Universita degli studi di Udine

Totally non-proper ordinals beyond L(V A+1)

Original

Availability:
This version is available http://hdl.handle.net/11390/1109728 since 2017-05-24T11:53:25Z

Publisher:

Published
DOI:10.1007/s00153-011-0232-0

Terms of use:
The institutional repository of the University of Udine (http://air.uniud.it) is provided by ARIC services. The
aim is to enable open access to all the world.

Publisher copyright

(Article begins on next page)

20 April 2024



Totally non-proper ordinals beyond L(V) 1)

Vincenzo Dimonte*

December 12, 2014

Abstract

In recent work Woodin has defined new axioms stronger than 10
(the existence of an elementary embedding j from L(V)41) to itself),
that involve elementary embeddings between slightly larger models.
There is a natural correspondence between 10 and Determinacy, but
to extend this correspondence in this new framework we must in-
sist that these elementary embeddings are proper. While at first this
seemed to be a common property, in this paper will be provided a
model in which all such elementary embeddings are not proper. This
result fills a gap in a theorem by Woodin and justifies the definition
of properness. Keywords: Large Cardinals, Elementary Embeddings,
Sharp, Relative Ordinal-Definability 2010 Mathematics Subject Clas-
sifications: 03E55, (03E45)

1 Introduction

In 1971, a result by K. Kunen ([3]) threatened to shatter the fragile top of the
soaring skyscraper of large cardinal hypotheses. Following a remark in W.
Reinhardt’s thesis, Kunen proved that there are no non—trivial elementary
embeddings 7 : V < V. This was unprecedented in the history of large
cardinal hypotheses, the first (and, in fact, the last) inconsistency result.
After this dramatic discovery, many tried to check how deep the cracks of
inconsistency pervaded the large cardinals structure. A crucial point in every
proof of this result (many can be found in [2]) is the use of AC, in particular
the use of a well-order of V.1, where A is the supremum of the critical
sequence. While these efforts of finding another inconsistency were fruitless,
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a map of new hypotheses that cover the remaining possibilities arised, and
the confidence in these axioms now is quite strong.

Among all these axioms, probably the most interesting one is 10, that
states the existence of an elementary embedding j : L(Vii1) < L(Viir)
with crt(j) < A, where X\ is the supremum of the critical sequence of j. This
axiom, proposed by Woodin in 1984, has several interesting entailments, since
it produces a detailed and coherent structural theory for an inner model of
ZF, i.e., L(Vy41), that is strikingly similar to the structural theory of L(R)
under Determinacy. For example, under 10 the Coding Lemma holds, A\™ is
measurable, and there are also nice reflection properties. This creates a new
kind of tie between large cardinal hypotheses and Determinacy which has
not yet been thoroughly understood.

In his [9], Woodin explores the dangerous and fascinating territory be-
tween 10 and the inconsistency proved by Kunen. The axioms he considered
are of the form “There exists an elementary embedding j : L(N) < L(N),
with V41 C N C Vi, and crt(j) < A”: generally the larger the set N, the
stronger the axiom. He creates a nicely absolute increasing sequence of such
sets, in this paper called E,-sequence, that in a certain sense can be con-
sidered standard in the analysis of hypotheses stronger than 10. The main
motivation in this definition is the search for a hypothesis stronger than ever,
corresponding to ADg just like 10 corresponded to AD®) | Tp [9] one can find
a captivating discussion on the similarities of this new axiom with ADg and
on its credibility.

The main problem with these new axioms is in maintaining the tie with
Determinacy. Since this tie was the driving force behind the exploration
of 10, it is very desirable to have similar results: Woodin proved that this
is true (for specific N’s) if the elementary embedding considered is proper.
Properness is a particular instance of the Axiom of Replacement that in-
volves the elementary embedding and subsets of V),;, and not only gives
Determinacy-like results, but also iterability. However, one can ask if this is
not a vacuous definition, i.e., whether every elementary embedding is proper,
and Theorem seems to push in this direction, since it proves that almost
all elementary embeddings are proper. The main theorem of this article,
Theorem [2.23] deals with this doubt, not only providing a non-proper ele-
mentary embedding, but showing an example of N as above such that every
j : L(N) < L(N) is not proper, and such an N will be an element of the
E,-sequence. This Theorem both fills a gap in Theorem and validates
the definition of properness.

The strategy is the following. Theorem gives a criterion of non-
properness: if the fixed points of j are bounded in the © of L(V), that is
the supremum of the ordertypes of the prewellorderings of Vy,; in L(N),
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then j can’t be proper. The idea is to find a sequence cofinal in © whose
ordertype is an ordinal which we know is a discontinuity point between the
fixed points of j (for example \). At first it seems that like we should require
this sequence should be definable, but in fact it it suffices that j behaves on
this sequence like a definable one.

In the first section are collected the basic notations, all the definitions and
theorems from [9] that will be useful for the paper, and the main theorem,
Theorem [2.23] is stated. The second section is dedicated to a general analysis
of the relationship between sharps and elementary embeddings in the E,—
sequence: the aim is not only proving Theorem [2.23] but also giving an idea
of the techniques that are useful in this new large cardinals framework. The
third and fourth sections will each deal with half of the proof of Theorem
[2.23} Theorem [£.2] provides a sufficient condition for the existence of many
non—proper elementary embedding, and Theorem states the consistence
of that sufficient condition under the assumption of a very large cardinal
hypothesis.

2 Preliminaries

To avoid confusion or misunderstandings, here are collected all notations and
standard basic results.

The double arrow (e.g. f : a — b) denotes a surjection.

If M and N are sets or classes, j : M < N denotes that j is an elementary
embedding from M to N, that is an injective function whose range in an
elementary submodel of N. The case in which j is the identity, i.e., if M is
an elementary submodel of NV, is simply written as M < N.

If j: M < N is not the identity, then it moves at least one ordinal. The
critical point, crt(j), is the least ordinal moved by j.

Let j be an elementary embedding and x = crt(j). Define kg = k and
Knt1 = J(kn). Then (K, : n € w) is the critical sequence of j.

Kunen ([3]) proved that if M = N =V, for some ordinal 7, and X is the
supremum of the critical sequence, then i cannot be bigger than A 4+ 1 (and
of course cannot be smaller than ).

If X is a set, then L(X) denotes the smallest inner model that contains
X, it is defined like L but starting with the transitive closure of {X} as
Lo(X).

If X is a set, then ODx denotes the class of the sets that are ordinal-
definable over X, i.e., the sets that are definable using ordinals, X and ele-
ments of X as parameters. A set is in HODy iff it is in ODx and all the ele-
ments of its transiive closure are in ODx. For example, L(X) FV = HODy.



One advantage in considering models of HODx is the possibility of defining
partial Skolem functions. Let ¢(vg,v1,...,v,) be a formula with n + 1 free
variables and let a € X. Then:

Yy where y is the least in OD,, such that
A (1‘1 T ) _ (b(y?xlv”'?xn)
et 0 if Vo= (z, zq, ..., x,)

not defined else

are partial Skolem functions. For every set or class y, H*X)(y) denotes the
closure of 3 under partial Skolem functions for L(X), and HX™)(Y) < L(X).

Let X a set. X* can be defined in different ways, but in this paper it
is considered as a complete theory in the language £ = {€e} U{X} U X U
{in}new, Where i, are indiscernibles, similarly to the original definition by
Solovay ([6]). Informally, X* exists iff there is a class I of indiscernibles in
(L(X),€,X,(z : x € X)) such that every cardinal bigger than |X| is in [
and HYX) (I, X) = L(X). Then X* is the set of formulas, in the language
LST with constants for X and elements of X, satisfied by finite sequences
of indiscernibles. With the usual methods, X* can be coded as a subset of
V., x X using Godel numbers. For future reference, here are two standard
facts on sharps:

Lemma 2.1. Let X be a set. If X* exists, then

o cvery subset of X that is in L(X) is definable from a finite set of ele-
ments of X, X and the first w indiscernibles;

o for everyY C X, if X*N LY < X*, then X*N LT =Y*H

The territory of very large hypotheses is probably less standard, since its
research is based mostly on unpublished results, so it is worth spending some
word on that, starting with what was the largest hypothesis before the work
of Woodin in [9], that is I0:

I0 For some A there exists a j : L(Vyy1) < L(Viy1), with crt(j) < A

The elementary embeddings are considered with critical point less than A
to follow the thread of rank-to-rank axioms: in this case, in fact, 10 implies
I1, the existence of an elementary embedding from V), to itself. By Kunen’s
Theorem in this case A must be the supremum of the critical sequence of j.
This means that \ is in particular limit of inaccessible cardinals, so [V}| = A
and V), is closed by finite sequences. Therefore every A-sequence of elements
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of V41 can be codified in V), and this fact will be used throughout the
paper without notice.

Also by Kunen’s Theorem if 10 holds then L(V)1) ¥ AC. This is just the
first of many analogies between 10 and AD*®).

The first step in finding this analogies is considering the similarities be-
tween L(Vyy1) and L(R). The following are generalization of the classic ©
(the supremum of the ordertypes of prewellorderings in L(R)) and DC.

@L(V*“) = sup{”y 3f Vi, f € L(VAJrl)};

Vit

DCy: VX VF:(X)*=PX)\03g: A= XVy<Ag(y) € Flg ).

Note that G)‘L/i‘ﬁ“) is also the supremum of the ordertypes of prewellorder-
ings in V);1, that are reflective, transitive and well-founded relations (infor-
mally well-orders without anti-simmetry), because every surjection like the
ones in the definition corresponds to one prewellordering and vice versa.

Theorem 2.2. In L(R):
e there exists a definable surjection ® : Ord xR — L(R);
e O is reqular;
e DC holds.

In L(Vay1):

e there exists a definable surjection ® : Ord XV 1 — L(Vyy1);

° @‘L/(VA+1)
A+1

e DC, holds.

18 reqular;

The first part of Theorem [2.2]is a classic result, whose proof is for example
in [2]. The proof of the second part is a direct generalization of the first proof.
If we assume 10, then the analogies are stronger:

Theorem 2.3. Suppose L(R) = AD. Then in L(R):
e w is measurable;
e the Coding Lemma holds.

Suppose 3j : L(Vyi1) < L(Viy1) with crt(j) < A. Then in L(Vyi1):



o \" is measurable;
e a generalization of the Coding Lemma holds.

For a description of the Coding Lemma and a proof of the first part see
[]. For a detailed enunciation of the generalization and the proof of the
second part see [I].

In his [9] Woodin carried out the analogy even further:

Theorem 2.4. Suppose that there exists j : L(Vyi1) < L(Vy1) with crt(j) <
A. Then @‘L/i‘fl“) is a limit of v such that:

o v is weakly inaccessible in L(Vyi1);

L (V; .
o =0y and j(7) =,

o forall § <7, P(B) N L(Vas1) € Ly(Vasr);

e for cofinally k < v, Kk is a measurable cardinal in L(Vyy1) and this is
witnessed by the club filter on a stationary set;

o L ,(Vig1) < Lo(Vagr).

Most of the proof of the L(R) relative theorem can be found in [5].

The task of finding hypotheses stronger than 10 is not trivial. A natural
form for a stronger Hypothesis must be something like “There exists an
elementary embedding j : M < M”, with L(Vyy1) C M and crt(j) < A,
but by Kunen’s Theorem M = L(V),») is already inconsistent. So the most
immediate attempt should be adding one subset of V), that is considering
elementary embeddings j : L(X, Vi) < L(X, Vi) with X C V)4, and
crt(j) < A. Naturally not all the subsets of VA*! are eligible, for example
if X is a well-ordering of V), that would lead to a contradiction. To avoid
repetitions, an X C Vj,; such that there exists an elementary embedding
from L(X,Vy;1) to itself with critical point less than A will be called an
Icarus set.

One of the defining feature of 10 is its analogy with AD, so it is natural
to investigate whether this analogy will continue to hold with these new hy-
potheses, i.e., whether the previous theorems hold with L(X, V), ;) instead
of L(Vy41). The proof of the analogue of Theorem is immediate, and
Woodin in [9] proved the equivalent of Theorem . However, the appro-
priate generalization of Theorem [2.4] resisted all attempts to prove without
further hypotheses.



Definition 2.5. Let X C V\y. Then
@L(X7V)\+1) = sup{”y : Elf : V)\+1 -7, f € L(X7 V)\Jrl)}‘

Theorem 2.6 ([9]). Let X C Vi1 be Icarus and j witnessing it. Then there
exists an ultrafilter U C L(X, V1) N Vo such that Ult(L(X, V1), U) us
well-founded and jy : L(X,Viy1) < L(X,Viy1), the associated embedding,
15 an elementary embedding. Moreover, there is an elementary embedding
ku @ L(X, Vag1) < L(X, Vag1) with ert(ky) > ©FEVa1) such that j = kyojy.

Definition 2.7 ([9]). Let X C Vi be Icarus and j witnessing it. Then
e j is weakly proper if j = jy;

e j is proper if it is weakly proper and if (X; :i < w) € L(X, Vyy1) where
Xo =X and for alli < w, X;11 = j(X;).

Woodin proved in [9] that if j is proper, then the corresponding Theorem
holds, and this is the main motivation for considering proper elementary
embeddings.

The following theorem introduces a natural criterion to order the X's
that are Icarus:

Theorem 2.8 ([9]). Let X C Viy1 be Icarus. Let Y € L(X, Vi) N Vi
such that @MY VA1) < @LXVav)  Then (Y, Viy1)* ezists and (Y, Vi) €
L(Xa V/\+1)‘

Note that also the converse is true, since if (Y, Vy;1)* € L(X,Vy;1) then
in L(X,Viy1), O Y1) has cofinality w (by Lemma and OFX V1) g
regular (considering (X, Vy,1)* a subset of V41 and using Theorem [2.2)).. So,
when dealing with Icarus X C V)., the intuitive notion of "larger“ derived
from the sharp (if (Y, Vy;1)* € L(X,Vy;1), then L(X,Vy,1) is "larger® than
L(Y, V1)) corresponds exactly to the largeness of the ©’s. Is it possible to
find a standard representative for every possible ©7

A different approach on this subject will give the right answer. Since the
main point of I0 is its similarity with AD*®). one can try to find stronger
axioms that follow this thread, i.e., axioms similar to hypotheses stronger
than ADY® | like ADg. For the latter case, the idea is to generalize the
definition of the minimum model for ADg (that it is possible to find in [7]),
constructing a sequence of E,(Vy.1) sets such that V)1 C E,(Vis1) C Vigo.

Definition 2.9. Suppose Vi1 C N C Vyys.

o E(N) denotes the set of all the elementary embeddings k: N < N.
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e Suppose that X C Vyy1. Then N < X if there exists a surjection
7 : Vigr = N such that m € L(X, Vyyq).

The definition of the E,-sequence it is by induction with four steps: 0,

limit, successor of a limit and successor of a successor. First a longer sequence
is defined:

Definition 2.10 ([9]). Let X be a limit ordinal such that cof(\) = w. The
sequence

(E,(Vag1) sa < Y )

Vit

s defined as:
o Ey(Vas1) = L(Vas1) N Vaga;
[ ] fOT’ (6% lzmzt, EQ(V)\+1) = L(U6<a Eﬁ(V)\+1)) N V)\+2;
o for a limit,
— if (cof (@FFalVas))) < \)LE(Vat1)) then
Eos1(Vas1) = L((Ba(Vaz1))*) N Vaga;
— if (Cof(@L(Ea(VAH))))L(Ea(VAﬂ)) > \ then
Eay1(Vat1) = LIE(Ea(Vat1))) N Vata;

o for a = [+ 2, if there exists X C Vi1 such that Egy (Vi) =
L(X, V>\+1) N V)\+2 and EB(VA-H) < X, then

Egyy = L((X, Va1)®) N Vage
otherwise we stop the sequence.

This definition is unsatisfactory, because this sequence is too long. It
would be preferable, for example, to have elementary embeddings from L(E,(Vy11))
to itself, but this is not guaranteed by the above definition. So the sequence
is shortened following this definition:

Definition 2.11 ([9]). We call Tv,,, the mazimum ordinal < Y%, such
that

1. Va < Ty, ,, 3X C Viqq such that Eo(Vai1) € L(X, Vi) and 35 L(X, Vi) —
L(X,Vyy1) proper;



2. Va limit a +1 < Ty, iff

(Cof(@Ea(V/\+1)))L(Ea(v>\+1)) > )\ -
A7 € Eo(Vay1) L(Eo(Vig1)) = (HODV)\+1U{Z})L(Ea(V>\+1))'

The Eo(Vii1)-sequence is:

(Ba(Vas1) ta < Ty ). (1)

From now on, we will write just E, and Y instead of E,(V);1) and YTy, e
This is a slight abuse of notation, since in fact these objects depend on
Vi1, but this will be considered always fixed. Note that the F,-sequence is
strictly increasing, and that at the limit point not necessarily E, = J s<n Lp-
Note also that if « is a successor, then there exists X C V,\H such that
L(E,) = L(X,Vy41). If a is a limit, this can also happen:

Lemma 2.12 ([9]). Let o« < T and suppose that ©F > sup,_, ©%. Then
there exists X C Vyy1 such that L(E,) = L(X, Vyi1).

Even when this is not true, by Definition E, can be codified as a
subset of V)41 in V anyway.

Lemma 2.13 ([9]). Let o < Y. Then there exists an elementary embedding
J: L(E.) < L(E,) with crt(j) < .

Theorem 2.14 ([9]). Suppose X C Viy1 and there is a proper elementary
embedding j : L(X,Vay1) < L(X, Vay1). Define EX and YX as (E,)XVa+1)
and (V)XC5V20) but without the condition E Then, either YX = T
and sup, v OFr < @LXVAL) or there exists n < T such that TX =n+1
and ©F1 = QLX) - Moreover, if a < YX then EX = E,,.

This guarantees that the F,-sequence gives one standard representative
for at least an initial segment of the ©XXVA+1) guch that there exists an
elementary embedding from L(X, V1) to itself. Let X be as such. There
are two possibilities: if @XX:VA+1) is bigger than any ©%+ with o < T then it
is not possible to have any useful information. Otherwise there exists n < T
such that the E,-sequence defined in L(X, V),1) goes up until 7, and there
exists j : L(E,) < L(E,) with crt(j) < A. Since ©F» = ©LXVa+1) | this is the
standard representative desired.

It is immediate to see that there can be cases such that there is no X C
Vigr with L(X, Viy1) = L(E,), so it is worth widening the horizons and
considering also elementary embeddings from L(N) < L(N), with V\;; C
N C Vyio. Some results generalize:



Lemma 2.15 ([9]). Suppose that N is transitive, Vaypy C N C Viyo, N =
L(N)NVyia, j: L(N) < L(N) is an elementary embedding with crt(j) < A.
Then there exist an ultrafilter U C N such that Ult(L(N),U) is well-founded
and jy : L(N) — Ult(L(N),U), the associated embedding, is an elementary
embedding. Moreover, there is an elementary embedding ky : Ult(L(N),U) <
L(N) such that ky | N is the identity and j = ky o ju.

Anyway, not all results generalize. For example, it is not necessary for the
analogue of Theorem to hold. However, when there exists X C V), such
that L(N) F V = HODy, ,u(x}, the equivalent of Theorems 2.2 and [2.3/hold.
In the case of the E,-sequence, this is true in trivial cases (for example when
a is a successor) or when « is a limit such that (cof(@F«))L(Fa) > X\ because
of condition . For future reference, the first result is summarized in a
Lemma:

Lemma 2.16 ([9]). Let N such that Va1 C N C Viio. Suppose that there
exists Z C Vi such that L(N) FV = HODy,  ,utzy. Then

o OFY) = sup{a: 37 : Voys — a, ™ € L(N)} is reqular in L(N);
e L(N)EDC,.
It is also possible to define a generalized definition of properness:

Definition 2.17 ([9]). Suppose N transitive, Vy;11 C N C Vyyo, N = L(N)N
Viio and let j: L(N) < L(N) be an elementary embedding with critical point
< A.

e j is weakly proper if j = jy;

e j is proper if for all X € N, (X; :i < w) € L(N) where Xg = X and
foralli <w, Xiq = j(X;);

The following are three lemmas that complete the miscellanea of results
from [9] and help to have a better understanding on the structure of the
E.-sequence. The first one is a result of condensation, the second one deals
with definability inside L(E,), the third one is a result of absolutness.

Lemma 2.18 ([9]). Let 5 <Y and M be a transitive class of ZF such that
Eg C M. If there exists a n < Y such that M < L(E,), then there exists
B <~ <n such that M = L(E.,) or exists  such that M = L¢(E.).

Lemma 2.19 ([9]). Suppose a < Y is a limit ordinal and (cof (@F))E(Fa) >
A. Then there exists Z € E, such that for each' Y € E,, Y is Xq-definable
in L(E,) with parameters from {Z} U {Vyi1} U Vagy U ©OF. Moreover, if
L(E,) FV = HODy,,,, then for every Y € E,, Y is ¥1-definable in L(E,)
with parameters from {Vi,1} U Vi U ©Fe,
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Lemma 2.20 ([9]). Suppose a < Y limit such that (cof(©Fe) > X\)Ee. Then
((Eg: B <X))P =(Es: B <a).

So, Theorem gives a motivation to investigate further the concept
of properness. However, looking only at the definition, it is unclear if this
is a proper definition. What if every elementary embedding is proper? A
theorem by Woodin seems to push in this direction:

Theorem 2.21 ([9]). Suppose a < Y. If
e =20, or
e « is a successor ordinal, or
e « is a limit ordinal with cofinality > w
then every weakly proper elementary embedding j : L(E,) < L(E,) is proper.

However, this theorem deals only with models from the E,-sequence, and
not even all of them, leaving a gap for the L(E,) such that « is a limit and
cof (o) = w. The main result of this article will exploit exactly this gap.

Definition 2.22. Let a < Y limit such that cof(a) = w. Then « is a totally
non-proper ordinal if every weakly proper elementary embedding j : L(E,) <
L(E,) is not proper.

Theorem 2.23. If there exists a £ < T such that L(E¢) ¥ 'V = HODy,,,,
then there exists a totally non-proper ordinal.

Note that the existence of a totally non-proper ordinal is not provable
in ZFC and there are no known large cardinal hypothesis that implies it,
since this is true also for the consistency of T > 0, but supposing that T
is big enough (i.e., if there exists X C Vj,; Icarus such that ©@XX:VA+1) g
big enough) then a totally non-proper ordinal exists. However, after Section
it will be clear that the existence of that totally non-proper elementary
embedding is a consequence of a much weaker hypothesis.

The main tool for the proof of Theorem [2.23]is the following criterion for
Non-properness:

Lemma 2.24 ([9]). Let M be L(X,Vyy1) with X C Vi or L(N) with
Va1 € N C Vago such that L(N) EV = HODy,,,. If j : M < M ‘s proper,
then the fized points of j are cofinal in ©M.
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3 Slicing Sharps

It is easy to see that sharps play a big role in the definition of the F,-
sequence, and in fact it turns out they're important for a whole analysis of
such sequence. In this section some particular characteristics of the sequence
((Es)*: B < ) are summarized, with an accent on the reflection properties,
that will be the key for proving Theorem [2.23

The following notations are useful for this analysis. For every a < T, by
definition (E,)* is a set of formulas in the language

‘CZ = {E} U {Ca}aEEa ) {di}i@u U {O}a

where in L(E,) every c, is interpreted as a, every d; is interpreted as an
indiscernible and C' is interpreted as E,. The language

Ly, ={€}U{catacr, U{ds,...,d} U{C}.

is the restriction of £I to a language that uses at most n constants for
indiscernibles.

The first step is to outline the relationship between sharps and elementary
embeddings. Fix a < T. In a certain sense the sharp (E,)* contains the truth
of L(E,) and any elementary embedding j : L(E,) < L(E,) preserves such
truth, so there must be a connection. However, it is not possible to directly
apply j to (E,)*, since (E,)* ¢ L(E,), but when E,, is easily disassembled
in smaller well-ordered parts then the sharp can be sliced in pieces digestible
by L(E,):

Definition 3.1. For v,a < Y define the (y,n)-fragment of (E,)* as (Ea)*N
LF,. and denote it as (Ey)Y,,
Define the y-fragment of (Eq)* as (Eq)* N LY, and denote it as (E,)?,.

The structure of the E,-sequence gives information on the largeness of
these fragments. The set (Eg)* is a subset of V,, x E,, so it can be coded
directly as a subset of E,. Moreover, this coding is definable. By Definition
.10, for every f < o < T there exists a surjection 7 : Vyy1 — Eg with
m € L(E,), so Ez (and its sharp) can be coded as a subset of V)1 in L(E,),
i.e., as an element of E,. This means that for every f < a < T and every
n € w, (E,)* € Euyq and (Ea)%n € E,.

Since all the fragments of (E,)* are in E,, it is quite natural to ask, for
an elementary embedding k : F, < E,, if it preserves the fragments, and
what happens in that case.
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Definition 3.2. Let a < T be a limit ordinal. Given a ¥i-elementary em-
bedding k: E, <1 E, we call k g-friendly if for every v <

F(Ba)in) = (Biyn

More generally, given B < a <Y limit ordinals, a ¥1-elementary embed-
ding k: Eg <1 E, is called §-friendly if for every n € w and v <

k<<Eﬁ)’ﬁyn) = (Ea)lﬂc(w),n'

The following theorem is the key of this section:

Theorem 3.3. Let 8 < o < T limit ordinals, k : Eg < E,. Then k is
t-friendly iff it is possible to extend it to k : L(Eg) < L(E,) such that k C k.

The proof of the theorem is split in two parts.

Lemma 3.4. Let < « be limit ordinals less than Y. If k: Ez <1 E,
is f-friendly, then it is possible to extend k to an elementary embedding
k: L(Eg) < L(E,).

Proof. Temporarily call J the class of indiscernibles for L(Ejg), and K the
class of indiscernibles for L(E,). Let b be the only bijection from I to J that
is order-preserving.

Since (Es)* exists, for every element Y of L(Ep) there are ay, ..., a, € Eg,
i1,...,4m € J and a formula o(x, a1, ..., an, Eg, i1, ..., i,) that defines Y in
L(Ejp).

Therefore

L(Eg) E 3y o(y,ar,...,an,, Eg i, ..., 0n).
But then
YR, Cars -+ Cans Cr s d) € (Bp).

Since by definition
Es = L(|J E,) N Vasa,

v<B

it is possible to suppose aq,...,a, € Uw<ﬁ E.,, thus there exists v < 3 such
that ay,...,a, € E,. Then

Elly So(ya Cays -y Cays C) dla s 7dm) € (Eﬁ)?y,m'

13



As k is f-friendly and the coding of the sharp is definabldT]

H'y So(y7 Ck(a1)s -+ +» Ck(an)s Cu d17 s 7dm> € (Ea)ﬁk(’y)Vm7
and then

L(E,) E 3y oy, k(ar), ..., k(an), Eq,b(i1), ..., b(im)).

Finally k(Y) is defined as the unique set such that

~

L(E,) E ok(Y), k(ar),...,k(an), Eq,b(i1),...,0(im))-
Using the same method, replacing an element of L(Ej) with the formula

that defines it when needed, it is immediate to prove that k is well-defined,
injective and an elementary embedding. O

Note that k is not unique, b can be any order-preserving injection from
J to K. However, the k constructed in the proof has the benefit of being
definable in a larger model, for example L((E,)*).

Lemma 3.5. Let § < o < T limit ordinals and j : L(Es) < L(E,). Then
Jj | Es: Eg < E, is f-friendly.

Proof. The case f = « is easier. Because of Lemma [2.15 without loss of
generality it is possible to assume that j is weakly proper, so j is an elemen-
tary embedding associated to an ultrapower. In particular every strong limit
cardinal in V with cofinality bigger than @« is a fixed point of j. But it is
also an indiscernible in L(FE,). So let n,...,n, be strong limit cardinals in
V with cofinality bigger than ©%=. Then

(Ea)in ={plar,....an, Ea,,.-.,M) Q1 ... 0y € E,,
L(E,) Eplal,...,an, Eoyy- - sm0)},

SO

j((Ea)?yn) ={¢(a1,...,an, Ea,m,...,0) 1 1, ..., 00 € Ej(y),
L(Eo) F@(ar, .., an, By )} = (Ba )i -
If B < «, then the previous proof is almost valid, the problem is that in

this case it is not possible to express j as an ultrapower embedding. The
idea is to construct something similar to the ultrapower construction.

!The Godel numbering is important here. The proof works only if it is de-
finable, or at least preserved by k. For example, the most natural coding
oYy Cary - sCaps Coday .o ydm) = (To(y, 21, .., 20, Cydy, ... dp) 7, a1, . . ., ay) Works.
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Let

Z={j(F)(a):a€ E,, F e L(Es), F is a function, dom(F) = Eg}.

Then
. J“L(Eg) C Z: for v € L(E3) consider ¢, the constant x on Eg. Then
]( 2)(a) = j(z) for every a € E,.
2. E, C Z: consider id the identity on Fjs, then j(id)(b) = b for every
be E,.

3. Z < L(E,). Let ay,...,a, € E,, Fi,...,F, functions in L(Ez) with
dominion Ejg such that

L(Ea) E 3z o(x, j(F1)(a1), .-, j(Fn)(an)).

The objective is to find a function H € L(Ejg) with dominion Ej and
b € E, such that

L(Eq) E @(j(H)(D), j(F1)(a1), ..., j(Fa)(an)).

Fix a ¢ € E, such that a witness for ¢ is definable in L(E,) with an
ordinal and c as parameters. Note that £z and E, are closed for finite
sequences, so it is possible to define

G((b,d)) = min{0 : 3z definable from 4, d,
L(Eg) E @(z, Fi(b1), ..., Fu(bn))}

if it exists, otherwise G((b,d)) = 0. Then G € L(Ep), and define

H((b, d)) as the least 2 definable from G({b, d)) and d such that L(Ez) E
o(x, Fi(by), ..., F,(b,)). Therefore

L(Eq) F ¢(i(H)({@, ), j(F1)(ar), - -, 5 (Fn)(an)).
and Z < L(E,) is proved.

By Lemma 2.18] then, the collapse of Z is L(E,). Let k : L(E,) < L(E,)
be the inverse of the collapse. Since E,, is not collapsed, then k [ E, is the
identity. Note that by (1) j”L(E,) C k“L(E,) so there exists jz : L(Eg) <
L(E,) such that j = ko jz. But then j [ E, = jz | E,, so without loss of
generality j = jz.

Let n be a cardinal closed under jz such that cof(n) > |Vi;1]. Note that
by the definition of jz, jz(v) = ot(j(y) N Z), so this means that for every
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d < mn,ot(j(0) N Z) < n. For every F : Eg — L(Ejp) if ran(F) C n then
ran(F’) is bounded in 7, i.e., there exists 0 < 1 such that F'(a) < ¢ for every
a € Eg, but this means that j(F)(a) < j(6) < j(n) for every a € E,, because
by Definition there exists in L(E,) a m : Vyy; — Ez. But for every
element j(F')(a) in j(n) we can suppose that ran(F) C n, so {j(J) : 6 < n}
is cofinal in j(n) and

n < jz(n) = ot(i(n) N Z) = [ Jot(j(5) N Z) <.

o<n

This proof provides a class of indiscernibles fixed by 7, and like before
this suffices to prove that j is f-friendly. O

4 Sharp Reflection and Totally Non-proper
Ordinals

While in the previous section were used mostly (7, n)-fragments, it is worth
considering also y-fragments: note that if v < o < T, both (E,)? and (E,)
are theories in the same language, Ej. Can they be equal?

Definition 4.1. Let v < a < Y. Then (E,)* reflects on vy if (Eq)! = (E,)*.
For every a < Y limit define

Io={y <a: (B = (B}
the set of the v’s in which (E)* is reflected.

Now it is possible to state the second (and most important) half of The-

orem [2.23t

Theorem 4.2. Let a < Y limit ordinal such that ©F is reqular in L(E,)
and ot(I,) = X. Then « is totally non-proper.

The other part of Theorem will be a sufficient condition for the
existence of an a < T limit ordinal such that ©F« is regular in L(E,) and
ot(I,) = A (see Theorem [5.2)).

The main point of the proof will be that, even if I, is not an element of
L(E,), for every elementary embedding j : L(E,) < L(E,) by Lemma
the image of I, under j is in I,. Proving that the initial segments of I, are
definable will suffice.

Theorem |3.3| will be useful to state Definition [4.1| without using the sharp.

Lemma 4.3. Let v < a < Y limit ordinals. The following are equivalent:

16



1. vel,;
2. FE, < E, and the identity is a §-friendly elementary embedding;

3. there exists an elementary embedding j : L(E,) < L(E,) with j | £, =
id.

Proof. The equivalence between (2) and (3) is a direct consequence of The-
orem so it is sufficient to prove the equivalence between (1) and (2).

Suppose that v € I, let ¢(x1,...,2,) be a formula and pick ay,...,a, €
E, . Then E, F ¢(a1,...,a,) iff L(E,) E (B, E ¢(ai,...,a,)) iff

"CE p(cayy---yCa,) € (EV)Ij

iff
"TCE p(cays--yCa,) € (EOC)ti

v
iff L(E,)F (EyF p(ay,...,a,)) iff E, E ¢(ay,...,a,). Moreover for every
f<v new,

(E'Y)ﬁﬁ,n = (E’Y)ﬁ N ‘Cg,n = (EOZ)ﬁ n E’Jyr N ‘Cg,n = (Ea),%’,n

If £, < E, and the identity is a g-friendly elementary embedding, then

B = U B = U B, = (B

B<y,nEw B<y,nEw
UJ

Using this equivalence it is possible to describe a necessary condition for
an ordinal to be in Is:

Lemma 4.4. If v € I, then there cannot exist an X C V\,1 such that
L(E,) = L(X,Vy41) or L(E,) = L(X, Viga).

Proof. Suppose that there exists an X C V)1 such that L(E,) = L(X, Vy11).
Since 7y € I, there exists an elementary embedding from L(X, Vy;1) to L(E,),
so there exists an Y C V)4 such that L(E,) = L(Y, Vy41). But by Lemma
there exists an elementary embedding j : L(X, Vy;41) < L(Y, Vi41) such that
J(X) = X. Therefore L(Y,Vyy1) = L(X,Vy;1) and this is a contradiction
because v < a. If L(E,) = L(X,Vy\;1), then again for elementarity there
exists Y C Vi4y such that L(E,) = L(Y, Vy41), and this is a contradiction.

[

So by Lemma if I, # () it must be that ©F« = SUP,<q ek,
The following lemma will establish two useful properties of I,:
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Lemma 4.5. For every a € I:
1. for every v < o, if y € I, then I, Ny = I,;
2. 1, is closed.

Proof. 1. Let n <. Then

(Bl = (Bo) N LE, = (E)F NLE NLE, =

(Ea)?y A ‘CEW = (Ev)ﬁ N Egn = (Ev)i

So (En)* = (E,)} iff (E,) = (E,); and n € I, iff n € I,

2. Let v be a limit point of I,. By Lemma for every n € I, N~
there exists m,, : L(E,) < L(E,) elementary embedding such that
o | B, = id, and by the previous point for every n < ny € I, Ny
there exists m,, ,, : L(E,,) < L(E,,) such that m,, ,, [ £, =id. It is
easy to see that all the 7, ,’s and m,, ,, commute, so

({L(EY) :n € Lo} Ay :m < m2 € La})

is a directed system that commutes with {m,, :n € I, }.

Let M be the direct limit of this system, with corresponding elementary
embeddings 7, : L(E,) < M and 7, : M < L(E,). By elementarity
there exists N C V)49 such that M = L(N). Since for every n € I,N~,
m, is the identity on E,, it is clear that N = {J,; -, Ey. But v is a
limit point in /,, therefore N = E, and 7, can witness that v € I,.

O

Proof of Theorem[[.3 Let o < Y be a limit ordinal such that ©F« is regular
in L(E,) and ot(I,) = A, and fix j : L(E,) < L(E,). By Lemma
it suffices to prove that the fixed points of j are bounded under ©F«. By
Lemma and Lemma @Ea = SUPg, ©Fs and since ©F> is regular
in L(E,) and by Lemma (©Fs . 8 < a) € L(E,), « = ©F. Since the
ordertype of I, is a limit and I, is closed, it must be that sup I, = a = ©Fe.

Note that I, is definable with parameters v, (E, : n < ) and (E, ), so
if v < «, then I, is definable in L(E,) and j(I,) = Ij,). Moreover, since
by Lemma 3.5 j is §-friendly, if v € I, then j(v) € I,. Let (nc : ¢ < A)
be the enumeration of I,. Then for every ¢ < A, j(n¢) = 1;¢). Consider
(Kn 1 n € w) the critical sequence of j and let 5 > n,,. Then there exists n
such that 7., < f < n,,,,, and therefore j(n,,) = Nx,,, < j(B), so B is not
a fixed point, and every fixed point of j must be under 7,,. m

18



5 HOD-Part and Sharp Reflection

In the last section Theorem provides a criterion under which « is totally
non-proper. One can ask if it is possible to meet this criterion. Theorem
gives an answer to this doubt, stating that if the E,-sequence is long enough,
then there exists an ordinal a such that I, is big enough.

The following special initial segment of T clarifies the concept of ”big
enough “:

Definition 5.1.
I={a<T:Vf<a L(Eg)FV =HODy,,,}.

There are many advantages in considering ordinals in I, because of the
similiarities with L(V),1) outlined in Proposition [2.16, Lemma and
Lemma 224

Theorem 5.2. Suppose there exists & ¢ 1. Then there exists n € I such that
O =n and ot(l,) = 7.

Note that 7 is much more bigger then A, so this Theorem gives a condition
much stronger then what really is needed to have a totally non-proper ordinal.
The advantage is that this condition is easily expressible and the proof shows
quite clearly why there should be an « such that ot(/,) = .

A ¢ such that L(E¢) # V = HODy,,, is interesting because its HODy, -
part has important closure properties.

Definition 5.3. Let £ < Y. Define
He = {y < €: B, C (HODy ,)H5)}.
By definition if L(E¢) ¥ V = HODy,,, then H # &.
Lemma 5.4. For § <Y let n =sup He <. Then:

1. H¢ is a closed initial segment of & and 1 is a limit ordinal, i.e., He =
nU{n};

L(Ez)
©F: — @HODy, )"

OFn is regular in L(E,);

E, _ Es.
S 7—sup6<,7® B

v o e

n =0,
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Proof. Define N = (HODy, )9 N Vy,5. Then

@(HODVM_I)L(E@ — oM

Let j an elementary embedding from L(E) to itself with crt(j) < A whose
existence is granted by Lemma [2.13]

1. If v < 72 € Hg, then by definition £, C E,, € N, so 71 € He.
Suppose that v +1 € He. Then by Definition there exists X € N
such that L(E,11) = L(X,Vay1). Every element of (X, Vi) is a
formula that uses as parameters elements of V)1, X and ordinals, so
(X, Viy1)? € N. Moreover, (X, Vyi1)? is definable in L(E) using Vy 14
and X as parameters, and as these are elements of N, it follows that
(X, Vay1)? € N. Since L(E,y2) = L((X,Vy1)?) then v+ 2 € He. If
7 is a limit ordinal and for every 8 < v, 8 € He, then by definition
B, = L(Us<, Es) N Vata. By hypothesis ,_, Es C N, so v € He.

2. Looking for a contradiction, suppose that ©F7» < @V, Then there exists
a surjection m: Vi1 — OFn with 7 € N, therefore definable in L(E;)
with ordinals and elements of V| as parameters. Let ¢ be the formula
that defines m, with parameters zq,...,z, € Vii1 and By,...,05, €
Ord. So w(z) =y iff L(E¢) E p(y, z,21,...,2n, b1, ..., Bm). Define:

y if there exists y € £, such that

L(Eﬁ) F (p(yvx7y17'"73/717617"'75171)

ﬁ- x? PR n = . .
({4 yn)) and is unique;

® otherwise.

Clearly 7 isin IV, since the only parameters in its definition are 5y, ..., B, 1.
It is a surjection, because in a subset of Vy,; (specifically {z € V44 :
dr 2z = (z,21,...,2,)}) is already a surjection, so 7 definable in L(E;)
only with ordinal parameters. Between all the surjections, we pick
the one that uses the minimum ordinal parameters. Then without
loss of generality = is definable in L(E,) without parameters, therefore
j(m) = m. Thus the restriction of j in L(m, V);1) is a proper elementary
embedding, and ©F» < ©L™Y\+1)  So by Theorem , T > n+1,
and then E,.; C L(m,Vyy1). But, since 7 is definable in L(E;), we
have that L(m, Va11) € (HODy, ,)E¢) | and therefore E, 1 C N, con-
tradiction because 1 was the maximum one.

3. Since by Lemma O~ is regular in (HODy,,,) ") and as E, C
N, we have by (2) that ©F» is regular in L(E,) (otherwise a cofinal
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sequence in L(E,) C (HODy, ,)*¥¢) would witness that ©Y is not
regular).

4. As ©%n is regular in L(E,), by Deﬁnitionm E, i1 = L(E(E,))NVito.
If ©F7 could be strictly bigger than supgz_, ©77, then by Lemma
it would exist Y € E, such that L(E,) = L(Y,Vi41). Let (i, :n €w
be the sequence of the first w indiscernibles in L(Y,V);1) and define

X, = {z € E, : x is definable
with parameters from Vy 1 U{Y,i1,...,4i,}}.

Note that it is possible to codify X, as an element of F,. By Lemma
every element of E,, is defined with parameters from {Y }UV);; and the
first w indiscernibles in L(Y, Vi;1), so Ey, € U,c,, Lw(Xn, Vas1). There-
fore every k € £(F,) is uniquely specified by the sequence (k(X,,) : n €
w). Since (X, : n € w) € L((Y,Vyy1)?), it is possible to codify E, as a
subset of Vi1 in L((Y, Viy1)), so (E,)* € L((Y, Va1)?) and

(K(X,) € w) € LY, Varn)?)
But then k € L((Y, Vay1)?), thus L(E(E,)) C L((Y, Vat1)?). Therefore
By = LE(E,) N Vi € LY, Vo))

Since Y € (HODy,,,)"%9), then (Y,Vii1)* € (HODy,,,) "), and
therefore F, 1y € N. This is a contradiction, because 7 was the maxi-
mum one.

5. It follows directly from (3) and (4).
[l

The first part of the proof of Theorem uses the properties in Lemma
b4t
Bg)

(
Lemma 5.5. Let £ < Y. Ifn € He and n = ©F = @(HODVAH)L , for
example when n = sup He < &, then

1. l?77 == U/3<T] Eﬁ,‘
2. ifn < &, then L((E,)*) N Vise C E,.
Proof. Again, define N = (HODy,, ) N Vy,,.
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L Let Y € B = L(Ugcomn Ep) N Vg Call X the Skolem closure of
{Y} U Vagr in L(Ugeey Ep). Then the collapse of & is isomorphic
to L(Ugemy Ep), Le., Coll(X) FV = L(Us_g Es), and so by Lemma
is a set like L, (Ug.g Ep). As Ej C (HODy, ,, )X1#¢) | we have that
L(E,) C (HODy,,,) "¢ therefore one can construct partial Skolem
functions:

hpa(1, ..., 2,) =y where y is the minimum in (OD,)*¥)
such that L(E,) F ¢(y, 21, ..., 2,)

for a € V41, ¢ formula and 4, ..., x, € L(E,). All these Skolem func-
tions are in (HODy, ,,)“¥¢), and for all y € X there exist ¢ formula, a €
Vigr and @y, ..., z, € {Y}UVyyq such that y = hy (21, ..., 2,). There-
fore it is possible to construct p: Vi1 — X, with p € (HODy,,,)*Fe).
But then v,0 < ©V. Both Y and its elements are in X, so Y is not
moved by the collapsing map. Then

YeL(|JE)nViaCEsC | Es
B<6 B<ON

2. Let Y € L((E,)*) N Vaia. Let X be the Skolem closure of {Y} U
Vis1 in L((En)ﬁ) = L((UB<®N Eﬁ)ﬂ). Then YV € X, Vig1 € X and
as in the previous proof Y is in the collapse of X, that is a set like
L,((Us<s Eg)"), with 7,0 < n (note that (E,)* € (HODy,,, )", so
the construction of X' can be carried out in (HODy,, )X with “few”
partial Skolem functions). But L((Us.g Es)*) N Vas2 € Eg, therefore

[l

Such 7 has the advantage that L((E,)*) will inherit the properties of
L(E,) that depend on its V), part.

Lemma 5.6. Letn such that L(E,) £V = HODy,,,, n = ©% and L((E,)*)N
Vige = Ey. Then

1. n= OEn)* .
2. L((E,)*) FV =HODy, ..

Proof. 1. Every ordinal under ©®)° can be coded in L((E,)!) as an el-
ement of V5. But then it can be coded as an element of £, too, so
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2. By Lemma every element of £, is definable in L(E,) with param-
eters from ©% UV, y. Since E, is definable in L((E,)*) this is also
true in L((E,)*). Every element of (E,)* is definable with parameters

from F,, and this concludes the proof.
O

The following lemma will complete the proof of Theorem [5.2}
Lemma 5.7. Let n € I such that L((E,))*) N Vaia = E,. Then ot(l,) = n.
Proof. Code (E,)* as asubset of B, and let v € 7. Then consider H ) ((E,)t).

v

Since L((E,)*) £V = HODy,, like in the proof of Lemma 5.5 there are " few *

partial Skolem functions, so there is a surjection from Vi, to HEn)’ ((Ey)E),

and this means that there exists 73 < 7 such that H(En)u((En)g) C (Ep),.

Iterating this process w times, there exists § < n such that (En)ﬁﬁ < (Ep),

so by Lemma 2. § € I,,.
This means that I, is cofinal in 7. Since I, is definable in L((E,)*) and

n = ©En" is regular in L((E,)*) by Lemma [2.16, ot(I,) = 7. O

This proof suggests that the sharp reflection is a closure property, so as
long as it is possible to find a’s that are regular in L((E£°)*) (and that seems
reasonable), it is also possible to reflect the sharp for any desired times less
than a. The important point is that this should happen before leaving the
safe haven of I, and Lemma assures it.

Proof of Theorem[5.3. Suppose that there exists £ ¢ I. Then by Lemma
there exists an 1 such that L((E,)*) N V2 = E, and n = ©F. Consider the
smallest of such 7. Then 1 must be in I, because if 8 < 7 weren’t in I then
sup Hg would be strictly smaller than n but with the same properties, and
this is a contradiction because 1 was the minimum one. So by Lemma n
satisfies the Theorem. O

Proof of Theorem[2.23. Suppose that there exists £ ¢ I. Then by Theorem
there exists € I such that ot(I,) = n, with n > X. Therefore if « is the
A-th element of I, then I, = I,, N a and ot(/,) = A. By Theorem a is
totally non-proper. O

Note that in fact as a consequence of the existence of a £ ¢ I there are
many totally non-proper ordinals, and not just only one. Theorem could
work even if the ordertype of I, would be, for example, A + X, or A%, or \*
(ordinal exponential). The proof of the Theorem can be generalized to state
that if the ordertype of I, is a limit, then the elementary embedding lifts its
behaviour to ©%, so one needs only an ordinal under which the fixed points
are bounded for every elementary embedding, like the examples above.
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