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P.D. Welch
School of Mathematics, University of Bristol, England.

November 7, 2003

Abstract. We show that the set of ultimately true sentences in Hartry Field’s Revenge-immune
solution to the semantic paradoxes is recursively isomorphic to the set of stably true sentences
obtained in Hans Herzberger’s revision sequence starting from the null hypothesis. We further
remark that this shows that a substantial subsystem of second order number theory is needed
to establish the semantic values of sentences over the ground model of the standard natural
numbers:

���� - ����� (second order number theory with a 	�
� -Comprehension Axiom scheme)
is insufficient.
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1. Introduction.

In (Field, 2003) Field constructs a system of a theory of truth over ground
models  , with an additional conditional operator � in the language. We
shall here use for illustrative purposes  ��� , the standard model of arith-
metic, with � the appropriate arithmetical language using the connectives���������

and the two quantifiers � ��� ; ��� will be, just as for him, this language
augmented with the � connective, to be considered as an operator, and �� 
as a predicate.)

The construction in (Field, 2003) Section 2 is in ordinal stages, where
each successor ordinal stage performs an entire construction of the “next
strong Kleene fixed point” à la Kripke. Thus the transition of !#" !%$#&
involves the usual Kripkean monotonic construction over an assignment of
values amongst ')( � & �+*,.- to the “conditionals” of the form / 01�324/65 . (We
are suppressing the secondary ordinal subscript of this latter intermediate
construction, which Field calls the “mini-stages” - and also for the most part
suppresses.) The latter assignments are determined by semantic values given
at strictly previous (full) stages. We repeat his Clause 8 to illustrate:

/ 07�824/ 5 �
9: ; & < iff =>�.?A@B!�CD= �FEHGAI ? � !�CD=J/ 0K/ LNM�/ 2O/ LPC �( < iff =>�.?A@B!�CD= �FEHGAI ? � !�CD=J/ 0K/ LNQ�/ 2O/ LPC �*, < otherwise.

Although the motivations are entirely different (and this cannot be em-
phasised enough perhaps) the system here has striking structural similarities
with the revision theory of truth using Herzberger style revision sequences
(cf.(Herzberger, 1982b),(Herzberger, 1982a)). For a revision sequence, know-
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ing all truth values at some stage !%$R& � we can read off which truth value
was assigned to 2 at stage ! from Tr(B). In Field’s system we have the
same effect: the “1 or non-1” semantic value of 2 at the previous stage ! is
imported for the next stage !O$7& via /TSR�U24/T5 � * : knowing these semantic
values means we know what happened before. There are similar, but differing,
considerations for limit stages. For Herzberger, at limit stages the extension
of �V is determined through similar looking rules to the first two clauses in
the above definition, however there is no value of

*, , but in this third case an
(arbitrary?) assignment of 0. In a single Herzberger sequence one can look at
the set of stable sentences, that is, those that from some point on have a set
truth-value. (We emphasise that we are not considering categorical truth sets
in the style of Gupta and Belnap (Gupta and Belnap, 1993), where a global
averaging is obtained by considering all possible starting hypotheses for the
Herzberger revision process.)

The values / 0R�W24/ 5 are continuous at limits (cf. his Continuity Lemma
for Conditionals). It then makes sense to define XY0ZX as the ultimate value of/ 0�/ 5 :

/[/ 0�/[/\�
9: ; & < iff =>�.?�CD= �+E%] ?�=J/ 0K/ LK�R&)C �( < iff =>�.?�CD= �+E%] ?�=J/ 0K/ LK�^(_C �*, < otherwise

Field then asks if there are acceptable points, that is ordinals ` so that
for any 0 we have that XY0ZX��a/ 0K/Tb . Section 3 of (Field, 2003) is devoted to
proving that there are such. For the paper it is sufficient for him to demonstrate
the existence of such points but he adds: “I believe a more informative proof
should be possible, which would show among other things that acceptable
fixed points ... occur before ced ” Here c is the next initial ordinal of cardinality
greater than that of the underlying model  that is being discussed - so here
for us this is f * d In fact his proof is simple and direct, but again adds that “the
price of its simplicity is that the proof is less informative than one might like
about the way the values of sentences change as the level increases towards
an acceptable point.” The purpose of this note is to give a further proof (well,
in fact 3 of them) for the existence of acceptable points (which are all belowc ). Probably none of them are “informative” in the latter sense he might like,
and we are not sure that there could be anything very illuminating in general,
meaning for the “general” sentence 0 , given the complexity of the notions
involved. He shows that the least acceptable point is greater than a particular
recursive ordinal g+h that is used in his iterations of a “determinately true”
operator i . Theorem 2 below shows that the process of calculating semantic
values is necessarily complicated, and thus “how” a general sentence achieves
its ultimate value involves looking at the theory of quasi-inductive definitions,
or equivalently at the levels of the Gödel constructible hierarchy up to jVk -
the first l , -extendible level. We show (Theorem 3) that the least acceptable
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point is in fact exactly this m , and so far beyond the first non-recursive ordinalf *on>p . Remark (ii) below also indicates the strength of the proposed system:
any system of analysis in which we can establish these eventual semantic
values is highly impredicative.

DEFINITION 1. (i) The set of ultimate truths iq�sr[tu'wvw0exy<zXY0ZX{�R& - .
(ii) The set of (Herzberger) stable truths| �zr[tu'wvw0exy<}0 is true in Herzberger’s revision sequence starting from the

null hypothesis - d
In the above by “the null hypothesis” we mean the hypothesis that all sen-

tences are false, (or equivalently for our purposes this could be taken as “all
sentences are true”: any recursive starting distribution of truth values would
serve equally well). For the notion and properties of Herzberger’s revision
sequence the reader may consult that author’s papers already cited, or the
account in (McGee, 1991).

THEOREM 1. i is recursively isomorphic to the set
|

.

This set
|

has been noted to be equivalent to other sets of integers, defined
independently. We shall comment on this further in Section 3, but briefly, if~

is the complete arithmetic quasi-inductive set, if �� is the l , -truth set of j�k
(where m was named above), and if � is the set of (codes of) Turing programs
that have eventually some constant value on their output tape, when allowed
to run transfinitely (in the formalism of (Hamkins and Lewis, 2000)) then we
have:

Fact 1 The following are recursively isomorphic:
(i) � ; (ii) �� ; (iii)

~
; (iv)

|
.

Our third method of demonstrating the existence of acceptable points, is in
fact directed to adding a fifth set i to this list. The following theorem is what
we shall actually prove:

THEOREM 2. Let i be the set of ultimate truths in Field’s system. Then i
is recursively isomorphic to �� .

The statement of the abstract, Theorem 1, then follows from the Fact quoted
above. We note the following further consequences:
Remark (i) Using the above Fact 1 and Theorem 2 the set of ultimately true
sentences over arithmetic is a complete quasi-inductive set,; hence Field’s
logic / �e����� is not axiomatisable.
Remark (ii) The “conservativeness proof” of (Field, 2003) Sect.6 (there per-
formed in �V�s� ) can be effected in a sufficiently strong fragment of second
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order number theory, but not in �%� (Kripke-Platek set theory) nor �^�� - ��0�h .
(For the latter theory see (Simpson, 1999).)

*
Similar results will hold for countable ground models  that are ac-

ceptable (this time in the sense of (Moschovakis, 1974)), that is, the least
(Fieldian) acceptable point for  will be the least l , -extendible ordinal
relative to  , and hence will be less than / W/�� � the least cardinal greater
than that of �d We shall then have (in the appropriate language, and in the
appropriate sense) that i�� is equivalent to

| � .
The proof of Theorem (in the hard direction showing that �� is (1-1) re-

ducible to i ) is essentially a demonstration that Field’s system carries hidden
within it a construction of the Gödel hierarchy up to the level m . We can
show that at stage ! in his construction we have a uniform way of recovering
certain l , -truth sets of the levels j�5 of this hierarchy, whenever the latter is
a model of a sufficient amount of set theory. Interestingly it seems to depend
on this strength. For other levels we do not have a uniform way of doing
this: although Field’s clauses are uniform for all limit ordinals, the recovery
of the truth sets for the j�5 can be obtained from ')0�<{/ 0�/T5���& - , but not
always uniformly so.

,
Happily below m there are many ! where j�5 models

this theory, including m itself; this allows us then to exploit the uniformity atm , in order to find the (1-1) function decoding �� from i .
We make a brief remark on our result concerning recursive isomorphism

(this will be explicitly defined below). One might hope for some more per-
spicaceous, or ‘natural’ translation of Herzberger stable truths directly into
Field’s ‘ultimate truths’, and hopefully vice versa. We think this unlikely. We
do not really see one in either direction: this is to do with the fact that the
process of revision according to revision sequences, has more in common
with the supervaluation approach than the Kleene strong jump that Field
employs in his ‘mini-stages’: direct translations seem to be ruled out by the
incomparability of the methods. One should also remember however, that all
we ever do with theories of truth employing a system of gödel numbering over
a model such as the standard model of arithmetic, is to build a truth set using
that particular coding scheme. There are infinitely many choices of (sensible)
coding scheme, all of which only yield identical truth sets up to recursive
isomorphism. However, even bearing this in mind, there seems a difficulty
in finding a meaning preserving translation or mapping, between the stable
truths and the ultimate truths. �

2. The existence of acceptable points

First demonstration: The construction of (Field, 2003) Section 2 is performed
within ���u� using the ground model  . It is in fact a very absolute construc-
tion, and absolute for transitive models of �V�s��� , that is �V�s� without the
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power set axiom (which is not used). Hence if
|

is a transitive set, ! G | and| / �����u� � then
| / � “ / 0�/ 5H��� ” iff / 0K/ 5���� . Suppose, without loss of

generality, that  is countable. By the Collection Axiom we may assume that
there is some ordinal ��h so that for all 0 G �{� , if / 0�/ Lu��� , for all sufficiently
large

E
, then there is an �¡ �@B�¢h so that

� ?£Q^�D {/ 0�/ ¤¥�a/ 0�/ ¦>§H�B� . For the
other 0 , ie those with XY0ZXZ� *, , which alternate value unboundedly in the
ordinals, we can again appeal to Collection to find, for any ordinal ¨ ] � h �
some cardinal � ] ¨ so that if, say, 0 alternates its value unboundedly in the
ordinals, it does so unboundedly below � in particular. (This already shows
that the class of acceptable points is unbounded in the class of all ordinals.)
But further, if

|Z©
is the set of sets of hereditary cardinality less than � , then| ©

is a �V�s� � model. Now by the Löwenheim-Skolem theorem let ª¬« |
be a countable elementary submodel of

|
with  G ª . Let  be a transitive

set isomorphic to ª . (Such an  exists by the Mostowski collapsing Lemma.)
Let `®@�f * be the ordinal height of  . Then ` is an acceptable point: one
may easily verify that / 0�/Tb¯�#/ 0�/ © for any 0 .

By modifying the argument one may show that there is in fact a closed
and unbounded set °�±�f * of acceptable ordinals.

Second demonstration: One could directly show that the construction, and
argument that there are acceptable points, can be performed not just in �V�s� �
but in much weaker theories, for example, Kripke-Platek (KP) augmented
with a l , -Separation axiom, or even in second order number theory with ² *�
Comprehension. (We aren’t advocating actually doing this; that it could be
done will follow from the third demonstration). If this is granted, then we can
find countable models of such theories for which the construction is absolute.
That it cannot be done in much weaker theories is also a concomitant of the
theorem.

Third demonstration: This contains the heart of this note. We shall define
an ordinal m . To see what this is we make the following observations. The l ,
nature of the defining clauses of XY0ZX , together with the absolute nature of the
construction, hint not only (a) that the definition of the function X�³+X can be
construed as a valuation coming from a quasi-inductive definition but (b) that
the first repeat point, that is the first acceptable point, is m - this latter ordinal
has been characterised as the first l , -extendible ordinal ((Burgess, 1986)
Sect.14), that is the first ordinal m so that j{k has a proper l , -elementary end
extension. ´ Equivalently it is also the first place where all Infinite Time Turing
machine (ITTM) computations have either halted or have entered an infinite
loop ((Welch, 2000) Thm. 2.1). In the next theorem l is the periodicity, or
ordinal length, of that loop, or, equivalently, the ordinal height of that smallestl , -end extension of j�k . We shall prove:
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THEOREM 3. Over the ground model  �µ� of arithmetic, the first ac-
ceptable point `�h��Rm¶d The class of acceptable points above m is: 'wl�dT·�/ · G�e¸ - .

To state explicitly at the outset, we shall reserve the word recursive to
have its usual standard meaning throughout this note. The notion of �#Me¹ ~
“ � is recursive in

~
”, for sets of integers � � ~ , says simply that º¼» , the

characteristic function of � , is recursive in an oracle for
~

; alternatively put,
there is an index ½ G f so that º�» is the ½ ’th function recursive in

~
: º¾»��'¿½ -¿À . To say that two sets � � ~ are recursively isomorphic (written “ ��Á ~ ”)

is to say that there is a total recursive bijection �Â<��8Ã�� � with with� ¸%¸ G �ÅÄ�Æ �Z= ¸ C G ~ . For such � � ~ membership questions about �
can be converted by a pencil and paper algorithm to membership questions
about

~
and conversely. A weaker notion, written �1M * ~ , is that “ � is (1-

1) reducible to
~

”, that is, there is a recursive injection �Ç<¢�µÈ+�É� with� ¸%¸ G �ÅÄ�Æ �Z= ¸ C G ~ . Here we could only paraphrase by saying that
membership questions ?

¸ G �sÊ can be converted into the questions ? �Z= ¸ C G~ Ê again via such an algorithm. Hence in this situation, as a slogan: “
~

is at
least as complicated as � ”. An effective version of the proof of the classical
Cantor-Schröder-Bernstein theorem due to Myhill ((Rogers, 1967) Theorem
(VI)) shows that ��Á ~ iff �#M * ~ &

~ M * � .
We introduce some further definitions.

DEFINITION 2. For Ë G j � we let · � =ÌËÍC��zr[t the least ! such that Ë Gj¼5 � *YÎ j¼5Íd
For ° a class of ordinals, let °�Ï denote ° together with the set of its limit

points. ° Ï is thus the closure of ° .

DEFINITION 3. (i) Let 0ViNÐÑ��'¿!�/ÓÒÔj 5 �¡G�Õ / �^�%� - d
(ii) Let ÒÔÖ¡×Y/TØ¾@�f * Õ enumerate 0�iNÐ Ï¾Ù f * d
Here “KP” denotes Kripke-Platek set theory in the language ��ÚÛ . If ! G0�iÜÐ it is called admissible. Then Ö h �Ýf � Ö * �Wf *on>p � where the latter

is the first non-recursive ordinal. Note that 0�iÜÐ is not closed: Ö¿Þ is not
admissible.

We shall make use of the following facts:

LEMMA 1. (i) mu�^Ö¡kàßVl¯�^Ö¡á .
(ii)
� �â@ãl � �¶¨ j¼äK«�áæå¼j © ,
((i) that Öèç��êé is true for any l , -extendible ordinal é ; (ii) uses the

leastness assumption on m and so also on l .) These can be deduced from
the reflection properties enjoyed by l , -extendibles.
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DEFINITION 4. Let �8±µf{d We let 0 *ìë � �erÓt the complete l * -theory ofÒÔj Þ.í�ïîñð I �zò �¡G¾� � Õ .
0 *ìë � may thus be identified with a set of integers coding l * sentences

in the language � ÚÛ ë Ú� . This set has itself a l * -definition over the structureÒÔj Þ.í�ïîñð I �zò �¡G¾� � Õ , which is uniform in � (that is, the defining formula is inde-

pendent of the choice of set � ). Here f �*on>p is the first ordinal not recursive in� . (We shall henceforth drop the “ck” when considering the first ordinal not
recursive in some � ; we shall keep it for the first non-recursive ordinal f *onop ;
the first uncountable cardinal is thus f *ìë to avoid any confusion.)

DEFINITION 5. For Ø¥@Åf * let 0 ,× �ó0�×u�zr[t the complete l , -theory ofÒÔjõô÷ö �¡G�Õ .
It is thus �� �zr[tZ0�k which we wish to show is recursively isomorphic toi .

PROPOSITION 4. (i) For Ø¾@ølO· � =Ô0�×oC¾�^Öè×�ß (ii) 0záù�^0Vk hence · � =Ô0záúC¾�mû�7Öèk ; (iii) f   ö* �^Öè× � * .
Proof: (i) The l , -satisfaction relation for ÒÔj�ô÷ö �¡G�Õ is l , -definable over

this structure (cf, for example, (Devlin, 1984) Lemma VI.1.15), and thus so
is 0�×üd Hence · � =Ô0�×>CÜM�Öè×�d Now assume that Ø�@1l . Then for no é do we
have jõç�« á åâj ô ö (by Lemma 1 (ii) above). It is thus the case that everyË G j}ô ö has a parameter free l , -definition. In other words, the l , -Skolem
Hull of ý inside j¼ô÷ö is all of jõô÷ö itself. We may put these facts together
and show that there is a (partial) function �ê<ï±�fÿþ j�ô ö which is onto
and l , -definable over ÒÔj¼ô÷ö �¡G�Õ . Now, however the diagonal set ° defined by:¸ G ° Ä�Æ ¸ G ����� =Ô�sC � ¸��G �Z= ¸ C is itself l , -definable over ÒÔj¼ô ö �¡G�Õ and
hence is in jõô÷ö � * . By the usual Russell style diagonal argument we cannot
have that ° G j ô ö . Hence ·.��=Ô°uCN��Ö × . ° is recursive in 0 × as the latter
codes up all l , -truths of ÒÔj¼ô ö �¡G�Õ . Thus · � =Ô0V×oC ] Öè× (for otherwise, we
could construct ° from 0e× before stage Ö)× in the j -hierarchy).

For (ii): here l is the very least point where there is some my@µl withj¼kO«�á å j¼á , and the above argument can not be applied. Further these two
levels of the j -hierarchy have identical l , -theories, i.e., 0 á �µ0�kàd Hence· � =Ô0zá¢C}�^Öèkwd That Öèk��7m is Lemma 1 (i) above.

For (iii): Let Ò	� ,p / 
 G f Õ recursively enumerate all l , -skolem terms in the
language �OÚÛ . Then the following is a l , sentence:

“ � p � ��� are both defined
� � p � ��� G �z¸ � � p @��� .”

Since (by the comments in (i)) every ordinal below Ö × is named by such al , -skolem term over the structure ÒÔj�ô ö �¡G�Õ we easily have that there is a
wellordering � of f recursive in 0 × (the latter coding up all l , truths of this
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structure), with the order type of � equal to Ö × . Hence f   ö* QBÖ × . However for
any 2 ±^� � 2 G jõô ö���� � we have that f��* M Öè× � * d In particular f   ö* M�Öè× � * ;
by appealing to (i) we have then the desired result (iii). QED

The l * -Separation scheme (see, e.g. (Barwise, 1975) Sect. I.9) is the
infinite set of axioms which are the universal closure of axioms of the form:��� ��� = �¥G �OÃ�� �NG � ��� = � C )
where

� = � C is any l * -formula (possibly with other set variables). For us,
what matters is the following relatively easily proven fact (again see (Barwise,
1975), V 6.3 & 7.12):

PROPOSITION 5. Suppose ?®Q�f . j�¤�/ � l * -Separation if and only if' E @�?�/ j}LH«Vá � j}¤ - is unbounded in ?õd If j¼¤ / � l * -Separation then ? G0�iÜÐ Ù 0�iÜÐ Ï d
PROPOSITION 6. (cf.(Welch, 2000) Thm 2.1) j{kû/ ��l * -Separation. �
We shall use the following notation. Let � 5 �µ=>� 5 ë ¹ � � 5 ë � C where � h ë ¹¯���h ë � ��ýud Then for ! QB( set:��5 ë ¹ ��'wSRÈ+�¬0�< /TSRÈ+�80K/ 5Z�R& - ß��5 ë � ��')0�È+���R< / 0�È ����/ 5Z�R& - .

In the above we have omitted gödel corners, but we assume that ��5O±¯� ,
after some suitable recursive coding, and pairing of �V5 ë ¹ with ��5 ë � . Note
that if we set, for ! ] (K<�û�5 � =>� �5 ë ¹ � � �5 ë � C� �5 ë ¹ ��')0�<+/ 0�/ 5 ë � �R& - ß� �5 ë � ��')0�< / 0�/ 5 ë � �^( - ,
then, for example, �{5 � *ìë ¹ is little different from � �5 ë ¹ , as the former is simply
the set of members of the latter with “ SÑÈF� ” inserted before them (and
similarly for ��5 � *ìë � and � �5 ë � m.m.). Note that if é is acceptable, then �{ç ë ¹ �'wS1È+� 0�/�0 G i - and ��ç ë � ��')0qÈ+���¯/ � 0 G i - . Hence ��ç is (1-1)
reducible to i .

LEMMA 2. For ØN@®l (i) 0z× is arithmetic in ��×�ß (ii) f �¶ö* ��Öè× � * ; (iii)·.��=>� × C¼��Ö × =>Ø�Qø(_C ; (iv) if j ô ö�/ ��l * -Separation, then 0 × M * � × ; moreover
this latter clause is uniform in Ø .

By “uniform in Ø ” in (iv) above, we mean that the (1-1) recursive function�
: �Å� � that effects the reduction of 0e× to ��× is the same for each suchØû@�l . Taking ØV�µm shows that �� � 0�k4M * ��k4M * i . By Proposition 5

the hypothesis of (iv) is false if Ø is a successor ordinal (and is also for many
limit ordinals).
Proof of Lemma: We have mentioned the � �5 versions decorated with the
plus sign, as this allows the following formulation.
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PROPOSITION 7. (Kripke) � �5 is a complete ² *ìë �! * set of integers, (and
hence by the above remark, so is ��5 � * ).

This was proven by Kripke in the case when !%�^( � for his original theory
using strong Kleene. (A proof is in (Burgess, 1986).) By Field’s definition,
each ���5 is constructed as the Kripkean fixed point using this scheme, with
the distribution of semantic values ( � & �#" � & assigned to the various sentences
involving the È+� operator. The proposition above then, is simply the rela-
tivisation of Kripke’s result to the “starting distribution” coded into �z5 d Once
we have � �5 is a complete ² *ìë �  * set of integers, we may apply a result that
identifies such with the l * -theory of the least admissible set over ��5N<
PROPOSITION 8. If i ±êf � and iO� is a complete ² *ìë $* set of inte-
gers, then i � Á l * -Theory of ÒÔj Þ!%� I iZò �¡G¾� i Õ ; in fact there is a recursive

bijection &Ü<\�øÃ���� , so that uniformly for all i ,¸ G i � Ä�Æ'& = ¸ C G l * Ù �}½ ¸ � � ÒÔj Þ!% � I i�ò �¡G}� i Õ / �(& = ¸ C .
In particular: �s�5 Á#l * -Theory of ÒÔj Þ í  � I ��5Pò �¡G¾� ��5 Õ .

The proposition is essentially obtained from the relativisations of the the-
orems of Kleene and Spector, (see, e.g., (Rogers, 1967), Theorems XLI &
XLIV) that classify the ² ** predicates on integers as those l * -definable over|*) � (the latter the class of hypearithmetic reals, together with the fact that
the reals of jõÞ �ïîÔð are those of

|+) �sC�d
We now proceed to the proof of the clauses (i)-(iv) of the lemma. First

observe that (ii) follows from (i) and (iii) using Proposition 4(iii): first we
note that in general, if 2 is arithmetic in � , then f �* M�f �* . Thus f � ö* ] Ö × � *
(using (i) and Prop 4 (iii)). Further, using (iii), as ·Í=>�V×>C�� Öè× , f �¶ö* M Öè× � * .
Hence (ii) holds.

We proceed to prove (i),(iii),(iv) by induction on Ø�@al�d For Ø���( they
either hold vacuously or are trivial. Suppose now Ø��-,�$R& , and (i) to (iv)
hold with , in place of Øüdà0 × is the complete l , -theory of ÒÔj ô ö �¡G�Õ .

But note that Ö/. � * �7Öè× is the next admissible ordinal above Ö�. and hence
is the height of the smallest admissible set containing �0. as an element: Ö¡×¾�f ��1* (using for (ii) the inductive hypothesis.) As sets, j Þ í 1� I � . ò = j Þ í 1� . Us-

ing our nomenclature above0 *ìë � 1 ��l * -Th( ÒÔj Þ í 1� I � . ò �¡G¾� � . Õ ��l * -Th( ÒÔj ô ö �¡G¾� � . Õ .
However the l , -theory of this structure is simply obtained: it is (recursively
isomorphic to) the Turing jump of 0 *ìë ��1 . Thus:=Ô0 *ìë � 1 C32æÁ l , -Th( ÒÔjõô÷ö �¡G¾� ��. Õ .
However 0 × is the “pure 4� -free” part of this theory, namely:
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0�× � l , -Th( ÒÔjõô ö �¡G¾� ��. Õ Ù �ÜÚÛ d
Putting this together one gets: 0�×}M ¹ =Ô0 *ìë � 1 C32 , and the latter is arithmetic in0 *ìë ��1 Á � �. Á ��. � * ����× (where the last sentence of Proposition 8 is used
for the first (1-1) equivalence here.) Hence (i) holds for Ø��5,u$7& . We have
seen that 0 *ìë ��1 is definable over ÒÔj¼ô ö �¡G�Õ (using the parameter �6.àC ; hence·Í=Ô0 *ìë � 1 C�M¯Öè× . But we have just asserted that 0 *ìë � 1 Á ��× . Hence · =>��×oC�M¯Öè×
as well. But Ø¥@Çl , so we cannot have then ·Í=>� × CO@ÅÖ × , as otherwise we
should also have ·Í=Ô0z×oC%@óÖè× , and this would contradict Proposition 4(i).
This proves (iii) for Øüd

We now suppose that Øõ@Bl is a limit, and the inductive hypotheses (i)-(iv)
hold for ,â@RØ . As Ø�@�l we shall have that j�ô÷ö is the l , -skolem hull of ý
inside j ô ö ; that is,

� Ë G j ô ö÷�7
�j ô öõ/ � “ Ë4�(� ,p ” where Ò	� ,p / 
 G f Õ is the above
recursive enumeration of all l , -skolem terms of the language � ÚÛ . We note
that the form of such skolem functions can be expressed as :=38wC9� ,p �(:�Ä�ÆW��� ����; p =	� �<�+� :¶C
for some l{h ; p .

We divide into cases depending on whether j�ô ö satisfies �>=+½wl * -Separation
scheme or not. In the former we shall have a uniform (1-1) recursive way of
recovering 0 × from � × ; in the latter case it is the presence of parameters in
the argument that seemingly prevent a uniform reduction.

Case 1 Ø is a limit ordinal, but j�ô ö!? l * -Separation.

Let Ò �9@ / A�@øf Õ be a recursive enumeration of all l * formulae of one free
variable of the language �4ÚÛ . The case hypothesis assures us there is a “ l * -
parameter” B G jõô÷ö , so that jõô÷ö is the l * -skolem hull of the singleton set'<B -DC . By the comment on l , -skolem hulls above, there is 
 so that BA�E� ,p d
Moreover, by the form at =38wC of the skolem terms � ,F , there is !�h so that for
all !£@ãØ � ! h @B!£È+�¬j ô  / � “BO�(� ,p ”; that is B is named in the same way in
the structures j¼ô  . G We then have the following chain of equivalences.

“ H G 0 *ô ö Ä�Æyr[tej ô ö¼/ � � �÷=IB�CÄ�ÆW�.?FheQã!úh � ?AQ¯?Fhâj}ôKJ �¶� / � “ jõôLJÜ/� � ��=	� ,p C ”Ä�ÆW�.?FhzQB!�h � ?AQ¯?Fh}ÒÔj}ôLJ ��� I �¼¤Pò �¡G¾� �¼¤ Õ / � “ jNM/O � JQP / � � ��=	� ,p C ”
(using in the last equivalence the inductive hypothesis (iii)); the statement in
quotation marks here is actually a l * sentence in � ÚÛ ë Ú� about 
 � H ; so let us
call this R}=S
 � H>C�d Note that the map =S
 � HñC�T�UR}=S
 � H>C can be assumed recursive.
Using the Proposition 8 the last equivalence becomes:Ä�ÆW�.?FheQã!úh � ?AQ¯?FhV& � * =WR}=S
 � H>CìC G � �¤Ä�ÆX& � * =WR}=S
 � H>CìC G � × .

We thus have 0 *ô ö M * ��× . This implies that 0z× is recursive in =Ô0 *ô ö C32�M ¹�Y2× d Hence (i) holds: 0 × is arithmetic in � × . This leaves (iii): ·Í=>� × C[Z @¯Ö × (for
otherwise · =>��×oC�@7Öè5 for an !B@�Ø , hence 0z× G j}ô ö . This is a contradiction



Ultimate truth vis à vis stable truth 11

as 0 *× �G j}ô ö d�C But ��× is l , =Ôj}ô ö C . Hence · =>��×ñCõ�^Öè× as required.

Case 2 Ø is a limit ordinal, and j�ô ö / ��l * -Separation.

Now there is no such parameter B as in Case 1. However now let Ò � ,� / H Gf Õ enumerate all l , -sentences of �OÚÛ .
“ H G 0 × Ä�Æyr[tej ô ö¼/ � � ,�Ä�ÆW�¶!�h � ? ] !�hHj}ôLJN/� � ,�

We should justify this last equivalence: suppose
� ,� is �!� �\�]; �o=	� �<� C . ( �¢Æ¯C If^ is such that j ô ö�/ � ���]; �o=	� � ^ C , then we may choose ! h @7Ø with ^ G j ô  � .

Then
� ? ] !�hHj}ôKJR/� �\�]; �o=	� � ^ C . ( Ä��ûC Fix !�h . By Proposition 5, find!�hyM E @®Ø with jõôL_ø«Vá � j}ô÷ö . Now if jõôK_�/� �\�]; �o=	� � ^ C , this is a ² *

sentence about ^ that persists upwards to j�ô ö . ` Now, assuming !�h is such aE��
we continue, using similar reasoning:Ä�ÆW�¶! h � ? ] ! h j ô J ��� / � “ j ô JN/� � ,� ”Ä�ÆW�¶!�h � ? ] !�h¯ÒÔj}ô J ��� I �¼¤_ò �¡G¾� �¼¤ Õ / � “ j M/O � J#P / � � ,� ”

(again using in the last equivalence the inductive hypothesis as before); now
the sentence in quotes depends only on H , so let us call it R}=WH>C , again with HaT�
R}=WH>C assumed recursive. For the same reasons, we have the last equivalence:Ä�ÆW�¶!�h � ?AQB!�h*& � * =WR}=WH>CìC G � �¤Ä�ÆX& � * =WR}=WH>CìC G � × .
Thus 0�×¾M * ��× and the reduction here ( & � *cb RúC is independent of Ø .

QED (Lemma 2)

Proof of Theorem 3. As stated at the beginning of this “third demonstra-
tion”, we could consider running Field’s construction inside j , indeed in-
side j�á�d The defining clauses of his semantic value assignments form a l , -
recursion. We note then:
(1) / 0�/ k = / 0K/ á for any sentence 0 of � � d Hence ��k��7��á .
Proof: Immediate from the fact that there is a uniform l , -recursion in the
sentence variable 0 that defines these values over any jed , if gÜ�7Ö/d , say, and
then / 0�/ d will be l , -definable over j�d . Focussing on j¼k � and j�á respec-
tively, we have that j�kz«�áæå�j¼á , and the result then follows.

QED(1)
(2) If / 0�/ k = 0 (resp. 1) then

� ! G =ñm � l�C¼/ 0�/ 5 = 0 (resp. 1).
Proof: Suppose this were false for some particular 0 with, say, / 0�/ k = 0, but/ 0�/ 5fZ� 0. Suppose ?+hu@øm is such that

� ? G =Ì?+h � m.Cè/ 0K/ ¤ = 0. By suppositionj�áR/ �®�¶! Q ?+h_/ 0K/ 5gZ� 0. The latter is a l * sentence about 0 and ? h and
will reflect down to j�k (as all l , -sentences about objects in j�k do). Hencej¼ke/ � �¶!£Q�?Fh_/ 0�/ 5gZ� 0. However this contradicts our choice of ?�hih QED(2)

However (1) implies that the distribution of semantic values according to
Field’s clauses are exactly the same at stage m and at stage l . Hence they will
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be identical at stage m�$ø& and l%$ø& etc., etc. The force of (2) is that any 0,1
semantic value assigned at stage m to a sentence 0 will remain assigned at all
later stages. Hence m is an acceptable point.
(3) m is the least acceptable point.
Proof: Suppose for a contradiction that é¥@^m was the least acceptable point.
We claim there is a j�@ãm which is an acceptable point and further j0k�/��l * -
Separation. This is because j á / � “There exists j�Q1é with �lk �ó�¼ç andj�ke/� l * -Separation” ( m is such). Hence there is such a j�@ãm . However then
we have that �6k�����k . This is a contradiction since, by Lemma 2, 0mk and 0�k
are recursively embedded into �lk � ��k via the same function. Since 0nkoZ��0�k
(because =Ôj¼k � j¼áúC are the least pair of levels of the j -hierarchy with the samel , -theories) we cannot have �lk�����k ! Contradiction! QED(3)

The sequence of sets of assignment values will then reappear with a peri-
odicity l , as required for the theorem. QED(Theorem 3)

Proof of Theorem 2 Lemma 2 shows that �� M * i . However the argument at
(1) above shows that there is a l , formula

; = � h)C G �NÚÛ so that 0 G i if and
only if

; =Ô0eC is true at j�k (equivalently j á ). Hence iÇM * �� . The result fol-
lows by the effective Cantor-Schröder-Bernstein Theorem mentioned above.

QED(Theorem 2)

3. Further equivalences.

Fact 1 p The following are recursively isomorphic:
(i) � ; (ii) 0zk ; (iii)

~
; (iv)

|
.

We introduce some nomenclature (taken from (Hamkins and Lewis, 2000))
in order to talk about the class of infinite time turing machine (ITTM) compu-
tations. This will be the straightforward generalisation of that from ordinary
recursion theory. We let ÒÔ�rqà/ ½ G f Õ be an enumeration of all ITTM pro-
grams (which are no different from ordinary Turing programs, apart from
the addition of a single new “limit state”, s � , to which the machine enters
at limit stages of time). We use the notation that “ � q =S
æCmtfH ” to mean the
computation halts with output tape containing the string H G " Þ . “ � q =S
æCè/ ( ”
means that the computation halts, or eventually enters an infinite loop, but
that ( (the infinite string of zeros) remains on the output tape (even if the
machine has not formally halted). Note there is, as expected, a third class of
computations: it may be that the ½ ’th program on input 
 loops without any
stable contents on its output tape, we denote this as usual : “ � q =S
æC0u ”. � to
follow is a generalisation of Turing jump.

DEFINITION 6. �â��rÓtK'¿½�<\�cq¿=Ô(_Cè/ ( -
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A perhaps more understandable version of any of the sets we have been
considering is the set

~
, the complete arithmetic quasi-inductive set of in-

tegers. To see what
~

is we follow Burgess (Burgess, 1986) (who distilled
this definition from that of a Herzberger revision sequence), and consider the
following.

Let v�<xwZ=Ìf¼Cu� wZ=Ìf¼C be any arithmetic operator (that is “
¸ G v�=Ìª%C ”

is arithmetic; we emphasise that v need be neither monotone nor progres-
sive). We define the following iterates of v�<9v}h\=Ìª%Cû�yv¼=Ìª%C�ßzv�5 � * =Ìª%Cs�v�=Wvú5�=Ìª%CìC�ßzvxd+=Ìª%Cû�-{}|}~�|��7� 5�� dNvú5�=Ìª%C���� 5!� d Ù d#�æ¤�� 5 vú¤ =Ìª%C�d We say
that

) ±Åf is arithmetically quasi-inductive if for some such v � ) is (1-
1) reducible via a recursive function to v�� F =>ý�C . The complete arithmetically
quasi-inductive set

~
, to which all others are similarly reducible, has then also

the various recursively isomorphic characterisations stated in Fact 1 above.
The list of recursively isomorphic sets displayed in the fact above all arise
from definitions or procedures that can be seen to be fall under the scheme
of being arithmetically quasi-inductive. It can be shown that the set of stable
truths of a Herzberger revision sequence, and Field’s set of ultimate truths,
can be obtained via an arithmetic quasi-inductive definition.

* h Each ITTM
program can be thought of as producing a set of 0/1 values on an infinite tape
according to a recursive quasi-inductive definition. Moreover, by considera-
tion of a universal ITTM program, one may see that the complete arithmetical
quasi-inductive set is in fact recursively quasi-inductive (and hence so arei � | dèdèd etc.) A further example of an occurrence of this scheme appears in
computer science: see (Kreutzer, 2002) where the author seeks to separate out
various fixed point logics on finite structures, by considering essentially the
same kind of infinite quasi-inductive process.

COROLLARY 1. Let ÒÔ0 F / ¸ G f Õ be a recursive enumeration of all sen-
tences of �{� . Let 2q±B� be any arithmetical quasi-inductive set. Then there
is a recursive (1-1) function

�
so that so that 2#��' ¸ <_0 t O F P G i - d

Perhaps unsurprisingly:

COROLLARY 2. / � �.��� is not axiomatisable.

The last part of the Remark (ii) - that certain theories are insufficient for
the conservativeness result of Field’s Sect.6 - is only an observation that is
a consequence of the fact that such theories cannot prove the existence of
acceptable points, in particular of m . The least ? -model of ` *� - ��0�h occurs
as the set of the reals of some level j�L of the constructible hierarchy, for an
ordinal

E
that is much smaller than m . Hence we can find such a model con-

taining no code for a wellordering along which we can perform an arithmetic
quasi-inductive definition and reach a point in the ordering where we have



14 P.D.Welch

a repetition in the values produced. In other words such orderings have no
“acceptable” points.

Notes

�
In brief, this is second order number theory with a set induction scheme, but with

comprehension restricted to formulae expressible in a
� �� fashion.å

In a nutshell: we are working in a part of the constructible hierarchy, where each level has
a � � -truth set that is definable using, in general, a necessary infinite ordinal parameter. This
parameter has a � å -definition over �  but not a uniform one independent of � . For �  which
are models of � � -Separation, there is in any case no such parameter from which all sets are� � -definable. However for these latter �  , we do in fact have a uniform way of recovering a� å truth set, as this is the “liminf” of the previous � å -truth sets for the models � J������ ��� .�

One might further add that a similar situation pertains to the least Kripkean fixed points
under the various schemes, such as weak- and strong-Kleene, and the supervaluation scheme:
such sets are all recursively isomorphic - without there being any obvious recursive “transla-
tion” mechanism.�

This means that for some ����� we have that �\�r�x�D�c��� , the subscript � å indicating that� å formulae with parameters allowed from � � have the same truth value in both structures. 
Actually the theorem cited shoes that �¡� is a model of the

� å -Comprehension, and � å -
Collection Schemes, but from these two the � � -Separation scheme follows.¢

The existence of such a parameter can be established as follows: suppose there were no
such £ . Then the � � -skolem hull of ¤ in ��¥S¦ , is not all of �§¥S¦�¨ one can argue that this hull
is transitive, and in fact is thus �  ª© for some �¶� �*« ö . Hence �  ª© � �Q¬ �§¥S¦ . Now consider
the � � -skolem hull of z� �¯® in � ¥ ¦ ; again by supposition this is not all of � ¥ ¦�¨ it is transitive
and hence is some �  ¬°�x�Q¬[� ¥ ¦ , with � � � � � ��« ö . Continuing in this way we could
create an infinite chain of such substructures of ordinal height ��± �²« ö . This would contradict
Proposition 5. In such a situation as here there is a “standard � � -parameter” £0³´£ �¥S¦¡µ ��¥S¦ , so
that �§¥S¦ is the � � -skolem hull of the singleton set L£ ®/¶ Such a parameter is least in a particular
wellordering on finite sequences of ordinals below « ö . It can be shown that in our situation this
standard parameter is a single ordinal · �V« ö¹¸ , (perhaps just 0). For a fuller account of such
parameters and hulls see (Devlin, 1984) IV.º

The point here is that if we suppose that � ¥ ¦¼» ³ “£½³¿¾ åð ” where ¾ åð ³y£ÁÀ6ÂÃDÄ�Å#Æ/Ç ð � Ä�ÈSÆ#È £�� , then if � ¥ ¦Y» ³ ÅÉÆ/Ç ð �}Ê ÈWÆ#È £�� for some particular Ê we may take � � suf-
ficiently large so that Ê µ � ¥WË © . Then for any ���+� � we shall have � ¥SË » ³ Å#Æ/Ç ð �}Ê ÈSÆ#È £��
(as the latter is a Ì � , i.e. a universal statement). Thus £ is named in the same way by ¾ åð in
all such structures. Note that £ will have other, different, � å names in each such structure, but
they will not necessarily persist upwards to � ¥ ¦ .Í

Note how this argument can fail if � ¥ ¦ is not a model of � � -Separation: take Î�³ÐÏ , andÑ åÒ as “there is a largest admissible ordinal”. Then for all Ó µ Ï È � ¥WÔ » ³ Ñ åÒ , but this sentence
is false in � ¥	Õ (and moreover ÖÉ× � �¹Ø��}Ù �S� µ �\Ú ).Û

The equivalence of (i) and (ii) is (Welch, 2000) Thm 2.6; whilst working on this latter
paper, we were unaware of the very concrete links with the much earlier work of Burgess in
(Burgess, 1986). There he explicitly states the equivalence of (iii) and (iv) as Prop.13.1; but
the equivalence of (ii) and (iii) is essentially his Theorem 14.1 there too.� � This is done directly for the Herzberger sequence with a null starting hypothesis in
(Burgess, 1986).
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