf. also [Kecl16, Theorem 1.7]), in order to see that ¢ € DRXY it suffices
to show that ORX is closed under ¢, i.e., that for all A € D*39, the set

A¢ = {(LL‘,Z) : ¢($7 {y : (y,Z) € A}>}
is in DRZS. Let us put

Azz{yeR:(y,z)eA}
and verify that

{(m,z) : qb(m,Az)} e k39,
Since ¢ is in colND, it follows from Moschovakis [Mos72] that there is a IT}
formula 1 such that

¢($7X) A 31/0Vy1 V?’Lw(.%', <y07"' 7yn>7X)7

say,
(b(.’I],X) Ans H?JOVyl cee Van¢0(w,x, <y07' . 'ayn>7X>7

for some arithmetical .
To verify that Ay is in ORXY fix 2 and z; we play the natural game
given by the equation above:
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1. Players I and II begin by playing real numbers yg, y1, - . . until Player
II decides to move on to the next stage after turn n. If this never
happens, Player I wins.

2. Player II plays w € R. Let 6y = ¢o(w,z, (yo,...,yn), A.) and as-
sume without loss of generality that 6y has been rewritten without
implications and without negations whose scope is not only an atomic
formula.

3. If 0; has been defined and is a formula in the language of second-order
arithmetic with an additional predicate A, we proceed by cases:

(a) If the outermost logical connective of 6 is a disjunction, then
Player I chooses one of the disjuncts; we set ;41 equal to this
choice.

(b) If the outermost logical connective of ) is a conjunction, then
Player II chooses one of the conjuncts; we set 6511 equal to this
choice.

(c) If @y is atomic then either it is an atomic formula not involving
X, in which case the game ends and Player I wins if, and only if,
61 holds; or it is of the form a € A, (since ¢ is positive). In the
latter case, the game continues.

(d) Let B € X9 be such that A, = ORB. Players I and II alternate
infinitely many turns playing reals wq, wy, ws,.... At the end,
Player I wins if, and only if, ((wg,w1,...),w,a,z) € B.

Clearly the winning condition for the game is 2. It is easy to verify that
Player I has a winning strategy in this game if, and only if (z, z) € A4. This
proves (10.3). O

Together with Harrington and Moschovakis’s Theorem 10.2.13, the pre-
vious result yields:

Corollary 10.3.2. colND—IND = oFx9.

10.4 Coinductive operators and reflection

Let < be a binary relation. As a convention, we will use < to denote the
strict part of <X (i.e., x < y whenever x < y and y A =) and = to denote
=<-equivalence (i.e., x = y whenever < y and y < x). Similar conventions
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shall apply to variations of =<, e.g., by subscripts. Notice that any two of =,
<, and = determine the other one.

Given a binary relation < and an equivalence relation E with the same
field, < is said to commute with F if © < y, xFa, and yEb imply a < b,
and similarly for the strict part <. A binary relation < commutes with itself
if it commutes with =; this follows from transitivity. An induction on the
complexity of formulae shows that if < is a binary relation that commutes
with itself, then any first-order formula in the vocabulary {<,=} holds of
some tuple (x1,...,z,) of objects in field(=<) if, and only if, it holds of any
tuple (y1,...,yn) such that x; is =-equivalent to y; for each i, so long as
equality is interpreted as =.

Definition 10.4.1. Let « be an ordinal. A coding of L,(R) is a preorder
< on a subset of R such that

(Lo(R), €,=) = (field(=),<,=)/ =.

The right-hand side of the displayed equation is the quotient structure
of the structure (field(=X), <,=) by =. The relation = becomes equality in
this quotient. If < is a coding of some L, (R), then < induces a wellfounded
transitive relation on =-equivalence classes and there is a surjection p from
field(=) to Lo(R) such that = < y if, and only if, p(x) € p(y). If so then in
this section only, let us denote p(x) by |z|<.

Theorem 10.4.2. |colND| = op.
The proof of Theorem 10.4.2 will be divided into two lemmata:

Lemma 10.4.3. |coIND| is I} -reflecting.

Proof. The lemma will be proved by an argument similar to the one for
[AR74, Theorem 10.7], but one deals with recursion on R in our context.
Another difference is that, since we are only interested in proving Lemma
10.4.3 (and are not analizing, e.g., ordinals of the form |X1]), we do not
need to be very careful with issues of definability, which greatly simplifies
the situation.

Given an inductive definition ¢, there is a natural way of associating to
it a prewellordering on R, namely, letting

{least € such that x € ¢+, if it exists,
w(z) =

0, otherwise;
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we put
x =4 y if, and only if, w(z) < z(y).

Let ¢ be a universal coinductive operator, i.e., a coinductive operator
such that whenever 1 is a coinductive operator, we have

P(X) ={z eR: (z,a) € $(X)}

for some a € R. (See Moschovakis [Mos74] for a proof of the existence of
universal coinductive sets; they can be defined uniformly on X.) Below, we
will define a coinductive operator ©® which simultaneously applies ¢, defines
the prewellordering associated to ¢, and codes initial segments of L, (R)
along the prewellordering given by ¢. Given X C R, write

(i, X) ={(i,x) : z € R}.
Conversely, we write
Xi={reR:(i,z) e X}

Let X C R and < be a binary relation on X. Suppose moreover that U
is a set of real numbers and that X consists only of tuples of real numbers
none of whose first coordinate belongs to U. We define a set Def(X, <)
and a binary relation < such that if < has field X and codes Ly (R), then
<% is a relation on X & Def(X, <) which codes Ly+1(R). The reason for
mentioning U at all will become clear soon; roughly, it contains indicators
which we will use to identify which reals belong to Def(X, <) and which do
not.

Def(X, =) is the set of all tuples (z, ¢, 5), where xg € U, ¢ is a formula
of arity LTH(E)—{—l in the vocabulary {=, <} and bis a finite tuple of elements
of X. For z,y € X @ Def(X, <), we put  <* y if, and only if, one of the
following holds:

1. z,y € X and = < y;
2. y € Def(X, <) is of the form (z¢, ¢, b) and (X, <,=) |= ¢(b, z).

Afterwards, let xFy if, and only if  and y have exactly the same <*-
predecessors, and put x <7 y if, and only if, z Ey or there are aEx and bEy
such that a <* b. Hence, the relation <* is a first approximation to <*. It
extends < by specifying which of the elements of X are smaller than which of
the new elements. It may thus be that an element x of Def( X, <) turns out to
have exactly the same <*-predecessors as some other element y of Def( X, <)
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or of X. We would then like to force these x and y to be =T-equivalent,
which is what we do. Note that this definition depended on U, so when
in need of precision, we may write Def(X,<,U) for Def(X, <) and <tV
for <T. By inspecting the construction, one sees that both Def(X, <,U)
and <7 are, say, hyperprojective (in fact, much simpler) in X, U, and =.
Another feature of this definition is that if {<,}, is an increasing family of
relations obtained this way, and =< is a coding of some L,(R) then |J, <,
is a coding of some Lg(R) (this is where the set U in the definition is used).

We now define the operator ©. Given X C R, © will map X to a set Y
with four parts, Yj, Y7, Y2, and Y3 defined in terms of Xy, X1, X9, and X3.
If X is of the right form, Y7 will be a prewellordering of some length a + 1
and Y3 will be a coding of Lyy1(R) with field Y.

1. Yo = ¢(Xo);

2.1 =X3U {(:E,y) cx € Yy U field(X;) and y € Yy \ ﬁeld(Xl)};
3. Y = X5 UDef(Xs, X3,U), where U = Yp \ field(X);

4. Y3 = XU, where U = Y \ field(X7).

The class of coinductive operators is closed under Boolean connectives and
real quantifiers, so © is coinductive. The operator generates the inductive
definition ¢ on its first component, while simultaneously coding =< in its
second component. At each stage £, all new elements added to the field of
=4, i.e., those of =<y-rank £ + 1, are used to define the new elements of the
set (©%)2 which acts as the field of a relation (©%); that codes Lgiq(R).

Any fixed point of © will contain a fixed point of ¢ in its first component.
Because ¢ is universal coinductive, an argument as in [AR74, Theorem 8.5]
(but using continuous reducibility in place of many-one reducibility?) shows
that

|O| = |¢| = |coIND|.

Hence, we need to show that |©| is II]-reflecting (although, to show that
there is a II{ -reflecting ordinal <|colND|—which is really the point of this
lemma—, we do not need the argument from [AR74, Theorem 8.5]). Recall
that, given a coding = of some L, (R), in this section we write |z|< for the
element of L,(R) coded by z, if any.

3A proof of the Kleene’s Recursion Theorem in this context can be found e.g., in
[KW10, Theorem 3.1].
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Sublemma 10.4.4. Let ¢ be a 111 formula in the language of set theory.
Then, there is a coinductive operator W, such that whenever \ < |0,

1. forallcy,...,c; € (©Y)q,
L)\+(R) ): d)(|01|(@)\)3, Ceey |Cl’(@,\)3) < (Cl, .. .,Cl) S \I/(@)‘).

2. for all c1,...,c; € R, if there is some i < |+ 1 such that ¢; & (©))a,
then

(c1,...,¢) & \IJ(G’\).

Proof. The main observation is that by Barwise-Gandy-Moschovakis [BGMT1,
Lemma 2.9], for every admissible set A, a relation P on A is coinductive on
A with parameters if, and only if, it is II; over AT, with parameters in
AU {A}. Moreover, by inspecting the proof, one sees that this correspon-
dence is uniform, in that the definition of the coinductive relation depends
only on the IT; formula and its parameters, and not on the admissible set A
(as long as it contains the parameters).*

Hence, given a II;-formula v, the set of all ai,...,a; € Lx(R) such that

Ly+(R) E¢(ar,...,q)

is a coinductive subset of Ly(R) (and thus of Ly,1(R)). Since (0%)3 is a
coding of Ly;1(R), there is a surjection

p: (02 = Ly (R),

such that a pair (z,y) belongs to the strict part of (©1)3 if, and only if,
p(x) € p(y). It follows that the preimage of a coinductive subset of Ly (R)
under p is coinductive on R from the parameters (©*); and (6)3. Hence,
there is a coinductive operator ¥’ such that

1. for all ¢1,...,¢ € (©Y),

L)\Jr(R) ): ¢(‘01‘(@A)3, ce ‘C[’(@)\)g) — (01, R ,Cl> S \I//((@)‘>2@(@)‘)3).

“This can also be shown directly for admissible sets of the form L, (R): given such a
set, one defines an operator, elementary in Lo (R), that successively outputs extensions of
L. (R), like © does. To ensure that the operator is elementary, one can have it e.g., add
only Xi-definable sets at each stage, instead of all first-order—definable sets. One can ask
the operator to also check at each limit stage whether the I1; fact with parameters in L, (R)
holds of the structure it outputs. Like we did with ©, this operator can be ensured to have
closure ordinal at by asking it to generate a universal X1(Lq(R)) inductive definition in
parallel. The operator for that can be obtained e.g., from the universal 3;(P) subset of
R, where P is a subset of R coding Lo(R). The set P can be obtained uniformly in a
21 (La(R)) way (for multiplicatively indecomposable «; see Steel [Ste08c, Lemma 1.4]).
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2. for all ¢1,...,¢ € R, if there is some i < [ + 1 such that ¢; ¢ (0*),
then
(cryenmva) € V(012 @ (0Y)3).

Now, both (6*)y and (6*)3 reduce to ©* continuously, and this reduc-
tion is uniform in A, so there is an operator ¥ as desired. O

Let v be a II; sentence and let ¥ be given by the sublemma, so that for
all A < |©| and all ¢y, ..., ¢ € (©)3, we have

LA+(R) |: w(‘cl‘(gx)g, ceey ’Cl|(@>\)3) — (Cl, R ,Cl) € \I/(@A)

Since ¢ was chosen to be a universal coinductive operator, ©(X) is complete
coinductive for all X, so there is a continuous function

g: R' — R
such that for all ¢1,...,¢ € R and all X C R do we have
(c1y...,q) € ¥(X) < glcr,...,q) € O(X).
Hence,
Lyt (R) = ¥(letl@ry,s - - - lailiony,) ¢ glers ... c) € ©(OY).  (10.4)
Suppose then that there are elements 1, ..., of Ly(R) such that
Lig+(R) = ¢ (71,--.,m)-

By construction, (©<*)3 is a coding of Ly(R) for each )\, so (©%)3 is a
coding of Ljg|(R) with field (©°°)2. Thus, there is a surjection

p:(07)2 — Lig|(R)

such that the pair (x,y) belongs to the strict part of (0°)s if, and only if,
p(x) € p(y). Pick c1,...,¢ such that for each 0 < i < I+ 1, p(¢;) = 7.
Then,

Lo+ (R) = ¢ ([cil @)y, - - - etl@e),)-

By (10.4),
glci,...,q) € O(°) C O

|©] is a limit ordinal, so there is some A < |©| such that

glcr,...,q) € @(9)‘),
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so that, by (10.4),
L+ (R) E v(lciloryg -« leil@ry)-

Notice that the sequence of sets {(©1)2 : A < |O]}, as well as the sequence of
isomorphisms witnessing that each (©*)3 is a coding of Ly1(R) are strictly
increasing, and this implies that

cil(@r), = Icil@),

for each 0 < i <!+ 1, which yields the result. This proves the lemma. [
Lemma 10.4.5. If x is II{ -reflecting, then |colND| < k.

Proof. This proof is like that of [AR74, Lemma 10.1]. Suppose « is II] -
reflecting and let ¢ be a coinductive operator. Since k is IIf -reflecting,
it is R-recursively inaccessible. Because coinductive relations are universal
relations on the next admissible set, it follows that if A € P(R) N L, (R),
then L,+,1(R) can compute coinductive relations on A. Now, L,(R) can
compute the sequence {¢* : A < s} in a I} way (with parameters): z is
the Ath element of this sequence if every transitive set of the form L, (R)
containing an increasing (A + 1)-sequence of R-admissible sets believes that
x is the Ath element of the sequence. Moreover, this definition is uniform
on R-recursively inaccessible ordinals. Thus, letting ¢ be a II; formula such
that
a € ¢<" < Ly(R) = INY(a, ),

the question of whether a belongs to ¢(¢<") is coinductive over ¢p<", hence
over L.(R), hence universal over L, +(R), so, by II] -reflection, ¢(¢=F) C
¢<", as desired. O

This concludes the proof of Theorem 10.4.2. The main consequence of
interest to us is:

Loy (R)

Corollary 10.4.6. P(R)N X, = okxd.

Proof. By Theorems 10.3.1 and 10.4.2, we need to show that
P®R) N == ® _ oIND-IND.

That the class on the right-hand side is contained in the one on the left is
clear. The converse follows from the proof of Lemma 10.4.3: one can use
a coinductive operator to inductively generate codes for initial segments of
L(R) below |coINDJ, so an existential statement about Ljconp|(R) can be
rephrased in terms of membership in the least fixed point of a coinductive
operator. ]



10.5. F,-DETERMINACY 289

10.5 F,-determinacy

Lemma 10.5.1. Suppose that all sets in O*XY are determined. Then, all
29 games of length w? are determined.

Proof. Note that X9 games of length w with moves in R are determined.
Suppose that all sets in D*XY are determined and let A € 9. We show
that the game of length w? with payoff A is determined. Let us refer to
this game as G. The proof begins very much like that of Theorem 10.3.1:
we begin by replacing G with a game G*(()). Without loss of generality we
shall assume that there is a recursive set P such that A is given by

r €A+ InVm(n,x | m) € P,

For s a finite sequence of real numbers of even length, define G*(s) to
be the following game:

1. Players I and II alternate w?-many turns playing natural numbers to
produce a countable sequence {a,, : n € N} of real numbers.

2. After w?-many rounds have taken place, Player I wins if, letting
t(m) = SA<O‘07 ag, ... 7am>7

we have
InVmVm' < m(n,t(m) | m') € P.

As before, Player I has a winning strategy for G if, and only if, she has one
for G*(()). Moreover, Player II has a winning strategy for G if, and only
if, she has one for G*({)). The game G*(s) is like G*(()), except that we
assume that s has already been played.

Let ng be a natural number, s be a sequence of natural numbers of even
length w-n, and X be a set of sequences of natural numbers of length <w?.
Consider the following game, G(X, s):

1. Players I and II alternate w?-many turns playing natural numbers to
produce digits corresponding to a countable sequence {«, : n € N} of
real numbers.

2. After w?-many rounds have taken place, Player I wins if, and only if,
letting
t(m) = s {ag,...,am),

one of the following holds for each m € N:
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(a) there is n < ng such that we have
vm!' < m (n,t(m) | m’) € P.
(b) t(m) € X.
Thus G(X, s) is a game on N of length w?. Write
o(s,X) = “Player I has a winning strategy in G(X,s).” (10.5)

The argument from Theorem 10.3.1 shows that if s € ¢*°, then Player I has
a winning strategy in G*(s). To complete the proof, it remains to show that
if s & >, then Player II has a winning strategy in G*(s).

Notice that G(X, s) is a game of length w? with moves in N and payoff in
19 (using X as a second-order oracle). We consider the following auxiliary
game, which we shall denote by H (X, s):

I o)y} g1
II| 79 m

Here, o; and 7; are real numbers coding strategies for games on N of length
w. Player I wins the game if, and only if, the sequence

(S,O’O * To*, 01 * T1,.. )

satisfies the winning condition of G(X,s). Here, o * 7 denotes the result
of facing off the strategies o and 7 against each other. Thus, H(X,s) is a
game of length w with moves in R and payoff in II{(X). We will need a
sublemma:

Sublemma 10.5.2. Suppose that all subsets of R in O*X9(X) are deter-
mined. Then, the following are equivalent:

1. Player I has a winning strategy in H(X,s); and
2. Player I has a winning strategy in G(X,s).

Moreover, the games are determined.

Proof Sketch. The equivalence is proved by arguing as in Chapter 7. This is
possible because the game H (s, X) is II{(X). The proof of Chapter 7 uses
determinacy of sets in O®XY; in this case, we need determinacy of sets in
ORXY(X), which we are assuming. H(X,s) is closed and thus determined
by the Gale-Stewart theorem. The proof of Chapter 7 also shows that if
Player IT has a winning strategy in H (X, s), then she has one in G(X, s), so
that this game is also determined. O
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Remark 10.5.3. Sublemma 10.5.2 essentially states that Lemma 10.5.1 holds
if one replaces 39 by ITY. The part of the proof of Chapter 7 used in the
proof of Sublemma 10.5.2 goes through for IT{ games. It would also go
through for ¢ games if one switched the order in which the players move in
the definition of H (X, s). The proof, however, does not go through for more
complicated games. By different arguments (involving the theory of scales
in L(R)), one can prove analogues of Lemma 10.5.1 for more complicated
pointclasses, up to Al. The result of replacing 9 by I} in the statement
of Lemma 10.5.1 is not provable in ZFC.

It follows from Corollary 10.2.11 that if X € L,(R), then all winning
strategies for games on R with payoff in 39(X) are definable over L+ (R),
so O X29(X) belongs e.g., to L,++(R).

Sublemma 10.5.4. DREQ is closed under the open-game-on-R quantifier;
i.e., if X € ORZY, then OR2Y(X) c oRxY.

Proof. This can be proved directly by an argument like the one of (10.3) in
Theorem 10.3.1. Alternatively, one can also appeal to the “Main Lemma”
of Moschovakis [Mos74] (as in the proof of Theorem 10.3.1): since operators
definable from X by an open game quantifier are X-inductive (by Corollary
10.2.11) and ©® X9 is a Spector class, it suffices to show that D* 2 is closed
under the inductive step. But the inductive step is positive analyical on X
and a real parameter, so clearly DR28 is closed under it. ]

Write
¢ (s, X) = “Player I has a winning strategy in H(X,s).”

Clearly, ¢/(s, X) is an operator in O*TI{ and thus in colND (by Corollary
10.2.11). By Theorem 10.4.2, there is some 1 < og such that ¢'*° = ¢/7. By
Corollary 10.4.6 and the hypothesis of the lemma,

Loy (R) |= AD.

Since op is recursively R-inaccessible, i.e., R-admissible and a limit of R-
admissibles, it follows that for every ¢ < 7, every subset of R in DRX{(¢/¢)
is determined. Hence, an induction along ¢ shows that

o=
for all ( <n. It follows that

¢OO — ¢/oo e ZfGR(R) _ DRzg
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(In case n = o®, the last step of the induction follows from Sublemma
10.5.4.)

Now, suppose that s & ¢°°. By definition, Player I does not have a win-
ning strategy in G(¢*°, s). By the two sublemmata, G(¢°, s) is determined.
Thus, Player II has a winning strategy in G(¢>°, s). But then, an argument
as in the proof of Theorem 10.3.1 shows how to turn this into a winning

strategy for G*(s). This concludes the proof of the lemma. O

We are now led to the main theorem of the chapter.

Theorem 10.5.5. The following are equivalent:
1. XY-determinacy for games of length w?;
2. There is a 11 -reflecting model of AD containing R.

Proof. If 39 games of length w? are determined, then clearly sets in O® X9
are determined, so that L, (R) = AD, by Corollary 10.4.6.

Conversely, suppose that there is a I1] -reflecting model of AD containing
R. By Corollary 10.2.4, Ly, (R) |= AD. Since o is R-admissible,

Log (R)
PR)N Ly (R) =P(R)NA] =,

Let I be the pointclass of all sets of reals which are ¥;-definable over L, (R)
with parameters. Using that L., (R) = AD, Steel [Ste08c, Theorem 2.1]
implies that I' has the scale property. Since og is R-admissible, I" is closed
under existential and universal real quantification and thus by Moschovakis
[Mos71], it has the uniformization property. Hence, the hypotheses for the
Kechris-Woodin determinacy transfer theorem [KW83| are satisfied, and
we may apply it to conclude that all sets in Ef”R(R) are determined. By
Corollary 10.4.6, all sets in O®X§ are determined. By Lemma 10.5.1, X9-
games of length w? are determined. O

10.6 Concluding Remarks

A classical theorem of Kripke states that, in L, the least « such that L,
is a model of KP + ¥j-separation is the union of a chain of ¥;-elementary
substructures. The situation is analogous in L(R). This and Theorem 10.1.2
imply the consistency results mentioned in the introduction.

Theorem 10.6.1. The following theories are strictly increasing in consis-
tency strength:
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1. KP+ DC+ “R exists” + AD;
2. KP4+ DC + “R exists” + X9-determinacy for games of length w?;
3. KP4+ DC + “R exists” + AD + 31-separation.

Proof. Working in KP + DC + “R exists,” assume that X9 games of length

w? are determined. We show that there is a model of

KP 4+ DC + “R exists” + AD.

Consider the following game of length w?:
1. Player I begins by choosing a 29 game of length w?;
2. Player II decides which role she wants to have in the game;

3. Players I and II play the game chosen by Player I, taking the roles
specified by Player II.

This game is perhaps not X, but it is certainly, say, AY. It clearly cannot
be won by Player I, and any winning strategy for Player II easily reduces
continuously to a winning strategy for some player for any prescribed XY
game of length w?. Since R exists, one may use collection to conclude that
there is a set A containing winning strategies for all 3¢ games of length
w?. From A and R one may use Yo-separation to conclude that there is a
universal D®X{ set. Hence, there is a universal IND set, from which one
can easily compute a prewellordering of R whose length is an R-admissible
ordinal . By collection, this ordinal exists, so L, (R) = KP 4+ DC and
IND = P(R) 0 2-+®),
Since all 9 games of length w? are determined, all O®X{ games of length

w are determined, and so
L.(R) = AD.

For the remaining implication, suppose that AD holds and ¥;-separation
holds. It follows that
L(R) = AD + X;-Separation.

To see this, we assume without loss of generality that for no ordinal n do we
have
L,(R) = AD + X;-Separation,
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i.e., that the least non-R-projectible ordinal does not exist. Thus, it suffices
to show that every subset of R which is ¥;-definable (with parameters) over
L(R) belongs to L(R). If not, then by Steel [Ste08c, Lemma 1.14], there is
a partial surjection from R onto L(R) which is ¥;-definable over L(R) with
parameters. However, L(R) is a ¥;-definable class and X;-separation holds
(in V), so this surjection is actually a set. But this is impossible, for its
restriction to the ordinals is also a surjection. Thus,

L(R) = AD + X;-Separation

as claimed. Working in L(R), there are arbitrarily large R-stable ordinals.
But it is immediate from the definition that if

La(R) <1 La+41(R),

(recall the definition of @™ in this chapter) then og < «, so there is a (set)
model of KP in which all games of length w? are determined (and AD holds
in this model, additionally). O

By a slightly more elaborate argument involving Inner Model Theory
(one can e.g., use the results in Part IT of Miiller [Uhl16]), one can replace
KP by ZFC in the statement of Theorem 10.6.1(2) (and, in fact, by much
stronger theories). Similarly, and using Theorem ??, one can replace Theo-
rem 10.6.1(1) by the theory ZFC + X9-determinacy for games of length w?.
We omit the details.
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11.1 Introduction

Given sets X and A C XV the Gale-Stewart game of length w on A is
defined as follows: two players, I and II, alternate turns playing elements
of X infinitely many times, producing a sequence z € X~. Player I wins if
x € A; otherwise, Player II wins. A is determined if one of the players has
a winning strategy for this game.

The Axiom of Determinacy (AD) states that all Gale-Stewart games of
length w on (subsets of) N are determined. Similarly, the Axiom of Real
Determinacy (ADg) states that all Gale-Stewart games of length w on R are
determined. Both axioms are inconsistent with the Axiom of Choice, but
are consistent with Zermelo-Fraenkel set theory (ZF) without the Axiom of
Choice, although this fact is not itself provable in ZFC. To do this, one
needs to make use of large cardinal axioms, strengthenings of the axiom
of infinity. A theorem of Woodin (see Koellner-Woodin [KW10] and Steel
[Steb]) states that ZF + AD is consistent if, and only if, ZFC is consistent
with the existence of infinitely many Woodin cardinals. Two unpublished
theorems of Steel and Woodin show that ZF + ADg is consistent if, and only
if, ZFC is consistent with the existence of a cardinal A\ which is a limit of
Woodin cardinals and of cardinals which are <A-strong. In particular, it is

295
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stronger than ZFC with a proper class of Woodin cardinals.

Kripke-Platek set theory (KP) is a weak set theory studied for its recursion-
theoretic properties. Many results about recursion on N generalize to arbi-
trary sets which satisfy all axioms of KP; these are called admissible sets.
A natural question is that of the strength of the theories KP 4+ AD and
KP + ADg (here, AD and ADg are assumed to include a clause stating that
the real numbers form a set—this is not a consequence of KP). Clearly,
ZF + AD proves the consistency of KP + AD, although the latter theory is
not significantly weaker than the former; e.g., KP 4+ AD proves the consis-
tency of ZFC with all finite amounts of Woodin cardinals, and much more
(see the remark at the end of this section). One may be led to conjecture
that KP + ADg has similar consistency strength to that of ZF + ADg. Here,
we observe that this is not the case at all:

Theorem 11.1.1. Suppose there are w?> Woodin cardinals and a measur-
able cardinal above them. Then, there is a transitive model of KP 4+ ADg
containing all reals.

The discrepancy between Steel and Woodin’s theorem on ADr and The-
orem 11.1.1 can be explained by recalling the theorem (due independently
to Martin and Woodin, both unpublished) whereby ADg is equivalent (over,
say, ZF + AD + DC) to the assertion that all sets of reals are Suslin. The
model M considered in the proof below will satisfy that all sets are Suslin.
However, even if one assumes that it can be extended to a transitive model
of ZF + AD, the least such extension will have many sets that are not Suslin.

For all undefined notions in what follows, we refer the reader to Kechris
[Kecl6]. Let @ be a quantifier on R and consider the language L(Q) of
second-order arithmetic augmented with a symbol for () as a quantifier and
constants for each element of R. If one further extends the language by an
additional predicate symbol, the notion of a formula being positive is defined
in the natural way. We write IND(Q) for the pointclass of all sets that are
inductively definable by a positive operator which is definable in L(Q). We
also say:

A is Q-hyperprojective <— A € IND(Q) AR\ A € IND(Q).

As is customary, we identify the real numbers R and the Baire space NN
in what follows.

Proof of the theorem. Given a set A C R?, write A, = {y € R: (x,y) € A}
and define DEQA to be the set of all z € R such that Player I has a winning



11.1. INTRODUCTION 297

strategy in the game of length w? on R with payoff A,.! Write

Ok, 3 = (D8, 41 Ais open}.
We state two lemmata and postpone their proofs until the next section.
Lemma 11.1.2. IND(9®) c oF,%9.

Lemma 11.1.3. Suppose that O®-hyperprojective games of length w? on N
are determined. Then every DX -hyperprojective game of length w on R has
a DR—hyperpmjective winning strategy.

By a theorem of Aczel [Acz75], IND(DR) is a Spector class on R. A
theorem of Moschovakis [Mos74, Theorem 9E.1] then implies that there is
an admissible set M whose sets of reals are precisely the D®-hyperprojective
sets.

To finish the proof of the theorem, suppose that there are w? Woodin
cardinals and a measurable cardinal above them. It follows from a theorem
of Steel [Ste93] that the extender model Mf}2 exists and is countably iterable.
By work of Neeman [Nee04, Section 2], this implies that analytic games of
length w? on N are determined. It follows that games of length w? on N
with payoff in DEQ 39 are also determined (this only needs open determinacy
for games of length w?; see the remark below). By Lemma 11.1.2, D®-
hyperprojective games of length w? on N are determined. By Lemma 11.1.3,
every oR-hyperprojective game of length w on R has a OR-hyperprojective
winning strategy, so M satisfies ADg. O

Remark 11.1.4. 1. The converse of Lemma 11.1.2 is true, but was not
used in the proof. Similarly, determinacy for games of length w? on N
with payoff in D§2 39 implies open determinacy for games of length w?,
but this implication was also not used in the proof; it can be shown
by the argument of [Aguf, Section 3] (having Player II be the closed

player).

2. The proof of Theorem 11.1.1 shows that if open games of length w? are
determined, then there is a transitive model of KP + ADg containing
all reals.

'Fix some recursive wellordering of N in length w®. This wellordering induces a bijection

between NV and N“*. The space Ne® o (NN)“’Q is considered with the topology induced
by this bijection.
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3. Woodin has shown that, over ZF + DC, ADg implies that every game
of fixed countable length with moves in N is determined. As the in-
terested reader will verify using the model M above, ZF cannot be
replaced by KP in the statement of Woodin’s theorem.

11.2 Proof of the lemmata

Given two strategies o and 7, we denote by o * 7 the result of facing them
off against each other. Given a strategy o for a player and a sequence of
moves z for the opponent, we denote by o(x) the unique play given by z
which is consistent with o.

Proof of Lemma 11.1.2. We emphasize that the lemma is stated with no
determinacy assumptions. For every quantifier () on R, a theorem of Aczel
[Acz75] shows that

IND(Q) = {QVué(u, ) : ¢ is projective},
where Q* denotes the next quantifier of Q, given by
QT uR(u) < Qxo Qxl Jzo Va3 Qry ... In R({xo, 21, ..., 2p)).

To prove the lemma, suppose A belongs to IND(D®). By Aczel’s theorem,
there is an analytical ¢ and some sequence @ of parameters in R such that

ze A O uo(u,z, ).
By definition of (9%)*,
re Ao ORegoRey ... Ing((xo, ... x,),x,d).

This means that x € A if, and only if, Player I has a winning strategy in
the following game G of length w:

1. During a turn k£ of one of the forms 4n or 4n + 3, Player I plays a
strategy oy for a game of length w on R;

2. During a turn k£ of one of the forms 4n + 1 or 4n + 2, Player II plays
a strategy oy for a game of length w on R.

Letting xj be the real coding oo * 09r11 (which is an infinite sequence of
reals), Player I wins if, and only if there is n such that ¢((zo,...,z,),z, @)
holds.
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For simplicity, let us assume that ¢ is X1, so that
$(u,2,@) +» Iy € RYm R(u | m,z | m,@ | m,y | m),

for some recursive relation R.

Let us define an open game H of length w? with moves on R and open
payoff which determines membership in A. The game consists of infinitely
many blocks, each of length w, and has two stages.

1. During turns (w-n,w - (n + 1)), if the game is in the first stage, then
players I and II alternate turns playing real numbers z{, z7, ..., etc.
If n is even, then Player I begins; if n is odd, then Player II begins.
Denote by 2™ the real coding the infinite sequence (zf, 27, ...).

2. During turn w - n, player I may decide to advance the game to the
second stage, if she has not done so before.

3. If so, then Player I must play some y € R.
4. If so, Player II must respond with some m € N.

Player 1 wins the game if, and only if, there is some n such that the game
advances to the second stage on turn w-n, and if y € R and m € N are the
two numbers played immediately afterwards, then

R(<x07x17"‘7$n> rm7x rm7a rm7y rm)7

where z° = (z,2%,...).

Now, suppose Player I has a winning strategy 3 in H. Then she has one
in G: during a turn k£ of one of the forms 4n or 4n + 3, Player I plays the
restriction of ¥ to the next w-many moves of the game. Player II’s move
during turn 4n + 1 or 4n + 2 is a strategy which, when applied to X, yields
a real which we will denote by x?" or z?"*!, according to the parity of k.
Since ¥ is winning for Player I, whenever she plays by the strategy just
described, there will be an n € N such that Player I can play some y € R
which ensures that

vm R((z°, 2, ..., 2") [ m,z [ m,@ [ m,y [ m),

so the strategy described ensures winning G.

Conversely, if Player I has a winning strategy ¥ in G, then she has one in
H, obtained from using, rather than playing, the strategies provided by X.
Since ¥ is a winning strategy, there can be no infinite play (x°, z%,...) such
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that ¢((zo,...,zn),z,d) holds for no n € N. Thus, for any play obtained in
this way, there will be a least n for which ¢({xq,...,x,),x,d) holds. Player
I can then decide to advance the game to the second stage during turn
w - n, after which she can play a real number witnessing ¢. This proves the
lemma. O

The proof of Lemma 11.1.3 requires some preliminary observations. The
first one we isolate as Lemma 11.2.1 below. Lemmata 11.1.3 and 11.2.1 are
both easy consequences of the proofs of known theorems, but not of the
statements. We refer the reader to Moschovakis [Mos09] for the definitions
of all undefined notions in what follows.

Lemma 11.2.1. Suppose games of length w? on N with DX -hyperprojective
payoff are determined. Then IND(DR) has the scale property.

Proof. The proof is somewhat standard, so we only sketch it. The key
result which we need is one of Martin [Mar0O8b, Corollary 7.2] by which
if a pointclass I' has the scale property and games of length w? on I' are
determined, then ORT has the scale property.

Afterwards, the proof is much like the argument of Moschovakis [Mos08]
for showing that inductive sets admit inductive scales: one verifies that for
every operator ¢(X) in which X appears positively and which is definable in
the language L(D®), every stage ¢* of the inductive definition on ¢ admits a
scale which is DR-hyperprojective. As in [Mos08], this transfinite recursion
can be carried out effectively, using the recursion theorem and the fact that
the theorem on the transfer of scales from a set A to O®A has an effective
proof (this is the case because the definitions of the scales are written down
in [Mar08b]), to show that each scale constructed this way is in fact OF-
hyperprojective. Finally the same construction, together with the Stage
Comparison Theorem, yields a scale on ¢° which is in IND(2®). This proves
the lemma. O

A consequence of the preceding argument is (much like in the case of IND)
that if games of length w? on N with payoff in IND(2O®) are determined, then
OR_hyperprojective sets have OR-hyperprojective scales.

Recall that, by our convention for dealing with games of length w on R,
a run of one these games (i.e., an infinite sequence of reals) is identified with
the (single) real coding it. We will also assume that if z is a real coding
an n-tuple (xg,...,zp—1) and k < n, then the first k& digits of = depend
only on x,...,xr_1; similarly for codes of infinite sequences. This has the
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consequence that, if (xg,x1,...) is an infinite sequence, then, letting y; code

(xo,...,xk—1) for all k € N and y code (zg, z1,...), we have
lim yi = y.
k—o00

Proof of Lemma 11.1.3. One way of proving this is to adapt the argument
for the Third Periodicity Theorem of Moschovakis [Mos09, Theorem 6E.1]
to games on R. Let A be a O®-hyperprojective set and identify it with the
game on R it induces. Assume without loss of generality that it is Player I
who has a winning strategy.

Following Moschovakis’ proof, define W}, to be the collection of all (k+1)-
tuples of reals from which Player I has a winning strategy in A. Let % be
the norm defined as in [Mos09, Theorem 6E.1] and call a sequence of reals
of odd length (aqg,...,ar) € Wi minimal if

(a07 ceey Ak—1, ak) Sl/)k (a07 sy Qk—1, b)

for all b € R. By inspecting the definition and appealing to Lemma 11.2.1,
it is easy to see that 1, can be taken to be O®-hyperprojective. The point
of this norm is that it is shown as part of the proof of [Mos09, Theorem
6E.1] that if @ € RN is an infinite play such that a | 2k + 1 is minimal
for all k, then a is a win for Player I in A (this uses our remark on the
convergence of codes before the beginning of this proof). Since 1y, is OF-
hyperprojective, the collection of all minimal (codes for finite) tuples of reals
is OR-hyperprojective.

In [Mos09], where games on N are being played, the definable winning
strategy is obtained by playing the least number which is minimal in each
turn. When playing games on R, one cannot do that, but the problem can
be fixed in the obvious way:

Since O®-hyperprojective sets are (of course) closed under V¥, a theo-
rem of Moschovakis [Mos71] implies that every o®-hyperprojective set can
be uniformized by a DR-hyperprojective function. Hence, there is a D%-
hyperprojective function f such that if u is a tuple of reals of even length in
Wi, then f(u) € R is minimal. The winning strategy for Player I is to play
f(u) whenever it is defined. This completes the proof of the lemma. O
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12.1 Introduction

Consider the following argument;:
1. That Kurt Godel is Austrian entails that Kurt Godel is Austrian.
2. Hence, that Kurt Goédel is Austrian entails that everyone is Austrian.
3. That is, if Kurt Godel is Austrian, then all people are Austrian.

4. Therefore, there exists a person such that, if that person is Austrian,
then all people are Austrian.

This chapter was written jointly with M. Baaz.
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The argument can be formalized as follows:

A(a) F A(a)
Aa) - Vy A(y)
F A(a) = Yy A(y)
F 3z (A(z) — Yy A(y)) (12.1)

The study of formal proofs is motivated by our desire for deductive reason-
ing to be correct—we wish that the procedures involved derive only true
conclusions. The traditional way of ensuring this involves restricting proofs
to those satisfying the two following properties:

e Inferences are sound, i.e., only true conclusions result from true premises.

e Derivations are hereditary, i.e., initial segments of proofs are proofs
themselves.

In particular, one might impose certain characteristic-variable conditions
that restrict the circumstances under which quantifiers can be inferred. One
can use unsound rules based on weak characteristic-variable conditions to
define enhanced (correct) logical calculi wherein derivations such as (12.1)
are allowed.

In our current treatment, the correctness of proofs can only be gauged by
considering them in their entirety, as forfeiting soundness while maintaining
correctness necessarily violates hereditariness. This is not unlike other as-
pects of reasoning that are frequently not reflected in formal derivations. For
example, hereditariness is not compatible with proofs by contradiction—one
would not take as correct an initial segment of a proof obtained by inter-
rupting it after an assumption directed towards a contradiction had been
made, but before the contradiction had been reached.

To illustrate this, we note that the following subproof of the opening
example should not be allowed as a proof in the system:

1. That Kurt Godel is Austrian entails that Kurt Godel is Austrian.
2. Hence, that Kurt Goédel is Austrian entails that everyone is Austrian.

The strong inference from 1. to 2. is the only unsound one:

1. That Kurt Godel is Austrian entails that Kurt Godel is Austrian.

3’ That is, if Kurt Godel is Austrian, then Kurt Godel is Austrian.
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4" Therefore, there exists a person such that, if that person is Austrian,
then Kurt Godel is Austrian.

Here, the name ‘Kurt Goédel’ is simply manipulated syntactically, so
its meaning plays no role. Moreover, the name does not even appear in
sentence 4. It could well have been replaced by any other throughout the
derivation with no effect—we call (the result of formalizing) this condition
substitutability. In our example, it is what allows us to mend the proof after
a ‘lie” has been introduced in 2.

Formal proofs can often be taken without loss of generality to be regular,
i.e., any variable which is the characteristic variable' of a quantifier inference
can be assumed to appear only before then. Forfeiting this condition allows
us to accept the following proof:

Afa) F A(a)  A(f(a)
A(a) FVx A(x) Vx Az

- Ala) = A(f(a))
-3z (A(z) — A(f(2))) (12.2)

In this example, a is the characteristic variable of only one quantifier infer-
ence. We call this weak regularity. Our main result is that a sequent calcu-
lus augmented with unsound quantifier inferences satisfying substitutability,
weak regularity (or even a further weakening thereof), and a technical side-
variable condition is correct. This means that, although inferences therein
may not be sound, the three (global) conditions are enough to guarantee
that any lie introduced during the proof is eventually cleared. Moreover,
the calculus yields non-elementarily-shorter? cut-free proofs than standard
proof systems. This is proved in Section 12.3. Some consequences of the
speed-up theorem are explained in Section 12.4.

The three characteristic-variable conditions are motivated by the rules
governing possible inferences in Hilbert’s e-calculus, whose language contains
no quantifiers (see Section 12.5). As a consequence, proofs therein are less
restrictive. The weakened conditions thus result from attempting to pull
back some extra freedom from the e-calculus to first-order logic. They can
also be thought of as a first attempt in tracking down and covering the spots
where first-order logic proofs might break down without the usual quantifier-
inference restrictions. In particular, it seems plausible that the conditions

1See Section 12.2 for preliminaries and definitions.
2Size can be measured, e.g., by counting the number of inferences in the proof.
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here can be further weakened, and the corresponding calculi can result even
faster.

Weakened characteristic-variable conditions essentially identical to these
have been considered by Takeuti [Tak80] in the context of infinitary proof
systems. These proof systems will be explored in the second part of this
chapter.

12.2 Quantifier inferences

Let 7w be any derivation. We say b is a side variable of a in 7 (written a < b)
if 7w contains a strong-quantifier inference of the form:
'+ A, A(a,b,0)
'+ A,V A(z, b, )

or of the form:
A(a,b,6), T HA

dz A(z,b,¢), '+ A

The Skolemization of a first-order formula A is defined by replacing every
strongly quantified variable y with a new function symbol f;‘(xl, cey X)),
where x1,...,x, are the weakly quantified variables such that QQy appears
in the scope of their quantifiers, and removing the quantifier Qy. We write
sk(A) for the Skolemization of A. Recall that whether a quantifier is weak
or strong depends on the side of the sequent on which it is. Thus, sk(A)
means different things depending on whether A appears in the antecedent
or the succedent. The Skolemization of a sequent

Agy ooy A F Amat, - oo A
is defined as:
sk(Ao),...,sk(Am) F sk(Am+1), -, Sk(Amtn)-

In classical logic, a sequent is derivable if and only if its Skolemization is.

Definition 12.2.1 (Suitable quantifier inference). We say a quantifier in-
ference is suitable for a proof 7 if either it is a weak-quantifier inference, or
the following three conditions are satisfied:

e (substitutability) the characteristic variable does not appear in the
conclusion of 7.
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o (side-variable condition) the relation <, is acyclic.

e (weak regularity) the characteristic variable is not the characteristic
variable of another strong-quantifier inference in 7.

In particular, if all the quantifier inferences in a proof 7 are suitable for
it, then every free variable a in 7 is the characteristic variable of at most
one inference, in whose principal formula a does not appear (since a <, a
cannot hold).

We will work with various sequent calculi extending Propositional LK,
the sequent calculus whose only axioms are | Fand A+ A (with A atomic)

and whose rules are:

Structural rules:

riﬂﬁxWL riZﬁ4WR
T AAFA THAAA
r.Ara L TEA A
LA B A DEALAB A
T, B AT, F A TFA,B A A,
THAA ATHA
TFA ut
Logical rules:
T Ak A THAA
ranBrAa ™Mt rrAavp
T.BFA T+ A,B
T AnBrA 2 TrAAvp 2l
T AFA T.BFA T-AA THAB
T.AVBFA TFA AANB
I'-A,A T,BFA T AFA,B
rAsBra L TraAsp o0

Negation —A is defined as A — 1. The names of the structural rules stand,
respectively, for ‘weakening,” ‘contraction,’” and ‘exchange.” First-order LK is
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the extension of Propositional LK obtained by adding quantifier inferences:

LA F A ' A A(t)
Wz A(x) F A VL ' A3z A(z) IR
I'A(a) F A 'FA Aa)
I3z A(z) F A I I'F A, Vz A(z) VR

with the only restriction that in the inferences VR and 3L, the variable
a is not allowed to appear in the conclusion. In particular, note that ev-
ery quantifier inference is suitable for every regular LK-proof. Gentzen’s
famous Cut-FElimination Theorem states that the cut rule is redundant in
both propositional and first-order LK.

Definition 12.2.2 (LK™). The calculus LK™ is defined like LK, except
that one drops the restriction preventing the characteristic variable of an
inference from appearing in its conclusion, and one adds the restriction that
a proof may only contain quantifier inferences that are suitable for it.

A further weakening of the characteristic-variable conditions gives rise
to the notion of weak suitability:

Definition 12.2.3 (Weakly suitable quantifier inference). A quantifier in-
ference is weakly suitable for a proof w if either it is a weak-quantifier infer-
ence or it satisfies substitutability, the side-variable condition, and:

e (very weak regularity) whenever the characteristic variable is also the
characteristic variable of another strong-quantifier inference in 7, then
it has the same principal formula.

Definition 12.2.4 (LK™"). The calculus LK™ is the extension of LK™
that results from allowing all weakly suitable quantifier inferences.

It is easy to find examples of sequents that are more easily provable in
LK™ than in LK:

Ezample 12.2.5. The sequent
Vx A(z) - B+ Jz (A(z) — B)

is provable in LK:
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Ala

(@)
Afa), B
(
(

)

A(a), A(a) —
Aa), 3z (A () B)
- Jz (A(z) = B), A(a)

F3dzx (A(z) — B),Vx A(z B+ B

(z)
Vo A(x) - B+ 3z (A(z) — B),B
Vo A(x) — B, A(b) + 3z (A(z) — B),B
Vo A(x) - B+ 3z (A(z) — B),A(b) - B
Vr A(x) - B+ 3z (A(z) —» B), 3z (A(z) — B)
Vr A(z) - B + 3z (A(z) — B)

However, one can find a shorter LKt -proof:

Afa) = Aa)
A(a)FVzA(z) BFB
A(a),Vx A(z) - B+ B
Vo A(z) - B,A(a) - B
Vx A(x) - B+ A(a) » B
Vr A(x) —» B F 3z (A(xz) — B)

O

Recall that a function on the natural numbers is elementary if it can be
defined by a quantifier-free formula from +, -, and the function z — 2*. By
independent results of R. Statman [Sta79] (which were formalized in [BL94])
and of V. P. Orevkov [Ore82], the sizes of the smallest cut-free LK-proofs
of sequents of length n are not bounded by any elementary function on n.
Our main theorem is that cut-free LK -proofs are non-elementarily shorter
than cut-free LK-proofs:

Theorem 12.2.6. There is no elementary function bounding the length of
the shortest cut-free LK-proof of a formula in terms of its shortest cut-free
LK™ -proof.

An immediate consequence is the following:

Corollary 12.2.7. There is no elementary function bounding the length of
the shortest cut-free LK-proof of a formula in terms of its shortest cut-free
LKt -proof.
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We prove Theorem 12.2.6 in Section 12.3. First, we consider the question
of the correctness of LK. The proof of Theorem 12.2.8 that we present
here is due to the referee:

Theorem 12.2.8. If a sequent is LK -derivable, then it is already LK-
derivable.

Proof. Let m be an LK™ 1-proof. Replace every unsound universal quantifier
inference by a — L inference:

't A Aa) Vr A(z) b Vo A(x)
I A(a) = Vo A(x) B A, Va A(x)

Similarly replace every unsound existential quantifier by an — L inference

Jz A(x) + Jz A(x) A(a),I'F A
I3z A(z), 3z A(x) — A(a) F A
By doing this, we obtain a proof of the desired sequent, together with
many formulae of the form A(a) — Vx A(x) or 3z A(x) — A(a) on the left-

hand side. However, we can eliminate each of them by adding an existential
quantifier inference and cutting with formulae of the form

F 3y (A(y) — Vz A(z))

or of the form
=3y 3z A(z) — A(y)),

both of which are easily derivable. Note that the existential quantifier in-
ferences can be carried out in a way that is permissible by LK because the
initial proof satisfied substitutability, weak regularity and the side-variable
condition. O

Corollary 12.2.9. If a sequent is derivable in LK™, then it is already deriv-
able in LK.

12.3 Non-Elementary Speed-Up

Our strategy for proving Theorem 12.2.6 is to show that LK™ simulates a
strong calculus that is already non-elementarily faster than LK. It is related
to quantifier shifts, formulae such as:

(Ve A— B) — 32 (A — B).
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The main feature of the calculus is the addition of certain rules for quickly
shifting quantifiers. Below, if A is a subformula of B, we say that B is a
context of A. We generally write k[A] to emphasize that A occurs in a
context k[-|; they should be thought as syntactical operators A — k[A].

Definition 12.3.1. The calculus LKgyi¢¢ is obtained by extending LK with
the following rules:

I'k[QrA<B]FA I'k[A<QzB]F A
[ e[Qx (A< B)|FA I e[Qz (A< B)|FA
I'- A k[Qz A < B I'F A k[A<Qz B|
' A, k[Q'z (A< B)] 'k Ak[Q'z (A< B))

where x[-] is a context, < € {A,V,—}, x does not appear in B, and Q' = Q,
except if < is — and @ is taken from the antecedent, in which case @’ is
opposite. We refer to these rules as deep quantifier shifts.

Proposition 12.3.2. Cut-free LKT simulates cut-free LK snsyt double-exponentially,
i.e., every LKgpqpi-provable sequent is LK™ -provable and there is a double
exponential function that bounds the length of the least cut-free LK™ -proof

of a LK -provable sequent in terms of its least cut-free LK sps5¢-proof.

Proof. Let w be a cut-free LKgpis¢-proof of size n. We transform it into a
cut-free LK T-proof. Assume by induction that there is only one application
of a quantifier shift and this is the last inference. We proceed by cases. For
simplicity, we assume x does not change the polarity of the quantifiers. We
also assume < is —; the other connectives are treated similarly.

CASE I. The last inference is:

I'k[Vz A(x) - B]| - A
I'k[3z (A(z) - B)|F A

so that the proof has the following structure:
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e
I F A", Ala)
T A", Yz A(z)

(%)

20‘1 203
' F A Yz A(z) ' BF A
I"Vz A(x) - B+ A’

I, k[Vx A(x) — B] .l— OA
I k[3z (A(zx) = B)|F A

where the o; denote subproofs. The subproof oy might split into several
branches not indicated in the diagram, each of which could potentially in-
clude its own copy of Va A(x) being inferred and its own subproof ¢4 with
conclusion of the form II, B = A. Each branch can be dealt with the same
way and so we will only focus on the indicated parts of .

Similarly, the subproof o1 might split into several branches not indicated
in the diagram, each of which could potentially include its own copy of
Vx A(x) being inferred. This we need to bear in mind. Note that each of
those copies of Vx A(z) is necessarily inferred from a different characteristic
variable. In fact, the variable a does not appear below (%), by the regularity
of LKgnift.

We modify the proof. Our approach is as follows: we would like to merge
the subproofs o1 and o9 simply by postponing the inference (x) as follows:

50'2 + 01 50'3

'F A, A(a) T,BFA
F',A(a) — B+ A ()

I3z (A(x) —» B) b A’

ox)

I k[3z (A(x) —» B)| - A

The problem that might arise is that some occurrence of Va A(x) that would
be contracted in o7 with the indicated occurrence is unable to be contracted.
We describe how to deal with each of them.

Notice that the problematic occurrence of Vz A(z) must originate from
a strong-quantifier inference. Omit that inference and drag the unquantified
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formula A(b) until after (xx), so that at that point we have a derivation of
0, A(b), T, 3z (A(z) — B),F A,
where I'" = T'(, T'}. Add to that some exchanges to obtain:
IV, 3z (A(x) — B), A(b) - A,
and a subproof
L03
. BF A (12.3)
in order to infer
IV, 3z (A(z) — B), A(b) - B+ A’
with an application of L and a contraction, we are left again with
I, 3z (A(z) — B) - A/,

to which we can apply o( as desired. The proof grows by adding a copy of
(12.3)—of size at most n—for each problematic occurrence of Vz A(z) (of
which there are at most n). Hence, it grows quadratically.

CASE II. The last inference is:

I k[dz A(x) — B|F A
I'k[Vx (A(z) - B)|F A

The proof has the following structure:

Lo9
I+ A" A(t)
I+ A 3z A(x)

301 503
I'F A, 3 A(z)  T,BF A
IV, 3z A(x) - B+ A’

I, k[3z A(x) — B 'I— OA
I, k[Vx (A(x) — B)| F A
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As in Case I, the subproof oy could branch off into several subtrees each of
which is taken care of in the same way, and so we only focus on the indicated
parts of m. We would like to merge the subproofs o; and o9 as follows:

50’2 + o1 50'3
I+ A A(t) I",BF A’
I A(t) —» B+ A

I Vz (A(x) — B) - A’

100
I, k[Vx (A(x) — B)| F A

As before, we face the problem of circumventing a contraction of (possibly
several occurrences of) 3z A(x) in o1 and solve it in the same way. The proof
grows quadratically again. We note the following: it might happen that the
term ¢ contains some free variable a. Hence, the proof of this case does not
necessarily go through in LK, as a could be the characteristic variable of
a strong-quantifier inference in o;. Substitutability holds clearly. Since no
free variable in B is a characteristic variable in the proof, the side-variable
condition is satisfied.

CASE III. The last inference is:
I k[A = VzB(z)] FA
I, k[Vz (A — B(z))| A

This is analogous to CASE II.

CASE IV. The last inference is:
I'k[A— 3z B(z)| - A
I k[Fz(A— B(z))] FA

This is analogous to CASE I.

CASE V. The last inference is:
'+ A, k[Vz A(z) — B
't A, k[3z (A(z) — B)]

The proof has the following form, modulo qualifications as in Cases I and
II:
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e
7 A(f) - A7
I Vo A(x) B A"

(%)

50'1
" Vo A(x) - A, B
I+ A" VzA(z) » B

e
't A k[Vz A(z) — B
't A k[3z (A(z) — B)]

We would like to postpone the inference (*), thus merging oy and o9:

Lo9 + 01
I A(t) - A", B
()
I+ A" A(t) — B
I+ A3z (A(z) — B)

100
'+ A, k[3z (A(z) — B)]
However, we might have—similarly to the previous cases—an occurrence
of Vax A(x) that would be contracted on the left-hand side as part of o;.
For simplicity, assume there is only one. This occurrence is inferred from
a formula A(s). Postpone this occurrence until after (xx) so that at that
point we have a derivation of

0,A(s), T - A, 3z (A(z) = B),
where I'" = T'(, I'}. Add to that some exchanges to obtain:
IV, A(s) = A, 3z (A(z) — B),

and a weakening:

I, A(s) F A, 3z (A(xz) — B)
T A(s) F A3z (A(z) » B).B " I (12.4)

in order to infer

'+ A’ 3z (A(x) — B), A(s) — B.
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with an application of 3R and a contraction, we are left again with
I+ A, 3z (A(x) — B),

to which we can apply the rest of oy as desired. In this case the proof only
grows linearly. As in CASE II, the proof of this case would not necessarily
work for LK, but it is correct from the point of view of LK™, as follows from
the regularity of LKgpi¢t and the fact that the conclusion of the proof is .

CASE VI. The last inference is:

'+ A, k[3z A(z) — B
'+ A, k[Vz (A(z) = B)]

The proof has the following form, modulo qualifications as in Cases I and
II:

)
I A(a) H A"
I 3z A(z) H A"

(%)

Loy
I3z A(z) H A", B
I+ A3z A(x) - B

EO’O
'+ A k[F3z A(z) — B]
'+ A k[Vz (A(z) — B)]

As before, we would like to postpone the inference (x), thus merging oy and
09:

502 + 01

", A(a) F A, B
I+ Ay A(a) —» B
I+ A" Vz (A(z) — B)

ox)

I' - A k[Vz (A(z) — B)]
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We deal with contractions of 3z A(z) on the left-hand side as in the previous
case. The proof grows linearly.

CASE VII. The last inference is:

'+ A, k[A — Ve B(z)]
't A k[Vz (A — B(z))]

This is analogous to CASE VI.

CASE VIII. The last inference is:

'+ A, k[A — Jz B(z)]
't A k[3z (A — B(z))]

This is analogous to CASE V.

Hence, we have dealt with all the cases. Note that for each quantifier
shifted, the proof grows at most quadratically. Since there are at most n
deep quantifier shifts, the size of the resulting proof is bounded by

n2" _ 22"410g(n) ~ 22".

This finishes the proof. O

Theorem 12.2.6 is a consequence of Proposition 12.3.2 and the following
result:

Theorem 12.3.3. There is no elementary function bounding the length of
the shortest cut-free LK-proof of a formula in terms of its shortest cut-free
LK spip¢-proof.

Proof. We will make use of a very specific family of sequents {S;}i<. de-
scribed in [BL94] and due to Statman [Sta79], and specific LK-proofs thereof.
The sequents and the proofs themselves are not important for our proof.
What is relevant is that they have the following properties:

1. the size of S; is polynomial in i;

2. there is no bound on the size of their smallest cut-free LK-proofs that
is elementary in 7;

3. the size of these proofs (with cuts), however, is polynomially bounded
in %;
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4. all cut formulae are closed; we can also assume they are prenex by,
e.g., [BL99, Theorem 3.3].

Let I'; F A; be one of the sequents. We modify the proof as follows: first,
replace each cut

TFAA ATFA
TFA

ut

with an application of — L:

TFAA T,AFA
T A AFA

— L

We are left with a cut free proof my whose end sequent is of the form:
Ao —)AQ,...,Am —>Am,1“l H Al (125)

Choose any occurrence of a quantifier in Ag that is not in the scope of
another quantifier. Since it appears once in the antecedent of Ag — Ay and
once in the consequent, it appears once with each polarity. Because Aq is
assumed to be prenex, we can apply two deep quantifier shifts, so that we
are left with a proof 7(, of the sequent:

Vad 32y (A — A,y A — Ay, Ty F A, (12.6)

Continue choosing any occurrence of a quantifier in Af, that is not in the
scope of another quantifier (within Aj) and applying deep quantifier shifts
in pairs until we obtain a proof m; of the sequent:

VI'SEL’E? (Aoéﬁo),,Am—)Am,le_A“

where A is quantifier-free and the prefix of Ay — A consists of alternating
quantifiers. Repeat this procedure for each of the A; to obtain a proof m,,
where each formula A; — A; is replaced by an expression of the form:

where A, is quantifier free and the quantifier prefix is alternating. Let I
A be the sequent:

Vad 3zl .. (Ag — Ag),... Val 3T . (A, — Ay),TiF AL (12.7)

Note that, since the size of the initial proof was polynomial in ¢, there were
polynomially many quantifiers in the proof; hence, we added only polynomi-
ally many deep quantifier shifts, and so the size of the resulting proof =, of
(12.7) is bounded polynomially in i. Moreover, it is cut-free. Consequently,
it suffices to show:



12.3. NON-ELEMENTARY SPEED-UP 321

Claim 12.3.4. There is no elementary function bounding the size of the
smallest cut-free LK-proofs of (12.7).

Proof. Let {0;}i<w be a sequence of such proofs. First, we transform it into
a sequence of proofs of the Skolemizations of the sequents (12.7), so that
for each sequent, each of the implications A; — A; remains only universally
quantified. Then, by Herbrand’s theorem, there are propositional proofs
{0 }i<w of the Herbrand sequents of (12.7), each of which is of the form:

ABL .. \BUL T A (12.8)
k k

(Here TV and A’ are the Skolemizations of T'; and A;.) Moreover, the
lengths of the Herbrand sequents are bounded exponentially by the lengths
of {6;}i<w (see [BL94, Theorem 4.3]). Each conjunct B} is a quantifier-free
implication of the form:

A(tl,...,tl) —>A(81,...,Sl), (12.9)

for some terms tq,...,%,S1,...,5. The key point is that, in the process of
Skolemizing the sequents (12.7), exactly one term in each pair (t;,s;) was
weakly quantified and the other (which was under the scope of the strong
quantifier) was replaced by a Skolem function. Hence, either ¢; is of the
form f(sj,7) or s; is of the form f(¢;,7), for some tuple of terms 7.

Transform the sequent (12.8) as follows: pick a pair (t;,s;) of some
disjunct Bf such that the element thereof that was replaced by a Skolem
term—say, f(sj,7) = t;—does not have any other of ti,...,¢,s1,...,8
as an argument. Such a term of course exists—it is the first term whose
quantifier was shifted in (12.6). Substitute s; for ¢; throughout the sequent.

By repeating this process sufficiently-many times, each formula (12.9) is
transformed into a propositional tautology of the form A(t) — A(t). This
means that the sequent

=FABR - \BR
k k

is also a propositional tautology, whereby so too is IV = A/, from which
follows that it is LK-provable. By [BHW12, Theorem 2|, there is an LK-
proof of the unskolemized sequent of length exponential in that of IV F A’.
But this is impossible, since—by assumption—there exist no short proofs of
the unskolemized sequent. O

This establishes Theorem 12.3.3 and thus Theorem 12.2.6. O
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12.4 Properties of the calculi

We discuss some properties of the calculi augmented with unsound infer-
ences. Some of the arguments are only sketched—we leave the details to the
interested reader.

12.4.1 LJ" and LJ*F

Consider LJ* and LJ*™, the analogs of the extended calculi LK and LK+
for intuitionistic logic. Specifically, these are the calculi obtained by restrict-
ing possible sequents to those with at most one formula on the right-hand
side. The calculi are not sound for intuitionistic logic, as shown by any of the
examples in the introduction. A consequence of this that they do not admit
cut elimination. The argument makes use of an important consequence of
cut elimination, subformula property—every formula appearing in a cut-free
proof of a sequent S is a subformula of a formula in S.

Proposition 12.4.1. LJT and LIt do not admit cut elimination.

Proof. Consider example (12.2). Since only one formula appears on the
right-hand side of each sequent, this is an LJ"-proof. Suppose towards a
contradiction that there were a cut-free proof of

-3z (A(z) = A(f(2))). (12.10)

By the subformula property, this derivation would consist entirely of sub-
formulae of (12.10). In particular, it would contain no strong quantifier
inferences. Therefore, it would already be an LJ-proof. But this is impossi-
ble, as (12.10) is not intuitionistically valid. O

Proposition 12.4.1 has the consequence that LKt and LK™" do not
admit cut elimination by an algorithm that resembles Gentzen’s. We give a
rough definition of what we mean by this, but the reader may consult the
appendix of [BH11] for further details.

Definition 12.4.2. We say that a cut-eliminating procedure is Gentzen-
style if it is a transformation of proofs consisting of permutation of rules,
substitution of free variables, reduction of cuts of a formula to cuts of its
outermost subformulae, and absorption of axioms, i.e., elimination of cuts

TEAA AFA
r-aa  Cut

by deleting the indicated occurrence of A - A.
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The point in considering Gentzen-style cut elimination algorithms is that
they transform intuitionistic proofs into cut-free intuitionistic proofs. Thus,
we obtain:

Corollary 12.4.3. LK™ and LK' do not admit any Gentzen-style cut
elimination.

As is well known, the following three formulae are the only quantifier
shifts not derivable in LJ:

1. Vx (AV B(z)) F AV Vx B(x);

2. Vz A(x) —» B) F 3z (A(z) — B);

3. (A — JzB(x))F Jz (A — B(x)).

They give rise to a characterization of LJTT:

Proposition 12.4.4. A sequent is provable in LI*T if and only if it is
provable in LJ with all quantifier shifts added as axioms.

Proof. All three quantifier shifts 1-3 are provable in LJT (see, e.g., Ex-
ample 12.2.5). We show the converse. Clearly, the sequents F Vy A(y) —
Vo A(x) and - Jy A(y) — 3z A(x) are provable. Hence, using the quantifier
shifts 2 and 3 one derives - Jy (A(y) — Vo A(x)) and - Jy (Fz A(x) —
A(y)). Therefore, we can apply the proof of Theorem 12.2.8 to obtain the
desired result. O

12.4.2 Skolemization
The following are applications of (the proof of) Theorem 12.2.6:

Proposition 12.4.5. If I' - A is LK " -derivable (resp. LK™ -derivable),
then its Skolemization is LK -derivable (resp. LK™ " -derivable) in quadrat-
ically many steps using additional cuts.

Proof. Let I' A be any LK "-derivable sequent. For each formula A in A,
the sequent A - sk(A) is already LK-derivable, it follows that, by using one
cut per formula, we can derive I' - sk(A) in LK. Similarly, sk(A) - A is
already LK-derivable. Hence, by also using one cut for each formula in T,
we can derive sk(I') F sk(A). O

However, as we see, the additional cuts are necessary:
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Proposition 12.4.6. Let S be a sequent. Then, there is no elementary
bound on the length of the smallest cut-free LKV -proof of the Skolemization
of S in terms of the smallest cut-free LK™ -proof of S.

Proof. We argue as in the proof of Claim 12.3.4: if the Skolemization of
I' - A were cut-free LK™ -derivable in elementary many steps, the cut-free
LK™ "-proof would already be an LK-proof, whence by [BHW12, Theorem
2], there would be an LK-proof of I' = A of elementary length with respect
to the LK -proof. O

Note, in contrast, that a cut-free proof can be Skolemized in LK at no
extra cost.

Proposition 12.4.7. There is no elementary bound on the length of the
Herbrand sequent of a sequent in terms of its smallest cut-free LK -proof
(resp. LK™ -proof).

Proof. This follows from Proposition 12.4.6, as a cut-free LK " -proof of the

Skolemization of a sequent contains no strong quantifier and is hence already
an LK-proof, whence we can apply Herbrand’s theorem. O

Although deskolemization of cut-free proofs is exponential in LK, it is
linear in LK™
Proposition 12.4.8. If the Skolemization of T + A is cut-free LKTT-

derivable, then T' = A is cut-free LK™ -derivable in linearly many steps.

Proof. Let m be a cut-free LK+ -proof of the Skolemization of I' - A. By
definition, the sets of Skolem functions assigned to each formula in I' - A
are disjoint. Modify 7 into a proof of I' H A as follows:

First, replace each Skolem term ¢ by a new free variable a; (recall that the
term ¢ is of the form fy(xo,21,...,,), for some variables y and zo, ..., zy).
Then, for each such variable a;, add to the proof a strong quantifier inference
with characteristic variable a; below each topmost sequent in which (for
t as above) a; appears and each variable among x, ...z, is bound by a
(weak) quantifier having a; in its scope. This results in an LK*"-proof
having I' F A as its end-sequent. Substitutability clearly holds, as does
weak regularity. The side-variable condition must also hold, since all weak
quantifier inferences are obtained from the new free variables indexed by
Skolem terms, and the subterm relation of (Skolem) terms is acyclic. O

Remark 12.4.9. The proof of Proposition 12.4.8 goes through for LJ .
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12.5 Connections to the epsilon calculus

We start by recalling the sequent-calculus reformulation of Hilbert’s e-calculus
(see [?]).

Definition 12.5.1. The quantifier-free language L. is obtained by removing
symbols 3 and V from the language of first-order logic and adding symbols
e and 7. Formulae and terms are simultaneously defined by induction in a
way that the following clauses are satisfied. We leave the precise recursion
to the reader.

1. constants and free variables are terms;

2. ifty, ..., t, are terms and f is an n-ary function symbol, then f(¢1,...,t,)
is a term;

3. if A(t) is a formula, ¢ is a term, and z is a bound variable, then e, A(z)
and 7, A(z) are terms.

4. ifty, ..., t, are terms and A is an n-ary predicate symbol, then A(tg,...,ty)
is a formula;

5. if A and B are formulae, then AA B, AV B, =A, and A — B are
formulae.

The e-sequent calculus LK® is obtained by adding to Propositional LK the
rules:
LA F A ' A A(t) .
T
I, A(,A(x)) H A I'F A A(eA(z))

The term e, A(z) is to be understood as a ‘generic’ object satisfying
property A. The dual term 7,A(z) is added for symmetry; it is in fact
redundant—one can define A(7,A) = A(e;(—A)). Terms of the form e, A(x)
are called e-terms and terms of the form 7,A(x) are called 7-terms. The
notion of an - or a 7-term being weak or strong is defined in analogy with
quantifiers in first-order logic.

The standard translation of first-order logic into epsilon calculus is de-
fined recursively by mapping atomic formulae to themselves, respecting
Booleans, and dealing with quantified formulae as follows: suppose A’ is
the standard translation of A, then we map:

Jx A(z) = Al(e.A'(2)), Vo A(z) — A(1,. A (x)).
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Proposition 12.5.2. A sequent is LK-derivable if and only if the standard
translation of its Skolemization is LK®-derivable.

In the LK®-proof of the standard translation of a sequent, e- and 7-rules
play the role of weak quantifier inferences, while the substitution of variables
for e- and 7T-terms throughout the proof plays the role of strong quantifier
inferences. The converse can be proved by appealing to the Ezxtended First
FEpsilon Theorem (cf. [MZ06, Theorem 16]) and the elimination of Skolem
functions as in [BHW12]. It can also be proved by a semantic argument.

K-H—

The characteristic-variable conditions of L ensure the following:

Proposition 12.5.3. If a sequent is has an LK™ -proof of length k, then
its standard translation has an LK®-proof of length < k.

The proof proceeds by replacing weak-quantifier inferences with e- or 7-
rules and omitting strong quantifier inferences—instead, we substitute the
appropriate - or 7-term for the characteristic variable throughout the proof.

Proposition 12.5.3 readily yields an alternative proof of Theorem 12.2.8:
let I' = A be an LK t-provable sequent. Then its Skolemization is LK**-
provable by Proposition 12.4.5. But the Skolemization is common to LK
and preserves validity, so by Propositions 12.5.2 and 12.5.3, ' - A is LK-
provable.

One can state the relationship between the e-calculus and LJ*T.

Theorem 12.5.4. A sequent is LJT " -provable if and only if its standard
translation is LJ®-provable.

Proof. Suppose I' - D is LJT"-provable. By Proposition 12.4.4 it is then
LJ-provable by adding quantifier shifts as axioms. As in Proposition 12.5.3,
the standard translation of I' = D is LJ®-provable by adding the standard
translations of quantifier shifts as axioms. However, the standard transla-
tions of quantifier shifts are already LJ*-provable.

Conversely, suppose the standard translation of I' - D is LJ*-provable,
say by a proof 7. We want to transform 7 into an LJ*"-proof. One of the
problems is that = might have inferences arranged the following way:
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II I—: B(s)
II+ B(e,B(x))

Tr A(z.B(2))
I F A, A(z))

If so, let us refer to

IT+ B(s)
I+ B(e,B(x))

as an inner inference.

Claim 12.5.5. Suppose that w is an LJ®-proof of the standard translation
of a sequent I' = D in which no strong quantifiers appear. Then there is a
LJ®-proof of the same sequent in whose axioms appear no - or T-terms.

Proof. Suppose

A(e.B,b) - A(e,B,b)
is an axiom in the proof. Replace €, B by a new variable z. p throughout
the proof. Below each inference of the form

II-C
I+ B(z.,B)

such that C # B(x.,p), add an inference

I+ B(z.,p)
I+ B(e,B)

and proceed similarly for 7-terms. To see that the resulting proof has the
same conclusion, notice that since the conclusion of 7 contains no strong e-
or T-terms, any strong e- or 7-terms must be cut or (weakly) modified by
an e- or 7-rule during the proof, and both those transformations go through
after carrying out the substitution of free variables for terms. O

Claim 12.5.6. Suppose that w is an LJ®-proof of the standard translation
of a sequent I' = D in which no strong quantifiers appear. Then there is a
LJé-proof 7' such that

! . .
1. 7' is cut-free;
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2. 7' has as conclusion the standard translation of T,T' F+ A, where T
consists of formulae of one of the following forms:

(a) VZ(A(Z) — A7),
(b) VEVG(A(Z, ) — A(Z, f(Z)), or
(¢) VIV (A7, 9(7)) — A(Z,7)),

where f and g are Skolem functions;
3. @ has no inner inferences.

Proof. The proof is obtained by replacing occurrences of A(e,A) by A(fa(z)),
for Skolem functions f4. Suppose A(t) is a cut formula in 7 and ¢ is an e-
or T-term obtained via an inner inference; e.g., t = ¢, B(z) below:

HI—:B(s)

I - B(c,B(x))
TF A(e.B(z))  A(e.B(2)), 1T o

T

(Here, let us assume that no other terms appear in B, to simplify notation.)
Modify 7 into a proof 7; as follows: the indicated occurrence of ¢, B(x)
must have been either introduced by weakening—in which case we modify
the weakening so that a Skolem constant cp) is introduced instead—or by
an axiom:

C(exB(z)) F C(exB(x))

A(e,B(x)),Il' - E'
in which case we replace it by:

Cleps) - Cleps)  CleaB(x)) F ClexB(x))
Clep(s)) = ClexB()), Cleps)) F CleaB(x))

Alep(s)), 1" = E
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where IT" has the form C(cp(y)) — C(e.B(x)),II'. (In the general case, cps)
is of the form fp(,)(2).) We modify 7—say, in the latter case—as follows:

T B(s) Blenw) - Blesw)
B(s) = Blep) 1L F Blegg)

. ™1
B(s) = B(cp(s)), I F Alep(s)) Alcpy), 1" F E
C(cp(s)) = C(exB(w)), B(s) — Bleps)), I = E

Repeat this for every weak e- and 7-term inferred in each cut formula.
We then make a similar modification to the proof for each inner inference.
For example,

II, I—: B(s)
II, b B(eyA(x))

U, F A(z,B())
IT, - A(e, A(z))

becomes

ILF B(s)  Blepw) - Blen)
B(5) = Blepw) L - Blepy)

B(S) - B(CB(S))7]'_‘[,7 |_ A(CB(S))
B(s) — B(cB(s)),H/, F A(ezA(x))

After this, replace all cuts with — L rules as in the proof of Theorem
12.3.3 and extend the proof with one 7-rule applied to each Skolem term
and to each e- and 7-term in each of the introduced implications (in any
order). Thus one is left with a proof satisfying all desired conditions. O
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To prove the theorem, let 7 be a proof in LJ® of the standard translation

of a sequent
' D.

First, find a proof mg in LJ® of the standard translation of sk(I") - sk(D)
as in Proposition 12.4.5. By the first claim, all axioms in 7y can be assumed
not to contain e- or 7-terms. Apply the second claim to obtain a cut-free
proof 71 with no inner inferences and with conclusion f‘, T'g = Dg, where

1. I'g F Dy is the standard translation of the Skolemization of I' - D;

2. formulae in I' are standard translations of formulae of one of the fol-
lowing forms:

(a) VZ (A(Z) — A(Z)),

(b) VIV (A(Z, ) — A(Z, f(Z)), or
(c) VEVY (A(Z,9(T)) — A(Z, 7)),
where f and g are Skolem functions.

Since the proof has no strong terms in its conclusion, is cut-free, and has
no inner inferences, it can be directly translated into a proof in LJ. By the
argument in Proposition 12.4.8, there is an LJ*"-proof of the deskolemized

sequent -
I''T'F D,

where T' consists of formulae of one of the following forms:
1. VZ (A(Z) — A(Z)),
2. VZ3IZVY (A(Z,y) — A(Z, 2), or
3. VZIZVy (A(Z, 2) — A(Z,7)).

By Proposition 12.4.4, these formulae are derivable in LJ™T, so they can be
cut to obtain a proof of

' D,
as desired. O
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13.1 Introduction

Theorem 13.1.1 (Takeuti). The following are equivalent for every transi-
tive model M of ZF + DC containing R:

1. M |= “ DL satisfies the cut-elimination theorem,”
2. M = AD.

The proof of Theorem 13.1.1 is unusual in that it uses the Axiom of
Choice to prove that a statement inconsistent with it holds in an inner
model. Using a simple forcing argument, Takeuti’s theorem can be rephrased
without making reference to inner models.

Corollary 13.1.2. Assume ZF + DC. The following are equivalent:

331
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1. DL satisfies the cut-elimination theorem,
2. AD.

In the second part of Chapter III, we prove variants of Theorem 13.1.2.
The langauge of Takeuti’s system DL is uncountable. Its formulae are count-
able, but sequents need not be. Let “weak cut elimination” stand for the
assertion that every sequent having a proof with no atomic formulae of infi-
nite arity has a cut-free proof, and let “o-projective determinacy” stand for
the assertion that every game of length w whose payoff set is coded by a set
of reals in the smallest o-algebra containing the open sets and closed under
continuous images is determined. (Again, cf. Section ??.) We show:

Theorem 13.1.3. Assume ZF + DC. The following are equivalent:
1. DL satisfies weak cut elimination.
2. o-projective determinacy.

These statements are consistent with the Axiom of Choice and, using the
proof of a theorem of Martin and Steel [MS89], one can see that they are
provable in the theory ZFC + “there are infinitely many Woodin cardinals.”

Cut elimination for countable sequents in DL is consistent with the Ax-
iom of Choice, provided an additional axiom schema fin (defined below) is
added to DL. More precisely, let “countable cut elimination” be the asser-
tion that every countable sequent provable in DL has a proof without the
cut rule, perhaps making use of instances of fin.

Theorem 13.1.4. Assume ZF + DC. The following are equivalent:
1. DL satisfies countable cut elimination.
2. o-projective determinacy.

Theorem 13.1.3 is in fact seen to be a particular case of Theorem 13.1.4.
Theorem 13.1.4 is proved following Takeuti’s proof of Theorem 13.1.1, ex-
cept that one needs to prove soundness and completeness theorems for a
semantics slightly different from the intended one. The language of DL in-
volves a (perhaps unnatural) restriction with regard to the length of strings
of quantifiers one is allowed to form. Removing this restriction gives rise
to a proof system we call DLg. Applying essentially the proof of Theorem
13.1.2 to DLp yields:

Theorem 13.1.5. Assume ZF + DC. Then, the following are equivalent:



13.2. DETERMINATE LOGIC 333

1. DLg satisfies the cut-elimination theorem.

2. ADg.

Similarly, applying the proof of Theorems 13.1.3 and 13.1.4 to DLp yields:
Theorem 13.1.6. Assume ZF + DC. Then, the following are equivalent:

1. DLy satisfies countable cut elimination.

2. DLr satisfies weak cut elimination.

3. Every game of (fized) countable length whose payoff set is coded by a
projective set of reals is determined.

These three statements are again consistent with the Axiom of Choice.
By a theorem of Neeman [Nee04], they are provable in the theory ZFC +
“there are uncountably many Woodin cardinals.”

13.2 Determinate logic

For our purposes, the language of DL consists of:
1. An uncountable set of free variables, say, a;, indexed by R.
2. An uncountable set of bound variables, say x;, indexed by R.

3. A countable collection of constants, which we identify with the set of
natural numbers.

4. Predicate symbols. Each predicate symbol has either a finite number
or the set N associated to it. If n is associated to a symbol A, we say
that A has arity n. Otherwise, we say A has infinite arity or arity N.

5. Logical symbols: equality =; negation —; finite and infinite disjunc-
tions V¢, for & € NU{N}; and quantifier chains O, for a a countable
ordinal.

If # = {x, : « < a}, then the intended interpretation of O, is the quantifier
chain
31‘0 Vxl 31‘2 Vl’g “. EL’Bw V:BW_H ey

of length a.

We have chosen this specific language to simplify certain arguments. We
remark that all results here would remain true after undertaking any (or all)
of the following changes:
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1. adding predicate symbols of arbitrary countable arity;

2. adding constant symbols to the language, as long as there is a surjec-
tion from R to the set of all constant symbols;

adding function symbols of any countable arity;
adding implication or conjunctions;

adding disjunctions of transfinite, but countable, length;

AR AT

adding chains of quantifiers following any given binary pattern (or
arbitrary patterns).

The notion of a formula is defined as usual by induction: if A is a
predicate symbol of arity « and ¢ = {t, : ¢ < a} is a string of symbols
each of which is either a constant or a free variable, then A(t) is a formula.
We sometimes write A(tg,t1,...) or A(t,),<a for A(t). Inductively, if A
is a formula, then —A is a formula; if A, is a formula for each ¢ < « and
o € NU{N}, then \/,_, 4, is a formula. If A is a formulaand ¢ = {t, : ¢ < a}
is a string of constants or variables appearing in (subformulae) of A, we may
write A(t) for A to indicate this fact. If so, and 5= {s, : 1+ < a} is a string
of constants or variables of the same length, we write A(S) for the result of
substituting each s, for the corresponding ¢,.

If A(a,),<q is a formula and each of the a, is a free variable, then

Da (mL)L<OéA(f)

is a formula, provided each of the x, does not appear in A(a,),< and all
the z, are distinct. Formulae such as this one allow us to express usual
quantifiers e.g., by writing:

Yy A(y) := O2(z,y)A(y).

In fact, we may frequently abuse notation by writing, e.g.,

I(zak) ken A(Zok) ke = Ow(Tk)ken A(Z2k) keN-

If A is a predicate symbol of arity £ + 7 and t is a sequence of terms of
length ¢, we may regard A(f, -) as a predicate of arity n by fixing t. Similarly,
if A(t,),<q is a formula, we may regard it as having arity « if we intend for
(t.).<a to vary, and if A(-,-) is a formula of arity &€ + 7 and £ is a sequence
of terms of length &, A(t,-) may be regarded as a formula of arity 1. An
example of this is the formula A(a,)nen given by

\/an:O.

neN
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Definition 13.2.1. The language of DL is the restriction of the language
of DLgr in which chains of quantifiers have length at most w.

A sequent is an expression
kA

such that I" and A are sets of formulae and there is a surjection
p:R—->TUA.

The expression I' H A is interpreted as “if all the formulae in I" hold, then
some formula in A holds.” We will be somewhat liberal in denoting sequents
— for instance, the following is (or denotes) a sequent:

{A(n)}neN + A(4), B(a),II.

Ideally, what is meant will always be clear from the context.

A sequent calculus

We reproduce Takeuti’s definition of the sequent calculus for DL. It also
yields a sequent calculus for DLy if one considers the corresponding language.
The main feature of the calculus is that, although proofs (viewed as trees)
might be infinite (and uncountable), they are wellfounded, in the sense that
every branch is finite. Because of this, one needs to allow for many inferences
to be performed simultaneously. Consider the following example in which we
simultaneously derive \/;cni = j from {i = j} ey for each natural number
1€ N:

F{i = j}ijen

- {\/jeNi = jtien
Here, the bottom sequent {\/jeNi = jtien is a wellordered set of formulae,

but it need not be. In general, we will denote sets of formulae indexed by
some set I by

{AL}LEI'

By definition, any such I needs to be a surjective image of R if {A,},¢; is
part of a sequent. Nonetheless, if I is not relevant, we may simply write
{A,},- One would expect the dual of the inference above to have many
premises:

{i=f(@)}ien F for all functions f: N — N
{Vjeni=jlien -
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Before defining the calculus, let us introduce some more abuse of nota-
tion. Formally, formulae do not have transfinite arity, yet quantifiers might
have order type greater than w. Given an atomic formula A(z;);en and a
bijection

p:N—=0,

we sometimes write A(z,),<p to mean A(z,; )ien. We also write

O (k) ken A(Tk) ke

for
a(y’ Ty L1, T2, - - ) A($0,$17$27 .. ‘))

where y is some bound variable not appearing in A(xg,x1,z9,...) or any-
where else in the context of discourse.

The calculus includes axioms and rules for Booleans, equality, and quan-
tifiers, as well as a structural rule. The cut rule can be defined either as
usual:

Ir'-AA  ATFA
TFA

or in more general ways, e.g.,

PFA A}, {Aiel}TFA
TFA

A derivation tree is a tree of inferences of DLg with the obvious restric-
tions. The axioms are:

AFE A F{t = i}ien; Ft=t; i1=7k;

where A is atomic, ¢ is any term, and ¢ # j € N. We define the inference
rules.

1. The structural rule is:
'A
' A

where every formula occurring in I' occurs in IV and every formula
occurring in A occurs in A/,
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2. The first equality rule is:

I'FA -
{tL = 8L}L€I7F/ A

where IV and A’ are respectively obtained from I and A by arbitrarily
exchanging any ¢, and the corresponding s,.

3. The second equality rule is as follows: let ¥ consist of all formulae
a = b, for a and b in some set of variables. Let X be the set of all pairs
(X1, X2) that partition X. The rule is:

S, T F A, S, for all (51,5) €S
TFA

—2

4. One can negate several formulae at once:

{AL}L€I7 'EA 'k A, {AL}LEI
TEA{-AtLe (At TFA "

L

5. Let I be a set and (3, be a sequence of countable ordinals indexed by I.
The rules for disjunction allow us to infer a collection of disjunctions
indexed by elements ¢ of I, with each disjunction of length f,:

' Aa {Ab,u}u<,8L,LeI
'+ A? {V,u<ﬁL AL}LEI

VR

{A, . }er, T'H A for all sequences {u, }er € [1,e1 5.
{V/"L</8L AL}LGI’ A

\:L

6. The right-quantifier rule is:

' A {A(a,¢)ean, i<t
I'E Ao, (Te)ean, AT g)ean, bico

7. The left-quantifier rule is:

{AL(aL,§)£<)\L}L<9’F l_ A
{D)‘L (mb,§)§<z\b AL($L,§>§<,\L}L<9, A
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To quantifier inferences is associated a restriction — the characteristic-variable
conditions. These are given as follows: suppose

' A {A(a,¢)ean, <o
L'EA O (me)ecn, Au(mie)en, fizo

is a quantifier inference. Then, for each ¢+ < 6 and each even & < A,
the variable a,¢ is called the {th characteristic variable of the inference
(and of A,). Moreover, for each ¢ < 0, A,(a,¢)e<n, is called an auziliary
formula of the inference (and of each of its characteristic variables, and of
DA/, (xL7£)§<)\L AL($L7§)§<)\L) and D)\L ($L7§)§<)\L AL($L,§)§<)\,, is called a principal
formula of the inference (and of each of its characteristic variables, and of
Aa,¢)ecn,). If 7 is a derivation tree in which the above inference occurs,
we write b <, a if one of the following holds:

l.a=a,e b=a,c, (<&, and a,¢ is a characteristic variable of A,;

2. a is a characteristic variable of A, and b appears in the principal for-
mula of a.

Similarly, if

{Ab(ab,§)£<)\L}L<97F FA
{D)\L(xb7£)£<)\b AL(‘%.L,£)£<)\L}L<97F A

is a quantifier inference, then, for each ¢ and each odd &, the variable a, ¢ is a
characteristic variable of the inference and of A,. The notions of “auxiliary
formula,” “principal formula,” as well as the fragment of the relation <
induced by this inference, are defined similarly.

YW

Definition 13.2.2. A quantifier inference I in a derivation tree m is m-
suitable if it satisfies the following three conditions:

e (substitutability) none of its characteristic variables appear in the con-
clusion of ;

e (side-variable condition) the relation <, is wellfounded;

e (very weak regularity) if its £th characteristic variable is a characteris-
tic variable of a quantifier inference J in 7, and A is the corresponding
principal formula in J, then A is the principal formula of I and, letting
{a!}, and {a/}, be the quantified variables in both inferences in that
order, we have a! = a/ for all + < €.

L =

(These are Takeuti’s conditions; the terminology comes from [?].)
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Definition 13.2.3. A derivation tree 7 is a proof in DLy if all quantifier
inferences in 7 are w-suitable. A derivation tree m is a proof in DL if it is a
proof in DLg and every formula in 7 belongs to the language of DL.

Without loss of generality we assume that for every proof 7, there are
continuum-many free and bound variables not appearing in it. The power
of the calculus for Determinate Logic lies in the following fact. The analog
for DL also holds.

Lemma 13.2.4. Let 0 be a countable ordinal and A(z,),<¢ be a formula.
Then the sequent

- D6(20) <o Al2) 1<, O(%,) <o " A(,) <0
is provable in DLg.

Proof. A simple inductive argument shows that compound axioms are deriv-
able, i.e., for any formula B, one can find a proof of

B+FB

in DLg. Letting (a,),<¢ be a sequence of distinct free variables and 7 be a
proof of

Ala,)<g = Alar).<p,

it is not hard to see that the following is a DLg-proof:

T
A(at)b<9 F A(ab)L<9
[ A(aL)L<97 _'A(QL)L<9

F Op (xl,)L<9 A(xL)L<97 59($L)L<0 _‘A(xL)L<9

Canonical sequents

The proof of Theorem 13.1.1 involves representing sets X C R with sequents
in the language of DL (or even in Ly, ). A slight variant of Takeuti’s
representation will be used later on — we call this the canonical-sequent
representation of X. This sequent will be of the form

I'x F Ax.
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The variant makes use of the fact that simple sets are representable in simple
ways. We start by defining a formula Ax for each X C R. Henceforth we
will abuse notation by writing A(to,t1,...,tx) for A(to,t1,. .., tar(a)), Where
ar(A) < k and ar(A) denotes the arity of A. Similarly, if A is of finite arity,
we may abuse notation by writing A(ty)ren for A(to, ..., tar(a))-

Suppose X C R is a basic open set, i.e., there exist n € N and s € N"
such that

x € X if, and only if, z [ n = s.

We define Ax to be an arbitrarily chosen (but fixed) predicate symbol of
arity n. Without loss of generality we assume that if X and Y are different
basic open sets, then Ax and Ay are different atomic formulae. The function
from (J,,cy N to the language given by

S Ao(s)

exists by the Principle of Dependent Choice.
Suppose X = Upeny X and that Ay, has been defined for each k € N.
Then we set

Ax =\ Ax,.
keN

Note already that Ax may have infinite arity.
Suppose X = R\ Y and that Ay has been defined. Then we set Ax =
- Ay. Suppose that

X={zeR:JyeR(z,y) €Y}
and that Ay has been defined, where

Y' ={y € R: ((y2n)nen; (Y2n+1)nen) € Y}

We define

Ax(xo, 21,22, ...) = IYk)ken Ay’ (To, Yo, T1, Y1, T2 . . .).

Definition 13.2.5. Suppose X C R. If X is o-projective, then Ax is
defined to be the formula above. Otherwise, Ax is an arbitrary predicate
symbol of infinite arity.

We do not have enough symbols in the language to assume that if X
and Y are different non-o-projective sets, then the symbols Ax and Ay are
distinct; however, at no point will this be an issue, since we will not need to
consider more than one canonical sequent at once. In principle, one needs
to show:
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Lemma 13.2.6. Suppose X C R is o-projective, then Ax is defined.

Proof. One can inductively define a hierarchy {S, : @ < w;} of subsets of
R by letting Sy consist of all basic open sets; taking unions at limit stages;
and alternating between closing under countable unions, complements, and
continuous images at successor stages. Inductively one shows that every
o-algebra containing the open sets and closed under continuous images con-
tains each S,. Moreover, the least such o-algebra is J,.., Sa since, if
{Xn : n € N} is a countable set of subsets of R in U,.,, Sa, then one
can use DC to choose a sequence {&, : n € N} of countable ordinals such
that X, € Sg, for all n € N. If so, then, letting { = U, ey &n, We have
Unen Xn € Seyw, by definition; so Uy, Sa is, in fact, a o-algebra.
Afterwards, a simple induction shows that Ax is defined for every X €
S, and every a < wi. O

Given X C R, one uses the formula Ax to define the canonical sequent
for X. Recall that natural numbers are constants in the language.

Definition 13.2.7. Let X C R. The canonical sequent I'x b Ax is defined
as follows:

1. If X is o-projective, then let Ax,, Ax,,Ax,,..., list all atomic for-
mulae appearing in Ax and let Xg, X1, Xo, ..., be the corresponding
basic open sets in R. Then,

(a) I'x = {Ax, (i0,%1,...,ik—1) : each i,, is a natural number, n € N,
k is the arity of Ax,, and X,, = O(ig,i1,...,9%—1)}

(b) Ax ={Ax, (i0,%1,...,ik—1) : each iy, is a natural number, n € N,
k is the arity of Ax, , and X, # O(ig,t1,...,1k-1)}-

2. Otherwise,

(a) I'x = {Ax(ix)ken : each i,, is a natural number and (ig)gen €
X}.

(b) Ax = {Ax(ig)ken : each iy, is a natural number and (ix)ren &
X}.

The semantics for Determinate Logic is defined in the next section, but
we remark now that it will agree with the usual semantics of L, ., for
formulae in L, o,. It follows that if 2 is a structure with universe N, then
the canonical sequent I'x F Ax is satisfied in 2 if, and only if, Ax is not
interpreted as X.
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13.3 Standard semantics and restricted semantics

Definition 13.3.1. An N-model for Determinate Logic is a structure 2 with
universe N and a set X4 C N* for each predicate symbol A of arity a.

In particular, atomic formulae of infinite arity are interpreted as subsets
of R. Recall that given an atomic formula A(z;);eny and a bijection

p:N—=0,

we sometimes write A(r,),<p to mean A(z,(;)ien. If so, and given an inter-
pretation of A as a subset of R, we can also interpret A as the corresponding
subset of N?.

Given an N-model for Determinate Logic, the satisfaction relation is de-
fined in such a way that it commutes with disjunctions and negations. If
A(t,),<p is a formula, then the satisfaction relation is extended to D¢ (z,),<p A(x,),<g
as follows:

20 }Z DG(xL)L<9 A(xt)b<9

if, and only if, Player I has a winning strategy in the following game. Players
I and II take turns playing natural numbers for #-many rounds:

I ‘no T N (R )
II‘ ny ... oo (k<)

Player I wins if, and only if, (n,),<g belongs to the interpretation of A.
Inductively, the interpretation of A as a subset of N’ has been defined, so
this makes sense.

A sequent I' = A is satisfied in an N-model 2 if one of the following
holds:

1. There is a formula A € T" such that 2 = A; or
2. There is a formula A € A such that 2 = A.

The following is established by a simple induction:

Lemma 13.3.2. Let I' - A be a sequent and suppose that I' = A has a proof
in which no quantifiers appear. Then '+ A is satisfied in every N-model.

Lemma 13.3.3. Let X C R. Then I'x - Ax is not cut-free provable.
Proof. This is immediate from the previous lemma, as any cut-free proof of

the canonical sequent I'x = Ax has no quantifiers and I'x - Ax is satisfied
in any N-model in which Ay is not interpreted as X. O
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We will consider six soundness lemmata in total — four of them are stated
in this section, and two more in the next one. The first lemma is due to
Takeuti and the rest are obtained through simple modifications of the proof.
The first (new) lemma we prove fully, for self-containedness; the other four
we simply sketch.

Lemma 13.3.4 (Takeuti). Suppose ZFC holds and let M be a transitive
model of ZF + DC + AD containing R. Then M = “every provable sequent
1s satisfied in every N-model.”

The use of the Axiom of Choice in the preceding lemma and in Lemma
13.3.7 can be avoided by arguing as in the proof of Theorem 13.1.5 on page
356.

Lemma 13.3.5. Assume that o-projective sets of reals are determined and
that every atomic formula in the language of DL has finite arity. Suppose
that a sequent I'o F Ag is provable in DL. Then it is satisfied in every
N-model.

Proof. Let w be a proof of a sequent I'g F Ag and let 2 be an N-model. We
construct a new proof with conclusion

Fol—AQ

each of whose sequents, including the conclusion, is satisfied in 2. The
modified proof will differ from the original proof only with regard to its
characteristic variables, and so it will have

I - Ap

as end sequent, by substitutability. It will not, strictly speaking, be a DL-
proof, since it will contain new symbols, but it will be enough for the argu-
ment. For each quantifier inference in the proof, e.g.,

A(GL)L<9,F l_ A
D(xb)l,<9 A(xb)l,<97r A

we will define inductively, using the Principle of Dependent Choice, new
symbols uf‘, for even ¢ < 6, thought of as free variables, together with their
interpretation in 2. The reason why we define u/ for even ¢ is that those are
the indices of the characteristic variables among (a,),<p; quantifier inferences
on the right-hand side will be treated dually.

The new proof will be obtained by induction along <, by substituting
these new symbols for the characteristic variables in 7. It will be such that
if




344 13. UNSOUND RULES IN INFINITE PROOF SYSTEMS

A(ub)b<97 F l_ A
O(x,)co A(x,) o, T F A

is an inference in the new proof, then

2 ): D(xL)L<9 A(xL)L<9 - A(UL)L<9§ (13'1)

and if

'k A, A(UL)L<9
' A, D("BL)L<9 A(ajb)L<9

is an inference in the new proof, then

2 ): A(U‘L)L<9 — E>(-TL)L<9 A(xL)L<9' (13'2)

Note that the result easily follows from equations (13.1) and (13.2).

The construction is as follows: at any given even stage, consider the
collection of all characteristic variables a such that every free variable b
with b <, a has been modified. Each a corresponds to an inference, say,

Aa),<0,T F A
()< A(x,)c0, T H A

For each such a, say a = a¢, we proceed as follows. Since a is a characteristic
variable of the inference, £ is even. Every b with b < a has been modified, so
it follows in particular that, letting (a,),<¢ be the above sequence, then a,, for
even ¢ < &, has been replaced with a new variable uf‘ and the interpretation
of uA in 2 has been defined. Furthermore, some a, with + < & odd has
perhaps been modified; let us write uf‘ for the term appearing in place of a,
also in this case.
Consider the two-player game of length —¢& + 6 given by:

I ‘ng s Mgy .. (17<—§+9)
IT | Nep1 - o (p<—£+0)

Player I wins if, and only if,

(n§+n)n<—£+0 € {($£+n)n<—§+9 1A A’((uf‘)L<§, (x§+77)77<—§+6) }

Here, the formula A’ is A, except that free variables b with b <. a appearing
in A, but not within the quantified variables (a,),<¢, have been replaced
inductively. This game can be viewed as the game A’ (of length ), except

that we assume that the plays (u) .<¢ have already been made.



13.3. STANDARD SEMANTICS AND RESTRICTED SEMANTICS 345

If Player I has a winning strategy in A’, then we would like to choose one
such strategy o and let the new variable u? be interpreted in 2 according
to 0. Moreover, we would like to assume that the previous plays (uf‘)Kg
are consistent with o, so that it remains a winning strategy. Below, let us
abuse notation by identifying formulae in 7 with their interpretations in 2.

Sublemma 13.3.6. There is a function f assigning a winning strategy (for
the winning player) to each formula A in the language of DL (as well as in
its extension by the new symbols), if any exist.

Let us postpone the proof of the sublemma temporarily and assume for
now that it holds. Notice that it follows immediately from the Axiom of
Choice, so the reader who is content with working in ZFC may deem the
sublemma as proved. If the Axiom of Choice does not hold, one can argue
as in the proof of Theorem 13.1.5 on page 356. Nonetheless, we give an
alternate proof of Sublemma 13.3.6 below which does not involve forcing.

Hence, if Player I has a winning strategy, let u? be interpreted in A
according to f(A’). This meets our earlier criteria. Otherwise, if Player I
does not have a winning strategy, let u? be interpreted as 0.

At any given odd stage of the construction, consider the collection of all
characteristic variables a, say, corresponding to an inference

'+ AaA(aL)L<9
DEAO(2)co AlT) <o
such that every free variable b with b <, a has been modified. Using notation

as before (in this case £ must be odd), consider the two-player game of length
—& + 0 given by:

I‘ ner1 - (77<—£+0)
IT | ne e Mggy .. (< —E40)

Again, Player I wins if, and only if,

(nen)ne—tero € { (@ernlne—ero - A = A ()<t (Tern)n<ero) |,

where A’ is as before. If Player II has a winning strategy in this game, let
the new variable u? be interpreted in 2l according to f(A’). Otherwise, let
it be interpreted as 0.

By construction, the new proof has the following properties:

1. If A is the principal formula of a left quantifier inference, then equation
(13.1) holds.
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2. If A is the principal formula of a right quantifier inference, then
2 ): 5(xL)L<6’ ﬂA(£L)L<9 — _‘A(UL)L<€~

Therefore, it suffices to show

2 ': _\D(xL)L<9 A(xL)L<9 — 5(xb)L<9 _‘A(xb)b<9. (13.3)

That is, we need to show that, letting G be the game given by A as
interpreted in the structure 2, if Player I does not have a winning strategy
in G, then Player II does. By the definition of DL, we must have § < w.
If # € N, then there is nothing to show, so we assume 6 = w. Thus, it is
sufficient to verify that the set

{(@i)ien : A = A(z4)ien}

is o-projective; this is done by induction.
Specifically, let B be a subformula of A. In B, as well as in A, there might

-,

be constants and free variables; say B(x;);en is of the form D((z;)ien,b)
(here, as in the previous section, we might be abusing notation by writing,
e.g., B(z;)ien for B(xo, ..., T py), if B is of finite arity). Let

By = {(2)ien : A |= D((z:)ien, b)}-

We proceed by cases according to the form of B. If B is atomic, then
it is easy to see that By is an open subset of R. If B = —C and Cy is
o-projective, then so too is B. A similar argument takes care of the case
that B =\/, B,. Suppose

B(zi)ien = O(yi)ien C((%:)ien, (¥i)ien)
and that the induction hypothesis holds for Cy. Then, (z;);en € By if, and
only if, there exists a real z, € R coding a strategy
o: U N" - N
neN
such that it is not the case that there exist a real y, coding a strategy
T U N* - N
neN
and a real z € R such that 2(2i) = o(z [ 2¢) and 2(2i + 1) = 7(2 | 20 + 1)
for all ¢ € N for which

A = C((i)ien, (2(i))ien)
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holds. It follows that By can be obtained in finitely many steps by applying
continuous images and complements to Cy and so is as desired. This shows
that equation (13.3) holds and therefore the lemma is proved, granted the
sublemma.

Proof of the Sublemma. The function f can be defined by appealing to o-
projective determinacy. Since 2l is an N-model, the interpretation of every
formula (in the generalized sense of page 334) in the language of DL is a
o-projective subset of R, by the argument given above.

If A C R is o-projective, then it is obtained from open sets by means of
applying complements, continuous images, and countable unions; and the
open sets needed to do this, together with the “record” of all operations ap-
plied to them, can be coded by some z4 € R. The point is that the existence
of a winning strategy for a given o-projective game A is o-projective, and—
in fact—projective in A. By appealing to [?, Lemma 2.8] and a theorem of
Moschovakis [Mos71], every set projective in A has a uniformizing function
projective in A. It might have many uniformizing functions, but the proofs
of [?, Lemma 2.8] and Moschovakis [Mos71] give a way of constructing such
a function uniformly from x4 (using x4 as the z in the statement of [?,
Lemma 2.8]). Again, there might be many “records” x4 for A, but we do
not need to choose one, as it is already given to us by n and 2. Hence,
using 7 and 2, there is a uniform way of assigning winning strategies to the
games associated to the interpretation of formulae in 7. O

This completes the proof of the lemma. O

We now state and prove the remaining soundness lemmata for N-models.

Lemma 13.3.7. Assume that ZFC holds and let M be a transitive inner
model of ADgr + DC containing R. Suppose that, in M, a sequent I'g F Ay
is DLr-provable. Then it is satisfied in every N-model in M.

Proof. Given a sequent I'g - Ag € M in the langauge of DLg (from the
point of view of M), a proof m € M of I'y - Ag, and a structure 2l € M, one
constructs a new proof 7’ of Ty F Ay obtained by replacing new symbols for
characteristic variables as in the proof of Lemma 13.3.5. The construction of
7’ takes place in V, where there are enough choice functions for the analog
of Sublemma 13.3.6 in this context to hold, and so 7’ need not belong to
M. Together with 7/, one defines an extension 2’ of 2 in the language of
DLr enhanced with all the new symbols of the form uéA. Again, 2 need
not belong to M, but Theorem ?? and the fact that R € M imply that
equation (13.3) holds in this context, so inductively one shows in V' that
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every sequent in 7’ is satisfied in 0. This implies that the end-sequent of
7', namely, I'g - Ay, is satisfied in ', and thus it too is in 2A. O

Lemma 13.3.8. Assume that all projective games of (fixed) countable length
are determined and that every atomic formula in the language of DLg has
finite arity. Suppose that a sequent I'g = Ag is provable in DLg. Then it is
satisfied in every N-model.

Proof. Very much like in Lemma 13.3.5, one verifies that equation (13.3)
holds by showing that the game given by

{(xL)L<9 A ): A(xL)L<0}

is (reducible to a) projective game of (fixed) countable length.

This is shown by induction on A by an argument similar to that of [AMS].
Note that “projective” could be replaced by “Borel” without any problem.
This is because the extra quantifiers in the definition of the payoff set can
be absorbed by additional moves in the game. If A is atomic, say, then A
codes an open set, so the result follows. Suppose A = \/;cy A4; (t_), and that
the game G; given by each A; is coded by a Borel set of reals. Consider the
following game:

1 ‘no e g .. (< B) i
II‘ ny ... o (a<)

Here the players play natural numbers as usual. At the end, player I chooses
some ¢ € N and I wins if the play is winning, according to the rules of G;;
otherwise, II wins. Clearly, I has a winning strategy in this game if and
only if I has a winning strategy in the game given by A. Similarly, II has a
winning strategy in this game if and only if II has a winning strategy in the
game given by A. Thus the game is as desired.

Finally, suppose A is of the form O(y,),<aB((%,)i<6, (Y.)i<a). Then the
result easily follows by the induction hypothesis, as the extra moves given
by O(¥,).<a can be absorbed into a longer game with Borel payoff.

This proves equation (13.3) in this context. The proof of Sublemma
13.3.6 in this case is similar; the difference is that the interpretation in 2
of formulae in the language of DLg need not be o-projective. Rather, they
are sets of reals definable by the existence of winning strategies for games of
(fixed) countable length with Borel payoff (this follows from the argument
just given). To obtain uniformizing functions for these sets as in the proof of
Sublemma 13.3.6, one utilizes the constructions from Moschovakis [Mos71]
and Martin [Mar(08a]. O
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13.3.1 Restricted models

The soundness lemmata above will be used to prove the results related to
the fragments of the calculi in which atomic formulae have finite arity. By
Lemma 13.2.4 and Theorem 77, the calculi are not sound if there is an atomic
formula with infinite arity in the language and the Axiom of Choice holds.
Hence, we will need to consider a different semantics to prove countable cut
elimination.

Definition 13.3.9. A restricted N-model for Determinate Logic is a pair
(2, e), where

1. 2 is a model such that for every predicate symbol of infinite arity A
in the language, the set

{r eR: A= A(x(0),2(1),2(2),...)}
is countable, and

2. e is a function assigning to each atomic formula in the language an
enumeration of its interpretation.

This smaller class of models will turn out to be sufficient for the ar-
guments to follow. The proofs of Lemma 13.3.5 and Lemma 13.3.8 easily
adapt to yield the following. The point is that countable sets of reals are F,.
The function e can be used in the proof of Sublemma 13.3.6 in this context
to obtain the “records” x4 for formulae A (this way one need not choose
enumerations of the interpretations of atomic formulae appearing in A).

Lemma 13.3.10. Assume that all sets of reals in the smallest o-algebra
containing the open sets and closed under continuous images are determined.
Suppose that Tg = Aqg is provable in DL. Then it holds in every restricted
N-model.

Lemma 13.3.11. Assume that all projective games of (fized) countable
length are determined. Suppose that T'g = Aqg is provable in DLg. Then
it holds in every restricted N-model.

13.4 Completeness

As companions to the soundness lemmata, we prove (in ZF + DC, as usual)
a pair of completeness results in this section.
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Lemma 13.4.1. Suppose I' B A is a sequent in the language of DLg which is
satisfied in every N-model. Then it is is cut-free provable in DLg. Moreover,
if it belongs to the language of DL, then it is cut-free provable in DL.

The proof of Lemma 13.4.1 is included in that of Theorem 13.1.1 and is
almost the same as that of Lemma 13.4.2 below. We will need to consider
an additional axiom schema for DL to make it complete with respect to
restricted N-models. The axiom schema fin is given by

(F(Z): e},

whenever F is a predicate symbol of infinite arity and I ¢ N**() is an
uncountable set. We denote the enhancement of DL with fin by DL + fin.

Lemma 13.4.2. Suppose I' = A is a countable sequent in the language of
DLg which is satisfied in every restricted N-model. Then it is is cut-free
provable in DLgr + fin. Moreover, if it belongs to the language of DL, then
it is cut-free provable in DL + fin.

Proof. Assume that I' = A is countable and satisfied in every restricted N-

model. Recall that we assume that no conjunctions or implications appear in

I' F A, i.e., every formula has its conjunctions and implications rewritten in

terms of negations and disjunctions. We will consider a set of free variables

including those in T'+ A, as well as some new variables of the form u”(#).
Specifically, let D be the smallest set containing

N U {t: t is a variable appearing in I' = A}.

and such that whenever A is a subformula of arity a (in the sense of page
334) of a formula in I' F A, perhaps with some of its terms replaced by other
terms in D, and ¢ is a sequence of natural numbers of length less than «,
then u”(t) belongs to D. The object u? (%) here is regarded as a new free
variable (similarly to the proof of Lemma 13.3.7), so u“(-) is essentially a
function mapping sequences of natural numbers to new free variables. Note
that there is a surjection from R to D.

We define a tree T by induction. Specifically, we define an increasing
sequence of trees {1, }, such that T,,+1 [ lh(T},) = T,, and set T = U,, Tn.
Ty is defined to be the one-node tree consisting of

R:=Vz \/ z =i+ A.
1€N
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The root R is clearly valid for restricted N-models. 77 is defined to be the
root R together with a first level consisting solely of the node

{Vt=i} TrA
ieN teb
T5 is obtained by adjoining to 77 all nodes of the form
{t =1i(t) }tep, T F A,

for all functions ¢ : D — N.
For 2 < n, T, is defined inductively.

1. If n = 0 mod 4, then we add all expressions of the form {A4,},, I I
A" {B},, where {—=B,},, I+ A’ {=A,}, is a node in the nth level and

no formula in IV U A’ has a negation as its outermost connective.

2. If n =1 mod 4, then we add all expressions of the form {A,, \}A,I" F
A" {B,, u}i,us where {13}y is a sequence of the appropriate length
and {V,, A, 2" F A {V,, B}y is a node in the nth level and
no formula in I U A’ has a disjunction as its outermost connective.

3. If n =2 mod 4, then one adds for each node in T}, of the form

{Oa(@)icaA(®)icata, T' F A,

where no formula in IV has a quantifier as outermost symbol, and for
each sequence § of natural number indexed by odd ordinals < «, a
node of the form

{A(tL)L<Oé}A7 P/ + A,,

as successor, where the odd elements of (¢,),<, are §and if § < « is
even, then tg is a new (Skolem) variable of the form u”(5 | B).

4. If n =3 mod 4, then one adds for each node in 7}, of the form

F, F Alv {aa($L)L<OéA($L)L<OL}Aa

where no formula in A’ has a quantifier as outermost symbol, and for
each sequence § of natural number indexed by even ordinals < «, a

node of the form
F/ + A/a {A(tL)L<OL}A

as successor, where the even elements of (¢,),<, are § and if § < « is
odd, then t4 is a new (Skolem) variable of the form u*(5 | 3).
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The ordering on the tree after the third level is defined in the obvious
way, e.g., if {A,},, T+ A’ {B,}, is a node on the n+ 1th level and n+1 =0
mod 4, then it is a successor of {-B,},,I" = A’ {-A,},.

Claim 13.4.3. Let B be a branch through T and let = be the equivalence
relation induced by setting s =t for two terms s and t if, and only if, s =1t
appears in the antecedent of a sequent in B. Then, there is a sequent in B
of one of the following forms:

1. T1,A,To - Ay, A", Ay, where A and A’ are the same formula, except
that terms in A might be replaced by =-equivalent terms in A’;

2. s =t,I'1 H Ay, where s and t are =-equivalent to different natural
numbers;

3. {F(t):teI},T1 + Ay, where F is a predicate symbol of infinite arity,
I is a set of sequences of terms and I, the set of sequences of natural
numbers induced by I and =, is uncountable.

Proof. We sketch the proof. Suppose towards a contradiction that some
branch B through T does not contain any sequent of the required form. We
define a restricted N-model in which R is not satisfied. It follows from the
definition of 7} and the assumption on B that D/ = is isomorphic to N,
and thus qualifies as a universe for a model. [By the definition of T}, every
term is =-equivalent to a natural number; by (2), no two natural numbers
are =-equivalent.]

In the model, each variable a is interpreted as [a]=. For each predicate
symbol F, F(§) is true if, and only if, F'(5) appears in the antecedent of a
sequent in B (modulo =). By construction, atomic formulae in a node of
the tree appear in all its successors. It follows from the assumption (3) on
B that

{x € R: F(2(0),z(1),...) belongs to the antecedent of a sequent in B, modulo =}

is countable for every predicate symbol F' of infinite arity. Let 2 denote
the N-model thus defined. Since I' F A is countable, only countably many
predicate symbols have nonempty extension in 2, and the extension of each
of those formulae is countable. Using DC, one can choose enumerations
thereof. It follows that if e is the choice function, then (2, e) is a restricted
N-model.

It remains to check that R is not satisfied in 2. To do this, one verifies
by induction on the complexity that formulae in antecedents of sequents of
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B are true in 2 and formulae in the succedents of sequents of B are false 2.
(Assumption (1) is used here.)

We only consider the nontrivial cases, which are those of formulae A of
the form o0& B(Z). Suppose A is true in 2 and appears in the succedent of a
sequent in the branch. This means that Player I has a winning strategy in
the game given by A. Thus, the free (Skolem) variables of the form u“(5 | )
in the T-successors of A in the branch B, regarded as a continuous N-valued
function, code a non-winning strategy for Player II. We inductively obtain
a substitution instance B(S) of B(Z) by letting the even elements of § be
given by Player I's winning strategy and letting the odd elements of § be
given by the interpretation in 2 of the free variables of the form uA(§ I 5).
This formula is satisfied in 2 because Player I played according to a winning
strategy, but it is (by the construction of T") equivalent in 2 to a formula in
the succedent of a sequent in B, contrary to the induction hypothesis.

For the other case, suppose A appears in the antecedent. Then the
function u4(-) must describe a winning strategy for Player I for the game
given by A since by construction, all the possible plays of Player II for the
game appear in the antecedent and thus are true by induction hypothesis.
This proves the claim. ]

It follows from the claim that R is cut-free provable: call a sequent S
in the tree good if it has a cut-free proof m all of whose variables appear
in T. Note that — by construction — if all the T-successors of S are good,
then S is good. If R is not cut-free provable, then it is not good, whence,
by DC, there is an infinite branch of non-good sequents through the tree,
contradicting Claim 13.4.3.

Hence, R is cut-free provable. In fact the tree T already yields a proof
of R and it has the following form:

{t=1i() }4ep, T F A all functions i : D — N

{Viewt = i}teD,F A
Vr \Vienr =14, I'F A

where each {t = i(t)}sep,I' F A, for i € NP is derivable by a cut-free proof
;. Now, for any partition of the set

P:={t=n:neN;te D}

into two parts, P; and P», one of the following holds:
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1. For each t € D, there is an identity of the form ¢t =n (n € N) in Pi;
2. for some t € D, all identities of the form t =n (n € N) are in P5.
In the former case, let 7 : D — N be defined by
i(t) = least n € N such that ¢t = n belongs to P;
and let mp, p, = ;. In the latter case, let mp, p, be the proof

Ft=0,t=1,...
ILFAt=0,t=1,...

and consider the following proof:

TP P all partitions (Py, P») of P
r-A
Therefore I' - A is cut-free provable. This proves Lemma 13.4.2. O

—2

13.5 Determinacy and cut elimination

The theorems promised in the introduction follow easily from the results in
the previous sections. We continue working in ZF + DC.

Theorem 13.5.1. The following are equivalent:

1. DL satisfies countable cut elimination.

2. o-projective determinacy.

Proof. If every o-projective game of length w is determined, then DL is
sound for restricted N-models by Lemma 13.3.10, so if a countable sequent
I' - A is provable, then it is satisfied in every restricted N-model. But then
it is cut-free provable if one allows the use of £in, by Lemma 13.4.2.
Conversely, suppose X C R is a non-determined o-projective set of reals.
Then, letting Ax and
'y - A X

denote the canonical formula and the canonical sequent for X, define
Fy = O(i)ien Ax (Ti)ien

and _

Fy = O(x;)ien " Ax (2;)ien.

Since X is not determined and o-projective, the sequents
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1. Fl,FX H Ax, and
2. F5,Tx + Ax,

are valid and countable, so by the completeness lemma they are provable in
DL + fin, say, by proofs 1 and me. By Lemma 13.2.4, the sequent - Fi, F>
is provable in DL, say by a proof . But then the following derivation tree
is a DL-proof:

o T2

l_Fl,FQ FQ,FXl_AX T
I'x F Ax
However, I'x F Ax is not cut-free provable in DL by Lemma 13.3.3 and no
cut-free proof of I'xy + Ax can include instances of fin. O

Theorem 13.5.2. The following are equivalent:
1. DL satisfies weak cut elimination.
2. o-projective determinacy.

Proof. If every o-projective game of length w is determined and every atomic
formula has finite arity, then DL is sound for N-models by Lemma 13.3.5,
so if a sequent ' - A is provable in DL using only atomic formulae of finite
arity, then it is satisfied in every N-model. But then it is cut-free provable
by Lemma 13.4.1. The converse is shown as above. O

Theorem 13.5.3. The following are equivalent:

1. DLy satisfies weak cut elimination.

2. Every projective game of (fized) countable length is determined.
Proof. As above, using Lemma 13.3.8 and Lemma 13.4.1. O
Theorem 13.5.4. The following are equivalent:

1. DLy satisfies countable cut elimination.

2. Every projective game of (fized) countable length is determined.

Proof. As above, using Lemma 13.3.11 and Lemma 13.4.2. O
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The remaining proof requires a simple forcing argument. The proof of
Theorem 13.1.2 which we omitted earlier is similar.

Theorem 13.5.5. The following are equivalent:
1. DLy satisfies the cut-elimination theorem.
2. ADg.

Proof. Suppose that ZF + DC holds. By inspecting the definition, one can
see that proofs in DLy are essentially P(R)-indexed, P(R)-branching, well-
founded trees. Hence, the collection of all proofs in DLrg can be coded
by a subset of P(P(R)). Let g1 be a generic wellordering of R in order-
type wy, i.e., a generic filter for Coll(w;,R), the partial order consisting of
countable partial functions from w; to R ordered by reverse inclusion. Simi-
larly, let go be a V[g1]-generic wellordering of P(R)Y 9] in order-type w;/ lo 1],
and g3 be a V|[g1][ga]-generic wellordering of P(P(R))V1911l92] in order-type
w;/[gl][gg]. Letting h € P(ws)V1orllellos] code P(P(R))Y and N = L[h], we
have N = ZFC and P(P(R))" € N.

Since DC holds in V', ¥; is a regular cardinal. In particular, every count-
able set of countable ordinals has a countable supremum, which implies that
the partial order for generically wellordering R with length w; is countably
closed. By DC, countably closed partial orders add no new real numbers,
so RV = RVI91). Again using DC, one can show that V[g;] = ZF + DC.
[To see this, let 7' be a name for a tree in V[g;] with no terminal nodes
and consider the tree S in V' whose elements at level n € N are pairs (p, &)
where p € Coll(wy,R) forces & to be an element of T at level n and such
that (p,z) < (¢,7) if, and only if, ¢ extends p and ¢ forces y to extend &
in 7. Then this tree has no terminal nodes by choice of 7. By DC there is
a branch through S the union of whose first coordinates is a condition (by
countable completeness) which forces the set of second coordinates to be a
branch through 7',

Thus, V]g1] = ZF + DC, so it follows that w;/ 91 has uncountable co-
finality in V']g1] and, in particular, that every countable union of ordinals
of cardinality N; in V[g1] also has cardinality Ry in V[g;]. Thus, the par-
tial order for generically wellordering P(R)Y[91] with length w;/ ] 55 also
countably closed. One can thus argue as before to show that

RY = RVInlle2llos] — RN

Letting M = L(P(P(R))Y), it follows that, from the point of view of
N, M is a transitive model of ZF containing the set of all real numbers.
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Moreover,
M = DC.

To see this, notice that DCg, the Principle of Dependent Choice restricted
to R-splitting trees, is witnessed in V by elements of RV, and these belong
to L(P(P(R))V); similarly for P(R)- and P(P(R))-splitting trees, so

M = DCpp(ry)v,

where DCpp(r))v denotes the principle of Dependent Choice restricted to

P(P(R))V-splitting trees. Furthermore, every element of M is definable in
M from an element of P(P(R))Y and ordinal parameters. Hence, arbitrary
trees in M with no terminal nodes can be reduced to trees on P(P(R))" x
Ord, and M can certainly find branches through these trees. Thus, M = DC
as claimed.

Working in NV, a model of ZFC, it follows from Lemma 13.3.7, Lemma
13.4.1, and the argument of Lemma 13.5.1 that the following are equivalent:

1. M = “ DLg satisfies the cut-elimination theorem.”
2. M |= ADg.
By definition of M,

P(P[R)Y = P(P(R))",

so M can carry out the definition of DL and DLg and determine whether a
given A € P(P(R))V codes a proof, so the cut-elimination theorem for DLg
holds in M if, and only if, it holds in V. Since

PR = P®)",

M and V contain exactly the same strategies for games on R and the same
games on R. Therefore ADg holds in M if, and only if, it holds in V, so the
theorem follows. O
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14.1 Introduction

The study of formalized provability can be traced back to the seminal 1931
paper by Kurt Goédel [G631], where he first showed how any mathematical
theory that is able to describe the arithmetic of natural numbers, such as
Peano Arithmetic (PA), also possesses the expressive power to reason about
provability within said theory. For this, he first noted that sentences about

This chapter was written jointly with D. Fernandez-Duque.
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numbers can be encoded using numbers themselves. Gdédel then showed that
we can define in the language of arithmetic a formula B(n) that holds true
if, and only if, n encodes a formula that is provable in the theory.

He also noted that many statements about provability may be captured
in the language £ of modal logic. Formulae in £ are built from a countable
set of propositional variables P by applying Boolean connectives and the
operator [J, together with its dual ¢. The provability logic GL has as axioms
the schemata

K: Op—v) — (Op — Oy) Lob: O(Op — ¢) — Oy

and the inference rules modus ponens and necessitation: D%o'

The intended interpretation for provability logic is to read Uy as “¢ is
provable in T” for some formal theory 7. However, other interpretations
for GL are possible. As was proved by K. Segerberg [Seg71], GL is complete
with respect to its Kripke semantics, albeit not strongly complete. L. Esakia
[Esa81] showed that GL is also complete with respect to its topological in-
terpretation, and indeed it is strongly complete. M. Abashidze [Aba85] and
A. Blass [Bla90] improved Esakia’s theorem by showing that GL is also com-
plete with respect to a single space; namely, an ordinal number with what
is known as the order topology. It follows from the results of L. Beklemishev
and D. Gabelaia [BG13] and the second author [FD14] that GL is also com-
plete for a large collection of spaces introduced by T. Icard [Icall] and some
of its generalizations [FDJ11]. These topologies find natural interpretations
in the construction of models of the polymodal logics GLP, with A modal-
ities, although technical difficulties have stopped these results from being
extended to uncountable A. This work partially solves these issues.

Our goal is to show how one can start with any topological space X =
(X, 7) that validates the axioms of GL and modify it slightly so as to obtain
a class of spaces of the form X4\ = (X, 7)) with A an ordinal, such that GL
is strongly complete with respect to X4 for each A < A, where A depends
on X (although it may well be arbitrarily large). We call the spaces X4
thus obtained generalized Icard spaces. We expect the present work to be
of interest, as strong completeness of provability logic for single spaces is
novel, and generalized Icard spaces give a wide class of spaces which provide
natural and easily described topological models for GL.

Outline

The chapter consists of six main sections. In Section 14.2, we review some
facts about ordinal arithmetic and transfinite iterations of normal and initial
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functions. Section 14.3 reviews the topological semantics of modal logic. In
Section 14.4, we introduce a class of models for provability logic called w-
bouquets and prove the strong completeness of GL with respect to this class.
In Section 14.5, we introduce generalized Icard spaces and our main result,
strong completeness of GL, is proved in Section 14.6. We then finish with
some concluding remarks.

14.2 Ordinal numbers

We will be dealing extensively with ordinal numbers and so we assume
knowledge of elementary ordinal arithmetic, although we will review some
basic facts, as well as some operations that will be of great importance. For
a thorough review, we refer the reader to, for example, [Jec03a].

Lemma 14.2.1.

1. If a < B, there exists a unique ordinal v such that o +~v = 5. We
denote this v by —a + .

2. For all ~, if a > 0, there exist unique B and unique p < « such that
y<a-B+p.

3. For all nonzero &, there exist ordinals o and B such that € = o + wP.
Such a B is unique. We denote it by ££ and call it the end logarithm

of €.

By a A-sequence of ordinals, we mean an ordinal-valued function with
domain A. As usual, if A is a limit ordinal and (&,),<x is a A-sequence,
we define § = lim,_,) &, if for every ¢ < £ there is § < A such that ¢, €
(¢,&] whenever n > 6. In particular, if (§,;),<x is non-decreasing, then
limy, & = U{&: n € A}. A (class) function f on the ordinals is continuous
if f(A\) = lim, ) f(n) for each limit A. A function that is both continuous
and increasing is called normal. An important example is given as follows:

Definition 14.2.2 (Exponential function). The ezponential function is the
normal function e: Ord — Ord given by & — —1 + w?.

When f: X — X is a function, it is natural and often useful to ask
whether f has fized points, i.e., solutions to the equation z = f(x). In
particular, normal functions have many fixed points:

Proposition 14.2.3. Every normal function on Ord has arbitrarily large
fixed points.
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The first ordinal « such that o = w®

is the limit of the w-sequence
(w,w?,w*”,...), and is usually called 9. In general, we call an epsilon
number any nonzero fixed point of the exponential function, and epsilon
function the function given by a + ,, assumed to be increasing and to have
as range all epsilon numbers. It is easily proved that the epsilon function is
normal and 441 = sup{wt! W™} for each a.

Recall that a non-zero ordinal number £ is said to be additively indecom-
posable if B+ v < & for all 8,7 < £. Also, £ is said to be multiplicatively
indecomposable if By < € for all 3,y < £. The following facts are well-known:

Lemma 14.2.4.

1. An ordinal is additively indecomposable if, and only if, it is of the form
w’.

2. An ordinal is multiplicatively indecomposable if, and only if, it is of
the form w*’.

In [FDJ13a], the second author and J. Joosten introduced families of
transfinite iterations of functions called hyperations and cohyperations. Al-
though we will not provide a detailed discussion, we consider two examples
which have remarkable applications to provability logic, as will be shown
later on.

Definition 14.2.5 (Hyperexponential functions). The hyperexponentials
(e )ceord are the unique family of normal functions that satisfy

2. P = e 0 ef for all @ and §, and

3. if (f£)£€Ord is a family of functions satisfying 1 and 2, then for all
a, B € 0rd, e < fO5.

This definition is proved to be correct in [FDJ13a]. From now on, to
ease notation, we will sometimes omit the symbol ‘o’ for composition of
functions, as well as parentheses. In order to compute hyperexponentials,
we use the following lemma:;:

Lemma 14.2.6 (Recursive hyperexponentiation).
1. €0 is the identity;

2. €50 =0 for all &;
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3. for any € and any limit X, eé\ = lim,,_, \ esn;
4. for any & and any limit X, e (€ + 1) = lim,,» e7(e*(€) + 1).

Corollary 14.2.7. If ¢ is a limit ordinal, then cf(e ) = cf(€). Otherwise,
f(e€) = max(efN), Ro).

As a different application of Lemma 14.2.6, the reader might want to
check that the function a — €“(1 4 «) coincides with the epsilon function.
Of course, Lemma 14.2.6.4 is not the only way to compute e*(¢ 4+ 1). Two
useful alternatives are given as follows:

Lemma 14.2.8. Let £ be an ordinal, A be an additively indecomposable
limit, and f be a nonzero-valued function on Ord.

1 If0 < fn < eME+ 1) for all p < A, then lim,_,,e"(e* + fn) =
eME+1).

2. If v < X is a limit and 0 < fn < e“(e* 4 1) for all n < v, then
lim,, - e(e*é + fn) = 7 (M +1).

Proof. For the first claim, we clearly have
lim e"(e*é 4 fn) > lim e(e ¢ + 1) = eME +1).
n—A n—A
For the other inequality, fix n < A and take A\, € (0,)) such that fn <
eM(er¢ +1). Since e (e ¢ + 1) is additively indecomposable, we have that
e+ fn < (e + 1),
whence
NN+ f) < eTFi(eMe+1)
< lim e (e*¢ + 1
< lime (e*¢+1)
=eME+1).

Since 7 was arbitrary, the claim follows.
For the second claim we have that, if n < ~, then

(e + f) = e(eME + 1),
and since

lim e"(e*¢ + 1) = lim e"(e¥e e + 1) = e (M + 1
lim e(e’¢ +1) = lim e"(e7e’¢ +1) = e7(e"¢ +1),
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it follows that
Ii n( A > o7 A 1).
nm%e(eﬁ—&—fn) (e +1)

In addition, for any 1 < v and any n < w such that fn < e™(e’¢ 4 1), we
have that

(M + fn) < e+ 1) < (e + 1),

so that equality holds. ]

Lemma 14.2.9 (Hyperexponential normal form). For every ordinal £ > 0,
there exist unique ordinals o, B such that B is 1 or additively decomposable

and £ = e“f5.

Proof. Let a be the supremum of the set A = {¢ : e¢1 < £}. Note that this
collection is indeed a set since it is a subset of £ + 1, while it is non-empty
since 0 € A. Moreover, o belongs to A, since the function ¢ — €1 is normal
and thus A is closed.

It follows that £ = e*$ for some unique 5. But § is not in the range of
e, since if we had B = ey then ¢ = e®t1y, contradicting the assumption that
« is an upper bound for A. It follows from the definition of ¢ and Lemma
14.2.4.1 that § is either 1 or additively decomposable, as claimed. O

We call o above the degree of indecomposability of &; in particular, if
is already additively decomposable, then o« = 0. Note that by writing 5 as
a sum of indecomposables we may iterate this lemma and thus write any
ordinal in terms of e, 4,0 and 1. This form is unique if we do not allow sums
of the form £ 4+ n for £ < n. We next turn our attention to hyperlogarithms,
which are iterations of initial, rather than normal, functions.

Definition 14.2.10 (Initial function). A function f on the ordinals is said
to be initial if it maps initial segments to initial segments.

Definition 14.2.11 (Hyperlogarithms). We define the hyperlogarithms (£%)¢cord
to be the unique family of initial functions that satisfy:

1. 0t =,
2. (otB = B> and

3. if ( fg)g»EOrd is a family of functions satisfying 1 and 2, then for all
a, € 0rd, 125 > 5.



14.2. ORDINAL NUMBERS 367

As can be seen from the definition, hyperlogarithms are not right-additive
but rather left-additive. This is to allow for surjectivity and the possibility
that they have a right-inverse. Note, however, that they are not invertible
since they are not injective (for example, /1 = 0 = {(w + 1)); we will, how-
ever, be interested in taking preimages under hyperlogarithms, in which case

for a set of ordinals A we write £=¢(A) instead of (¢5)71(A).
Hyperlogarithms have some nice properties (see [FDJ13a]):

Lemma 14.2.12 (Properties of hyperlogarithms).
1. 0£ <€ forall €.
2. If € and § are nonzero, then (5(y + §) = £56.
3. For any v, the sequence (657)56()“1 18 MON-increasing.

4. If \= a+w? is a limit ordinal and & is any ordinal, then there exists
o < \ such that €5¢ = e¢*" (¢ for all ¢ € [0, A).

Part 3 of the above lemma states that hyperlogarithms are non-increasing
in the exponent. They are not, however, monotone in their arguments:
lw =1 while {(w+1) =0.

It is easy to see that £ functions as a left inverse for e. Moreover, [FDJ13a,
Theorem 9.1] implies that £¢ is also a left inverse for e for all £. Hence, if
€ < ¢, then by rewriting e¢ as efe™¢T¢, we obtain the following:

Lemma 14.2.13. If £ < (, then 5e¢ = e 1< and (€€ = (=¢HC. Further-
more, if a < 53, then o < B, and if a < 53, then efav < B.

We conclude this section with two examples, with aims at illustrating
the properties and recursive computations of hyperexponentials and hyper-
logarithms:

Ezample 14.2.14. We calculate e“*1:

el = lim €’(e“*0+1) = lim e"(1).

N—wi1 n—w1

On the one hand, each term €1 is smaller than wy; on the other hand, for
any n < wi, we have 1 < e1. Therefore, the sequence must converge to w,
whence e“11 = wy.

Ezample 14.2.15. Consider the ordinal v = we, + €¢, +¢_, .- We compute

the sequence (Eéfy)geord.
Recall that e* equals the epsilon function. Thus, for 0 < £ < w:

ES’Y = (5 (5w1 + 5w2-3) = e—§+w(€w1 + €w2~3) =e” <5w1 + €w2~3) = Eewyte 2
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When ¢ = w, the exponential and the logarithm are cancelled: 5y = ¢, +
€,2.3- For w < £ < w + w, with 0 < ¢, we have

oy =079 (e, +e23) = 079 (W? - 3) = g,2.5.

As above, if € = w -2, then 4y = w? - 3. w?- 3 can be written as w? - 2 + w?,
which implies that £“2+! = (w? = £(e2) = 2 and ¢~2+2 = 2 = 0. For any ¢
greater than w - 2 4+ 2, we also have ¢y = 0.

Hyperexponential ordinal notations will be crucial in the description of
topological semantics in later sections, while hyperlogarithms will play an
important role in the description of the topologies that we will use.

14.3 Topological interpretation of provability logic

Recall that a topological space is a pair (X, 7), where X is a set and 7 is a
family of subsets of X containing X and @ that is closed under arbitrary
unions and finite intersections. An open set U containing a point z is a
neighborhood of x. The set U \ {x} is then called a punctured neighborhood
of x. For any A C X, we say that z is a limit point of A if A intersects
every punctured neighborhood of z. We call the set of limit points of A
the derived set of A and denote it by dA. We will also denote it by d;A if
we want to emphasize the topology with respect to which we take the limit
points. A point in A that is not a limit point is isolated in A. Equivalently,
a point x is isolated in A if, and only if, {z} is open in A under the inherited
topology (recall that for any topological space X and any subset S, the
inherited topology is formed by all sets U NS, where U € 7). We can define
topological semantics for the language £ by assigning subsets of X to each
propositional variable, in the following way:

Definition 14.3.1 (Topological semantics). Let X = (X, 7) be a topological
space. A waluation is a function [-] : Lo — p(X) such that for any ¢, ),
L] = 2, [~ = X\[¢, [ A 4] = [¢] N [¢] and [0¢] = d]¢].

A model M = (X, []) is a topological space together with a valuation.
If 91 is a model, we may write I, x |= ¢ instead of = € [¢]; in this case, we
say ¢ is true at x (in ). We say that ¢ is satisfied in 9 if [] is nonempty,
that ¢ is true in 9 and write M = ¢ if [p] = W, and we say ¢ is valid in
a space X and write X = ¢ if [p] = X for any model (X, [-]).

Interpreting the modal diamond as the derived set operator is sometimes
called the d-interpretation of modal logic [BM10]. An important example is
given as follows:
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Definition 14.3.2 (Relational structure). For our purposes, a relational
structure is a set T together with a transitive, irreflexive relation R on 7.
Given a relational structure (7', R), we assign a topology 7r, called the upset
topology, to T', whose open sets are those U C W such that, whenever x € U
and xRy, it follows that y € U.

For those familiar with Kripke semantics, it is straightforward to check
that for these structures, the usual Kripke interpretation based on R and
the d-interpretation based on Tr coincide.

Definition 14.3.3 (Soundness and completeness). Let X be a class of topo-
logical spaces and L be a logic over L. We say L is sound with respect to
X if X | ¢ for all X € X whenever L - ¢. Conversely, we say L is complete
with respect to X" if whenever X = ¢ for all X € X, then L - ¢. Moreover,
L is strongly complete with respect to X if for any set I' of Lo-formulae that
is consistent with respect to L, there is some X € X such that I' is satisfied
in X.

It is easy to verify that strong completeness implies simple completeness.

Definition 14.3.4 (Scattered space). We say that a topological space (X, 7)
is scattered if each nonempty subset of X has an isolated point.

Ezample 14.3.5. Recall that a relation R on a set T is converse well-founded
if every nonempty subset of T' has an R-maximal element. Then, if R is
converse well-founded, (T, 7r) is a scattered space.

Lemma 14.3.6 ([Esa81]). Lib’s axiom is valid in a topological space X if
and only if X is scattered.

It is straightforward to check that the axiom K is valid and the rules of
necessitation and modus ponens preserve validity in all topological spaces
(see, for example, [vBB06]). With this and the preceding discussion we may
formulate Esakia’s theorem [Esa81]:

Theorem 14.3.7. A formula ¢ is a theorem of GL if, and only if, it is valid
in all scattered spaces.

There are several possible improvements to Esakia’s theorem. Recall that
a tree is a relational structure (7', R) (which by our definition is transitive),
such that each R-predecessor set is well-ordered, and T contains a unique
R-minimal element, its root. The following was originally proved by K.
Segerberg [Seg71]:
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Theorem 14.3.8. GL is sound and complete with respect to the class of
finite trees.

Nonetheless, GL is not strongly complete with respect to this semantics,
as is well known:

Ezample 14.3.9. Consider the set I' = {Opo} U{O(pi = Opit1): i < w}. It
is easy to see that any finite subset of I is satisfiable in a finite tree, whence
I' is consistent with GL by soundness. Moreover, all of I' is not satisfiable in
any converse well-founded tree. We leave the details to the reader.

Some more examples of scattered spaces are provided by natural topolo-
gies on ordinal numbers.

Ezample 14.3.10.

1. Let © be an ordinal number and 7 consist of all sets [0, 5]. Then (O, 7)
is a scattered space: the least element of each set is isolated. We call
this topology the left topology and denote it Zg. Whenever an ordinal
is equipped with the left topology, we may write © instead of (0, Zp).

2. Let © be an ordinal number and 7 consist of all sets (a, ] and all
sets [0, B]. Then (O, 7) is a scattered space: each successor ordinal is
isolated. We call this topology the interval topology and denote it Z;.
Whenever an ordinal is equipped with the interval topology, we may
write O instead of (©,Z;).

3. Let © be an ordinal number. We define the club topology, 7. to be the
unique topology such that U contains a neighborhood of £ € U if, and
only if, U contains a club (i.e., Z;-closed and unbounded set) in & or
cfl§) < V1. (©,7.) is a scattered space, for if N; < ¢f(§) and A is a
club on &, then A contains a point ¢ such that ¢f({) < N;.

In the following sections, we will introduce further improvements to
Esakia’s theorem and in fact exhibit single topological spaces with respect to
which GL is strongly complete. In order to do this, we must study scattered
spaces in more detail. If (X, 7) is a topological space, we define transfinite
iterations (df)geord of the derived-set operator by d°A = A, d*t1A = dd¢A
and d*A = Ne<a d¢ A for limit .

The derived set operator and its iterations have the following properties,
which are easy to prove (see, for example, [BM10]):

Lemma 14.3.11. Let (X, 7) be a scattered space.

1. If A is closed in X, then dA is closed in X;
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2. d*X 1s closed for each oy
3. if a < B, then d°X C d*X.

By Lemma 14.3.11.3, iterations of the derived-set operator stabilize at
some stage below the successor of |X|. The following was famously noted
by Cantor:

Proposition 14.3.12. A topological space (X, 1) is scattered if and only if
d*X = @ for some €.

This leads naturally to a notion of the “size” of a scattered space— its
rank:

Definition 14.3.13 (Rank). Let X = (X, 7) be a scattered space. For any
x € X, we define p,x, the rank of z, to be the least ordinal £ such that
x & dt1X. We may also write it as pxx, or even pxx or px if there is no
risk of confusion. We also define the rank of X to be pX = sup,cx(prz+1).
We may also write it as p, X or even pX when there is no risk of confusion.

One useful fact about the rank function is that near any point x, we can
always find points of every smaller rank:

Lemma 14.3.14. If V is a neighborhood of x in a scattered space, then
[0,pz) C p(V \ {z}). Furthermore, there is a neighborhood of x for which
equality holds.

As way of illustration, let us list the rank functions in some important
scattered spaces.

Proposition 14.3.15.
1. The rank function on any ordinal space Oy is the identity: po(§) = &.
2. The rank function on ©1 is the end-logarithm: p1(§) = (€.

3. The rank function on (0, 7.) is given as follows: let (Qn)acord €nuU-
merate all infinite reqular cardinals. Then, for nonzero a, pr.(§) = «

if, and only if, cf(§) = Qq.

Proof. Items 1 and 2 are instances of Lemma 14.5.2 below. To prove item 3,
we show by induction that if 0 < «, then § € d © if and only if ¢f(§) > Q.
We proceed by induction on «. The claim is vacuously true when o = 0,
and readily follows from the induction hypothesis when « is a limit since in
this case d? © =3, a2 e.
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Thus we may assume a« = f+1 and € € dfc(a. By induction hypothesis,
Qg < cf(§). If the inequality is strict, then £ is a limit point of dfc@, as
is it easy to check that {{ < &: ¢f(() = Qp} is stationary in & (i.e., it
intersects every club). By [BG14, Theorem 11.5], 7, is generated by Z;
and sets {dz,A: A C ©}, so that if, on the contrary, Qg = cf(§), then
{¢} = dfc@ Ndz, A, where A is any set cofinal in £ of order-type €23 and so
¢ is isolated in dfc@. O]

It is crucial to define appropriate structure-preserving mappings be-
tween scattered spaces. Obviously, homeomorphisms preserve all the rel-
evant structure but, as it turns out, a weaker condition will do for our
purposes. Below, a function between topological spaces is pointwise discrete
if the preimage of any singleton is a discrete subspace.

Definition 14.3.16 (d-map). Let X and Y be scattered spaces. Then
f: X =Y is ad-map if it is continuous, open, and pointwise discrete.

An important example is one that we introduced above, as shown in
[BG13]:

Lemma 14.3.17. For any scattered space X = (X, 7) and any ordinal © >
pX, the rank function is the unique d-map f : X — Oq.

Obviously, any homeomorphism is a d-map and so, since the composition
of d-maps is a d-map, they can be thought of as morphisms in the category
of scattered spaces. Two key facts about d-maps is that they preserve ranks
and the validity of formulae between topological spaces if they are surjective
(see [BG13] for item 1 and [BMMO3] for item 2).

Lemma 14.3.18.
1. If f: X — 9 is ad-map, then px = py f.
2. Suppose X and Q) are scattered spaces such that a surjective d-map
f:X =9 exists. Then for any Lo-formula ¢, X = ¢ implies Y E ¢.
14.4 w-bouquets

As we have seen, GL is not strongly Kripke-complete. However, it turns out
that this situation may be remedied with only a minor modification of its
relational semantics.
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Definition 14.4.1 (w-bouquet). Let (7, R) be a countable, converse well-
founded tree, and let p: T'— Ord be the rank function on 7" with respect to
the upset topology.

We define a new topology, o g, to be the least topology extending 7 such
that if w € T is such that p(w) is a limit ordinal, {v;};<, enumerates all
daughters of w exactly once, and n < w, then {w}UU, o; ({vi}UR(v;)) € or.

We say a topological space (T, 0) is an w-bouquet if there exists a binary
relation R on 7" such that (7', R) is a countable, converse well-founded tree
and o0 = oR.

Thus, points of limit rank have new punctured neighbourhoods, consist-
ing of the union of upsets of all but finitely many immediate successors. An
easy exercise is to check that op is a rank-preserving extension of 7. This
apparently innocuous change will give us a class of structures for which GL
is strongly complete. A similar construction was used by V. Shehtman [?]
to prove the strong completeness of many modal logics for their topological
semantics, from which we adopt the term bouquets.

In this section, we will prove that GL is strongly complete for the class
of w-bouquets (i.e., any consistent set of formulae I' is satisfiable on an
w-bouquet). Without loss of generality, we will assume I'" to be maximal
consistent. Recall that we are asuming that the set of propositional variables
is countable, so that I" will be countable as well. We introduce some auxiliary
notation:

Definition 14.4.2. If T' is a set of GL formulae, define I'™ = {¢ : Oy € T'}
and O = {0y : ¢ € T'}.

Definition 14.4.3. If I' is a maximally consistent set of GL formulae, we
define the characteristic of I' as the supremum of {n < w : O"T € I'}.

Note that the characteristic of I' may be either finite or w. In our proof,
we will consider each of these two cases separately. First, we will consider
the case where I has finite characteristic. We will need the following lemma:

Lemma 14.4.4. Suppose that ' is mazimally consistent with characteristic
n+1<w, and Op €T. Then, A = {o, 0" L}uTYudr” is consistent.

Proof. Towards a contradiction, assume that A is inconsistent, so that there
are Y, ..., Um_1 € I'Y such that

FOLA A (i A D) — .

<m
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Reasoning in GL, it follows that

FOMPLA A O A D) — O-e.

<m
But O(y; A D) is equivalent to (v, so that

FO" LA A Oy — O-e.

<m

Since I' has characteristic n + 1 and is maximal consistent, we have that
O07*t21 € T, while also each (¢; € I'. Thus I' - O-y, together with
O € T, contradicts the consistency of I O

As an immediate consequence, we obtain:

Lemma 14.4.5. Suppose that " is mazimally consistent with characteristic
n+1<w, and O € I'. Then, there is a maximal consistent set I'y, of some
characteristic m < n such that T', D {p} U2 uOr".

With this, we may prove our strong consistency result in the case of
finite characteristic.

Lemma 14.4.6. Let I' be maximal consistent and of finite characteristic n.
Then, I is satisfiable in a model based on an w-bouquet of rank n + 1.

Proof. By induction on n. Assume by induction hypothesis that the lemma
holds for any IV with characteristic m < n. Thus, for each ¢y € T', there
is a model (T, Ry, [-],) of rank n, < n satisfying I',,, defined as in Lemma
14.4.5. Moreover, n, =n — 1 if ¢ = 0" 1T € T..

Define (T, R) by taking the disjoint union of all (T, R,) and adding a
fresh root 7. We consider a valuation [-] over T induced by the valuations
[-], described as follows. Define [-]o by setting r € [p[o if and only if p € T,
and then set [p] = [po U Upgerlply for each propositional variable p. It is
then straightforward to check that r € [¢] if and only if ¢ € T'. O

It remains to exhibit models that satisfy sets of characteristic w. We will
do so by “decomposing” I' into smaller pieces and applying Theorem 14.3.8
to each of them.

Definition 14.4.7. Assume that I' has characteristic w. Let (1;);<, enu-
merate all formulae such that Qv; € I', in a way such that each ; occurs

infinitely often; let (¢;);<, enumerate all formulae such that O¢; € T' (in
any way). For i < w, define I'(4) = {¢;} U{¢; AOd;}j<i.



14.5. GENERALIZED ICARD SPACES 375

Lemma 14.4.8. If T" is consistent, then so is each I'(i). Moreover, each
['(i) is satisfied in a finite model (T;, R;, [-])-

Proof. 1t is easy to see that I' H O AT'(d) for all 4, so the latter must be
consistent. Since I'(7) is finite, we can apply Theorem 14.3.8. O

With this, we are ready to prove the main result of this section.

Theorem 14.4.9. GL is strongly complete for the class of w-bouquets.

Proof. Let T' be a consistent set of formulae; without loss of generality,
assume I' to be maximal. If I" has finite rank, then apply Lemma 14.4.6.
Otherwise, I' has rank w. By Lemma 14.4.8, each I'(7) is satisfied in a
finite model (T;, R;, [-]i)-
As in the proof of Lemma 14.4.6, take the disjoint union of all (7}, R;, [-]),
and add a root r so that, for all variables p, r € [p] if and only if p € T’; call
the resulting model 9. It is then easy to check that 9, r =T O

Theorem 14.4.9 is interesting on its own right, but our focus is on ordinal
spaces. Our strategy will be to ‘lift’ this result using d-maps through Lemma
15.2.13.2. Observe that our construction uses only very specific w-bouquets;
they are either of finite rank, or of rank w + 1, consisting of a root added to
countably many finite subtrees. However, it will be just as easy to construct
d-maps onto an arbitrary w-bouquet as onto one of the above forms.

Let us move on to define the main scattered spaces in which we will be
interested.

14.5 Generalized Icard spaces

In this section, we will discuss generalized Icard spaces based on a scattered
space X, which are an increasing sequence of topologies (X41)xcord- These
topologies were introduced with X of the form (0,Z) to give semantics
for the variable-free fragment of GLP,, in [Icall]. They were then defined
for arbitrary GLP, in [FDJ11] and subsequently studied in [FD14]. We
generalize them further by letting X be an arbitrary scattered space. As
a notational convention, we will sometimes write ordinal intervals [0, a] as
(—1,a.

Definition 14.5.1 (Icard topology). Let X = (X, 7) be a scattered space
of rank ©. Given an ordinal A, we define a topology 74, to be the least
topology containing 7 and all sets of the form

(@B ={r € X :a<pu<p),
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for some —1 < a < f < O and some £ < A. These are called the generalized
Icard topologies based on X. We call spaces of the form X4y = (X, 7y) for
some T generalized Icard spaces.

If X = (X,7), we may write (a,8]{ instead of (a,ﬂ]?. We may also
index properties by an ordinal X if they refer to the topology 7). In this
way, pr., becomes the A-rank p).

In the case of ordinal spaces, hyperlogarithms allow us to compute A-
ranks. Recall that we denote the left topology on the ordinals by Zy. Thus,
(ZO)TO =71y and (IO)Tl = 7;. In this case, we will write simply Z, instead of
Ty and define ©) = (0,Z)). The following is proved in [FD14]:

Lemma 14.5.2. IfO, \, and £ < © are ordinals, then p\& = 0 ¢. Moreover,
if i is any ordinal, then £ : Oxip — Oy is a d-map

Let us now prove some additional properties of generalized Icard spaces:

Lemma 14.5.3. Let X and Q) be scattered spaces and f : X — ) be a
d-map. Then, f: X4n — Dt is a d-map for any ordinal \.

Proof. By Lemma 15.2.13.1, px = py f, so that for any —1 < a < 3, any
& < A, and all 7-open A and o-open B,

FAN(a, BIF) = f(A) N (a, B
and
FB)N (e, BIF = 71BN (. BF).

From this it follows that f is open and continuous. Furthermore, f is point-
wise discrete because 7 C 7). ]

Corollary 14.5.4. Let X be a scattered space of rank ©. Then for any
ordinal \, we have that px : X1\ — O is a surjective d-map.

Proof. Immediate from Lemmas 1 and 3. 0

Corollary 14.5.4 provides us with a nice way of determining the rank
function of Icard topologies:

Lemma 14.5.5. If X is a scattered space, then py = (*px.

Proof. By Corollary 14.5.4, px : X4» — (pX), is a d-map, and the topology
in (pX), is precisely Zy. Since, by lemma 14.5.2, ¢} is the rank function on
(pX)a, we have that £ px : X4y — (pX)o is a d-map and coincides with the
rank function by Lemma 1. O
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Our choice of notation is explained by the following result:

Lemma 14.5.6. For any scattered space (X, 7), and any ordinals X and pu:
(TT)‘)TM = T (A+p)-

Proof. (TT)\)TM is the topology generated by 74\ and all sets (a,ﬁ]?, for
& < p. Ty is generated by 7 and all sets (c, B]g, for £ < \; and for any «,

B, and € < u:

(a,ﬂ]?:{xeX:a<€§pml‘§5}:{$€X:0‘<€§£APT9”§5}

so that (TT,\)T# is generated by 7 and all sets (a,ﬂ]g, for &€ < A+ p, and
hence is equal to Tp(\1 - O

Another example of d-maps, which we present without proof, is given by
ordinal subtraction:

Lemma 14.5.7. Let (,\,© be ordinals. Then, (—C + ) : [(,{ + O]y —
[0,0]y, i.e., the function given by & — —( + &, is a homeomorphism.

The following result shows that each point can be separated from points
of equal rank in Icard topologies:

Lemma 14.5.8. Let (X, 7) be a scattered space and X\ be an ordinal. Any x
in X has a A-neighborhood U such that whenever x # y € U, {*poy < £*pox.

Proof. This is immediate from Lemma 14.3.14, using the fact that py = ¢*pg
by Lemma 2. O

Recall that for any topological space (X, 7), a neighborhood base for x is
a collection of open sets N such that for any open set U containing z, there
exists an open set V € N, also containing z, such that V' C U. We will now
provide neighborhood bases for Icard topologies in two useful ways.

Definition 14.5.9. A simple function is a function r: A — Ord with A C
Ord a finite set.

If X is a scattered space, r is a simple function and the rank of z € X
is an ordinal o such that 7(¢) < Sa for all € € dom(r), define BX(x) to be

the set mgedom(r) (T(f), f&a]ff

As usual, if X = (X,7), we may write Bl (x) instead of B;¥(z). Note
that any set BJ («a) is an open set of 74 if max(dom(r)) < A. In fact:
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Lemma 14.5.10. Let X = (X, 7) be a scattered space, 0 < X, 0 < £*¢, and
x € X have rank §. Then the sets of the form U N B (§) with U € T and
dom(r) C X form a neighborhood base for x in 5. Moreover, if X is an
ordinal with the left topology, we can take U = X.

Proof. By definition, every neighborhood of £ in 74 contains another neigh-
borhood of the form V' = U N N« (o, Bi]}, for some U € 7, where all
o < A

We may assume that all aj, are greater than —1 since 0 < ¢ < ¢9k¢ for
any k and that all o are distinct because o; = o}, implies

(ck, Brly, N (e, Bila, = (max{oy, a;}, min{ By, B;}5, -

To obtain the desired result, define r to have as domain the set of all o}, so
that r(o1) = oy, and note that U N BX(z) C V.

Finally, if X is an ordinal with the left topology, then by definition
(0,¢&]o € U. If we define s so that dom(s) = {0} Udom(r), s(n) = r(n) when
defined, and s(0) = 0 if (0) is undefined, then we also obtain X N BX(z) =
BX(x) C V, as claimed. O

Lemma 14.5.11. Let X = (X,7) be a scattered space, X = a + w® be
an ordinal, and x € X have rank e*© with © > 0. Then, sets of the
form U N (n,e”ﬁ@]f, where U € 7, 1 < ¢¥’©, and v < A, form a ThA-
neighborhood base for x. If X is an ordinal with the left topology, then we
may take U = [0, e*O)o.

Proof. Let V' be a myy-neighborhood of . By Lemma 14.5.10, V' contains
a set of the form U N B7(e*©) for some simple function r with domain
contained in \. We may assume using Lemma 14.3.14 that

U\ {z} c[0,e*0)].

Define v = max({a} U dom(r)). Before defining 7, observe that for all
¢ € dom(r),
(&) < (5?0,

so that by Lemma 2,
etr(€) < e’e = e’ .

Thus by normality of ¢” and the fact that e’O is a limit, for n < e’ O
large enough we have that ¥ > er(€) for all £ € dom(r). We claim that

Un (e 0 c Bl(x).
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To see this, assume that x # y € U N (7, e’ G)]IY and let 8 = p,y, so that

0 € (77,6"‘}5@]7. Then, for ¢ € dom(r) we see that £70 = £~F7/50 > 5 and
hence 40 > e~¢t7n by Lemma 2. But

efe T = ey > er(€),

so by normality of ef, e=$+t7n > r(€) and thus 60 > r(€).
Meanwhile, for any ¢ < A, since 6 < €O = efe 11O by the way we
chose U, it follows once again from Lemma 2 that

50 < et = rfero.
Hence, for all £ € dom(r), we have
r(€) < 150 < (57O,
that is,
py =0 € (r(€), 5 0l

and thus y € B] (x)

We conclude that U N (n, e”ﬁ@]g C B (x), and thus U N (n, ewﬁ@]g cV,
as needed. The modification for X an ordinal with the left topology follows
immediately as a special case. O

The following particular cases will be used later on:

Corollary 14.5.12. Let A be additively indecomposable. Then for any
neighborhood V' of e*© in [1,e*O]y there exist ordinals n < O and ¢ < X
such that V' contains the set (1, e*0]..

Below, if (X, 7) is a scattered space and (r¢)¢<, is a sequence of points

in X, we write x¢ A y if z¢ converges to y in 7py; that is, if for every
A-neighborhood U of y, there is 6 < p such that z¢ € U whenever £ > 0.

Lemma 14.5.13. Let A > 0, © be any ordinal and p = max(cfA,w). Then,
there exists a sequence (0¢)e<, such that O¢ A MO+ 1).

Proof. Write A = a +w”. We will define 0¢ for £ < p considering two cases.
If 3 =0, then 4 = w. For n < w define §, = w® - n, so that (0 )n<w is
cofinal in w®+1. Then, define 6,, = e“J,,, which is cofinal in

MO +1) =B+ 1) = WO

by normality of e®.



380 14. STRONG COMPLETENESS OF PROVABILITY LOGIC FOR ORDINAL SPACES

If 3 > 0, choose a sequence (7¢)¢<, which is cofinal in wB. Then, set
ne = €7¢ (e‘”ﬁ@ + 1), so that the sequence (n¢)¢<,, is cofinal in e’ (©@+1) by
Lemma 14.2.6.4. Finally, define ¢ = e“ne.

In either case, it is straightforward to check using Lemma 15.2.24 that

O¢ A eM© + 1), as desired. O

Lemma 15.2.24 and Corollary 15.2.25 will be particularly useful for de-
scribing neighborhoods around points of high ranks in the completeness
proof to follow.

14.6 Completeness for generalized Icard spaces

In this section, we will prove the strong completeness of GL with respect to its
topological semantics. As we previously mentioned, we intend to construct
d-maps from ordinal spaces onto w-bouquets. We start with a simple case:

Lemma 14.6.1. For all nonzero additively indecomposable A\ and any w-
bouquet generated by (T, R) whose root v has rank ©, there erists a surjective
d-map f:([0,e0],Z1) = T such that f(e®) is the root of the tree.

Proof. By induction on ©. Denote by r the root of the tree. If © = 0, then
the mapping 0 — 7 is clearly a d-map. Otherwise, suppose the result holds
for all ordinals 6 < ©. We fix an enumeration (v;);<,, of all daughters of r
with different properties, according as to whether © is a successor ordinal
or a limit. If © is a limit ordinal, we let (v;);<, enumerate each daughter
exactly once. If © is a successor ordinal, let (v;);<, be any enumeration
where each daughter appears infinitely often. To each v; we associate its
rank 6; and its generated subbouquet 7;. Define ag = 0 and, recursively,
Bi = a; +w¥ and o1 = B + 1.

If ® = =+1 is a successor ordinal, then §; = = for infinitely many 4. If ©
is a limit, then the sequence (6;);<, is cofinal in ©. In either case it follows

that 3; L ¢ and thus the sets X := [y, Bi] form a partition of [0, e©).

By induction hypothesis, there are surjective d-maps g; : [0,e6;] — T,
and thus by Lemma 14.5.7 we obtain surjective d-maps f;: X; — T; given
by fi(€) = gi(—a; +&). Let f = Uy, fi U{(eO,7)}. As the sets X; are
clopen, f is a d-map when restricted to e®. We show it is also a d-map in
[0, eB)].

Clearly, the function is pointwise discrete and surjective. Moreover, the
family {[a;, e©]}i<,, forms a decreasing neighborhood base around e®, and
it is easy to check that f[ay,e®] = {r} UU,>,, Ti, which is open, so f is
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open. As for continuity, f~'T = [0,e0], so we just need to check that the
preimage of basic open sets around 7 are open when O is a limit. But this is
also true, as for any such set A = {r} UU;>,, Ti, we have f~1(A) = [a, €O)]
by construction. - O

The d-maps constructed in Lemma 14.6.1 can be further exploited. As
the composition of d-maps is a d-map, it suffices to find d-maps from any
space onto ordinals with the interval topology to obtain d-maps onto w-
bouquets. As stated by Lemma 14.5.2, this is sometimes possible by using
logarithms 5 Ocr1 — O1.

This is, however, impossible for limit ordinal Icard topologies. Instead,
we could try to find different mappings. For example, the A-reductive maps
from [FD14] function for limit ordinal Icard topologies as long as the index
is countable. Theorem 14.6.2 below will show that it is impossible to go
further using this technique.

Theorem 14.6.2. Let A\ be a nonzero ordinal, k be a limit ordinal, and
© > 0 be any ordinal. If max(cf(k),Ng) # max(cf(A),Ng), then there exist
no d-maps f: (€50 + 1), — (10 + 1),.

Proof. Write A = a+w” and k = v+w?, so that cfw?® = ¢f\ and c¢fw’ = cfk.
It suffices to prove the theorem for © =1 and A = w?, for if

f:(e"®+ 1), — (€0 + 1),

were a d-map, we would have that ¢*f(e®1) = 1 (since d-maps are rank-
preserving by Lemma 15.2.13.1), and thus by Lemma 14.2.12.4, there would
exist o € [, A) such that ¢7 f(e"1) = "1, But then it is straightforward
to check that

f(ef1+1), — (e”ﬁl +1),,

defined by
o i —1lp—0o wh
Fle) = {3 f(&), f&e fm [0, 1]

0, otherwise,

would also be a d-map.

Let p = max(cf(k),No) and v = max(cf(\),Ng). By Corollary 14.2.7,
p = cf(e®1) and v = cf(e*1). Towards a contradiction, suppose that u # v
and

fi(ef1+1), — (M +1)y
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is a d-map. First assume that u < v. Use Lemma 14.5.13 to find a sequence
(0¢)¢<, such that 6 < e*1. By continuity, we should also have f(0;) ST
but, since f preserves rank, f(6¢) < eM for all €, and since pu < v = cferl,
we have that (f(6¢))e<, < 0. for some 6, < e*l. But this means that
F(6) & (6., € ]y for all & < pu, contradicting that f(fe) = e M.

Now assume that g > v. Use Lemma 14.5.13 once again to find a
sequence (0¢)¢<, such that &g A AL By continuity, f~1(d¢,e*1]o is A-open
for all £ < v, hence by Corollary 15.2.25, there are sequences (7¢)e<, C €1
and (7¢)¢<y C & such that, for all £ < v,

[0,€%1]o N (ne, €"1], € f1 (3¢, e 1.
Since v < p = cfe®1, there are 7, < €1 and 7, < k bounding (7¢)¢<, and
(’Yg)§<l,, respectively. Then,
Ue =1[0,€e"1]o N (74, e’ 1],

*

is a k-neighborhood of €1, so that f(U,) contains a A-neighborhood Vi of

e*1. But, V, cannot contain any ¢, contradicting the fact that o A M.
In either case, we conclude that there can be no such d-map. ]

Our strategy will hence be to instead construct d-maps directly from
Icard spaces X1 onto w-bouquets. The construction will be an adaptation of
the one on Lemma 14.6.1, but the general case will be rather more involved.
We will first assume that A is additively indecomposable and X is an ordinal
with the left topology for, as we shall see, the general case follows quickly
from this particular one. As in Lemma 14.6.1, we will proceed by induction
on the rank.

14.6.1 The successor stage

For this section, we fix an additively indecomposable ordinal A and an w-
bouquet (7', 0r) with root r of rank © + 1. Let (v;)i<,, list all daughters of
r in such a way that each daughter is counted infinitely often, and let T; be
the subbouquet generated by v;. Denote the rank of T; by 6;. We introduce
the following auxiliary notation:

Definition 14.6.3. Let ¢+ < A. By Lemma 14.2.1.2, there is a unique k =
k(1) < w such that ¢ can be written as a - w + k. For ¢« < A, define

B, =et(erO+1+ e)‘Hk(L)).

Then define «, by cases:



14.6. COMPLETENESS FOR GENERALIZED ICARD SPACES 383

1. ap:=0,
2. a1 :=p6,+ 1, and
3. a, = e (e*O + 1) if ¢ is a limit.
Finally, define X, = [a,, 8], Y, = X, N[0,1 +¢*0],41, and Z, = X, \ V..
Lemma 14.6.4. The sets X,, Y,, and Z, have the following properties:
1. for all v < X, each of the sets X,, Y, and Z, are A-clopen;
2. the collection {X,: v < A} forms a partition of e*(© + 1);

3. if U is a A-neighborhood of e*(© + 1), then Z, C U for all v large
enough, and

4. forall v < X, 71(X,) = 0,20 + 1+ e )], £71(Y,) = [0,¢*O] and
€L+2(ZL) = [0,€A9k(L)].

Proof. Claim (1) follows immediately from their definitions which use clopen
intervals. For claim (2), note that from Lemma 14.2.8.1 it follows that for
limit ¢: lim,, a; = «,. Hence, the sets X, are disjoint and no gaps are
left between them. Moreover, from Lemma 14.2.8.2, it also follows that
MO+ 1) = lim, ) a,.

For claim (3), let U be any A-neighborhood of e*(© + 1), so that by
Lemma 15.2.25 there are < e*(© + 1) and § < ) such that

(n, e)‘(@ +1)]s C U.

By Lemma 14.2.6.4, for v large enough we have that n < e7(e*© +1). Since
A is additively indecomposable, é + v < A, hence if ¢ > § + v we have that
for ( € Z,,

E'yééc _ E(S-&—’YC > éH_lC > e>\® +1,

so that by Lemma 2,

0¢> e (0 +1) >,
that is,

¢emeNO+1)cU

and, since ( was arbitrary, Z, C U.
To show (4), fix some ¢ < A. Since A is an additively indecomposable
limit, ¢ + 1 + A = A. Thus by Lemma 14.5.2,

Aan (,BL + 1))\ — (6)‘9 + 1+ e)‘Hk(L) + 1))\
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is a d-map. Also by Lemma 14.5.2, 11 is the rank function with respect to
Z,+1, and X, is (¢ + 1)-open (in fact, 1-open). Therefore, since 3, € X, and

0B, = O + 1+ ey,

it follows from Lemma 14.3.14 that
0,620 + 1 + ey ,)] € £ (X)).

Since

Y, ={{e X, : 1t <o},
it follows that £+1(Y;) = [0, 0.

Finally, observe that if £ € Z, we can write
Mle=efO+14¢
for some ¢ < 1+ e*6y,), thus by Lemma 14.2.12.2,
02 = 0(ehO +1+¢) = L1 +¢) < €My,

but Z is (1+2)-open, so once again by Lemma 14.3.14, (**2(Z) = [0, e’\Qk(L)].
O

The induction hypothesis for a successor stage will amount to assuming
we are given fragments of a d-map, which we then need to complete. We
make this notion precise now:

Definition 14.6.5. We define a pre-d-map for (0, \) over T to be a collec-
tion of d-maps (g;)i<. such that, for every i < w, g;: (eM; + 1)y — T and
g; has range T;.

Lemma 14.6.6. Assume there exists a pre-d-map (gi)i<w for (©+1,X) over
T. Then there is a surjective d-map f: (MO +1) + 1) = T.

Proof. We may assume without loss of generality that 6y = ©. As before,
we have k() denote the remainder of ¢ modulo w.
Before defining f, we define for ¢ < A,

fLI X, > TyU Tk(L)

goo (&) if e,

fL(g) B {gk,‘(b) OEH_z(g) it§ez,.
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We claim that each
fi: X, —»TyU Tk(L)

is a surjective d-map, with f,(Y,) = To and f,(Z,) = Ty,:

SURJECTIVITY. That f,(Y,) = Tp and f,(Z,) = Ty, follows easily from
14.6.4.4 and the assumption that each g; is onto T;, and hence f, is surjec-
tive.

OPENNESS. Let U C X, be open. Define Uy = UNY,, and Uy = U\U; C Z,,
both of which are open. Because go, g,, 7! and £**2 are all d-maps, f,(U)
is the union of the open sets f,(U;) and f,(Usz), so f,(U) is open; since U
was arbitrary, f, is an open function.

CoNTINUITY. This follows by a similar argument: if V' C Ty U Ty, is open,
then

V) = (7T V) nY) u (V)N 2),

which is a union of two open subsets of X,.

POINTWISE DISCRETENESS. If ¢t € Ty U Tj(,), then once again ) =
(A V)NY) U (f75 (V)N Z,). Since gg o £t is a d-map, A = f~1(V)NY,
is a discrete subset of Y,, and similarly B = f,"}(V) N Z, is a discrete subset
of Z,. But both Y, and Z, are clopen, so AU B is also discrete.

This completes the proof of the claim. We define

f= U U {(e)\(@ + 1)7T)}'

LEA

It can be quickly verified that f is surjective. We show it is also a d-map:
OPENNESS. If U is open in [0,e*(© + 1)), then

f(U) :f(U(UﬂXL) = UfL(UﬂXL)

LEA LEA

is open since each f, is open. Otherwise, if U is a neighborhood of e*(©+ 1),
we claim that f(U) = T. Indeed, r = f(e*(© + 1)) € f(U), and if t # r,
we have that ¢ € T; for some i. By Lemma 14.6.4.3 we have that, for some
Ly < X, Z, C U whenever ¢ > 1,; in particular, since every subbouquet is
counted infinitely often and A is a limit, we can take ¢ > ¢, so that k(1) = 1,
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and since T; = f(Z,), we have that t € f(Z,) C f(U). It follows that f is
open.

CONTINUITY. Suppose V € og and £ € f~1(V). If f(&) = r, then since the
only neighborhood of 7 is all of T, it follows that f~1(V) = e*(© + 1) + 1.
Otherwise, by Lemma 14.6.4.2, £ € X, for some unique ¢. Then,

e fHvV)ynx, c (V)

but
f_l(v) nx, = fL_l(V N Tk(b))’

which is open since f, is continuous. Since ¢ € f~1(V) was arbitrary, we
conclude that f~1(V) is open.

POINTWISE DISCRETENESS. Each f,"!(t) is discrete and each X, is (¢ + 1)-
clopen and thus A-clopen, so f~1(t) is discrete for each t # r, while f~1(r)
is a singleton and thus discrete.

Therefore, f is a d-map, as desired. O

Note that the above may already be used to give an inductive construc-
tion of d-maps onto any w-bouquet of finite rank, but we have yet to deal
with limit ©.

14.6.2 The limit stage

For the following, we fix an additively indecomposable ordinal A and an
w-bouquet (T,0r) with root r of countable limit rank ©. We also fix a
sequence (v;);<, enumerating each daughter of r exactly once and denote
by T; and 6;, respectively, the generated subbouquet and rank of v;.

A dominating subsequence of (6;)i<. is a subsequence (0, )i<w Of (0;)icw
such that (0, )i<w is strictly increasing and for all i < w, §; < 6,,,. Observe
that if this is the case, then lim;_,, 6,,, — ©. It is evident that dominating
sequences for (6;);<, do exist. We fix one such sequence (0, )i<y-

Lemma 14.6.7. If there exists a pre-d-map (g;)i<w for (©,\) over T, then
there is a continuous surjective map

h: (O +1)y =T

such that h=1(r) = {20}, and h|.rg is a d-map.
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Proof. Let h: e*® 4+ 1 — T be defined by

r if ¢ = ¢*0,
h(€) = { gmo(§)  if € < My,
Gm, (&) if M, | < € < e (m;) with 0 < 4.
It is straightforward to check that h has the desired properties. ]

The map h just defined may well not be a d-map, as it might fail to be
open. In the following, we will modify h so as to make it open near e*@.
This will require constructing some auxiliary sets, in a fashion similar to
Definition 14.6.3.

Definition 14.6.8. Let k(¢) denote the remainder of : modulo w as before.
For j <w and ¢ < A, we set

Vi, = e/\Hmj+1 + eL(e)‘Hm]. +1)

and
8ju = Yju + € (e 0m, + 14 €*6;).

We also define
WjL = (fij 5jb]0 N (6)\0m‘j,€>\0m‘j+1 +1+ e)\ej]b
and

w; = Wj.
L<A

Lemma 14.6.9. The sets W, and W; have the following properties:
1. 07 (wy,) = e>‘9j +1 forall j <w and ¢ < A,
W; C (e)‘Hm].H,e)‘GmHZ) and Wy, "Wj, =@ ifi#j or v # kK,

the set Wj is closed for all j, and

e

if U is any A-neighborhood of O, there exist n < w and v < \ such
that W, C U for all j > n.

Proof. Claim (1) is similar to Lemma 14.6.4.4. We prove claim (2). Observe
that for any j < w, ;. < 0j, < vjx whenever ¢ < &, from which it follows
that Wj, N W;, = @ if « # k. Moreover, if we define

Vi = e)\emﬁrl + 6)\(97711' +1) < e)‘ij+2,
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by Lemma 14.2.8.1 we have that ;,,d;, EN vj as t — A, which by the
definition of ~y;o implies that

W; C (6)\97”]'-&-17’/]') - (e/\emj+1ve/\9mj+2)'

It follows that W, N W;, = @ if i # j.

For claim (3), since each W), is closed, it also follows that W ;\W, C {v;}.
However, [0, v;]o N (e’\Hij,oo)l is a A-neighborhood of v; which does not
intersect any of the intervals (;,,d;]. We conclude that W; \ Wj, that is,
W; is closed.

Finally, for claim (4), let U be any neighborhood of e*@, so that by
Lemma 15.2.25 and the fact that 6,,, — ©, there are n < w and ¢ < A such
that

0,e*0]o N (e0,,,,, 0], C U.

Then, it is immediate that if j > n, W;, C U. O

Lemma 14.6.10. Assume there exists a pre-d-map (gi)i<w for (©,\) over
T. Then there is a surjective d-map f: (e’ + 1)) — T.

Proof. We use Lemma 14.6.7 to construct a continuous map
hi (0 +1)y =T
such that h=!(r) = {*0}, and h|,rg is a d-map. Then, we define f by

hE) & Ujc Wi,

1&) = {gjwlg if €€ Wy,

That f is surjective and pointwise discrete is clear from its construction. We
verify openness and continuity.

OPENNESS. Choose & < 0. If ¢ € W;, for some j,., we use the fact
that W;, is open and that gj, 1 are d-maps to see that f is open near .

Otherwise, £ € (e’\ﬁmj,e’\ﬁmjﬂ] for some j, and

(6/\9%‘7 e’\ijH] \ U Wi = (e’\ij,eAGmHl] \ Wj.

<w
But W; is A-closed by Lemma 14.6.9.3, whereby
(0, €01, ] \ W

is A-open. Since h is open near ¢ then so is f. Hence, f is open in [0, e*©).
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Now let V be an open neighborhood of €*©. By Lemma 14.6.9.4, there
are ¢ < A and n < w such that W;, C U for all j > n, and it follows by
the surjectivity of g; that {r}UU;>,T; C f(V). Since V was arbitrary, we
conclude that f is open near ¢*©.

CONTINUITY. By a similar argument to the one above, f is continuous in
[0,e*@), and so it remains to show that it is continuous at e*©. Take a
neighborhood U of r, so that U = {r} U U;~,, T;, and choose k > n large
enough so that my > n. It is straightforward to check that

(eAekarl? 6)\@] C f_l(U)>

so the latter is open near 0. ]

14.6.3 Main result

First, we join Lemmas 14.6.6 and 14.6.10 to build d-maps from Icard spaces
onto w-bouquets.

Theorem 14.6.11. Let (T,0) be any w-bouquet with root r of (countable)
rank ©, and let A > 0 be any ordinal. Then, there is a surjective d-map
fr(0+1),—>T.

Proof. If A = a + w? and f: (ewﬁ@ + 1), — T is a surjective d-map, then
fot*: ('@ 4 1)y — T is also a surjective d-map. Hence, it suffices to
consider additively indecomposable A. If A = 1 the claim becomes Lemma
14.6.1, so we assume that A is a limit and proceed by induction on ©.

If © =0, then T = {r}, and f: e*0 + 1 — T given by f(0) = r trivially
has all desired properties.

Otherwise, we may enumerate all immediate subbouquets of T' by (7;);<w
and denote their ranks by 6;. By induction on their rank, we find surjective
d-maps g;: (e*0; + 1)y — T, so that (g;)i<, is a pre-d-map. Thus, by
Lemma 14.6.6 if © is a successor, or Lemma 14.6.10 if © is a limit, there is
a surjective d-map f: (e*© + 1)y — T, as needed. O

Corollary 14.6.12. Let X be a nonzero ordinal and © be countable. For
each scattered space X of rank €O +1 and any w-bouquet T of rank © there

exists a surjective d-map f: X4y — T

Proof. From Corollary 14.5.4 and Theorem 14.6.11. O
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Note that it follows from Lemma 15.2.13.1 that if X contains only one
point of maximal rank, it is also the preimage of the root. Meanwhile, as a
consequence of Theorem 14.6.11, we obtain the following:

Theorem 14.6.13 (Strong completeness). Let A\ be a nonzero ordinal and
X be a scattered space of rank at least e*w+1. Then, GL is strongly complete
with respect to X4y.

Proof. Suppose I' is a consistent set of formulae. By Theorem 14.4.9, T" is
satisfiable on some w-bouquet T" of rank © < w, whence by Lemma 15.2.13.2
and Theorem 14.6.11, T is satisfiable on (e*@+1), a A-open set of Xy O

As an immediate consequence of Theorem 14.6.13, we obtain the follow-
ing result that is of particular importance when A is uncountable:

Corollary 14.6.14. GL is strongly complete with respect to an ordinal
(©,7)) whenever e’w < O.

The instance of Corollary 14.6.14 when A = 1 is a strenghtening of
the Abashidze-Blass theorem. Another remarkable consequence of Theorem
14.6.13 is what results when applying it to the club topology 7., (see Example
14.3.10) as it has been shown (see [Bla90]) that it is consistent with ZFC
+ “there exists a Mahlo cardinal” that GL be incomplete with respect to 7.
for any ordinal. However, using generalized Icard topologies we obtain the
following:

Corollary 14.6.15. GL is strongly complete with respect to an ordinal
(©, Tern) whenever Nox, 1 < ©.
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15.1 Introduction

The purpose of this chapter is to prove a topological completeness theorem
for the transfinite extension of Japaridze’s logic GLP. GLP is a provability
logic in a propositional language augmented with a possibly transfinite se-
quence of modal operators; our case of interest is that in which the sequence

391
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is wellfounded. Each of these operators can be interpreted arithmetically
as asserting provability within a given theory, and the logic GLP relates
these notions of provability to one another. For arithmetical interpretations
of GLP, see Beklemishev [Bek04], Fernandez-Duque and Joosten [FDJ13b],
Cordoén-Franco et al. [CFFDJLM15], and others. As a modal logic, GLP has
some unusual properties. For example, it is not complete with respect to
any class of relational semantics; a natural question is whether it is complete
with respect to its neighborhood (i.e., topological) semantics. Beklemishev
and Gabelaia [BG14] showed that GLP,, the restriction of GLP to w-many
modalities, is complete with respect to a natural topological space on the
ordinal £9. Because sentences in the language of GLP contain instances
of only finitely many modalities, the spaces constructed by Beklemishev
and Gabelaia serve as models also for formulas in the language of transfi-
nite GLP; hence it is also topologically complete. However, it is an open
problem whether transfinite GLP is complete with respect to a single poly-
topological space, but there are some very natural candidates. An example
of these is what are known as the canonical topological semantics for GLP.
The question of completeness with respect to these spaces has very interest-
ing connections with stationary reflection and indescribable cardinals (see
Bagaria [Bagl5], Bagaria [Bag], Bagaria-Magidor-Sakai [BMS15] and Brick-
hill [Bril6]). Completeness for the two-modality fragment with respect to
these topologies was proved by Beklemishev [Bekl11]. It is not hard to see
that GLP is not strongly complete with respect to its canonical topological
semantics; we shall prove this below.

Another example is the natural extension of the spaces from Beklemishev-
Gabelaia [BG13]. Completeness with respect to these spaces was proved by
Fernandez-Duque [FD14] for restrictions of GLP to any countable amount
of modalities. It is not known whether this result can be extended to ar-
bitrarily long sequences of modalities, but the results from [AFD17] show
that the techniques would need to be very different.

The topological completeness theorem we shall prove here goes in this
direction. Roughly, given a sentence consistent with GLP, we construct a
topological model for it with finitely many topologies. The new feature is
that these topologies in a way correspond to the modalities appearing in the
sentence; we call these - polytopologies, for J a finite sequence of ordinals.
In particular, one can extend the space with intermediate increasing topolo-
gies corresponding to modalities not appearing in the sentence in such a way
that each topology results in a model of the unimodal GL. Unfortunately,
this extension (with the intermediate topologies) will not be a model of GLP,
but we expect that a similar construction can yield models of GLP.
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Our main tool is a technical “product lemma.” Essentially, given two
ordinals x and A, we find an ordinal © and natural embeddings 7y : © — &
and 7 : © — X which preserve satisfiability of polymodal formulas, if the
ordinals are equipped with the right topologies. This is a generalization of
a technical lemma of Beklemishev-Gabelaia [BG13], which corresponds to
the case in which the first element of the sequence ¥ is 1. The proof is
largely arithmetical and relies heavily on the theory of hyperexponentials
and hyperlogarithms of Ferndndez-Duque and Joosten [FDJ13a].

15.2 Preliminaries

15.2.1 The polymodal logic of provability

For any ordinal number A we consider a language £, consisting of a count-
able set of propositional variables P together with the constants T, L;
Boolean connectives A, V, =, —; and a modality [{] for each ordinal £ < A.
As usual, we write (£) as a shorthand for —[¢]—.

Definition 15.2.1. The logic GLPp is then defined to be the least logic
containing all propositional tautologies and the following axiom schemata:

(i) [l = ) = ([Slp — [€]) for all £ <A,

[€]([€]le — ) = [€]e for all £ < A,
[€]lp — [C]p for all € < ¢ <A,

)
ii)
iif)
iv) (£ = [CJ{§)p for all £ < ¢ <A,

and closed under the rules modus ponens and necessitation for each [¢]:

o= ) P
o MP G

We will often write simply GLP for GLP5 when we do not want to specify
a A. Note that GLP when restricted to any one modality is simply the well-
known logic GL. Modal logics are usually studied by means of relational
semantics. A Kripke A-frame is a structure (W, {R¢})e<n, where each Ry is
a binary relation on W. We define a valuation [-] to be a function assigning
subsets of W to each L£j-formula such that [-] respects boolean connectives
and such that

[(&)¢el = Re 'l
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Proposition 15.2.2 (Segerberg [Seg71]). GLP; is complete with respect to
the class of finite relational structures (W, R) that are conversely wellfounded
trees.

The preceding proposition provides a convenient way to study GLP;.
However, as is well known, GLPp is incomplete with respect to any class
of relational structures whenever 1 < A. This motivates the search for
topological models of the GLP.

Recall that x is a limit point of A if A intersects every punctured neigh-
borhood of z. We call the set of limit points of A the derived set of A and
denote it by dA. We may also denote it by d,A to emphasize the topol-
ogy we are considering. The derived set operator is iterated transfinitely by
setting

1. d°A = A,
2. d®T1A = dd*A, and
3. dVA =,y d*A for limit ordinals.

Since d*X D d’X whenever a < f3, there exists a minimal ordinal ht(X)—
the height or rank of X—such that d"X) X = @MX)+1 X For any z € X,
we let prx, the rank of x, be the least ordinal ¢ such that z ¢ ds+1 X, if it
exists.

Throughout this paper, we will speak about rank-preserving extensions
of topologies.

Lemma 15.2.3 (Beklemishev-Gabelaia [BG13]). A topology o is a rank-
preserving extension of a scattered topology T if, and only if, p;[U] is an
ordinal for each U € o.

A point in A that is not a limit point is ¢solated. Thus a point is isolated if
and only if it has rank 0. We denote by iso(A) the set of isolated points in A.
A topological space is scattered if iso(A) # @ for each A C X (alternatively,
if d"X)X = ). Not all scattered spaces are T} (e.g., X = {0, 1} with open
sets &, {0} and X)), however, the examples in which we will focus are.

We study polytopological spaces—structures (X, {7, },<r), where X is a
set and {7,},<a is a sequence of topologies of length A. Topological seman-
tics for modal logics may be defined by interpreting diamonds as topological
derivatives.

Definition 15.2.4 (Topological semantics). Let X = (X,{7,},<a) be an
polytopological space. A waluation is a function [-] : L, — P(X) such that
for any L-formulae ¢, :
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(i
(ii

(iii

(i

[=¢] = X\[l;
[ Ayl =[] N[¥];
[(§)¢] = dr: [l

A model M = (X, []) is a polytopological space together with a valua-
tion. We say that ¢ is satisfied in 9 if [¢] is nonempty and we say ¢ is
valid in a space X and write X |= ¢ if [¢] = X for any model based on X.

)
)
)
v)

In order that a space validate the axioms of GLP, we need to impose
some regularity conditions (see Beklemishev-Bezhanishvili-Icard [BBI10]).
A space (X, {7, },<a) is a GLPa-space if {7, },- A is non-decreasing, scattered,
and

deA €T forall £ < (andall A€ P(X) (15.1)

In the situation above, we refer to {7,},<a as a GLPp-polytopology. Clearly,
we have:

Lemma 15.2.5. Any GLPa-space validates all theorems of GLPy.

A natural way of constructing GLP-polytopologies appears to be to start
with any scattered topology and simply add all derived sets at each stage,
thus making A = (X ). This results in what has come to be known as the
canonical GLP-space generated by X. In doing so, the topologies quickly
become extremely fine. In fact, for the most natural examples, their non-
discreteness becomes undecidable within ZFC after two or three iterations.

One way out of this, explored in Beklemishev-Gabelaia[BG13], is to ex-
tend the topology at each stage before adding derived sets. Extending the
topology reduces the amount of derived sets attainable and makes subse-
quent topologies coarser. A different approach, introduced in Fernandez-
Duque [FD14], is to fix increasing topologies from the beginning and restrict
the algebra of possible valuations. We will consider the first approach in our
completeness proofs.

We will make use of a reduction from GLPA to GLP,, in the following way:
for each Lj-formula ¢ where modalities [Ag], ..., [An—1] appear, define its
condensation to be the L,-formula ¢ that results by uniformly substituting
[k] for [Ag]. The following reduction lemma holds:

Lemma 15.2.6 (see, e.g., Fernandez-Duque [FD14]). Let ¢ be a Ly -formula
where n modalities appear. Then GLP,, F ¢¢ implies GLPA F ¢.
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Let us finish this section with the remark that GLP is not strongly com-
plete with respect to its canonical semantics. By strong completeness (with
respect to a class of models X'), we mean the following assertion: whenever
I' is a set of Lx-sentences consistent with GLP,, then there is some model
X € X where I is satisfied.

Proposition 15.2.7. Suppose X is a scattered 11 space in which every Gs
set is open. Then GL is not strongly complete with respect to X .

Proof. This is a generalization of the usual proof that GL is not strongly
complete with respect to trees. Let

['={Opo} U{O(pi = Opit1) : i < w}.

Suppose I' is satisfied at some x. Then, for each ¢, there is a punctured
neighborhood U; of x in which any point satisfying p; is a limit of points
satisfying p; 1. Since X is 17, each U; is open. It follows that U = (", U;
is G§ and thus open. Since z satisfies Opg, U contains some xg of rank oy
satisfying pg. Inductively, for each 7 < w, there is some z; € U satisfying p;
and, by

D(pl — <>pi+1)7

U contains some x;41 of rank a;; 11 < «; satisfying p; 1. This gives an infinite
decreasing sequence of ordinals. O

Recall that if x is an ordinal of uncountable cofinality, then the intersec-
tion of countably many sets which are closed and cofinal in & is also closed
and cofinal in k. Hence, Proposition 15.2.7 applies to the closed-unbounded
topology from Blass [Bla90]. More generally:

Corollary 15.2.8. GL is not strongly complete with respect to topologies on
ordinals given by countably complete filters, such as the closed-unbounded
topology.

The spaces we will consider will instead be built around the Generalized
Icard topologies.

Definition 15.2.9 (Generalized Icard Topologies). Let (X, 7) be a scattered
space of rank ©. We define a topology 741 generated by 7 and all sets of the
form

(a, )T :i={zx € X : a < prz < B},

for ordinals o < 5 < © + 1. We iterate this construction by setting

[ TT(L'i‘l) = (TTL)TP and
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o 7 = Ugcy Tre at limit stages.

These are called the generalized Icard topologies.

These topologies were defined differently in [AFD17]. By Lemma 15.2.21.1
below, both definitions coincide. Another equivalent formulation is as fol-
lows: 711 is generated by 7 and the family

{d°X: ¢ € Ord}. (15.2)

15.2.2 Arithmetic, I

Definition 15.2.10. We fix some notation related to ordinal arithmetic.

1. Whenever a < 3, we denote by —a+ 8 the unique ordinal + such that
a+v=0.

2. Whenever A is a set of ordinals, we denote by a+ A the set {a+3: § €
A}. Expressions such as —a+ A are defined analogously, if they make
sense.

3. For all nonzero &, there exist ordinals a and 3 such that £ = a + w?.
Such a g is unique. We denote it by ¢8 and call it the end-logarithm
of €.

4. For all nonzero &, there exists a unique ordinal 1 such that £ can be
written as w’ + v, with v < £&. We denote this ordinal by L& and call
it the initial logarithm of &.

The operations ¢, L, and £ should be regarded as functions on (a suffi-
ciently large subset of) Ord. Nonetheless, in its use and in general whenever
we deem it convenient, we will omit the symbol ‘o’ for function composition,
as well as perhaps parentheses.

Our completeness proof will heavily rely upon an analysis of generalized
Icard topologies and their structure induced by the arithmetical properties
of ordinals. Hence, developing a thorough intuition about them will be
crucial. A most useful remark in this direction is the fact that they are
to arbitrary topological spaces as the usual order topology is to ordinal
numbers. Indeed, define the initial segment topology Ty on an ordinal ©
(or on Ord) to be generated by all initial segments [0, a], for & < ©. Then
(0,Zy) is a scattered space: a rather trivial scattered space—it carries no
further information than the usual ordering on Ord. For instance, we have
pr,o = « for all a and ht(0,Z) = ©.
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Lemma 15.2.11. 7y := Zoy is the order topology. We have pr,a = Lo
for all a, so in particular isolated points are exactly the successor ordinals.
Moreover, ht(©,Z;) = L(©) + 1.

Proof. Tt is not hard to see that Z; is the order topology, and that the rank
function is £ is established by a simple induction. Finally, let H be the class
of additively indecomposable ordinals. It follows that

ht(©,7;,) =sup(l{+1) = sup (({+1)= sup (LE+1) =L(O) +1,
£<O E<ONH E<ONH

as claimed. ]

In what follows, we write simply Z) instead of Zgqy. These topologies are
important because, as we will see, the completeness theorem can quickly be
reduced to the case when the underlying space is an ordinal equipped with
a topology of the form Z,.

15.2.3 d-maps and J-maps

There is an appropriate notion of structure-preserving mappings between
scattered spaces. We say that a function between topological spaces is point-
wise discrete if the preimage of any singleton is a discrete subspace.

Definition 15.2.12 (d-map). Let X and Y be scattered spaces. A function
f: X — Y is a d-map if it is continuous, open, and pointwise discrete.

Clearly, any homeomorphism is a d-map. In particular, ordinal addition
and substraction, i.e., functions of the form

(=€+): ([6,£+ 6], L) — ([0,0], L),
are d-maps. The rank function
Pr: (X7T) - ([OapTX]7IU)

is also a d-map. A more interesting example is given by end-logarithms of
the form:
L (@’IH—C) — (@7IC)‘

A proof of this, and the more general Lemma 15.2.22 below can be found in
Ferndndez-Duque [FD14].

Since the composition of d-maps is a d-map, they can be thought of as
morphisms in the category of scattered spaces. We will now state various
properties of d-maps.
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Lemma 15.2.13. Let f: X — Y be a d-map.

1. If Y is an ordinal © with the initial segment topology, then f is the
rank function on X.

2. Forany ACY, f~'dA = df'A.
3. [ (X,ma) = (Y,042) s a d-map for any A.
4. If f is surjective, then for any Lx-formula ¢, X | ¢ implies Y = ¢.

Proof. Ttems 1 and 2 appear in Beklemishev-Gabelaia [BG13]; item 4 ap-
pears in Bezhanishvili-Mines-Morandi [BMMO03] in the current formulation.
Item 3 is proved in [AFD17], but therein a different definition of 74, is used,
and we still have not shown that they are equivalent. Nonetheless, the claim
can be proved by an easy induction.

Suppose f : (X,75) = (Y,04)) is a d-map. Note that 2 implies that
d-maps are rank-preserving, i.e.,

Prix (T) = pory (f()) for every x € X.

It follows that for any 7y-open A,
FAN(a, B)) = f(A) N (a, B)7™ € opayr;
and for any o4x-open B,
FHB N (a, B)7) = F7HB) N (o, ) € Tagas

so that f is (Tya41, 04a+1)-continuous and open. Clearly it is also pointwise
discrete. The case for limit A follows from Fernandez-Duque [FD14, Lemma
5.8]. O

As mentioned in the proof of 15.2.13.3, Lemma 15.2.13.2 implies that
d-maps are rank-preserving. Also, it follows from 15.2.13.3 that if the rank
of (X, 7) is ©, then

Pr - (X,TT)\) — (@,I)\)

is a d-map. The main feature of d-maps is as follows:

Lemma 15.2.14. GLP; is complete with respect to a scattered space (X, 1)
if, and only if, for any finite, converse-wellfounded tree T, there exists a
T-open subspace S of X and a d-map f: (S,7) = T.
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Proof. That completeness follows from the existence of d-maps is indepen-
dently due to Abashidze [Aba85] and Blass [Bla90]. Note that it immediately
follows from Proposition 15.2.2 and Lemma 15.2.13.4.

The converse is probably folklore and will not be needed below, but we
prove it anyway. Suppose GLP; is complete with respect to (X, 7), where
7 is scattered. Let (T, <) be a finite, converse wellfounded tree. We define
from T a modal formula ¢ consistent with GLP;. Let {p;: t € T'} be a set
of distinct propositional variables and r be the root of T'. Set

e=p A N\ _‘ps/\< N <>pt>/\D<\/pt>/\D(_‘pr)

seT; s#r teTt#r teT

A ( /\ D(ps — ﬁpt)) A </\ D(ps — th)>

s,teT; s#t s<t

A (/\D(ps—>ﬂ<>pt)) AO N <pt—>D\/p8>.

sZt teT t<s

Clearly, there is a Kripke model based on T" where ¢ is true in r; namely,
any one where each p; holds only in t. Hence, ¢ is consistent with GLP,
whereby it is satisfiable in X. Fix a valuation over X and a point z, € X
such that @, = ¢. Thus, z, satisfies p, and A, e7, 52, 7Ps and z; is a limit
point of points satisfying each of p;, for t # r. Moreover, by each of the
conjuncts above:

1. there is a punctured neighborhood of z, where each point satisfies p;
for some t € T';

2. there is a punctured neighborhood of x,, where no point satisfies p;;

3. for each pair of distinct s,¢ € T', there is a punctured neighborhood of
x, of points satisfying at most one of p; and py;

4. for each pair of distinct s, € T with s < ¢, there is a punctured
neighborhood of z, where all points satisfying ps are limits of points
satisfying p¢;

5. for each pair of distinct s,t € T with s £ t, there is a punctured
neighborhood of x, where all points satisfying ps; are not limits of
points satisfying p;; and
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6. there is a punctured neighborhood of x, where whenever a point x
satisfies p;, then there is a punctured neighborhood of x where each
points satisfies one of p,, with ¢t < s.

Let S be the intersection of all those finitely many open neighborhoods of
x,. Clearly, x = py and t # s together imply = = p;. We define f: S — T
by

f(x) =t if, and only if, x |= py.

We claim f is a d-map. Let A; be an open subset of T" of the form
{seT:t<s},

so that
fHA)={zeS:zpsAt<s)

This clearly equals S if ¢ = r. Otherwise, for each x € S with z = ps and
t < s, there is an open neighborhood U of  where each point satisfies p,
for some u > s. But t < u, whence U C f~1(A;). This implies that f~1(A;)
is open, and so f is continuous.

Conversely, suppose U C S is open, x € U is such that z = p;, and
t < s. Then z is a limit of points satisfying ps, so that

lyeS:yEp}nU#2,

whence s € f(U). Hence, f is open. Finally if ¢ € T, then f~!(¢) is discrete,
for ¢ is the image of points satisfying p; and no point in S can satisfy ps A Ops
for any s. Therefore, f is a d-map. O

Hence, the need to check whether a given space X satisfies a formula is
replaced by the definition of a suitable mapping between X and some other
space which is known to do so. Moreover, by Lemma 15.2.13.2, this result
can be relativized to ambiances (condition (15.1) is preserved). In practice,
polymodal analogs of Lemma 15.2.14 do not even require us to use full d-
maps, but rather a weaker form of embeddings, as realized by Beklemishev
[Bek10].

Definition 15.2.15 (J-frame). A finite polymodal Kripke frame

3 == (W7 {<n}n<w)

is called a J-frame if each relation is transitive and conversely wellfounded
and it satisfies the following two conditions:
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(I) For all z,y € W and all m < n: z <, y implies that for all z € W:
T <, z if, and only if y <, z.

(J) For all z,y,z € W and all m < n: if z <,;, y and y <, 2z, then z <, z.

We call a J-frame a J,-frame if all binary relations past the nth one are
empty.

Let (T, <p,...,<n) be a frame. Denote by E,, the reflexive, symmetric,
and transitive closure of J,,<j«,, <. The equivalence classes under E;, are
called n-planes. A natural order is defined on the set of (n + 1)-planes:

a < B if, and only if, x <, y for some x € a,y € 3

We say that a J-frame is a J-tree if for all n, the (n+1)-planes contained
in each n-plane form a tree under <,, and if whenever a < f for two (n+1)-
planes «, 8, we have x <, y for all x € a and y € . This means that
each J,-tree can be thought of as a tree each of whose nodes are themselves
Jn_1-trees. Below, a node t € T' is a hereditary k-root if for no j > k and no
s € T'do we have s <; t. We also write z <, y if x <; y for some j > k and

Lp(z) ={zeT: z <y}

Definition 15.2.16 (J-map). Let (T, 0y, ..., 0,,) be a Jp,-tree and (X, 79, ..., )
be a space with n + 1 topologies. We say that a function f: X — T is a
Jn-map if

(]1) f : (X7 Tn) — (T, O'n) is a d—map;
(j2) f:(X,7%) = (T, 0p) is open for each k;

(j3) fH<k(@)), F1({z}u<i(z)) € 7 for each k < n and each hereditary
(k + 1)-root x;

(j4) f~'x is a 7p-discrete subspace for each k¥ < m and each hereditary
(k + 1)-root x.

Lemma 15.2.17 (Beklemishev [Bekl10]). If f : Y — Z is a J,-map and
g: X =Y isadmap, then fog: X — Z is a J,-map.

Lemma 15.2.18 (Beklemishev-Gabelaia [BG13]). For each L,,-formula ¢,
there exists a Jp-tree T such that if X is a GLP,-space and f : X — T is a
surjective J,-map, then X = ¢.

We call the tree obtained in Lemma 15.2.18 the canonical tree for .
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15.2.4 Arithmetic, II

We will need the definition of hyperlogarithms and hyperexponentials, due
to Ferndndez-Duque and Joosten [FDJ13al:

Definition 15.2.19.

1. The hyperlogarithms {Ef}geord are the unique family of pointwise max-
imal initial! functions that satisfy:

(a) €' = ¢, and
(b) (o+P = (P,

2. Let the function e be defined by & — —1 + w®. The hyperexponentials
{eC}CGO,d are the unique pointwise minimal family of normal functions
that satisfy

(a) e! = e, and

(b) €28 = P for all a and .
One can verify by induction that the sequence {¢¢v: ¢ € Ord} is non-
increasing for any ordinal 7. If we set e’ to be the identity function and

ef0 = 0 for all €, then one can also describe hyperexponentials recursively
by condition 15.2.19.2b, together with the following normality clause:

for any ¢ and any limit \ : ef)\ = lin& etn; (15.3)
n—

and the following fixed-point clause:

for any ¢ and any limit \: )&+ 1) = lini (e + 1). (15.4)
n—

The hyperexponential family refines the Veblen hierarchy. We mention
some more properties of hyperlogarithms and —exponentials.

Lemma 15.2.20 (see Fernandez-Duque and Joosten [FDJ13a] and Ferndn-
dez-Duque [FD14]).

1. If € and & are nonzero, then (5(y + 8) = (56; if v < & as well, then
(5(— +6) = £55. Moreover, if 1 < &, then (5(y6) = (55;

2. If £ < ¢, then (5e¢ = e ¢1C and (St = (=8¢, Furthermore, if o <
ef B3, then o < .

'That is, sending initial segments of Ord onto initial segments of Ord.
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Sketch of 1. That £(y+6) = £56 is proved by induction on ¢ using 15.2.19.1b.
From this follows that if v < 4, then

((8) = (7 + (=7 +8)) = £(— + ).
Finally, it is proved by induction that ¢(vd) = Ly + £, so that if 1 < &, then
C(y8) = £73180(y8) = 078 (Ly + £6) = 071505 = 155,
as desired. O

We now give an alternative characterization of topologies 74\ and their
rank functions:

Lemma 15.2.21. Let (X, 7) be a scattered space of rank ©.
1. The topologies T4\ are computed as follows:

e 710 1S equal to T

o 7\ generated by T and all sets of the form
(B ={reX:a< Cprx < BY,
for some —1 < a < B < 0O and some £ < A.

2. If (X,7) is a scattered space, then Pris = 0 o pr. In particular, the
rank function of Iy is (.

Sets of the form [a, B¢, o, B)f, and (a, B)¢ are defined in the obvious way.
In particular, note that (o, 8)§ = (o, 5)7.

Proof. The second claim follows from Lemma 15.2.13.1 and Lemma 15.2.13.3.
We use this to prove the first claim by induction. Suppose 7, is generated
by 7 and all sets of the form

(0, Bl 1= {z € X 100 < £5p, < ),

for £ < A. By definition, 741y = (TT)‘)TI is generated by 74, and all sets of
the form
(a,B)™ ={r € X :a<p,z<p},

but pr., = ?* o p, by induction hypothesis. So (TT)\)N is generated by all
sets of the form

(0, B = {w € X s < £prx < B},

for £ < A+ 1. The limit case is immediate. O
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The following lemma provides the key relationship between arithmetic
and topology for ordinals:

Lemma 15.2.22 (Ferndndez-Duque [FD14]). Hyperlogarithms (%: (0, T¢i¢) —
(©,Z¢) are d-maps.

We will make use of the following two lemmata from [AFD17]:

Lemma 15.2.23. Let (X, 7) be a scattered space and A be an ordinal. Any x
in (X, 7)) has a A-neighborhood U such that whenever x # y € U, P poy <
P pox.

Lemma 15.2.24. Let 1 < X be an additively indecomposable ordinal and
x € X be such that prx = e*© > 0. Then for any Ta-neighborhood V' of x,
there exist

e agsetU €T, and
e ordinals 1 < e*0 and ¢ < A,
such that V' contains the set U N (n, 6/\6]2‘

For ranks not of the form e*®, we have a more general result, also from

[AFD17]:

Lemma 15.2.25. Let (X, 7) be a scattered space. Suppose 0 < X, 0 < €€,
and prx = &. Then for any Tx-neighborhood V' of x, there exist

e asetU €T, and

e q finite partial function r : A — Ord such that letting

BX(x)= [ (), £,

¢edom(r)
we have U N BX(x) C V.

We conclude this section with a final observation on logarithms:

Lemma 15.2.26. Suppose that \ is a limit ordinal, ¢ is of the form e (o,
and ¢ < (. Let

n =min{g : °¢ < ¢}.

Then n is a successor ordinal or zero.
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Proof. This is proved by induction on &. Suppose towards a contradiction
that £ is least such that 7 is a limit; clearly ( < & If n is additively
decomposable, say

n=mn+w’ > uw,

then
Mg = ¢ mog,

Now, we must have £M¢ < &, for otherwise
£ =M < IE =g <€,
contradicting the fact £~ 10¢ < ¢; thus, £™¢ < €. But then, ¢ < ¢ and
g = (1A < 0 < (o,
so by the induction hypothesis applied to £™¢&, the least n’ such that
g < ¢

is a successor ordinal. However, this ordinal is w”, which is a contradiction.
Thus n is additively indecomposable. Ferndndez-Duque and Joosten
[FDJ13a] computed that, letting

n* =argmin{¢’¢ : 0 < v < n},
i.e., letting n* be the least ordinal v which minimizes ¢“¢ in [0,7), we have

1. if 0 < n*, then
g =

2. if 0 = n*, then

"¢ = sup (015 +1).
B€[0,8)

If 0 < n*, then 7 ¢ < & and one reaches a contradiction as above, using
the induction hypothesis on £7 ¢; thus 0 = n*. Now, note that n < \, since
¢ < (o < ¢. In fact, we must have < A, by the displayed equation above.
Since e*( is additively indecomposable, for all v < e*(y, we have

y<y+ely<erp=(<E
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It follows that

"¢ = sup (0"B+1)
BE[0,6)
= sup ({"5+1)
BE(0,0)
> sup (("(y+ely)+1)
Be[0,0)
> sup (v+1)
Bel0,8)

=G,

which is a contradiction. This proves the lemma. O

15.3 5—polytopologies

In this section, we state our completeness theorem and prove it modulo the
product lemma, which will be proved in the next section. Let us begin with
some motivation by recalling the constructions from [BG13] and [FD14]. Let
X = (X, 7) be a scattered space; by [AFD17], GL is complete with respect to
each topology 74y, with 0 < A, provided X is tall enough. Thus, one would
attempt to prove completeness of GLP with respect to the polytopology

{ma: 0 < A <A}

However, this is not a GLP-space and thus does not validate the axioms of
GLP. The idea is then to replace each topology 74\ by a rank-preserving ex-
tension and prove completeness for that space. It is not known whether this
is possible for arbitrary A. What we will do here is, given a formula ¢ con-
sistent with GLP, say, with occurrences of modalities A, ..., A,, and a (tall
enough) scattered space X = (X, 7), we produce a sequence of topologies
T0, ..., Ty such that

1. (X,70,...,m,) satisfies ¢, and
2. each 7; is a rank-preserving extension of 7y14y,.

Definition 15.3.1 (¥-maximal topology). Let ¥ be a nonzero ordinal and
(X, 7) be a scattered topological space. We say that 7, is a ¥-extension of
T if

1. 7 C 7y,



408 15. A TOPOLOGICAL COMPLETENESS THEOREM FOR TRANSFINITE PROVABILI

2. pr. = pr, and

3. the identity function id : (X,7) — (X, 7) is continuous at all points
x such that
p.(x) = 0.

We say that 7, is an ¥-mazximal topology if there are no proper ¥J-extensions
of 7.

In particular, when ¥ = 1, ¥-maximality coincides with the notion of
(-maximality from [BG13] . If ¥ = {¢;: 0 < i < n} is a finite increasing
sequence of ordinals, we write

O := {00;i411: 0 <i < n},

where 0¥;41 = —1; + 9;41 for 0 < i. For such a sequence 5, we also write
o = V1.

Definition 15.3.2. Let us call a polytopological space X = (X, 79,...,7s)
a J-polytopology over (X, 7) if ¥ = {0;: 0 < i < n} is increasing and

1. 79 is a ¥1-maximal extension of T,

2. Tj+1 is a 0¥;40-maximal extension of (Ti)TaﬂHl, for i +1 < n, and

3. = (Tn_l)wﬁn.
We remark the following consequence of the definition.

Lemma 15.3.3. Let X = (X,79,...,7a) be a ”5—polyt0p0l0gy over (X, ).
Then, for each t,
Pri = Py, = gﬂi © Pr-

Let us refer to the polytopologies considered in [BG13] and [FD14] as
BG-polytopologies. We will not need that notion below, so we do not de-
fine them. J—polytopologies are weak versions of BG-polytopologies. For
example, suppose X is a {wj }-polytopology over the interval topology on
an ordinal. Then 7 is a rank-preserving extension of Z,, obtained just
by adding sets that would be already included in the corresponding rank-
preserving extension of Z,, in any corresponding BG-space of length > w;
over 7;. We now state the completeness theorem we shall prove:

Theorem 15.3.4. Let 9 be an increasing sequence of monzero ordinals.
Denote by GLP [ 9 the fragment of GLP whose only modalities appear in ¥.

1. (Soundness) All theorems of GLP [5 hold in every 5—space.
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2. (Completeness) Let A > ¥, be a limit ordinal and (X, T) be any scat-
tered space of height > e1. Suppose ¢ only contains modalities in J
and is consistent with GLP | J. Then, there is an open subset U of X
such that ¢ is satisfied on a J—polytopology over (U, 11).

The result also holds also for successor ordinals by replacing e*1 with
eltAw. In fact, this general version is what we will prove; the smaller bound
in the statement of the theorem follows from the fact that, for limit A,

lim e*w = lim 11 = lim M < lim eM = el
A—A A—A A=A A=A
These bounds are sharp (this follows from Lemma 15.2.14).

Notice that in Theorem 15.3.4.2, we satisfy the consistent formula on
a ﬁ—polytopology over a subspace (X, 741). We cannot in general replace
this with (X, 70)—consider an ordinal with the initial-segment topology.
It is still useful to consider polytopologies of this sort. We will call V-
polytopologies over the initial-segment topology improper.

In the remainder of this chapter, we prove Theorem 15.3.4. Soundness
follows from Lemma 15.3.6 below, which in turn follows from Lemma 15.3.5.
The proofs are the same as in the case ¥ = 1 from [BG13]. They can also
be found in [Agulb].

Lemma 15.3.5. (X, 7) is a ¥-maximal space if, and only if, for all z € X
whose rank p is such that (°p > 0 and all V € 7 with V C [0, p)§, one of
the following holds:

1. VU{z}er, or
2. p-(UNV) < p for some T-neighborhood U of x.

Lemma 15.3.6. Suppose (X, 7) is ¥-mazimal and X > 9. Then {dA: A C
X} C T

It follows from Lemma 15.3.6 that all ﬁ—polytopologies are GLP,,-spaces,
which implies soundness.

Lemma 15.3.7 (pullback). Suppose 9 = (Y, So,...,Spn) is a (possibly im-
proper) ¥-polytopology over (Y,o) and f: (X,7) = (Y,0) is a d-map. Then,
there exists a ¥-polytopology X = (X, To, ..., Tn) over (X, T) such that

[ (X, T) = (Y, 8) (15.5)

is a d-map for each i < n.
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Proof. This is essentially the same proof as for the case ¥ = 1 (see [BG13,
Lemma 8.5]). The key point is the following claim:

Claim 15.3.8. Suppose T and S are topologies such that f: (X,T) — (Y,S)
is a d-map and S’ is a ¥-mazximal extension of S, then the topology generated
by T and the family

18 ={f18: S¢S’}

is a ¥-extension of T. Moreover, f: (X,T') = (Y,S8') is a d-map for any
J-extension T’ of this topology.

To see this suffices, suppose the claim holds. Then, letting 7o be any
Y1-maximal extension of the topology given by 7 and f~'Sy, we obtain
that (15.5) holds for ¢ = 0. Inductively, suppose (15.5) holds for some i. By
Lemma 15.2.13.3,

1 (X, Tivoo, 1) — (Y, Sirao,)

is a d-map. If i +1 = n, then we are done; otherwise, by definition, S;41 is
a 0V 2-maximal extension of Si1y,, ,, whereby the claim yields that (15.5)
holds for i + 1 if we set 7;+1 to be some 019;s-maximal extension of the
topology given by Titgy,,, and f~1S;41. Hence, it suffices to prove the
claim.

Proof of the claim. Let R be the topology given by T and f~1S’. Using the
fact that
f:(X,7T)— (Y,S) is a d-map, (15.6)

it is not hard to see that f: (X, R) — (Y,8’) is also a d-map. By definition,
T C R, whence R is a rank-preserving extension of 7. Let z € X be such
that £V prx = 0. We need to show that id: (X,7) — (X, R) is continuous
at x. This follows from the fact that S’ is a ¥-extension of S: for any R-
neighborhood of z of the form f~'V, we have that V is a S’-neighborhood
of f(z) and ¢?pg f(x) = 0, so that f(x) € U for some U € S with U C V.
Therefore, x € f~1U C f~'V and f~'U € T, by (15.6).

Now let 7’ be any ¥-extension of R. Clearly, f: (X,7") — (V,8') is
continuous and pointwise discrete. Suppose towards a contradiction that
xz € X and W € T’ witness a failure of f being open. Let

p = prr = prx = ps f(z).

Note that we must have 0 < ¢Yp. Without loss of generality, we may assume
p is the least possible rank of a counterexample and W contains no other



15.3. 9-POLYTOPOLOGIES 411

point of rank > p, so that W = Wy U {z}, for some Wy € T with W, C
[0,p)]. We will arrive at a contradiction using Lemma 15.3.5: since f is
rank-preserving, we have that ¢/p > 0, f(Wp) € &', and f(Wp) C [0,p)3".
Hence, by Lemma 15.3.5, one of the following holds:

1. fWo)U{f(x)} €S, or
2. ps(UN f(Wy)) < p for some S"-neighborhood U of f(x).

It must be the second one that holds, for f(Wp) U {f(z)} = f(W) is not
S’-open by hypothesis. Observe that f~1U N W is a T’-neighborhood of z
and thus contains points with rank of every ordinal up to, and including, p.
Because W contains only one point of rank p and f is rank-preserving,

(FrUNW)N\ f (@) = fFlUNW.

It follows that the set
flunw,

contains points with rank of every ordinal up to, but not including, p. How-
ever, this is impossible by 2 above, because p is a limit ordinal. This finishes
the proof of the claim and the lemma. O

Lemma 15.3.7 is still true in the degenerate case 0 = Zy. In this case,
notice that Zg is already ¥-maximal for every ¢, for there is only one point
of each rank. The proof of Theorem 15.3.9 below is postponed to the next
section.

Theorem 15.3.9 (Product Lemma). Assume ¢ is a nonzero additively in-

decomposable ordinal, ([1,k],To,...,Tn) is a P-polytopology over I, and

=

([1,A], So, .., Sn) is a 9-polytopology over Iy. Suppose moreover that

K < STy

and that
A < el

Fiz {Ko,...,km} a finite subset of [1,k|. Let
& = the unique ordinal equal to (°[1, Kp,).

Let © = (£ + (=1 + X)) < et and define Xy = [1,0] N [¢,00)¢ and
X, =[1,0]N[0,&). Then, there exist:

1. A 5—p0lyt0p0logy ([1,0],Ro,...,Ry) over L.
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2. Functions my: [1,0] — [1,k] and 71: [1,0] — [1, A] such that:

o m: (X|,Ri) = ([1,k],Ti) is a surjective d-map for each i;
o m: (X4, R;) = ([1,A,Si) is a surjective d-map for each i;
o XT C drymy (ki) for any i < m;

o m =1+ (=4 £);
e the polytopology (Ro, ..., Rn), when restricted to Xy, is the one
obtained from Lemma 15.3.7 by pulling back via 7 ;

e ' ({A) = {O).

Theorem 15.3.9 is the main new ingredient of our proof. With it, we can
adapt the usual proofs to obtain completeness. First, we need an embedding
lemma:

Lemma 15.3.10. Let (T, <g, <1, ..., <n) be a finite Jp-tree with root r and
¥ be an increasing n-sequence of nonzero ordinals. Then, for any ¢ > 0,
there exist

o aJ-polytopology ([1,0),To, ..., Tn) over ([1, 0], L) such that © < esTnw:;
and

e a surjective Jp-map f : ([1,0],70,...,Tn) — T such that f~1(r) =
{6}

Proof. The proof is by induction on n. The base case follows from [AFD17,
Theorem 6.11], so we assume that the result holds for all m < n and proceed
by a subsidiary double induction on

1. ¢, which we decompose as ¢y + w”, and

2. hgto(T), the height of <y,
in that order. Let hgt;(T") be the height of <;. We need to consider various
cases:
Case I: w” <. By the induction hypothesis (for ¢) applied to w”, there

are:

e a J-polytopology ([1,00],So, ..., Sn) over ([1, 0], Z.») such that Oy <
e?’t9nw: and

e a surjective J,-map g : ([1,O0],S0,...,Sy) — T such that g71(r) =

{B0}.
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By Lemma 15.2.22,
50 ([1,€e°0¢],Zc) — ([1,00], Zur)
is a d-map, whence by Lemma 15.3.7, there is a g—polytopology
X =([1,e°00),To,.--,Tn)
over ([1,e%0y],Z;) such that
50 ([1,e°00], T;) — ([1,00],S:)

is a d-map for each ¢ < n. It follows that f := g o £ is a surjective J,-map
from X onto T'. Finally,

0 1= 00 < eS0TV Hnyy — s Hny,,

Case II: ¢ is additively indecomposable and 0 = hgto(T), so that <g= &.
Let

T =~ + 0 [ [2,n] = (=91 + 92, =01 + I3,..., —01 +Ty).
By induction hypothesis (applied to n), there are:
[

e a ﬁ*-polytopology ([1,00],81,...,Sn) over ([1,0q],Zy,) such that
60 < 6191“1’(*791“1’1971)&) — elgnw7

e a surjective J,_1-map g : ([1,00],S1,...,Sn) = (T, <1,...,<n) such
that g~ 1(r) = {©g}.
Note that each S; is a rank-preserving extension of Zy,. Thus, a simple com-
putation shows that ([1, ©],Zo, S1, ..., Sy) is a(n improper) 5—polytopology.
Clearly,
5 ([1,e°00],Zc) — ([1, O0],Zo)

is a d-map. By Lemma 15.3.7, there exists a 5—polytopology X of the form
([1,e°O0], To, - .., Tn) over ([1,e°Og],Z;) such that
05 ([1,e°00], i) — ([1,00],S))
is a d-map for each i < n. Let © := €50y < TV w. Let f := go 5. We
have that
f(L,0LT,...Th) = (T, <1,...,<p) is a J,—1-map. (15.7)
We claim (15.7) holds for the full space X and the structure (77, <q
yoooy<p), 1., fis already a J,-map: condition (j1) is given by definition;
(j2) is satisfied trivially since the topology induced by < is discrete; (j3)

and (j4) hold for k # 0 because of (15.7) and for k = 0 because 7 is the sole
hereditary 1-root of T'.
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Case III: ¢ is additively indecomposable and 0 < hgto(T). Let r1,...,7m
be all <g-successors of r that are hereditary 1-roots and (following earlier
notation) let <(r;) denote the generated subtrees. Also let <(r) denote
the subtree consisting of all nodes that are <gp-incomparable with r (i.e.,
the <g-roots). By induction hypothesis (applied to hgto(T)), there exist
J—polytopologies

X =Lkl 7o, To)

over ([1,k;],Z) and surjective J,-maps
fit X, — (<<0(T‘i), <0y <n)

for 0 < 4. Let
K=Kl +...+En

and

X =([1,k],To,...Tn)
be the topological sum. We also denote by

ffix— ( U <<o(7’¢),<o,---,<n>
0<i<n
the sum of the functions f;. We may define an improper '5—polytopology
2" = ([1,\,Z0,S1,---,8n)
over Zy as in Case II in such a way that there is a J,,_1-map
g: ([L,ALS1,...,8n) = (1(r), <1, ..., <n)
such that, letting fo = ¢° o g and
Y = [1,e° )]

then
f0: Q.j — (<<1(7a)7 <0, 7<n)

is a J,-map. In fact, if we instead define
fo©) = g(1+ (= €+ £(0)))
then

for ([Les€+ (=14 M) N [€,00) S0, -+ 8n) = (<), <0 <n )
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is also a J,,-map, where 30, e S, is the polytopology obtained from Zy, S1, ..., Sy
via Lemma 15.3.7. Let

©=e(+(-14+1N))

and write Xy = [1,0] N [{,00); and X| = [1,0] N [0,§),. By the Product
Lemma, there are:

1. A ﬁ—polytopology ([1,0],Ro,...,Ry,) over L.

2. Functions mp: [1,0] — [1, ] and 71 : [1,0] — [1, A] such that:

® T: (Xl,,Rz) — ([1,/4,
m: (X3, Ri) = ([1,A], ;) is a surjective d-map for each i > 0;

X4 C dpymy (k) for any i < m;
m =1+ (=§+£);

the polytopology (Ro,...,Ry), when restricted to X4, is the one
obtained from Lemma 15.3.7 by pulling back via 7y;

e T ({A)) = {O}.

Thus, when restricted to X4, the topologies R; and Si coincide, as do the
mappings w1 and fp, and so

fO : (XTaR()v" . 77—‘)’%) — (<<(7"),<0,---,<n)

|, 7;) is a surjective d-map for each i;

is a J,-map. We define a function
f : ([176]7R07"' 7Rn) — (T7<0>"'7<n)

given by:

_ f*(ﬂ'()(l')) ifx€X¢
f(l‘)_{ fo if$EXT
Since X4 and X | are Zi-clopen and 1 < 0vy, it follows that X3 and X are
Ri-clopen for all 0 < . The facts that fy and f* are J,-maps and that the
projection 7 is a d-map yield condition (j1), as well as conditions (j2)—(ja)
for 0 < i. We verify the remaining ones:

(j2) Let U be Rp-open. If U C X, then f(U) is <¢-open, as my o f*
is a J,-map. If U N X3 # @, then we claim f(U) is <g-open in T.
Indeed, since X3 C dgr,my '(k;) for any 0 < i < m, then there are
ordinals &p,...,&n € U such that my(&;) = k; for each i. But then
mo(U N X)) contains a neighborhood Uj; of each x; and by choice of f*,

[ (Ui) = <o(r4).
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(73) Any hereditary 1-root z is either r or in some 7;. In the former case,
fH(<o(r)) and f~1({r}u<(r)) € 19 equal [1,©0) and [1, ©], respec-
tively. In the latter case, the result follows from the continuity of mg
and the fact that f* is a J,-map.

(ja) Again, f~1({r}) = {©} and for any hereditary 1-root = # r, f~1(x) =
Ty L7 (2) is discrete because f*~!(z) is discrete and 7 is pointwise

discrete.

Therefore, f is a indeed a surjective J,,-map.

Since we have considered all cases, the lemma follows. ]

We can now finish the proof of Theorem 15.3.4. Let A > ¥,, and (X, 7) be
any scattered space of height > e'*%w. Suppose ¢ only contains modalities
in ¥ and is consistent with GLP I J. We need to show that  is satisfied on
a 5—polytopology over (X, Ty1).

We use Lemmata 15.2.18 and 15.3.10 to find

1. the canonical tree T for ¢ with root r,

2. a U-polytopology ([1,0],7,...,T,) over ([1,0],71) such that © <
el t0ny and

3. a surjective J,-map f : ([1,0],To,...,Tn) — T such that f~1(r) =
{e}.
By Lemma 15.2.18,
([1,8], 70, .-, Tn) = .
Now, by assumption, (X, 7) is a scattered space such that
eltlnyy < lHhy, < hgt(X,T).
Choose k < w such that
O < el tink

and choose a point z € X of rank e'™k. Let U be a neighborhood of .
Without loss of generality, (U, 7) is a scattered space of height etk 4 1.
By Lemma 15.3.7, there is a ¥-polytopolgy

U= (U,So,...,S)
over (U, 741) such that
Pr - (U7 SZ) - ([1’614—19»”]{:]’7;)

is a d-map for each ¢ < n. By Lemmata 15.2.18 and 15.2.17, ¢ is then
satisfiable in 4. This completes the proof of Theorem 15.3.4.
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15.4 Proof of the Product Lemma

For convenience, we restate the lemma:

Theorem 15.4.1 (Product Lemma). Assume s is a nonzero additively in-
decomposable ordinal, ([1,k],To,...,Tn) is a I-polytopology over Z., and
([1,A], So, .., Sn) is a 9-polytopology over Iy. Suppose moreover that

K < STy

and that
A\ < elnw

Fiz {ko,...,km} a finite subset of [1,k]. Let
& = the unique ordinal equal to (°[1, Ky,).

Let © = e (€+ (=1 + N) < et and define Xy = [1,0] N [¢,00) and
X, =1[1,0]N[0,8)s. Then, there exist:

1. A J-polytopology ([1,0],Ro, ..., Ry) over L.

2. Functions mo: [1,0] — [1, k] and 71: [1,0©] — [1,\] such that:

o m: (X, Ri) = ([1,k],T;) is a surjective d-map for each i;
o m: (X, Ri) = ([1,A],Si) is a surjective d-map for each i;
. XT C drymy (ki) for any i < m;

oM =1+ (—£+0);
e the polytopology (Ro, ..., Rn), when restricted to Xy, is the one
obtained from Lemma 15.3.7 by pulling back via m;

o T ({A}) = {0}

A slight change in notation will make the proof easier: instead of starting
with an ordinal x and a finite subset {x1, ..., Kk, } of [1, k], we will start with
a set of ordinals {k1,..., Ky} and define x as their sum.

So let ¢ be an additively indecomposable ordinal (possibly equal to 1).
Let A\, k1, ..., kmy be nonzero ordinals such that k1 < --- < k,;, and write

K=KL+ ...+ EKm.
We will often speak of ordinals mod m and of “k, moq m.” In particular,

R0 = Km  mod m



418 15. A TOPOLOGICAL COMPLETENESS THEOREM FOR TRANSFINITE PROVABILI

is the greatest among all of k1, k9, ...,Kky. By convention, we assume that
w =0 mod m.

Fix 5—polytopologies ([1,k], To,--.,Tn) and ([1,A],So,...,Sn) over Z¢
and Zy, respectively and

¢ = the unique ordinal equal to £°[1, k).

Note that £ exists and is a successor ordinal. Write ¢ for the predecessor of
&. We have k,, < e°¢, for otherwise e°¢ belongs to the interval [1, k,,| and
so & € £°[1, Ky, contrary to its definition. Now, condition (15.4) states that

e(C+1)= gygnzea(egc +1).
Since e°¢ < Ky, < €°€, it follows that
e“(eC+1) <km
for some greatest ordinal «, which we will denote by v, i.e.,
e’ (e5C+1) < ki < e’THeSC+1).

The proof of the Product Lemma is distributed among a series of lem-
mata and definitions throughout this section.

Definition 15.4.2. We define the characteristic sequence for ¢, cs(s) as
follows:

e If ¢ =1, then cs(¢) is the sequence {s,},<,, with constant value 0.

e If ¢ is a limit ordinal, then cs(c) is the sequence {¢,},«c given by
¢, = max{¢,v - L}.

Remark 15.4.3. The case ¢ = 1 needs to be considered separately. It corre-
sponds to the notion of d-products from [BG13]. In our context, the Product
Lemma will be sufficient, but it is also possible to ignore the case ¢ = 1 of
the Product Lemma and instead employ the d-product construction directly
(cf. [Agulb)).

Clearly, if ¢ is multiplicatively indecomposable, then the sequence cs(s)
is cofinal in ¢. We shall assume for notational simplicity that ¢ is multi-
plicatively indecomposable, as opposed to simply additively indecomposable,
hereafter. If it were not, however, multiplicatively indecomposable, then it
must still be a limit of points in the sequence cs(s). If ¢ were not multiplica-
tively indecomposable, then the following proof goes through if one replaces
the sequence cs(s) with the appropriate initial segment throughout.
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15.4.1 The partition

For the rest of the section, we shall assume that v is nonzero; this will avoid
various awkward case distinctions. If v were in fact 0, or even finite, then
the computations carried out below would in fact be simpler, and similar to
the situation in [AFD17].

Definition 15.4.4 (0, X3, X|). For each + < ¢, we take k, to mean the
unique k; such that ¢« = ¢ mod m. In particular, kg = k,, > k; for any 1.
Set:

o ap =1;

o a1 =5 +1

o o, =e*(e¢ + 1), at limit stages; and
o B, =1+e%"(ko+ K,)

Let X, = [a,,8.], Y, = X, N[0,ko],,, and Z, = X, \ Y,. We will soon
prove (Lemma 15.4.7) that the family {X,: ¢« < ¢} partitions e°¢:

Qo] Q9 as Q, Ol
... >
I I — By >
Xo X1 Xo X,

Ord

Definition 15.4.5. As in the statement of the theorem, we define:

© = least o such that 1+ (= + o) = A
= (E+(=14+2)
=e (1, K]+ (=1 +N)).

Observe that if A < e’"w and k < esT7nw, then
(L] + (14 4)) < e+,
as desired. We also set:
1. X, =[1,0]N[0,&);

2. X; = [1,0] N [¢,00)..
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See the following picture:

Xt
cod| 11
e e€2 e€3 é g
Ord

Lemma 15.4.6. The sets X,, Y,, and Z, are Z.-clopen.

Proof. The sets X, are clearly already Z;-clopen. That the sets Y, are Z -
clopen follows from the fact that ¢, < ¢; consequently, so too are the sets
Z,. O

Lemma 15.4.7. Suppose s is a limit ordinal. Then, the sets {X, : v < ¢}
in Definition 15.4.4 form a partition of e°€.

Proof. From [AFD17, Lemma 2.8] follows that

sup «a, = e,
LtEsNLim

so it suffices to show that

}E}I’ly a, =€"7(e*¢+ 1) for each limit v < <. (15.8)
Write v = v* + w”, where p is nonzero. Recall that the functions e* are
normal. First, we have:

. T 1 vl
li o = lim 8, = Jim " (s -+ )
< lim e”*(kg - 2)
L=y

. VL
< Lh_Ige e(ko+ 1)

1 V-
= lim " (0 + 1)

< lim " (ko + k,),
L=y
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so lim, ,, o, = lim,—,, €”"*(kg + 1). Using the decomposition of ~:

lim o, = lim ""* (ko + 1)

L=y L=y
— v (7" 1)
= nggp e (ko +1)
= lim "7V (ko + 1)
L—rwP
= ( gm e’ (ko + 1)) . (15.9)

By choice of v, we have
e’(eC+1)<kry< e”“(egC +1),
and thus
e’(eC+1)+1<kyg+1<e T esC+1),

so normality implies that

. VL V(¢ . VL
Jim, e (¢ +1) 1) < lim (0 +1)

< lim e”te’ T (es¢ + 1)
L—wP

= lim e"“(e°¢ + 1)

L—wP

< lim e“(e” (eC+1) —i—l)

L—wP

This implies that
lim e”“(ko+ 1) = lim e”*(e°¢ +1). (15.10)
L—wP

L—wP

Now, recall that if v* is a limit, then, for every ordinal 7, we have
e (y+1) = lim e‘(e” v +1).
L—v*

Using this (for v* = v -w” and v = €°() and the additive indecomposability
of ¢, we obtain:

lim e”* (eS¢ +1) = lim e'(e’¢ +1)

L—wP L—v-wP
= lim e'(eV*’ s
L—v-wP ( C T )
= lim e'(e¥“ e° 1
L—=v-wP ( C + )

=" (e +1).
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Putting this together with equations (15.9) and (15.10),
e’ (+1) = eV e’ (e¢C+1)= e’ < llmp e’ (et ¢+ 1))

= ( lim e”*(ko + 1))

L—wP

= lim o,
L‘)’y

which proves equation (15.8). This finishes the proof of the lemma. O

15.4.2 Projections

Definition 15.4.8 (Projections). We define the functions mp and 7y:
({) mo: [0,e°¢) — [1, k] is defined by:

ro(a) = 14+ (o if £a < kg
N7 k4 + ki1 + 1+ (—(1 + ko) + £+a)  otherwise;

where ¢ and ¢ are the unique ordinals such that o € X,, « =7 mod m,
and ¢ < m.

(4) The function g is extended to all of X: given a € X, let n be least
such that ¢"a < e*€. Then, mo(a) = mo({").

(1) mi: Xy — [1,A] is defined by
ma =14 (= + Ca).
Clearly,
T - (XT7I§> - ([17)‘]71-0)

is a surjective d-map. It is not immediately clear whether my is a d-map;
this we verify below.

Observe that, since X| = [1,0]p N [0,{)¢ by definition, the ordinal 7 in
the second clause above must be strictly smaller than .

Let us look at the definition of 7y a bit more closely. Consider a typical
element o of X| and generate the sequence

{t"a* : v € Ord}.
Let 1 be least such that o := ¢"a* < e°¢. Then « belongs to some cell

XL = [aw 6L]
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By definition, f, is of the form e* (kg + k;), where ¢t =i mod m, so
o€ [0, Ko + K-

Recall that we assumed for simplicity that v # 0 (see p. 419). We distin-
guished two cases: if £*a € [0, ko, then we had set

moat = moa = 1+ v € [1, Ko).
Otherwise, {*a € [kg + 1, kg + K], so that
(=14 ko) + a0 € [0, Ky).
Its definition then places mya* = mya within the interval
K1+ F mim1 + LR+ -+ Ko + K

Here is the picture:

1 K1 K1+ Kg - 21_11/% iw K
[1,k] } : } ]
T o
[ —
R
Ord % >
e
Xo X1Xo Xw

Lemma 15.4.9. The projection function wy has the following properties:

1. Ift=1 mod m, then my: (X,,Zc) — ([1, ko]U[L, ki],Zc) is a surjective
d-map. If, in addition, ¢ = 1, then it is a homeomorphism.

2. mo: (X, Ze) — ([1, K], L) is a surjective d-map.
3. mo(B,) = K4, where t =i mod m.

Proof. By Lemma 15.4.6, the sets Y, and Z, are Z.-clopen in X,. Consider
generalized cells of the form

XT={reX "z <e¢and e’ >y and MMz € X,}
={ze X, : My <e¢ande¢ >z and (2 € X,}
=X, N[0, €e°¢lnt1 N (%€, 00)n N e, Bly1-
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(The second equality follows from the definition of X.) Observe that
[, Buly+1 is an Ze-clopen interval if nn < ¢, even when a, is a limit ordi-
nal; this is because «, is always an isolated point in Z. by its definition.
Similarly, the sets

Y'=X"n [07 50]77—&-(” Z = XN (ko, OO)’VH-Q

are Zc-clopen. The definition of 7 is the same within each Y,” and within
each Z], and in each of those sets, 7 is defined as a combination of additions,
substractions, and logarithms and is thus a d-map (recall that ¢ is additively
indecomposable). Additionally, by Lemma 15.2.26, if € X, then the least
n such that {7z < e°¢ is a successor ordinal. It follows that the collection of
all Y7 and Z forms a clopen partition of X|. Since 7 is a d-map on each
element of the partition, it is a d-map on all of X|.

Moreover, if ¢ = 1, then cs(c) is the constant sequence with value 0
and so X, is homeomorphic to [1, ko] U [1,k;]. This gives item 1. Item 2
is obtained by a similar argument, as each X, is Z.-clopen. Item 3 follows
readily from the definition. O

Lemma 15.4.10. 7r0_1a is Io-dense in Xy for any o € [1,K].

Proof. We can even provide witnesses for the density. Let ¢ be least such
that
Ki+ -+ ria<a< ik +--+ kK

and let ag := —(k1 + ...+ ki1 + 1) + a.

If ¢ = 1, then the result is clear, as any Z;-neighborhood of any § € X4
contains an interval of the form [d, 5]o and, by construction, f is a limit of
endpoints of cells X,. In particular, the interval [J, 5] contains some cell X,
with ¢ = ¢ mod m and o € mo(X,) = [1, k0] U [1, ki] by Lemma 15.4.9.1,
from which the result follows.

So suppose ¢ # 1. Let § € X3, so that 8 has Z.-rank p > £ and U be an
Z.-neighborhood of 5. We distinguish two cases:

Case I: [ = €°¢; thus p = & We can apply Lemma 15.2.24 (over the
interval topology) to obtain a Z.-neighborhood base of e°¢ consisting of sets
of the form
(n, €*ply

for n < e*pand v <.

Hence, we may assume U is a neighborhood of e°¢ of the form (), e*pl,.
We need to find some ordinal x € U N X such that mox = a. Let u be some
successor ordinal = ¢ mod m large enough so that
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1. v <qu<g,and
2. n<e THu(l+ ko + ap).
This is certainly possible, as it follows from Lemma 15.4.7 that:

lime* (1 + ko + ap) = lima, = €°&.
L—¢ L—C

Claim 15.4.11. Let x :=e**(1 + ko + o). Then x € UN X,,.

Proof. Clearly, x < e°¢. By choice of u, we have
n<e Tl + Ko+ ag) =0 (e(1+ Ko+ x)), (15.11)
and since ¢, < ¢, we have
Oer (14 ko + ap) < e°€. (15.12)
From (15.11) and (15.12) follows that e (1 + ko + ) € U. It remains to

prove that x € X,,. Denote by p* the immediate predecessor of u. Notice
that

e (ko + Kki—1) < e (14 Ko + ag) < €% (Ko + ki), (15.13)
so that e (1 + ko + o) € X,. This proves the claim. O
We show that m(e* (1 + ko + ap)) = . Since =4 mod m and
ko < 1+ Ko+ ag=L+e*(1+ ko + ),
we have:

mo(e(1+ko+ap)) =k1+ ...+ Kki-1 + 1+ (=1 + ko) + £ (1 + ko + ap))
=Ki+...+K_1+14+a
=Kk1+...+Kk1+1+(—(k1+...+ K1+ 1)+ a)

= Q.

Since U was arbitrary, this finishes the proof in this case.
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Case II: ¢e°¢ < . It is enough to consider the case ¢°5 = £, as any Z-
neighborhood of any point of higher rank contains a point of rank £. As
observed by Ferndndez-Duque and Joosten [FDJ13al, there is a least n* < ¢
such that

0B = eSE.
Since ¢ is additively indecomposable, n* must be a successor ordinal, say
n+ 1. Thus,
(B = eS¢ < 013,
and so "3 must be of the form 8’ + e°¢. The Hyperexponential Normal
Form theorem [AFD17, Proposition 2.13] states that every ordinal « can be
uniquely written in the form €70+, where ; is either additively decompos-

able or 1. If 74 = 1, then let us call the expression €71 the normal form
expansion of . Inductively, the normal form expansion of

v =e"(71+72)
is defined to be

nf(y) = e (y +nf(y2)).

Observe that n < ¢, for otherwise we would have
E<el < B,

contradicting the choice of #. Thus, if one writes out the normal form
expansion of 8, one obtains an expression of the form

ePo (51 + (.. (B +nf(e5€)). )>’

where e°¢ < ' + e°¢ and all the exponents to the left of 5 + nf(e°¢) add
up to 7. Consider the sequence {f(¢) : ¢ < e°¢}, where 5(¢) is the ordinal
one obtains if one substitutes ¢ for the rightmost occurrence of nf(e*¢) in
the normal form expansion of 3 (the occurrence indicated in the equation
displayed above). If U is a Zc.-neighborhood of 3, then, by Lemma 15.2.25,
U contains a set of the form

B.(B)= () (i)',

i€dom(r)

where r : ¢ — 8+ 1 is a finite partial function. It follows that every such
set U, if nonempty, contains cofinally many ordinals of the form £(¢). Since
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€& < B+ e5¢ and e°€ is additively indecomposable, we must have e*¢ < /3,
so it follows that for each £(1),

m0B(t) = mol(B' + 1) = mole.

An argument as in Case I shows that there is some ¢ < e°¢ such that 5(¢) € U
and mpB(1) = a. O

15.4.3 The polytopology

It remains to define a J-polytopology (Ro, ..., Ry) on ([1,0],Z.) such that
the projection mappings

o - (XiaRi) — ([L’%]aln)

and
T . (XTaRi) — ([1,)\],80

remain d-maps. Recall that n denotes the length of J.
To begin, we observe that since

o : (XiaIC) - ([17'%]7-2';)

is a d-map by Lemma 15.4.9.2, we may apply Lemma 15.3.7 to obtain a
Y-polytopology (X, 7o, - .. ,’7;1) over Z. such that

w0 (X, T5) = ([1,K], T7)

is a d-map for each 0 <17 < n.

This J-polytopology (70, .., 7Tyn) is not, however, a topology on [1, 0],
so we need to extend it. For each i, let R; be the smallest topology on [1 0]
extending Z .y, and containing all sets in 7;. Since Xy is Z¢1-clopen, R; is
simply equal to Z 4y, when restricted to X4, for 0 < 7. We are closer to our
goal, but not done yet, since the space

([1,0],Ro, ..., Rn)

might not be a 5—polytop010gy, as e.g., R might not be 9¥;-maximal around
points in Xj.
Note that —& 4 £¢ is the rank function of (X4, Z;) (viewed as a subspace
of ([1,0],Z;)) and so

0 (X, Zo) = ([0, =1+ A], To)
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is a d-map. Since [0, —1 + A] is homeomorphic to [1, A], it follows that

L+ (=6 +6): (X4, L) = ([1, A Zo)

is also a d-map. But this is precisely equal to m;. Having only one point
of each rank, the space ([1, \],Zy) has no proper rank-preserving extensions,
and in particular is ¥1-maximal. By the claim within the proof of Lemma
15.3.7, if (X4, R) is any ¥1-extension of (X4, Z;), then

I (XT,R) — ([1,/\],1—0)

remains a d-map. Let ([1,0], Rg) be a ¥;-maximal extension of ([1,0], Ry).
Then, R only adds neighborhoods around points of rank some p such that
0 < ¢%1p and, moreover, only neighborhoods around points in X4, since
(X, 76) was already ¥1-maximal. Given a point z € X4, and recalling that
&, the minimum Zc-rank of points in X3, is a successor ordinal, we see that

0< Eﬁlp([179]7R0)$ if, and only if, 0 < " ¢z
if, and only if, 0 < Eﬁlp(xmL)m.

Thus, the space (X3, Ro) is a ¥1-extension of (X4, Z;). It follows that
71 (X4, Ro) — ([1, 7], Zo)
remains a d-map. We may now apply Lemma 15.3.7 to obtain a 5—polytopology
(X1, R0, S1, ..., Sn)
over (X4, Ro) such that
™ (X, S) = (LA S)

is a d-map for each 1 <+¢ < n. For each 1 <i < n, we let R; be the disjoint
union

The sets X3 and X| are Roqy,-clopen and so it follows that

([17 @]7R07R17 oo 7Rn)
is a 5—polytopology. Moreover, we have seen that

o - (Xwﬁ) — ([17’%]77;)
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is a d-map for each 0 < i < n and that
1 (X4, Ri) = ([L,ALS)

is also a d-map for each 0 < i < n. The other conditions in the statement
of the Product Lemma are easy to check from the construction, so its proof
is complete.
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