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Abstract

This paper presents a substantially simplified axiomatization of Map Theory
and proves the consistency of this axiomatization in ZFC under the assumption
that there exists an inaccessible ordinal.

Map Theory axiomatizes lambda calculus plus Hilbert’s epsilon operator.
All theorems of ZFC set theory including the axiom of foundation are provable
in Map Theory, and if one omits Hilbert’s epsilon operator from Map Theory
then one is left with a computer programming language. Map Theory fulfills
Church’s original aim of lambda calculus.

Map Theory is suited for reasoning about classical mathematics as well as
computer programs. Furthermore, Map Theory is suited for eliminating the
barrier between classical mathematics and computer science rather than just
supporting the two fields side by side.

Map Theory axiomatizes a universe of “maps”, some of which are “well-
founded”. The class of wellfounded maps in Map Theory corresponds to the
universe of sets in ZFC. The first axiomatization MT(y of Map Theory had ax-
ioms which populated the class of wellfounded maps, much like the power set
axiom et al. populates the universe of ZFC. The new axiomatization MT of Map
Theory is “synthetic” in the sense that the class of wellfounded maps is defined
inside Map Theory rather than being introduced through axioms.

In the paper we define the notions of canonical and non-canonical k- and
ko-expansions and prove that if o is the smallest strongly inaccessible ordinal
then canonical ko-expansions are models of MT (which proves the consistency).
Furthermore, in the appendix, we prove that canonical w-expansions are fully
abstract models of the computational part of Map Theory.
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Map Theory is an axiomatic theory which consists of a computer program-
ming language plus Hilbert’s epsilon operator. All theorems of ZFC set theory
including the axiom of foundation are provable in Map Theory, and if one omits
Hilbert’s epsilon operator from Map Theory then one is left with a computer

programming language (cf. Section 2.5).

Map Theory is suited for reasoning about classical mathematics as well as
computer programs. Furthermore, Map Theory is suited for eliminating the



barrier between classical mathematics and computer science rather than just
supporting the two fields side by side. A core benefit of Map Theory is that it
allows to mix recursive programs and quantifiers freely, as exemplified in Section
2.3 and Example 4.5.2.

1.1. Map Theory and its axiomatizations

The first axiomatization of Map Theory [9], which we call MTy in this pa-
per, had complex axioms and a complex model. [4] provided a simpler model.
The present paper provides a simpler and more synthetic, while more powerful,
axiomatization which we call MT, and proves the consistency of the enhanced
system starting from the canonical models of MTy built in [4].

Map Theory is an axiomatic system, but it does not rely on propositional
and first order predicate calculus. Rather, it is an equational theory which relies
on untyped lambda calculus. In particular, models of Map Theory are also
models of untyped lambda calculus. We refer to the elements of such models as
maps. As for A-calculus, programming is made possible in Map Theory by the
adjunction of compatible reduction rules.

Map Theory generates quantifiers and first order calculus via a construct
(i.e. language construct) €, whose semantics is that of Hilberts choice operator
acting over a universe ® of “wellfounded maps”. The e construct is axiomatized
through the “quantification axioms” (four equations).

Apart from ¢, MT and MTy have in common a few elementary constructs
and related axioms which take care of the computational part of Map Theory,
and simultaneously bear some other meanings [9]. Some “sugar” has also been
added to MT, but this is inessential.

Apart from e and the elementary constructs, MT, has only one construct
¢, which is in spirit the characteristic function of ®. MT, has the power to
embody ZFC because ¢ satisfies ten equations, each axiomatizing one specific
closure property of ®, and it also has one inference rule for wellfoundedness.
Having ten axioms, even if some of them are not intuitive, was acceptable (after
all ZFC also has many existence axioms) but not satisfactory in that all the
closure properties are instances of a single, although non-axiomatizable, Generic
Closure Property (GCP, [4], also stated here in Section 7.8). GCP was one of the
founding intuitions behind Map Theory (cf. [9]), it was satisfied in our models
of MTy, and our desire was to reflect it at the level of syntax.

With the present MT not only do we solve this problem (whence “synthetic”)
but we also eliminate the construct ¢, the ten axioms, and the inference rule,
replacing them by ... nothing (whence “simpler”). Moreover, the new system is
stronger than MT(. That one construct, ten axioms, and a rule can be replaced
by nothing should be taken with three grains of salt as explained in the following.

The Definability Theorem (Theorem 10.1), which is the most difficult result
of the present paper, tells us that if we take ® to be the smallest universe
satisfying GCP, then its characteristic function ¢ happens to be definable from
other MT constructs as a term 1) (defined in Section 4.6). The first grain of salt
is that when we eliminate ¢, we replace it by 1 in the quantification axioms.



The second grain of salt is that for defining v we need to add a construct E
(“pure existence”) and its related axioms. However, and in contrast to ¢, E is
very simple to describe, to axiomatize, and to model, so the cost of that is small.
The third grain of salt is that the definition of ¢ also requires a minimal fixed
point operator. Fixed point operators come for free with untyped A-calculus,
but forcing minimality at the level of syntax requires to axiomatize it w.r.t. some
pertinent and MT-definable order. This too can be done, and at a rather low
syntactic and semantic cost. In fact, besides finding the order, the cost is the
addition of three inference rules which express monotonicity (Mono), minimality
of fixed points (Min), and extensionality (Ext), c.f. Section 4.2 and 4.3.

Finding the right MT was of course already a challenge, but proving its
consistency was another one. Fortunately, the consistency of a system only has
to be proved once, while hopefully the system will be used many times, so having
a simpler system is a gain, even if its consistency proof is demanding.

To give an idea of the difficulty of finding an appropriate and consistent
MT, it is worth noticing that a first “synthetic” version of MT, called MT,,
was present in [10], that many proofs have been developed in it (which should
be easy to translate to MT), but that the consistency of MT, is still an open
problem. We will come back to MT. in Section 2.2.

1.2. The consistency of MT

We prove the consistency of MT in ZFC+SI where ZFC+SI is ZFC extended
with the assumption that there exists an inaccessible ordinal (where inaccessible
means strongly inaccessible, c.f. Section 6.1).

We prove the consistency by showing that some of the models of MT( built in
[4] can be expanded to model MT also. More specifically, the “canonical” models
of MTy can be used, provided they are constructed using the first inaccessible
cardinal o,.

The most difficult part of the consistency proof for MT is the Definability
Theorem (Theorem 10.1) which states that ¢ = 1. The proof can be found in
Sections 10-12 and uses that g, is the smallest inaccessible.

Furthermore, MT has some new inference rules (Mono, Min, and Ext) whose
satisfaction requires canonicity. They are treated in Section 9.

Not all models of MTy can be enriched to a model of MT; in fact MT has
necessarily much fewer models than MT c.f. Section 5.4.

1.8. Relation of MT to other systems

MT( was the first system fulfilling Church’s original aim at the origin of the
creation of (untyped) A-calculus [5, 6]. Church’s aim was to give a common
and untyped foundation to mathematics and computation, based on functions
(viewed as rules) and application, in place of sets and membership. As is well
known, Church’s general axiomatic system was soon proved inconsistent, but its
computational part (the now usual untyped A-calculus) had an immense impact
on computer science. The various intuitions behind Map Theory, its very close
links to Church’s system, its advantages w.r.t. ZFC, including an integrated



programming language, and a much richer expressive power (classes, operators,
constructors, etc. also quite directly live in Map Theory), all this was developed
in [4, 9] and remains true for MT. The differences between MT and MT, are
summarized in Sections 5.1-5.2 and are also discussed in Appendix B.

For a comparison of Map Theory with other foundational+computational
systems see [4, 9] and also Section 2.2 below. For a version of MT, with anti-
foundation axioms a la Aczel [1], see [16, 17].

In the present paper we will hence concentrate on: giving enough of the
intuitions on Map Theory to motivate the reader, to deepen the understanding
of MT and in which sense MT is an improvement over MTy, and to support
the technical developments that we will have to implement in order to prove
the consistency of MT. Appendix A explores the computational properties of
the simplest (i.e. the canonical) models of the equational theory MT, w.r.t. the
computational rules which are behind it.

1.4. Relation to the consistency proof for MTy

The present paper reuses a substantial amount of material from the con-
sistency proof for MTy in [4]. In the present paper we repeat definitions and
theorems from [4] that we need, but we do not repeat proofs. The intension
is to keep the size of the present paper down and at the same time make the
present paper readable without having [4] available. MT can be seen as obso-
leting MTy, but the present paper cannot be seen as obsoleting [4] since some
theorems needed in the present paper are proved in [4].

We compare MT and MT{ throughout the present paper. Among others,
that allows to reuse results from [4] where applicable and to explain which new
theorems are needed.

1.5. The structure of the paper

To ease navigation, the paper ends with an index (Appendix E). The table of
contents of course also supports navigation in addition to exposing the structure
of the paper.

Section 2 gives a preview of MT. Section 3 presents the semantics of MT in-
formally. Section 4 presents the axioms and inference rules. Section 5 describes
the consistency proof, the models in use, and compares MT to MT.

Section 5 ends with an overview of the consistency proof (Sections 6-13).

Appendix A addresses the adequacy, soundness, and full abstraction of ca-
nonical models with respect to the programming language underlying MT. Ap-
pendix B compares the strength of MT and MT,. Appendix D summarizes the
axioms and rules of MT.

2. Preview of MT

2.1. Map Theory is an equational theory

MT is a Hilbert style axiomatic system which comprises syntactic definitions
of terms and wellformed formulas as well as axioms and inference rules.



MT has two terms T and F which denote truth and falsehood, respectively,
and MT formulas have form A = B where A and B are MT terms. We refer to
such formulas as equations. In MT one cannot (Theorem 2.2.1) prove T = F.

2.2. Relation to ZFC

Set membership of ZFC is definable as a term E of MT such that Ezy = T
iff the set represented by x belongs to the set represented by y (c.f. Example
4.5.1). We use the infix notation x€y for Exy. Also definable in MT are universal
quantification 9, negation =, implication =, the empty set @, and so on.

For suitable definitions of set membership and so on, each formula A of ZFC
becomes a term A of MT. The general idea is that if A holds in ZFC then
A = T holds in MT. As an example, Vz: x¢( is a formula of ZFC, V. x¢(2) is the
corresponding term of MT, and Vz.z¢0 = T holds in MT. The term Vz. 2¢0 is
shorthand for V(\z. ﬂ(xe(l))).

We now make the statements above more precise. Let o, be the smallest
inaccessible. Let x be a regular cardinal greater than o,. Let My, be the
canonical ko,-expansion built inside ZFC+SI in Section 8. The present paper
proves the following main theorem:

Theorem 2.2.1 (Consistency Theorem). M, satisfies MT.

Stated another way, the xo,-expansion M, is a model of MT. Since T trivially
differs from F in all ko-expansions, the statement trivially implies the consis-
tency of MT. We prove the Consistency Theorem in Sections 6-13 and conclude
the proof in Section 13 where we restate the theorem as Theorem 13.1.

Now let —=SI be the assumption that there exist no inaccessible ordinals
and let V,, be the usual model of ZFC+-SI in ZFC+SI. For arbitrary, closed
formulas A of ZFC we have:

Theorem 2.2.2. V. satisfies A iff Mo, satisfies A=T.

Theorem 2.2.2 follows easily from [4, Appendix A.4] and the fact that M,,,
builds on top of the model built in [4]. As a technicality, MT and MT, have
slightly different syntax, but for closed formulas A of ZFC, A only uses con-
structs which are common to MT and MTy, and Theorem 2.2.2 carries over
from MT( to MT without changing the definition of A.

Conjecture 2.2.3. If A is provable in ZFC+-SI then A = T is provable in
MT.

Conjecture 2.2.3 is supported by the following:
Theorem 2.2.4 ([9]). If A is provable in ZFC then A = T is provable in MTy.

Theorem 2.2.5 ([10]). If A is provable in ZFC then A = T is provable in
MT. where MT,. is the version of Map Theory defined in [10].



MT, resembles MT, but all attempts to prove MT, consistent have failed. A
proof of (=SI) = T in MT, should be easy. To prove Conjecture 2.2.3 one has
to prove (—SI) = T in MT and to translate the proof of Theorem 2.2.5 to MT.
This remains to be done.

It is not really intended that (—SI) = T should be provable in MT; it is
rather a side effect. The original MT( was designed to be “as flexible as ZFC”,
and is in particular consistent with SI = T as well as (=SI) = T. The MT)
system has a constant ¢ and a group WF of axioms and inference rules which
comprises the three wellfoundedness axioms, the seven construction axioms, and
the inference rule of transfinite induction of [9]. MT replaces the characteristic
function ¢ of ® by v. That makes MT more rigid since v corresponds to the
minimal possible ®. This should make (=SI) = T provable since the minimal
® is analogous to the minimal V,, in ZFC+SI. The proof of (=SI) = T in MT
remains to be worked out.

2.3. Recursion

MT has a number of advantages over ZFC. One is that it allows to combine
unrestricted recursion with arbitrary set constructors. As an example, suppose
that Uy, Uz, {z}, and {A[z] | z€B} are the binary union, unary union, unit
set, and replacement set operators of ZFC, respectively, translated into MT.
One may define the successor ordinal succ(z) thus in MT:

suce(z) = z U {z}

And then one may define the set rank operator p(z) thus:

p(z) = | J{suce(p(y)) | yéx}

In this paper, = is used for definitions. In MT, definitions are allowed to be
recursive like the definition of p above where the defined concept p appears in the
right hand side of its own definition. Recursive definitions in MT are shorthand
for direct (i.e. non-recursive) definitions which involve the fixed point operator
(cf. Section 3.2).

ZFC includes no fixed point operator. ZFC permits definition by transfi-
nite induction, which resembles primitive recursion, but does not support unre-
stricted recursion like MT does.

Now let Jz. A and ez. A be defined as in Section 4.5 and let z€y and zAy
be defined as in Example 4.5.1. Under reasonable conditions, ex. A chooses a
wellfounded = such that A is true. The definition of p in MT above does not
rely on ordinals or transfinite induction. Rather, in MT, one may define p as
above and then use it to define the class Ord of ordinals:

Ord(z) = y. 2€p(y)

As another example, in MT we may use Hilbert’s choice operator e recursively
to define a well-ordering of any set. Let a be a map which represents the set



to be well-ordered (for the representation of sets by maps see Example 4.2.1).
Then define:

fla) = ex.x€gla)
gl@) = a\{f(y)]|r€a}
r<y = da.x€a\g(a)AyéEgla)

Above, < is a well-ordering of the set represented by a. Note that succ, p, Ord,
<, and so on can themselves be taken to be terms of MT since we could define
e.g. Ord = A\z. Jy. 2E€p(y).

2.4. Russell’s paradox

In naive set theory, define S = {z|z € 2} and R = S € S. We have
reSergrand Re Se S S¢S < —R which is Russell’s paradox.
The paradox states that negation has a fixed point, which is impossible in a
consistent, two-valued logic.

In ZFC, the paradox is avoided by banning S, but that is not an option in
MT which allows recursion. As an example, one may define Russell’s paradoxical
statement R thus in MT:

R =R

In MT,if R =T then R =T =F and if R = F then R = ©“F = T so R equals
neither T nor F. Indeed, MT has a fixed point operator Y and an element L
playing, among others, the role of the third logical value “undefinedness”; and
it is indeed provable in MT that R = Y= = L.

2.5. Programming

Another advantage of MT over ZFC is that if one removes Hilbert’s € from
the core syntax of MT then one is left with a Turing complete computer program-
ming language. This language is a type free lambda calculus with uhr-elements
and the programs are closed e-free MT-terms.

The present paper is about MT as an equational axiomatic theory. That MT
can be used for programming should be seen here as motivation only. When
speaking of programming with MT it is understood that we have furthermore
included compatible reduction rules (cf. Section 3.5). We now elaborate on the
programming motivations.

Having a computer programming language as a syntactical subset of the
theory allows to reason about programs without having to model the programs
mathematically. That simplifies the field of program semantics considerably.
For a simple example of programming and reasoning in MT, see Example 4.2.1.
Map Theory also provides good support for reasoning about languages different
from its own.

Since MT contains a computer programming language, a programmer may
ask questions like:

e Is it possible to implement arbitrary algorithms efficiently in the language?
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e Is it possible to download compiler, linker, and runtime system for the
language?

e Is it possible in the language e.g. to receive mouse clicks from a user, to
write bytes to a disk, and to display graphics on a screen?

The answers to these questions are yes (cf. http://lox.1la/).

Sections 3.5-3.9 describe the computational aspects of MT. Appendix A
proves some results on computational adequacy, soundness, and full abstraction.
http://lox.la/ elaborates on MT as a programming language.

3. Informal semantics

3.1. Introduction

To introduce ZFC one will typically give some examples of finite sets first.
Actually, ZFC is nothing but the theory of finite sets extended by an infinite set
w. Likewise, MT is nothing but the theory of computable functions extended
with Hilbert’s non-computable epsilon operator.

3.2. Syntax
The syntax of variables, terms, and wellformed formulas of MT reads:
(var) o= z|ylz]--
(term) = (var)
| A(var). (term)
| (term)(term)
| T
| if[(term), (term), (term)]
| L
|  Y{(term)
| (term)||{term)
|  E(term)
| e(term)
(wif) = (term) = (term)
Or, terser:
V = z|ylz]| -
T o= VIXTI|\TT|T|K[T, T, TV | LIYT|TIT|ET |eT
W = T7T=T

Recall from Section 1 that we use construct as a shorthand for language con-
struct. The intuition behind the constructs above is as follows:

Ax. A denotes lambda abstraction.
juxtaposition denotes functional application. As an example, fx denotes f

applied to z.
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T denotes truth. Falsehood F is not included in the syntax; we define it by
F = Az. T. Later, we also use T to denote the empty set, the empty tuple,
and the natural number 0.

if denotes selection; we have if[T,b,c] = b and if[Ax.A, b, ¢] = c. Later, we also
use selection to define a pairing construct b::c = Az.if[z, b, c].

L denotes undefinedness or infinite looping.
Y denotes a fixed point operator; we have Y f = f(Yf) for all f.

|| denotes parallel or; a || b equals T if a or b or both equal T. Parallel or ||
is neither needed for developing ZFC in MT nor convenient when pro-
gramming. Parallel or is merely included for the sake of a full abstraction
result. We use full abstraction to explain equality in Section 3.8.

E denotes pure existence; we have Ea = T iff axz = T for some z.

e denotes Hilbert’s choice operator; under reasonable conditions, €a is a well-
founded x such that axr = T. Wellfoundedness is explained in Section
3.10

= denotes equality. Equality is described in Section 3.8.

We use Azy. A to denote Ax. Ay. A. Furthermore, application AB is left associa-
tive and has higher priority than Az. A so e.g. Azxy. zyy means Az. Ay. ((xy)y).
The term aAb. cd means a(Ab. (¢d)) since abstractions extend as far as possible
to the right but cannot extend to the left. Binary operators like « || y have prior-
ity between application and abstraction so Az. zx || zz means Az. ((zz) || (zx)).
Occasionally, formally superfluous parentheses are added for the sake of read-
ability.

3.3. Ezpansions and models

In Section 5.2 we introduce the notions of k- and ko-expansions.

k-expansions are mathematical structures defined for all regular ordinals
k > w and they model all constructs of MT except €. In contrast, kKo-expansions
are defined for all regular kK > o where o is inaccessible, and ko-expansions
model all constructs of MT. Apart from that, x- and ko-expansions are identical.

All k- and ko-expansions satisfy some axioms and inference rules of MT and
some ko-expansions satisfy all of MT. We refer to ko-expansions which model
all of MT as ko-models.

Let M, and M, be the canonical k- and ko-expansion, respectively, as
introduced in Section 5.3. For each regular x > w there are many k-expansions
but M, is the only canonical one, and likewise for ko-expansions.

As already stated in the Consistency Theorem, M, models MT if g, is the
first inaccessible and x > o, is regular.
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3.4. MTget

Let Youry = Af. (Az. f(zz))(Az. f(zz)) and Lcury = YournyAz. 2. In cano-
nical k-expansions we will prove that

Yf = YCurryf
L = lcumy = (Az.zz)(Az.zx)

Thus, without loss of power and consistency, one might omit 1 and Y from the
syntax and use Lcyrry and Ycurry instead. Doing so, however, would reduce the
number of possible models of MT. Thus, we include L and Y in the syntax and
prove the two equations above as separate theorems which are only guaranteed
in canonical expansions. Inclusion of L and Y also simplifies the consistency
proof since modelling of Y f and proving Y f = Ycuiry f can be treated separately.
We use MTges to denote the version of MT where we omit L and Y from the
syntax.

3.5. Basic computation

The constructs Az. A, AB, T, and if[A, B,C] together with adequate re-
duction rules (defined below) form a computer programming language. The
language is Turing complete in the sense that any recursive function can be
expressed in it.

In this section, A and B denote terms, a, b, ¢, and r denote closed terms, and
x, y, and z denote variables. (A | z := B) denotes substitution with renaming
of bound variables as needed.

From a theoretical point of view, and very remote from the implementation
in [11], one can define the programming language by the smallest relation 5
which satisfies:

Tb 507
(Az. A)b 5 (Alz:=0)
if[T, b, c] E
if[Ax. A, b, ] Lo¢
1 1
a—=r = ab—>rb
ar = ifla,b, (] N if[r, b, c]

As an example of a reduction, if[Az. z, Ay. y, A\z. 2] T reduces to T:
ifAz. 2, Ay y, Az 2] T 5 (A2 2) TS T

We have specified leftmost reduction order so that e.g. if[T, T, (Az. zz)(Az. zz))
reduces to T without (Az.zx)(Az. zx) being reduced.

Suppose a % b. Under this assumption, a = b is provable in MT using only
elementary axioms and inference rules. Hence, a = b holds in all models of MT.
Also, a = b holds in all k-expansions, even those which do not model all of MT

13



(cf. Theorem 7.5.1). That holds for the definition of a 2 b given above as well
as for the extensions given in the following.

We say that a term is a root normal term if it has form T or Az. A. Reduction
stops when a root normal term is reached. As an example,

(Azy. x)(Az. zz)(Az. z2T))
reduces to
Ay. (Az. zx)(A\z. zax)

which cannot be reduced further. In particular, the term above does not reduce
to Ay. (Az. xzx)(Az. zzx). We refer to terms of form T and Az. A as true and
function normal terms, respectively.

3.6. Further computation

One may extend the programming language by the constructs L, YA, A || B,
and EA. One cannot extend the programming language by €A because € cannot
be seen as computable.

In this section, a, b, ¢, f, and r denote closed, epsilon free terms.

The constructs 1. and Y may be defined or may be included in the syntax.
If they are defined, they need no reduction rules. If they are included in the
syntax, their reduction rules read:

5 0

1

Yfo—= f(Y))

The construct a || b can be computed as follows. Reduce a and b in parallel. If
one of them reduces to T, halt the other reduction and return T. If both reduce
to function normal terms, return \z. T.

The construct Ea can be computed as follows. Reduce ab for all closed terms
b in parallel. If ab reduces to T for some b, halt all reductions and return T.
Otherwise, proceed computing indefinitely.

The construct Ea is not very useful in computer programs since Ea either
loops indefinitely or returns T. The construct a || b is slightly more useful
since it has two possible return values, T and Az. T, but it is still not a pop-
ular programming construct, and few programming languages support it. The
implementation in [11] supports neither Ea nor a || b.

The construct Ea is needed for defining 1 (c.f. Section 4.6) and so is indirectly
needed for axiomatizing Hilbert’s choice operator e. The construct a || b is
included for the sake of full abstraction.

Reduction rules for a || b read:

T b LT
Az. A)||b > i, T, 2. T]
abr = (allb) S|

14



Note the swapping of arguments in the third rule above. The swapping makes re-
duction alternate between reduction of @ and b. As an example, (Az. zz)(A\z. x) ||

TLT| Oe.2)Az2) ST,

Giving a reduction rule for Ea is more complicated. To reduce Ea we need
to reduce ab for all closed terms b in parallel. Now define

S = G = Jryz.z2(y2)
K = G = \y.zx
C3 = T
Cs = Iayz.iflz,y, 2]
C5 = 1
C = .Yz
G = Auy.(z )
Cs = Mx.Ez

We refer to terms built up from the eight combinators above plus functional
application as combinator terms. Every closed, epsilon free term of MT is com-
putationally equivalent to a combinator term. Thus, we may compute Ea by
applying a to all combinator terms b:

Ea 5 aG Il --- 1l aCs || Ex. Ey. a(xy)

1 1
a—>r = Ea—Er

Above, Ex. A denotes E(Ax. A). To see how E works, first note that Ea by
definition reduces to

aCy || -+ || aCs || Ez. Ey. a(zy)
Second, note that the last factor Ez. Ey. a(zy) in turn reduces to

(Ey.a(Cuy)) I -+ I (Ey- a(Csy)) || Eu. Ev. Ey. a((uv)y)
Third, note that the first factor Ey. a(Cyy) in turn reduces to

a(CiCy) || -+ || a(C1Cg) || Eu. Ev. a(Cy(uv))

The penultimate factor a(C;Cg) shows that a, among other, is applied to the
combinator term C;Cg. In general, reduction of Ea causes a to be applied to all
combinator terms in parallel.

We have now given reduction rules for reducing arbitrary closed, epsilon
free terms. We give no reduction rules for ea since, as mentioned, it is not
computable.

3.7. Programs

We refer to closed, e-free MT terms as MT programs. Likewise, we refer to
closed, e-free MTger terms as M Tyt programs and to closed, e- and ¢-free MT
terms as MTy programs.

The programs of each of the theories are exactly the closed terms which are
reducible by machine. Here we do not require reduction to terminate: a machine
is supposed to loop indefinitely when reducing e.g. 1, and L is counted among
the programs.

15



3.8. FEquality

Wellformed formulas of MT have form A = B where A and B are terms. We
now present some intuition concerning equality.

Let A; be the set of MT programs that reduce to T, let Ny be the set
of MT programs that reduce to function normal form, and let /| be the set
of the remaining MT programs. We now define root equivalence a ~ b and
observational equality a =qps b.

Definition 3.8.1. For MT programs a and b define:
Root equivalence  a~b  iff (aeN, S beN)N(aeNy<beNy)
Obs. equality a=obs b iff ca~cb for all MT programs c.

Intuitively, equality of MT is observational equality. Technically, matters
are a bit more complicated:

Recall that the canonical k-expansion M, models all constructs of MT ex-
cept ¢ for all regular k > w. Now let a =, b denote M, = a = b. We have:

Theorem 3.8.2 (Full Abstraction of M,). a =obs b & a =, b for all MT
programs a and b.

See Theorem A.7.2 for a proof and Appendix A for related positive and negative
results. Full abstraction may help understanding MT except €.

We have a ~b < (a € Ny & be M)A (a € N & be N)) since each of a
and b belongs to exactly one of Ny, Ny, and N . Now for all a,b € M, define

a~ebe (a=TSb=T)A(a=x, L& b=, 1)

Let a =0, b denote Vee M,;: ca ~,; cb. The closest one can get to full abstraction
in the general case is the following purely semantical observation:

Fact 3.8.3. a= . b& a=,b foralla,bec M,, k> w, Kk Tegular.
The fact follows trivially from the definition of M, (cf. Section 8.7).

3.9. Semantic extensionality
Two MT programs a and b happen to be observationally equivalent iff

ayl...yn,\,byl...yn

for all n > 0 and all MT programs yi,...,Yyn. That follows directly from Theo-
rem 3.8.2 (=Theorem A.7.2), Theorem 9.1.2 (using k = w), and Theorem A.5.5,
and provides another intuitive description of equality. We also have:

Fact 3.9.1. Let a,b € M, kK > w regular. The following are equivalent:
ca ~, cb for all c € M,
ay1 - Yn ~ by1 - yn  foralln >0 and all y1,...,yn € M.

Fact 3.9.1 follows from Fact 3.8.3 and Theorem 9.1.2. The ZFC equivalent of
Fact 3.9.1 reads:

accebecforallsetsciff yca < yebfor all sets y

We refer to Fact 3.9.1 as semantic extensionality; we express it axiomatically in
Section 4.3.
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8.10. Wellfoundedness

We have now described all constructs of MT except . To describe € we first
have to introduce the notion of wellfoundedness.

To explain wellfoundedness we resort, as in [4], to any k-expansion M where
k is regular and greater than at least one inaccessible ordinal. We refer to
elements of M as maps.

For each inaccessible o < k there is a set ® of maps as defined in Definition
7.8.2. At the present stage there is no need to know what & is precisely except
that given k there is one for each inaccessible 0 < k. We refer to elements of ®
as wellfounded maps.

As before let V, be the usual (wellfounded) model of ZFC inside ZFC+SI
in which M itself is built. Although we will not use it in the present paper, we
recall from [4, Appendix A.4] that there exists a surjective function Z: d—V,
which allows to represent all sets of V,, by elements of ® (for a definition of Z
see Example 4.5.1).

The semantic definition of wellfoundedness given in Definition 7.8.2 is robust
in that it is pertinent for a large class of structures, it is close to the semantic
intuitions behind Map Theory, and it is independent of its diverse possible
axiomatisations. Therefore, it is the definition we retain in this paper, as we
did in [4] when treating MT\.

8.11. Provable wellfoundedness

Suppose now that o is the first inaccessible. Then, by the Definability
Theorem (Theorem 10.1) we have ® = {xeM | ¢z = T} where ¢ is the term
defined in Section 4.6.

Starting from 1 could hence give us an alternative definition of wellfound-
edness, but only pertinent for MT. The interest of the second definition is that
it comes with the proof theoretic notion of being provably wellfounded in MT,
which we describe now.

By definition, a closed term a is provably well-founded in MT if ¥a = T is
provable in MT. Likewise a is provably well-founded in MTy if ¢a = T is provable
in MTy where ¢ is a construct of MT intended to be the characteristic function
of ®.

In Section 4.6 we give examples illustrating that usual data structures are
provably wellfounded in MT (they were also provably wellfounded in MTy, but
with very different proofs).

Provable wellfoundedness is the relevant tool for developing proofs inside
MT and for interpreting ZFC in MT. But for the purpose of this paper, which
is to prove the consistency of MT, wellfoundedness as defined in Definition 7.8.2
is the most relevant and enlightening.

Now let ¥curry be defined exactly like ) except that all occurrences of Y and
1 are replaced by Ycurry and Lcurry, respectively. A closed term a is provably
wellfounded in MT e if ¥ourya = T is provable in MTqes. In canonical models
we have Y = Ycoury and L = Lcury. Thus, in canonical models, we have

¢ = wCurry and ¢ = {l‘eM | wCurryx = T}
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3.12. Hilbert’s choice operator

To explain € we resort, like in Section 3.10, to a k-expansion M where & is
regular and greater than at least one inaccessible ordinal.

We say that a € M is total, written Total(a), if ax # L for all z € ®.

We use ¢ to denote the intended interpretation of Hilbert’s choice opera-
tor. More specifically, € is a function of type M—M which has the following
properties for all a € M:

e(a) = 1 if =Total(a)

e(a) € @ if Total(a)

ale(a)) = T if Total(a) A Jz€d:iax =T

g(a) = ¢b if Total(a) A Total(b) AVzed: (ax =T ©bx=T)

In other words, ¢ is a Hilbert choice operator over ®. The last property above
is Ackermann’s axiom.

The strictness requirement that ca = L if —=Total(a) has two motivations.
First, MT includes an inference rule which implies that application is monotonic
for a certain order a < b so € must be monotonic in the sense that a < b must
imply ea = €b. Strictness together with Ackermann’s axiom and the definition of
a = b given later is sufficient to ensure monotonicity of €. Second, the strictness
requirement simplifies the quantification axioms stated later.

3.13. The need for inaccessibility

We repeatedly assume that o is the first inaccessible and that x is greater
than o. That may give rise the questions: Why inaccessible? Why first? Why
greater?

Since we can interpret ZFC in Map Theory it should be no surprise that to
prove the consistency of Map Theory we need something strong enough to prove
the consistency of ZFC. In [9] there are some results which use relativization
and the assumption that ZFC is consistent instead of assuming the existence
of an inaccessible. But those results and their proofs are cumbersome and not
very general. That hints at why we assume the existence of an inaccessible.

Then the Definability Theorem (Theorem 10.1) proves ® = {zeM | ¢z =
T} for the first inaccessible o where v is the term defined in Section 4.6. That
term ¢ is the simplest one we have found so far which allows to formulate a
version of Map Theory strong enough to develop ZFC in it. And that term
happens to be the characteristic function of the ® associated to the smallest in-
accessible. One could imagine the use of another 1) which was the characteristic
function of another ®, but in the present paper we use the ¥ of Section 4.6 and
that forces us to use the first inaccessible.

Finally, we assume that the regular cardinal x satisfies k > 0. The consis-
tency proof presented in the present paper is based on so-called k-Scott seman-
tics and k-continuity (where k-Scott semantics and k-continuity is usual Scott
semantics and continuity, respectively, for k = w). In the x-Scott approach we
can model ¢ iff € is k-continuous, and that happens to require kK > o.
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We use the inaccessibility of ¢ in many places (e.g. for defining ®, for mod-
elling e, and for proving the Definability Theorem). We only use that o is the
first inaccessible in the proof of Lemma 12.4.2 which constitutes part of the
proof of the Definability Theorem.

3.14. Pure existence revisited

Let k > w be regular and let M be any k-expansion. Pure existence E is
designed to satisfy in M that Ea = T if ax = T for some x and Ea = | otherwise
(cf. Section 4.4). So, Ea = T in M iff ax = T for some € M while the reduction
rule for Ea given in Section 3.6 gives that Ea = T iff ax = T for some program
. We now compare these two notions of existential quantification. Define pure
and computational existence as follows:

Epwre = Aa.Ea

Ecomp = Aa.[aCq |-+ || aCs || Ecomp At. Ecomp Av. a(uv)]
We have

Epwea = T iff az =T for some map =

Ecompa = T iff ax =T for some program x

The canonical w-expansion M., happens to be a simple and very pertinent
model for the computational and elementary part of MT even if M, is not a
model of the full theory. We will see this later on, and we will prove in Appendix
A that, among other nice properties, M, satisfies Epyre = Ecomp (cf. Lemma
A.4.1). Now, this equation can be proved to be false in M, K > w (cf. Theorem
A.8.1 and its proof), and more generally should be false in all the models of
MT built from premodels, for a similar reason (these models are in a sense “too
big”).

The E of MT is the pure one. Indeed, the computational intuition behind E
that we provided at the end of Section 3.6 is valid in M., but does not hold in
full MT.

4. Axioms and inference rules

MT has six groups of rules (where rules means azioms and inference rules):

Elem Elementary rules common to MT and MTy; Section 4.1
Elem’ Further elementary rules Section 4.1
Mono/Min  Monotonicity and Minimality Section 4.2
Ext Extensionality Section 4.3
Exist The axioms on E Section 4.4
Quant[y)]  Quantification axioms Section 4.5
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4.1. Elementary axioms and inference rules

Let A, B, C, and D be (possibly open) terms and let « and y be variables.
Let 1 = Azy.xy, i.e. let 1 be the term which Church happened to use for the
number 1. The two first sets of axioms and inference rules of MT read:

Trans A=B,A=C+FB=C
Sub A=B;C=DF AC = BD
Gen A=BFXx. A= Xz. B
Al TB=T
A2 (B) Az, A)B=(A|xz:=8B) if Bis free for xin A
A3 1B=1
Rename (o) Mz. (A|y:==x)=Xy.(A|z:=y)
if = is free for y in A and vice versa Elem
11 if[T,B.C] = B
12 ifA\z. A, B,C] = C
13 if[L,B,C] = L
QND Alz:=T)y=B|z:=T);
(A|z:=1z) = (B |z := 1a);
(Alz:=1)=(B|z:=1)F
A=B
PL T|B=T
P2 A|T=T ,
P3 Az.A| M\y.B=xzT | Elem
Y YA=ANNYA)

Quartum Non Datur (QND) approximates that every map x satisfies x = T or
x = L or x = 1z, there is no fourth possibility.

Example 4.1.1. As an example of use of QND, define

F = X\x. T
~x = iflx, T,F

Using the definitions above, QND allows to prove the following:

TNy = yAzx
(xAyY)ANz = zA(YAz)
TN = Rz

4.2. Monotonicity and Minimality

Monotonicity was part of the founding intuitions behind Map Theory [4],
even if it was not reflected in the first axiomatization MTy of Map Theory.
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Expressing this intuition at the level of syntax can of course only be done using
a syntactic order < which has the be defined first::

zly
=y

if[x,if[y, T, L], ifly, L, Az. (z2) | (y2)]]
r=xly

The recursive definition of x | y is shorthand for:

z Ly = (YAfay.if[x,ifly, T, L], if[y, L, Az. f(z2)(y2)]])zy

In canonical models, x < y coincides with the order of the model and x | y is
the greatest lower bound of x and y. That < is an order is forced by Rule Ext
inntroduced in Section 4.3; this is explained in Example 4.3.2.

The rules of Monotonicity and Minimality read:

Mono B=<XCrF AB =< AC

Min AB<BFYA<p | Mono/Min

Mono and Min force the constant Y to behave, at the level of syntax, as a
fixed point operator which is minimal w.r.t. the syntactic order <.

As illustrated by the following example, the principle of induction follows
from minimality.

Example 4.2.1. We now introduce a primitive representation of natural num-
bers. We first do so semantically. Let M be a model of MT. We refer to elements
of M as maps.

We say that a map x is wellfounded w.r.t. a set G of maps if, for all
Y1, Y2, - - - € G there exists a natural number n such that zy; - - -y, = T. We say
that a map x is a natural number map if it is wellfounded w.r.t. {T}. Thus, x
is a natural number map if

n

—
cTT-T=T

for some natural number n. As examples, Azyz. T is a natural number map and
Azyz. L is not. We say that a natural number map x represents the smallest n
which satisfies the equation above so Azyz. T represents ‘three’.

We now formalize natural numbers in MT in the sense that we give a number
of syntactic definitions which allow to reason formally about natural numbers
in MT. The definitions read:

0 = T

K = \y.x

T’ = Kz

w = AMazx.iflx, T, f(2T)]

x¥ = Yw

=2y = iflx,ifly, T,F,if[y,F, 2T £ yT]]
& = \r.z=2z
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As an example, 0" denotes one among many maps which represents ‘two’.
The semantics of x* in the model M is that y“z = T if x is a natural number
map and xy“z = L otherwise. For that reason we refer to x“ as the characteristic
map of the set of natural number maps (cf. Definition 4.6.1). For all natural
number maps z and y we have (z = y) = T iff  and y represent the same
number.

In MT, we can prove wé = A\x.if[x, T,zT £ 2T]. Furthermore, we can prove
E = .z £ 2) = M. if[z, if[x, T,F),if[z,F, 2T £ 2T]] = \a.if[z, T, 2T £ 2T]
where the latter equality requires QND. Hence, we can prove wf = £ so wf < €
(cf. Example 4.3.2). Hence, we can prove x* < & by Min.

Semantically, xy* < & expresses that (z = z) = T for all natural number
maps: for each natural number map = we have x“x = T and x“x < £x which
shows Ex =T.

Thus, the syntactic statement x“ =X & formalizes the semantic statement
that every natural number equals itself and the syntactic statement x“ < £ has
a formal proof in MT.

From a program correctness point of view we have now done the following;:
We have defined an inductive data type (the natural numbers) and we have
represented it by its characteristic map x“. Then we have written a program
Azy. (r =, y) which can compare two natural numbers for equality. And finally
we have proved x* =< £ which expresses that every natural number equals itself.

While this is a very simple example and even though we do not write out
detailed proofs, this still gives a first, small example of the fact that MT allows
programming and reasoning inside the same framework. For a continuation of
the present example which uses quantifiers see Example 4.5.2.

Note that A\zy.z = y is a program; one can compile it and run it on argu-
ments 2 and y using the system described in [11].

In other logical frameworks than MT, given a recursive program like Azy. z =
y, proofs of theorems like (z £ z) = T for all natural numbers z usually requires
some sort of Peano induction. In MT, induction is expressed by Min.

In the example above, we applied Min to the characteristic function x“ of natural
number maps to get something equivalent to Peano induction (cf. [10, Section
7.13]). One can do the same for arbitrary inductive data types and even for
®: applying Min to the characteristic map 1 defined in Section 4.6 yields an
induction scheme which resembles but is stronger than transfinite induction (cf.
[10, Section 9.13]).

4.3. Rule Ext

Recall ~z = if[z, T, F] from Example 4.1.1. For all terms A, B, and C
(possibly containing free variables and possibly containing epsilon), the inference
rule of extensionality reads:

Ext If x and y are not free in A and B then

~(Ax) = ~(Bx); Avy=AC; Bxy=BC + Ax = Bz Ext
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Note that if the premises of Ext hold, if ¢ = Azy.C, and if yy,... are not free in
A and B, then we have e.g.

~(Ary1yz) = =(A(cry)y2) = ~(Alc(czyr)y2)) =
~(B(c(cxyr)y2)) = =(B(cxyr)y2) = ~(Bryi1yz)

More generally, we have ~(Azy; ---y,) = ~(Azy; - --yn). Now, canonical k-
expansions M, have a semantic extensionality property which says that if a,b €
M, and if

N(a'yl T yn) = %(byl T yn)

for all natural numbers n and all yq,...,y, € M, then a = b (cf. Fact 3.9.1).
Rule Ext is a syntactical approximation of this property which works in those
cases where one can find a C for which one can prove the premises of Ext. It is
typically rather difficult to find a witness C but it is possible more often than
one should expect.

The relation between Ext and semantic extensionality as defined in Section
3.9 is: the premises of Ext entail ~(Azxy; - -y,) = ~(Bzxy;---y,) which by
semantic extensionality entail Ax = Bz which is exactly the conclusion of Ext.

Extensionality in MT corresponds to extensionality in set theory, where the
latter says that if y € a < y € b then a = b. The set theory formula P < Q
corresponds to &P = ~Q in MT, and y € a corresponds to ay; - - - Y.

Example 4.3.1. Let i = Az.if[z, T, A\y.i(zy)] and I = Az.z. To prove
iz = Ix by Ext take C to be xy and prove ~(iz) = =(Iz), izy = i(xy), and
Ixy = I(zy). The two first statements above can be proved using QND and the
third is trivial.

Example 4.3.2. Ext allows to prove x | * =z, ¢z | y =y | x, and = |
(y 4 z) = (z | y) |l 2. Those results are useful since they entail z < =z,
xy;ySazbtxz=y, and z < y;y < zF x < z. (For proofs, see [10]).

When developing ZFC in MT, Ext plays a marginal but essential role [10].
In Example 4.2.1, Min replaced usual Peano induction and Min was used in the
essential step in proving (zr = x) = T, but Ext was also in play for proving
w& = & from w€ = &. Likewise, when developing ZFC, the results listed in
Example 4.3.2 are used in many places. Among other, it is used for proving the
MT version of transfinite induction which in turn is used for proving most of the
proper axioms of ZFC. Concerning Ext, the development of ZFC only depends
on the results listed in Example 4.3.2 and does not make other use of Ext.

Example 4.3.3. Ext also allows to prove Fy = F3 where

)
F3

Az, Ay. Az, F3

F5 and F3 both denote Axq. Axs. Axs. - - - and we have Fy =.,¢ F3. Thus, F5 and
F3 provide an example of two pure lambda terms which are provably equal in
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MT and observationally equal from the point of view of a computer, but not
beta equivalent in lambda calculus. We conjecture that F» = F3 is not provable
in MTy (there is no reason why it should be).

Proving F» = Fj directly (i.e. without establishing a collection of convenience
lemmas first) is a tricky exercise. To get started, define F; = Az. F;, A =
Ax.if[x, Fy, F1], B= A\z.if[x, Fo, A\y. F»], and C = if[a, F, T]. Then, using
QND, prove the premisses of Ext and conclude Az = Bz. Then AT = BT gives
Fy = Fs. Proceed by proving Fy = Fj.

4.4. Azxioms on E

Pure existence E is designed to satisfy Ex = T if xy = T for some y and
Ex = L if zy = T for no y in the model. Its axiomatization is a syntactical
approximation of this. Now define:

zoy = Az.x(y2)
x—y = iflx,y, L] =iflz, T, 1]
X = Axz.iflzz, T, 1]

We have (goh)z = g(hz) so (goh) is the functional composition of g and h. The

equation x — y expresses “if x = T then y = T”. Finally, xg is the characteristic

map (cf. Definition 4.6.1) for which ygz = T iff gz = T and ygz = L otherwise.
The axioms on E read:

ET ET=T

EB EL=1

EX Ez =E(xz)
EC E(zoy) — Ex

Exist

Axioms ET and EB are natural since Tx = T and Lz = | are axioms of MT.
The EX axiom says that Ex does not care about the value of zy if zy # T. The
EC axiom says that if z(yz) = T for some z then 2w = T for some w.

4.5. Quantification arioms

Define:
Iz = if[x, T, T]
S = if[z,F,T]
I = =(pep))
Elx A = 3)\93 A
V. A = Sdz.5A4
ex. A = exx. A

Note that V, 3, and — are part of the syntax of ZFC+SI whereas V, 3, and = are
terms of MT. The quantifier axioms depend on the term 1 defined in Section
4.6. Let M be as in Section 3.12. For all maps p € M we have

Ve.pr = T ifVaed:ipz=T
Ve.pr = L if Jxed:pr =1
Vr.pxr = F otherwise
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Hence, V expresses universal quantification over ®. Likewise, 3 expresses exis-
tential quantification over ®. The quantification axioms read:

Elim (Vz. A) AYB — (\z. A)B
Ackermann ez. A =cex. (Y A A)
StrictE Y(ex. A) = V. I(A)
StrictA I(Va. A) = V.| (A)

Quant[]

Example 4.5.1. According to the Strong Induction Property (SIP, c.f. Section
7.8), elements of ® are wellfounded w.r.t. ® (see Example 4.2.1 for the definition
of wellfoundedness with respect to a set). This allows to use elements of ® to
represent sets of ZFC. We define the set Z[z] represented by « € ® thus:

0
{Zzz] | z€®} fx#T

N
&
i

For the usual model V, of ZFC in ZFC+SI and canonical ko-expansions
M, of MT we have V, = {Z[z] | x € ®} (cf. [4, Appendix A.4]) so all sets of
ZFC are representable by wellfounded maps x € ®. Now define:

=y = if[x,if[y, T, F], if[y, T, T]]

Ry = H(asty)

z=y = if[z,ifly, T, F] if[y, F, (Vudv. zuz=yv)A(YoIu. zuz=yv)|]
&y = if[y,F, 3z z=yz]

For all z,y € ® we have (z€y) = T iff Z[z] € Z[y] and (z=y) = T iff
Z[x] = Z[y]. The definition of = resembles that of £ in Example 4.2.1.

Using €, &, =, and v we may now express all wellformed formulas of ZFC
in MT. By Theorem 2.2.2 all closed theorems of ZFC are satisfied by the ca-
nonical model M, of MT (actually, they are satisfied by all ko-expansions,

o inaccessible, k > o). As a conjecture (Conjecture 2.2.3), closed theorems of
ZFC+-8I are provable in MT.

Example 4.5.2. As a continuation of Example 4.2.1, define
x+y = iflz,y, («T)+9]
Having a quantifier in MT allows to prove in MT e.g. that the term
9x,y.x+y§y+x

equals T. The proof involves a proof of Vy x + y = y + z by induction in z (or,
more precisely, a proof of Y < A\z.Vy.z+y = y+az by Min). The proof requires
the ability to apply induction to a statement which contains both a quantifier
(V) and recursive programs (+ and <) and thus requires the ability to mix
recursive programs and quantifiers. The ability to mix recursive programs and
quantifiers freely is a core benefit of MT.
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4.6. The definition of ¥

We conclude the presentation of the axioms by defining . Like in Section
3.12 let M be any ko-expansion. We first define some auxiliary concepts.

Definition 4.6.1. for a € M define:
(a) ais a characteristic map if a € M\{T, L} and ax € {T, L} for all x € M.
(b) Dla] ={z e M |ax =T}

(¢) ais the characteristic map of S if a is a characteristic map and S = DJa].

In Example 4.2.1 we referred to x* as “the characteristic map of the set of
natural number maps”.

Definition 4.6.2.
(a) U= Afy.Ex. foy
(b) z:y=if[z,y, 1]
(c) flg=if[f, T, . gz (fz/g)]

The map U satisfies D[Uf] = UzemD[fz], and = : y is y guarded by « in the
sense that if t = Tthenz:y=yandif x # T thenz : y = L. We make z : y
right associative so that « : y : z means = : (y : z). Thus, z : y : z is z guarded
by both x and y. Since x : y is an infix operator we have that zu : yv means
(zu) : (yv).

One may think of f/g as a projection in the sense that (f/g)/g = f/g9 X f
holds in M (cf. Lemma 10.5.3). The f/g construct equals | f of [4]. Since f/g
is an infix operator we have that fz/gy means (fz)/(gy).

We now go on to define 1. To do so we need to define a number of auxiliary
terms. In M, the terms v, s, P, Q, and R will satisfy:

DW}] = UaGMD[Sa]
= D[P]U (Ucem D[Q(s¢)]) U (Up,cerr D[Rstbe])
sa € {P,Q(s(aF)), Rsy(aT)(aF), L}

For all a,b,c € M we will have that ¢, sa, P, Q(sc), and Rsybc are char-
acteristic maps or L. For all a € M, D[sa] will be essentially o-small in
the sense that there exists a set A C M of cardinality less than o such that
D[sa] = {w € M | JueA:u < w}. See Sections 10-12 for proofs.

Now, the definition of ¥ and the auxiliary terms reads:

Definition 4.6.3.

(a) ¥ =Us

(b) s=YS

(c) S=Af.Sf(Lf)

(d) S=A\fba.if[a, P, if[aT, Q(f(aF)), Rf0(aT)(aF)]]
(e) P=\y.if[y, T, 1]

(f) Q@ =Xele: My.Vz.e(y(z/c))

(g) R=A\fobc.Oc: Ry fObc: Ry fbbe

(h) Ry = AfObe. V2. 1(f(b(cz/6)))
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(i) Ry = Afbbcy.Ez. (62 : f(b(cz/0))y)

In this section we have y € M except that y is a syntactic variable of MT
in the definition above. The same holds for a, b, ¢, f, z, and 6.

Note that s = YS = S(YS) = Ss = Ss(Us) = Ssy. Hence, in (d-i) above
one may think of f and 6 as s and v, respectively.

The definition of ¢ replaces the WF group of MT( (ten axioms and one
inference rule). The definition of ¢ in MT corresponds to the following in ZFC:
the null set axiom, the pair set axiom, the power set axiom, the union set axiom,
the axiom of replacement, the axiom of infinity, the axiom of restriction, and
the axiom of foundation.

Now define b::c = Az.if[ z, b, ¢]. We have (b::¢)T = b and (b::¢)F = ¢. Thus,

sT = SsyT = P
s(Tue) = Ssy(Tue) = Q(sc)
s(bize) = Ssy(bie) = Rsybe ifbg {T,L1}.

Accordingly, we have

If Py then vy

If Q(sc)y then vy
If Rsybey then vy (b {T,L1})

Thus, P, @, and R represent three ways to prove that y is wellfounded in the
sense of MT.

Example 4.6.4. From PT (i.e. from PT = T) we have /T so T is wellfounded.
This may be seen as the base case. Actually, P just has two purposes: it forces
T to be wellfounded and it initiates the recursive population of the universe of
wellfounded maps. )

From Q(sT)(Au. T) = Vz. sT((Au. T)(2/sT)) = Vz.sTT = V2. T = T we have
that Az. T is wellfounded.

Recall that we defined 0 = T, 1 = Au. T, 2 = Auw. T, and so on in Exam-
ple 4.2.1. We have now proved that 0 and 1 are wellfounded. Furthermore,
s(T::(T=T))2 = T proves that 2 is wellfounded. We may go on and prove that
3 is wellfounded and so on.

The ability of MT to model ZFC stems from several sources. First, the quan-
tification axioms reference v in a way which forces MT quantifiers to quantify
over the universe D[y)] = {z€M | px = T}. Second, as shown in Example 4.6.4,
recursive use of s = Y.S populates D[¢], putting a lower bound on the size of
the universe. Third, the minimality of Y permits a kind of transfinite induction
over D[¢], putting an upper bound on the size of the universe. Fourth, Ext plays
a marginal but essential role in that it forces < to be a partial order.

When modelling ZFC in MT, one may define &, =, =, and V as in Section
4.5. Then, to prove e.g. the power set axiom one may find an MT term P(x)
such that P(x) represents the power set of the set represented by z. Then one
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may prove T = Vx,y. (yeP(x)&Vz. (2€y=2€x)) and T = Vz.¢(P(z)) from
which the power set axiom is easy to prove. Proving T = Vz.t(P(z)) makes
use of the second point above by using the fact that ¢ makes the universe big
enough to contain P(z). But it also uses the third point above because the
proof requires a kind of transfinite induction in x and thereby uses the fact that
the universe is so small that all sets have powersets.

Like in Section 3.11 let %cury be defined exactly like 9 except that all
occurrences of Y and L are replaced by Ycoury and Lcumy, respectively. In
MTgef, Ycury takes the place of 1.

5. Introduction to the consistency proof

We now give some more information on expansions and models for Map
Theory.

5.1. Axioms and inference rules

The rules (i.e. axioms and inference rules) of MT and MTy fall in the fol-
lowing groups:

Elem The elementary rules of MT except Y and P1-3 (Section 4.1).

Elem’ The rules Y and P1-3 (Section 4.1).

Mono The rule of monotonicity (Section 4.2)

Min The rule of minimality (Section 4.2)

Ext The rule of extensionality (Section 4.3)

Exist The axioms on E (Section 4.4)

Quant[a] The quantification axioms (Section 4.5) in which 1) is replaced by a.

WF The three wellfoundedness axioms, the seven construction axioms, and the
inference rule of transfinite induction of [9].

We have:
MT = Elem + Elem’ + Mono + Min + Ext + Exist + Quant[¢)]
MT, = Elem + Quant[¢] + WF

Modulo an inessential change of the definition of A — B, Quant[¢] already
appears in [4, Appendix C]. The four axioms of Quant[¢] are equivalent to the
original set of 541 axioms where the five ones were stated in [9] and the sixth
one, as pointed out by Thierry Vallée, was used but not stated in [9].
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5.2. Domains, premodels, and expansions

We introduce here informally the notions of ko-expansions (o inaccessible,
k > o, k regular) and k-expansions (kK > w, k regular), among which live the
canonical expansions. Certain canonical ko-expansions will be proved to be the
models of MT we are looking for, while one main result of [4] can be rephrased:
all ko-expansions satisfy MTy. The notion of ko-expansions is built in the
following stages:

Underlying set MO

k-Scott domain M = (MY <) Section 6.3
reflexive k-domain M2 = (M1, A, \) Section 7.1
k-premodel M3 An M? which satisfies Definition 7.4.2
k-expansion M= (M3 T, Lif,Y,|,E) Section 7.5
Ko-expansion MP = (Mg, ) Section 7.5

The notions of kK-Scott domains, reflexive k-domains, k-premodels, and k-expansions
are defined for all regular x > w. For each s-premodel M?3 there is exactly one
k-expansion M* = (M3, T, L,if,Y, ||, E); we shall refer to that uniquely defined
M?* as the k-expansion of M3.

The notion of a ko-expansion is defined for all inaccessible ¢ and all regular
k > o. For each k-premodel M3 and given o < k there is exactly one ko-
expansion (modulo the choice of the choice function underlying ¢); as before we
refer to it as the ko-expansion of M?3.

From now on, z € M! = (M <) means z € M° and likewise for M? to
M?. Furthermore, we drop the superscripts of M and let M denote any one of
MO to M5 depending on context.

5.8. The canonical expansions M, and M,

In Section 8 we construct a canonical k-premodel for each regular cardinal
k > w. For each regular k > w there are many x-premodels but only one
canonical one. We shall refer to the k-expansion of the canonical k-premodel
as the canonical k-expansion M, and likewise for the canonical ko-expansion
M, (c.f. Definition 8.6.2).

5.4. Satisfaction of axioms and inference rules

A ko-expansion interprets application A, abstraction A, and the constructs
T, L,if, Y, ||, E, &, and ¢. The construct ¢ is not needed for modelling MT and
the constructs Y, ||, and E are not needed for modelling MTj.

A k-expansion does not define € and ¢ and thus cannot satisfy MT or MTj.
In particular, s-expansions cannot satisfy Quant[t], Quant[¢], and WF but can
satisfy the other groups of rules.

We shall use M = S to denote that M satisfies the rule or group of rules
S. Now let s be regular. We have:

Fact 5.4.1.
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(a) M = Elem + Elem’ + Exist if M is any s-expansion where x > w (c.f.
Theorem 7.5.1).

(b) M [ Quant[¢] + WF if M is any ko-expansion where k > o and o is
inaccessible (c.f. [4] or Theorem 7.9.2)

(¢) My = Mono + Min + Ext if K > w (c.f. Section 7.6).

(d) Mo, = Quant[y)] if & > 0, and o, is the first inaccessible (c.f. Theorem
7.9.2 and the Definability Theorem (Theorem 10.1)).

In particular, M, = MT if g, is the first inaccessible and > o,, c.f. the
Consistency Theorem (Theorem 2.2.1) which we restate and prove as Theorem
13.1. In contrast, M, | MTy for any inaccessible ¢ and k > o.

The proof of (a) is easy, the proof of (b) is less easy (c.f. Section 9) and, as
already mentioned, the proof of (d) is by far the most difficult.

5.5. Subjective difficulty of axioms and inference rules

We now move on to consider the “difficulty” of the rules (i.e. axioms and
inference rules) of Map Theory. “Difficulty” is a multi-dimensional and subjec-
tive notion. When looking at the rules it is natural to ask oneself the following
questions:

e Naturality. Are the rules intuitive or “natural” in some sense, i.e. is there
a natural or simple or motivated intuition behind?

e Strength. Do we need k > o for an inaccessible o or is K > w enough ?

e Conceptual difficulty. Do we need to introduce original and/or high level
tools for modelling them?

e Technical difficulty. Do we need difficult computations?

The Elem and Elem’ rules are natural (if one is used to A-calculus) and can
be modelled at no cost (i.e. in any k-premodel, £ > w).

The Exist rules are at first glance purely technical, but in fact they are easy
from all the above points of view, the reason being that they are just four
instances of a single, simple intuition, which allows us to model them easily and
at “no cost”.

Of course, all the rules of MT are natural in some sense, since they were de-
signed from semantical and computational intuitions (cf. [9]), but this naturality
may be lost when approximating the ideas through formalization.

Mono and Min are semantically natural (syntactically a little less because
of the definition of <), and can be modelled at no cost in terms of strength
(k > w), but fixing a syntactic definition of the order induces a technical cost
which drastically reduces the class of possible models but fortunately works for
canonical ones (cf. Sections 7.6 and 9.3).

The Ext rule requires “familiarization” in the sense that it is unintelligible
in itself and requires some explanations like those given in Section 4.3. But the
intuition behind it is easy (if g and h behave the same when applied to arbitrary
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lists of arguments, then they are equal). Satisfying Ext is both conceptually and
technically not so easy. Again, Ext reduces the class of possible models, but is
satisfied in canonical ones.

Concerning the Quant rules it is interesting to note that replacing ¢ of MTy
by % in MT induces no change in strength in the sense that an inaccessible is
used (and apparently needed) for modelling M Ty as well as MT, but that they
are conceptually a bit harder for MT (because they refer to the defined ¢ which
replaces the WF rules) and technically much harder (cf. Sections 10-12).

The WF rules belong to MT( and are treated in [4]. Some of them are
difficult to satisfy and very difficult to explain.

Elem [ Elem” [ Mono | Min Ext | Exist | Quant | WF
Naturality | Easy | Easy | Easy | Easy f Easy q D
Strength KW | k2w | koW | koW | KW | k2w | k>0 | k>0
Conceptual | Easy | Easy c c c Easy D d
difficulty
Technical Easy | Easy ¢ c c Easy D d
difficulty

Less easy. Requires canonicity and some less easy developments
Difficult

Very difficult

Requires familiarization

Easy in themselves but the definition of ¢ is complicated

Q g ao

5.6. Qverview of the consistency proof

Section 6 presents k-Scott semantics. Section 7 defines the notions of expan-
sions and related structures and treats the satisfaction of Elem, Elem’, Exist, and
Quant[¢]. Section 7 also gives some initial results concerning the satisfaction of
Mono, Min, and Ext.

Section 8 recalls the construction of canonical models from [4] which allows
Section 9 to finish the treatment of Mono, Min, and Ext.

Sections 10-12 prove ¥ = ¢ where Section 11 proves ¥ < ¢ ¢, Section 12
proves ¢ <aq 1, and Section 10 presents material needed in both Section 11 and
12. Section 13 concludes by restating and proving the Consistency Theorem.

6. The k-Scott semantics

As promissed in Section 5.6 we now introduce k-Scott semantics. In par-
ticular, we define the notion of x-Scott domains (c.f. Section 5.2) and related
concepts. The treatment is similar to that of [4] but is repeated here for the
sake of self-containedness (c.f. Section 5.6).

Models of Map Theory are, in particular, models of A-calculus (i.e. pure
untyped A-calculus) since Map Theory extends A-calculus.

As is well-known, models of A-calculus are exactly the reflexive objects of the
cartesian closed categories (ccc) with enough points (see e.g. [2]). The purpose
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of this section is to describe the ccc we use for modelling Map Theory, while the
reflexive objects of the ccc will be introduced in Section 7.1.

Scott built the first non-syntactic model of A-calculus within the ccc of com-
plete lattices (as objects) with continuous functions (as morphisms), and came
quickly to the more abundant ccc of Scott domains and continuous functions,
usually called Scott semantics for short.

Scott semantics itself is too weak for modelling powerful foundational exten-
sions of A-calculus but, as explained in Section 6.2, it is very easy (as already
Scott was aware) to develop, for each regular cardinal s, a k-Scott semantics,
which has the required ability (for x large enough). Usual Scott semantics (case
k = w) is sufficient for dealing with the computational aspects of Map Theory
(c.f. Appendix A).

Sections 6.1-6.5 recall the basics of k-Scott semantics, £ > w, mentioning
why it is enough and convenient to consider only regular x. Section 6.6 intro-
duces a new notion of k-step functions, which happens to be a very convenient
tool (e.g. when modelling epsilon and in Section 11).

6.1. Notation

Let w denote the set of finite ordinals (i.e. the set of natural numbers).

For all sets G let G<“ denote the set of tuples (i.e. finite sequences) of
elements of G. Let () denote the empty tuple.

For all sets G let G“ denote the set of infinite sequences of elements of G.

Let f: G—H denote that f is a total function from G to H.

Given any partially ordered or preordered set (R, <) and S C R, we let 1S
and |.S be respectively the upward and downward closure of S for < in R.

We say that a set G is k-small if G has cardinality strictly smaller than .
Let P(G) denote the power set of G and let P, (G) denote the set of k-small
subsets of G.

As usual, the cofinality cf(a) of an ordinal « is the smallest ordinal 8 such
that there is a g: f—a for which & = U,c5g(7). An ordinal « is a regular cardinal
if cf(a) = @ > w. An ordinal o is inaccessible (i.e. strongly inaccessible) if o is
regular, o > w, and P(y) is o-small for all v < o.

Note that there are many regular cardinals since e.g. all infinite successor
cardinals are regular. In contrast, the existence of an inaccessible cardinal is
independent of ZFC.

A key consequence of regularity is that x-small unions of k-small sets are
k-small for regular x (and of course likewise for inaccessible o).

0.2. k-Scott semantics

The k-Scott category is the Cartesian closed category whose objects are the
k-Scott domains and morphisms the x-continuous functions. The pertinent x-
Scott notions merely depend on the cofinality of k. Thus, as a convenience and
without loss of generality, we only consider regular x. As x grows (k regular)
there are more and more k-Scott domains and k-continuous functions.
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The theory of Scott domains (case k = w) is well known, and its x-analogue
was developed in full details in [4]. For the reader familiar with Scott domain
theory, passing from Scott to k-Scott is straightforward and just amounts (pro-
vided k is regular) to changing everywhere “finite” by “k-small”. We recall
some key definitions and results in the following.

k-Scott semantics was first used around 1987-89 in [7, 8] and was used in-
dependently in [4], but Scott was aware of the notion from the beginning, and
k-Scott semantics appeared in German lecture notes by Scott which are proba-
bly lost now.

From now on « is regular.

6.3. k-Scott domains

Let (D, <) be a partially ordered set (p.o. for short). A subset S of D is
k-directed if all its k-small subsets have an upper bound in S. The p.o. (D, <)
is a k-Scott domain if it has a least (or bottom) element, if all x-directed and
all upper-bounded subsets have sups (suprema), and finally if it is k-algebraic
as defined below. As k grows there are more and more x-Scott domains. The
simplest example of a k-Scott domain is that of the full powerset (P(D),C) of
some set D, which is a k-Scott domain for all k. The domain underlying the
canonical model M, will not be a full power set, but will still be a set of sets,
ordered by inclusion.

An element u of D is compact (resp. prime) if, whenever u < sup(S) for
some k-directed (upper bounded) set S, then u < v for some v € S. The
p.o. D is k-algebraic if for every u € D the set of compact elements below u
is k-directed, and has w as its sup. In k-Scott domains, prime elements are
k-compact. Another key property, which is a straightforward generalization of
the w-case, is that (existing) sups of k-small sets of x-compact elements are
themselves k-compact. A k-Scott domain is prime-algebraic if each element of
D is the sup of the primes below it.

Definition 6.3.1. D, is the set of compact elements of the k-Scott domain D.

Both (P(D), C) and the domain Dy, underlying M, are prime algebraic k-
Scott domains. The compact elements of (P(D), C) are the x-small subsets of D
and its primes are the singletons. The compact elements of D, are downward
closures of adequate x-small subsets of D, while primes are downward closures
of singletons.

6.4. k-continuous functions

A function between two k-Scott domains is k-continuous if it is monotone
and commutes with all sups of non-empty x-directed sets.

Given k-Scott domains D, D" we use [D—,,D'] to denote the k-Scott domain
whose carrier set is the set of x-continuous functions from D to D’ ordered
pointwise. As x grows there are more and more k-continuous functions.
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6.5. k-open sets

G C D is k-open if G = TK for some set K C D.. Equivalently, G is k-open
if G = 1G and whenever G contains sup(S) for some directed set S then it
contains some element of S. This defines a topology, the x-Scott topology, and
the k-continuous functions, as defined above, are exactly the functions which
are continuous with respect to this topology. Finally, it is straightforward to
check but crucial to note that the intersection of a x-small family of k-open sets
is still k-open.

The set G C D is essentially k-small if V' C G C 1V for some k-small V. It
follows that G is an essentially x-small open set if and only if G = 1V for some
k-small V C D..

6.6. K-step functions

We now introduce a notion of k-step functions; such functions are partic-
ularly easy to prove to be k-continuous and they are natural and convenient
tools for our purposes. In particular, the interpretation of € recalled from [4] in
Section 7.4 is a x-step function, and several families of x-step functions will be
used in Sections 10-12.

Definition 6.6.1. For g:D—D the domain Dom|g| is defined by Domlg] =
{zeD|g(x)# L}

Definition 6.6.2. g¢g: D—7D is a k-step function if:
(a) Domlg] is k-open.
(b) 2 2my =g(x) = LVy(z)=g(y)

Lemma 6.6.3. Every k-step function is k-continuous.

Proof of 6.6.3 Monotonicity is obvious. Now let S C D be k-directed. We
shall prove g(sup(S)) = sup({g(z) | = € S}). Because of Definition 6.6.2(b) this
is equivalent to proving sup(S) € Dom[g] < Jz€S: x € Dom[g] which is obvious
since Dom][g] is k-open.

6.7. Conclusion

As promissed in Section 5.6 we have now introduced k-Scott semantics, and
we have introduced the k-Scott domains mentioned in Section 5.2 which con-
stitute the first step in constructing a model of MT. We have also proved a
small lemma, but it is the presentation of k-Scott semantics which was the
main purpose of Section 6.

7. Premodels and expansions.

Having k-Scott domains from Section 6 and following the plan laid out in
Section 5.6 we now proceed with defining the rest of the concepts listed in
Section 5.2 leading up to the definition of ko-expansions which we eventually
use to model MT.

In this section k > w is regular.
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7.1. Reflexive k-domains as models of pure A-calculus

A Reflezive k-domain (i.e. a reflexive object of the k-Scott semantics)
is a triple (D, A,\) where D is a k-Scott domain and A:D—,[D—.D] and
A: [D—,D]—,D are two morphisms such that A o A is the identity. This gives
a model of untyped A-calculus, i.e. of rules Trans, Sub, Gen, A2, and Rename
when we use A and A to interpret the pure A-terms, in the standard way (see
e.g. [2]).

Most of the time A(u)(v) will be abbreviated as wv which we make left-
associative so that wvw means (uv)w. Furthermore, uw = wwy - w, if © =
wy - wy, (n>0).

All n-ary k-continuous functions, n € w, can be internalized in D: for any
such f there is an element v € D such that f(ui,...,u,) = vuy---u, for all
U1,y ...,u, € D. In the case n = 1 we can take v = A(f).

7.2. Tarski’s minimal fized point operators

Let D be a x-Scott domain and let f € [D—,D]. If kK = w then f has a fixed
point and even has a minimal such. That does not always hold for kK > w. As
an example, (w, <) is a k-Scott domain for all regular £ > w but the successor
function has no fixed point.

We now turn to sufficient conditions for the existence of fixed points. For
all f € [D—:D], x € D, and ordinals « define

f (@) = sup{f(f°(x)) | B € a}

whenever the sup exists. Furthermore, define
yTarski(f) = fn(J-)
We say that v is a pre-fized point of f if f(v) =am v.

Lemma 7.2.1. If f*(L) is defined then f(L) is defined for all o, f*(L) =
f5(L) for alla > &, f has a fized (and pre-fized) point, it has a unique minimal
fized (and pre-fized) point, and Yrarsii(f) = f5(L) is that minimal fized point.

Proof of 7.2.1 Easy and classical.

Lemma 7.2.2.
(a) If kK = w then YVruski € [D—xD]—4D is total.
(b) If f has a fixed point then (f%)a<x and Vrarski(f) are defined.
(c) If there are A, A making (D, A, \) a reflexive k-domain then Va4 is total
and k-continuous.

Proof of 7.2.2
(a) Easy.
(b) Note that if f has a fixed point = then z is an upper bound for each
{f(f(L)) | B € a} which thus has a sup because D is x-Scott.
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(c) Totality follows from (b) because Ycumry A(f) is a fixed point where Y cypy =
M. (Az. f(zz))(Az. f(xz)) exists in all models of A-calculus and thus exists
in all reflexive k-domains. Continuity can be proved by a rather standard
proof (which can be found e.g. in [16]).

Now suppose M = (D, A, \) is a reflexive k-domain and define Y, € M by

Y Tarski = A(yTarski o A)

where o is composition.

Corollary 7.2.3.
(CL) Y Tarskitt = U(YTarskiu) (Y)
(b) Uv MV = Y Tarskitt MU (Mm)

Proof of 7.2.3 First note that A o A\ is the identity since M is reflexive so
Y Tarskitt = AA(Vrarski © 4)) (1) = (Vrarski © A) (w). Then (a) and (b) follow from
the fact that Vrareki is the minimal fixed and pre-fixed operator.

Hence, Yraski would be a good candidate for interpreting Y, provided the syn-
tactic order z = y and the model order x < y coincide, as they do when M
is canonical (c.f. Theorem 7.6.3 which is proved as Corollary 9.3.2):

7.3. The domain equation Eq,,

Let 1’ and T’ be arbitrary, distinct constants which are not functions. Given
a k-Scott domain D’ which does not contain T’ and 1" we denote by D' @, {T'}
the k-Scott domain obtained by adding to D’ the element T’ which we decide
to be incomparable to all the elements of D’, and the bottom element 1’ which
we decide to be below T’ and all the elements of D'.

Definition 7.3.1. Eq,, is the domain equation D ~ [D—,.D] @ . {T'}.

Eq,, asserts that the two sides of ~ are order isomorphic x-Scott domains.
It is the most natural semantic counterpart of rule QND, and the heart of
the notion of a k-premodel. Proving the existence of solutions of Egq, within
Scott’s semantics is a well mastered technique, and passing from w to s is
straightforward. FEgq, admits moreover a canonical solution, which will be re-
built in Section 8.

7.4. k-Premodels

Given a solution D of Eq,, and an order isomorphism A from [D—,D]® - {T'}
to D, let T and L denote A(T’) and A(L’), respectively. Thus, L is the bottom
element of D while T only compares to L. Given a morphism A such that
Ao\ is the identity, recall that Tu abbreviates A(T)(u) and likewise for Lu and
lu. The following theorem is easy to prove and the details can be found in [4,
Section 3.1J:
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Theorem 7.4.1. Let D be a solution of Eq,. and let X be an order isomorphism
from [D—;D]@® 1/ {T'} to D. There exists an A such that (D, A, \) is a reflexive
k-domain satisfying:

(a) For allw € D we have Tu =T and Lu= 1.

(b)) F={A/f) | f € [D—=xD]} = {ueD |u=1u} = D\{L, T}

(c) F and {T} are disjoint k-open subsets of D.

Note that in (b) above, only the last equation uses the assumption that D
is a solution to FEgq, ; the first equation is classic.

In fact F is the isomorphic image of [D— D] under A\, and Az. L = A\(x — 1)
is the bottom element of F.

The interpretation of any term of form Az. A is in F. For all u,v € F we
have u < v iff ux < vz for all x in D.

Conversely, any object (D, A, \) satisfying the above theorem can easily be
turned into a solution of Eq,,.

Definition 7.4.2. A k-premodel M is a reflexive k-domain (D, A, \) for which
D satisfies Fq, and which satisfies the three conditions of Theorem 7.4.1.

7.5. k-expansions

Given a k-premodel M = (D, A, \) we define the k-expansion (M, T, L if, Y, ||
,E) of M as follows:

As in Section 7.4 let T = A(T’) and L = A(L").

Define If (u,v,w) =vifu=T,wifu € F,and L if u = L. Now If is clearly
k-continuous. Let if be the unique element of M such that ifuvw = If (u, v, w)
for all u,v,w € M.

Let Y be Yraski as defined in Section 7.2.

Define Paror(u,v) = Tifwor vis T, Az. T if u,v € F, and L otherwise.
Define Ex(u) = T if uv = T for some v € M and L otherwise. Now Paror and
Ex are clearly x-continuous. Let || and E be the unique elements of M such that
|luv = Paror(u,v) and Eu = Ex(u) for all u,v € M.

Theorem 7.5.1. M |= Elem+Elem’ +Exist if M is a k-expansion where k > w.

Proof. The k-premodel underlying the x-expansion M satisfies rules Trans,
Sub, Gen, A2, and Rename since it is a reflexive object of a Cartesian closed cat-
egory. The k-premodel satisfies A1 and A3 and rule QND because k-premodels
by definition satisfy the conditions of Theorem 7.4.1. Axioms I1, 12, and I3 fol-
low from the definition of if. Axiom Y follows from Corollary 7.2.3(a). Axioms
P1, P2, and P3 follow from the definition of ||; and the four axioms on E follow
from the definition of E. O

7.6. Towards modelling of Mono, Min, and Ext

We are not yet in a position to prove the monotonicity and minimality axioms
Mono and Min, but we have the following:
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Theorem 7.6.1. If k > w and if M is a k-expansion, then M satisfies the
Monotonicity and the Minimality axioms for the model order < (but possibly
not for the syntactic order <).

Proof. Monotonicity is for free when M lives in Scott’s semantics and the
rest follows from Corollary 7.2.3. O

In Section 9, we prove Mono and Min in the canonical k-expansion M,; (k >
w) by proving that < and < coincide in such models. Thus, no inaccessible is
needed, but canonicity is crucial. Modelling of Mono, Min, and Ext in Section 9
proceeds thus:

Theorem 7.6.2 (Section 9.2). M, = Ext if K > w.

Theorem 7.6.3 (Section 9.3). M, satisfies that the model order < coin-
cides with the syntactic order = if Kk > w.

Now recall that Y is interpreted by YTareki-

Corollary 7.6.4. M, = Mono + Min if k > w.

Theorem 7.6.5 (Section 9.5). M, satisfies Yrarski = Ycurry of K > w.
Corollary 7.6.6. M, satisfies Y = Ycuryf and L = Lcumy if K > w.

Corollary 7.6.7. M, satisfies Mono and Min of MTgr if k > w.

7.7. Quantifier axioms

We now turn to the quantifier axioms. The Quant[¢] axioms of MT, were
easy to model (the difficulty was carried by some of the ¢-axioms). For MT, the
complexity of the term 1), whose definition involves € and Y, makes Quant[¢]
very difficult to model. Our trick will be to use that Quant[¢] holds and to prove
(in Sections 10-12) that ¢ and ¢ coincide in all ko-expansions, provided o is
the first inaccessible and provided € and ¢ are defined as in Definition 7.9.1.

Recall D[w] = {ueM | wu = T} (cf. Definition 4.6.1) and define:

Definition 7.7.1. For allU C M and w € M we let:
(a) wU = {wu | ueU}
(b) xu: M—=M is defined by xu(x) =T if x € U and xy(x) = L otherwise.

Remark 7.7.2.
(a) D[w] is a k-open set for all w € M
(b) xu is k-continuous iff U is k-open

Theorem 7.7.3 ([4]). Let M be a rk-expansion (k > w), and let & C M be
such that ® = 1V for some k-small set U such that T € ¥ and L ¢ V. Then
there is an € € M such that, when the syntactical € is interpreted by this e, M
satisfies Quant[xs].
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Proof. We first recall the proof in [4, Section 4.1]: let £ be a choice function
on d, i.e. a function & P(P)—P such that £(V) € V for all non-empty V C O.
Let e: M—® U { L} be defined by: e(u) = L if L € u®, e(u) =T if u® C F,
and e(u) = £({z€® | uz = T}) otherwise. Then e is a s-step function: It is
indeed clear that u <y v = e(u) = L Ve(u) = e(v). It remains to prove
that Doml[e] = {aeM | e(x) # L} is k-open. Now, Domle] = {ueM | & C
Dom[u]} = {ueM | ¥ C Dom[u]} = Nyeg{ueEM | uz # L}. Thus, Domle] is
the intersection of a x-small family of k-open sets, and hence is k-open. Thus,
e is a k-step function and, hence, k-continuous. Now ¢ = A(e) has the required
properties by [4, Theorem 4.3.1]. O

7.8. The definition of ®

We suppose now that ¢ < k is inaccessible. We define o-small sets and
essentially o-small sets as was done for k (cf. Section 6.1 and 6.5), and we note
that a k-open set O is essentially o-small if and only if O = 1K for some o-small
set of compact elements of M.

Definition 7.8.1. [}/ For any U,V, H C M where H is open define:
(a) O.o(H) and O.,(H) are the sets of all essentially o- and k-small open
subsets of H, respectively
(b) U=V ={zeM |2U CV}
(c) U° ={zeM |Vuy,...,up,...cUYIn€w:zuy - -u, =T}
(d) Fo(H)={T}UU{G°—G |G e O,(H)}

In the present paper we define ® thus:

Definition 7.8.2. ® C M 1is the smallest set such that T € ® and G €
O.s (D) = G°—=G C ®. The elements of ® are, by definition, the wellfounded
maps.

The ® defined above equals the ® defined in [4] (c.f. Lemma 10.4.2). Fur-
thermore, ® satisfies ® = F,(®) and is the smallest solution to this equa-
tion. Also, ® satisfies the Generic Closure Property (GCP) of [4] which says
O =U{G°=P |G € O,(P)} (ctf. [4, Theorem 7.1.1]).

Another important property is ® C ®° which is called the Strong Induction
Property (SIP) in [4] and which is stated here as Lemma 10.4.3(f). Furthermore,
® € O, (M) according to Lemma 10.4.6 or [4]. In fact it is proved in [4] that ®
has essential cardinality exactly ¢ in the sense that ® is not essentially o-small
and, furthermore, ® = t¥ where ¥ C M, is defined in [4] and where ¥ has
cardinality o.

7.9. ko-Erpansions

Definition 7.9.1. Given a k-expansion M we define the ko-expansion (M, e, @)
of M as follows: € is defined as in the proof of Theorem 7.7.8 and ¢ = A(xa)-

Theorem 7.9.2 ([4]). M E Quant[¢] + WF if M is a ko-expansion where
Kk > o and o is inaccessible.
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In particular, we have M = MT proving the consistency of MTy. We now
return to models of MT.

To model the quantification axioms of MT it is enough to show that, if o
is the first inaccessible cardinal, then ¢ = ¢. The proof of this result, called
the “Definability Theorem” (Theorem 10.1) occupies Section 10-12 and is, by
far, the most difficult proof in the present paper. The proof of the Definability
Theorem is split into two parts, called the Upper Bound Theorem (UBT) and
the Lower Bound Theorem (LBT).

UBT says ¥ < ¢. It puts an upper bound on 1 and is proved in Section 11.
The proof uses the existence of an inaccessible o (actually, the mere definitions
of ® and ¢ need it). The proof also uses that the construct Y (which is part of
the definition of ) is interpreted by Yarski-

LBT says ¢ =aq 9. It puts a lower bound on % and is proved in Section 12.
The proof of LBT uses UBT and also uses the assumption that o is the first
inaccessible ordinal (the proof of UBT does not use it).

We interpret 1) <pq ¢ as an upper bound of ¢ rather than e.g. a lower bound
on ¢ since ¢ was given already in [4] whereas ¢ is the quantity being investigated
in the present paper.

We can now outline how Quant[t] is going to be modelled:

Theorem 7.9.3. (Outline) If o, is the first inaccessible and k > o,, then:
(a) Any ko,-expansion satisfies Quant[i].
(b) The canonical Ko,-expansion M, satisfies Quant[curry]-

Proof of 7.9.3 (Outline) Let M be a ko,-expansion. From Theorem 7.9.2 we
have M = Quant[¢]. From the Definability Theorem (Theorem 10.1) we have
¢ = 1. Thus M = Quant[¢p]. Then (b) follows from Corollary 7.6.6.

As already noticed in the introduction, MTye¢ is a priori more difficult to
model than MT. Fortunately, M,,, models Quant[t¢)curry] as noted above and,
more generally, models all of MT get.

7.10. Conclusion

We have now defined the concepts listed in Section 5.2. We have also proved
some theorems like Theorem 7.5.1 which says that all k-expansions satisfy the
Elem, Elem’, and Exist groups of axioms and inference rules (c.f. Section 5.1).
We have also recalled from [4] that ko-expansions satisfy Quant[¢] (and in fact
all of MTy). In Section 8 we prove that there exist k- and xo-expansions. We
use all that in the proof of the Consistency Theorem in Section 13. However,
the main purpose of Section 7 was to define the notion of ko-expansions.

8. Building the canonical k-premodel

As promissed in Section 5.6 we now construct the canonical k-premodel (c.f.
Section 5.3). The treatment is similar to that of [4, Section 8] but is repeated
here for the sake of self-containedness (c.f. Section 1.4).
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Constructing the canonical x-premodel has two purposes. First, the con-
struction proves that x-premodels and, hence, k- and ko-expansions exist. Sec-
ond, some axioms and inference rules of MT and MTg4es do not hold in all
ko-expansions but do hold in canonical ones. Canonical models are needed for
satisfying Mono, Min, and Ext, and for the Definability Theorem and Quant|[t]
for MT get.

In the following, x > w can be any regular cardinal and no inaccessible o is
needed.

The canonical k-premodel is a webbed model in the sense that it is built as
an (enriched) powerset of some lower level structure, called its web. Here the
web is a preordered coherent space (pcs) P = (P,<,Z) where < and C are a
preorder and a reflexive, symmertric relation on P, respectively, and where we
refer to < as a coherence relation. The terminology of “webbed model” was
introduced in [3] and preordered coherent spaces (pcs’s) are defined in Section
8.1.

The canonical s-premodel ((M, <), A,A) and the web (P, <,C) from
which it is built satisfy that (M, \ {_L}, =a) is isomorphic to (P, <)/ = where
M,, is the set of prime elements of the x-premodel and a = b iff a <bA D < a.
Furthermore, a < b iff the corresponding elements of M, have an upper bound
in M.

The notion of pcs’s generalizes the notion of preordered sets as well as Gi-
rard’s definition of coherence spaces, both of which are well known to be relevant
for building mathematical models of A-calculus.

8.1. Preorderd coherent spaces (pcs’s)

A pes-structure (or structure for short) is a tuple D = (Dp, <p,Cp) for
which <p and Cp are binary relations on Dp.
A pes is a structure D = (D, <, ) with the following properties:

Partial order < is reflexive and transitive.
Coherence C is reflexive and symmetric.
Compatibility z<az'Ay<y' Az’ Sy =zxy.

The compatibility requirement above may be motivated thus: if z and y
have an upper bound (i.e. 3z€D:x < z Ay < z) then they are coherent (i.e.
x C y). The opposite is not true: even if x < y then x and y need not have
an upper bound. However, z < y denotes that z and y are intended to have an
upper bound. Recall that pcs’s are used for constructing x-Scott domains. The
coherence relation x C y is used to record at an early stage of a construction that
x and y are going to have an upper bound at a later stage of the construction.

If z < 2’ and y < ¢ and if z is an upper bound of 2’ and ¢’ then z is also an
upper bound of x and y. Compatibility expresses the reasonable requirement
that if z < 2’ and y <y’ and if 2’ and 3’ are intended to have an upper bound
then x and y are also intended to have an upper bound.
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From now on, D = (D, <, ) and D’ = (D', <, &) denote structures. We
say that D is a substructure of D', written D E D', if the following hold:

D C D’
Ve,yeD: z<y & z<y
Vr,yeD: 2y & vy

A set S of structures is a chain if VD,D’eS:D C D’ v D’ C D. Now for all
structures D, all u,v C D, and p € D define

u<Hv & Veeudycviz<py
ulhHv & VeeuVycviz Cpy
Cohpu & ulpu

Ipu = {yeD|Izcuwy <z}
Ipp = Ip{p}

(D) = {Ipu|uCDACohpu}

Intuitively, Cohpu states that the set u is coherent, i.e. it is intended to have
an upper bound. We have that u is coherent iff |pu is coherent.

It is easy to check that Z(D) denotes the set of coherent, initial segments of
D.

Fact 8.1.1. For all pcs’s D, (Z(D),C) is a prime algebraic k-Scott domain
whose sets of prime and compact elements are {{pp | p € D} and {Ipu | u €
P.«(D) A Cohpu}, respectively.

The goal of Sections 8.2-8.3 is to define a pcs P such that (Z(P), C) satisfies
Eq

K

8.2. Pcs generators

Fact 8.2.1. Let U(t) = ({t}, {t} x sett, {t} x {t}). Now U(t) is a pcs for all
objects t (of ZFC).

Fact 8.2.2. Let Dy = (DU {f}, <", &) where x <"y <z = fVze <y and
cC"yer=fVy=fVvay. IfDisapces and f ¢ D then Dy is a pcs.

Fact 8.2.3. For all chains S of pcs’s let US = (Upes Db, Ubes <p,Ubpes Tp
Y. If S is a chain of pcs’s then US is a pcs.

Fact 8.2.4. LetDo D' =(DUD’,<uU<',cuU’). If D and D’ are pcs’s and
D and D’ are disjoint, then D ®& D’ is a pcs.

Fact 8.2.5. Let D=D’ = (D x D', <g,Zp) where (z,2') <" (y,9') & y <
x Az <y, and (x,2") & (y,v) ©x L yVvae ' y. If D and D’ are pcs’s
then D—D' is a pcs.

Fact 8.2.6. Let PO"(D) = (B, <}, %) where E = {a€P..(D) | Cohpa}. If
D is a pcs and  is a cardinal, then P<"(D) is a pes.
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8.83. The web of the canonical k-premodel

Recall that & is a regular cardinal. Let ¢ and f be distinct non-pairs (e.g.
t =0 and f = {0}). For all structures D, define

H(D) = (P"(D)—=D); & U(t)
Furthermore let Eq/, be the equation
H(D)=D

Fact 8.3.1. If a pcs D satisfies Eq.. then (Z(D),C) satisfies Eq,..

Now define
PO = <®7 ®7 ®>
Py = H(Pp)
Ps = W{Pg|ped}
P = P,

It is easy to prove by transfinite induction that Pg = (Ps, <g,p) is a pcs,
that {Pg | 8 € ¢} is a chain of pcs’s, and that the pcs P is the C-minimal (and
in fact unique) solution of Eq’..

We define the rank rk(p) of p € P as the smallest ordinal « for which p € P,.
Recall that Py = ) and note that P, = {t, f}.

8.4. Some properties of the web

From now on | means |p. Define C = PR(P). For all p € P and ¢ =
(c1,...,¢n) € C<¥ let £(¢) denote n (i.e. the length of ¢) and define

<67p> = <cl’ <62a < o <Cn’p> o >>>

In particular, (¢,p) = p if £(¢) = 0. Using that there are no decreasing infinite
sequences of ordinals we easily get:

Lemma 8.4.1 ([4]). For each p € P there is a unique decomposition of p as
p=(¢,t) orp=(c, f) where ¢ € C<¥.

For p = (¢, ¢) where q € {t, f} we define £(p) = £(¢) + 1 and refer to q € {t, f}
as the head of p.

Remark 8.4.2.

(c,p) <1 € P implies r = (e, q) for some e,q.
(e,p) < (e.q) iffe Clc andp < gq.
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8.5. The domain of the canonical k-premodel

The k-Scott domain M of the canonical k-premodel is defined by
M= (Z(P),C)
We have:
Fact 8.5.1.
M, ={lp|p € P} is the set of prime maps of M.

M. ={la]|a e C} is the set of compact maps of M.
In M, sups are unions and infs are intersections.

The definition of M, above is compatible with the one in Section 6.3.

8.6. The canonical k-premodel

Recall that T and L’ are arbitrary, distinct constants which are not functions
so T, 1" & [M—,M]. Now define A, T, L, and A by

A(T) =T = {t}
A(h) = {f}U{{a,p) eCxP|peh(la)} forall heM—,M]
A(L) = 1 = 0
AMPw) = T for all ve M
A(uw)(v) = {peP |JaCv:(a,p) € u} for all ueF, veM
A(L)w) = L for all ve M

We have

Fact 8.6.1.

a) A: (M= M]&, {T’}) — M is an order isomorphism.

(a)
(b) M is a solution to the domain equation Fg,,.
(¢) (M, A, N) is a k-premodel.

Definition 8.6.2. The canonical k-premodel is the triple (M, A, \) with \ and
A defined as above. Recall that the canonical k- and ko-expansions M, and

M, are the k- and ko-expansions of the canonical k-premodel, respectively
(cf. Section 5.2).

Note that we have T = {t}, L =0, and F = M\ {T, L} with F defined as for
Theorem 7.4.1. We have:

Fact 8.6.3.
(a) ue Fif ue M and f € .
(b) {f} is the minimal element of 7 and models Az. L.
(¢) L, T,{f} e M..
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8.7. Tying up a loose end

Now recall the definitions of a ~, b, a =5 b, and a =, b from Section
3.8. Note that if Yee My:ca ~j cb then, in particular, (J{({p},t))a = T <
({p},t)b=Tsop € a<peb Thus, a =, b= a =, b which is the
non-trivial direction of Fact 3.8.3.

8.8. Conclusion

We have now constructed the canonical k-premodel and the canonical k-
expansion M, and the canonical ko-expansion M,,. Thus, as promissed in
Section 5.6, we have finished the definition of the concepts introduced in Section
5.2-5.3 and are thus prepared to move on to the meat of the consistency proof
in Section 9-13

9. Canonical premodels satisfy Mono, Min, and Ext

In this section we only suppose k > w, and prove that M,, the canonical
k-expansion, satisfies Mono, Min, and Ext, that its model order C coincides with
the syntactical order <, and that we could eliminate the constant Y in favor of
Curry’s paradoxical combinator. It is essential that M, is canonical since we
constantly use Lemma 8.4.1.

From now on we use the same notation for terms and for their interpretations
in M. Monotonicity of application w.r.t. C will be used constantly, most often
without mention.

9.1. A characterization of the order of M,, via application

The following applicative characterization of the model order C of M, is
the key for proving later on that the model order coincides with the syntactical
order < and that M, satisfies Ext.

Definition 9.1.1. Let F = Xz. T and r = M. if[u, T,F].

Thus in M,, we have that ru = T ={t} ifu=T,ru =L =0 if u = 1, and
ru=FifueF.

Theorem 9.1.2. For all u,v € M, the following are equivalent:
(i) uCw
(ii)  For all w € MS¥ we have r(uw) C r(vw)

Proof. (i) = (ii) because application is monotone.

(ii) = (i). The proof is by contradiction. Choose a p in P of minimal length
for which there exist u, v satisfying (ii) such that p € u and p & v.

From r(u) C r(v) wehavet cu =t cvand f eu= f €vsop#tand
p # f. Thus, p has form (c, q).

From p = {(c,q) € u we have r(u) = r(v) = F so u,v € F. Hence, using the
definition of A (cf. Section 8.6) we have ¢ € u({c) & I C le:(d,q) € u &
{¢,q) € u< p € u. Likewise, ¢ € v({c) & p € v.
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From ¢(q) < £(p) and the minimality of ¢(p) we have ¢ € v/ = ¢ € v’ for all
o', v satisfying (ii). Thus, p € u & ¢ € u(lc) = g € v({c) & p € v yielding a
contradiction. O

Corollary 9.1.3. For all u,v € M, we have
(i) uwCov ff r(u) Crv) and Vw: (uw C vw)
(i) w=v ff r(u) =r() and Vw: (uw = vw)

Proof. (i) is an immediate consequence of the theorem, from which (ii) follows.
In fact both are also direct consequences of the fact that M, was a premodel
(M, is not required to be canonical for the corollary). O

9.2. Ext
Theorem 9.2.1. M, = Ext

Proof. Let A and B be two MT-terms that do not contain x and y free and
suppose there is an MT-term C[z,y] such that (for all assignments of values
to free variables) M, = YwVv: (Awv = AC[w/x,v/y] A Bwv = BClw/x,v/y]).
The task is to prove that M, E Vw: (Aw = Bw) under the hypothesis that
M, EVw: (r(Aw) = r(Bw)). Now, the hypothesis on A and B obviously imply
that, given w € M, the elements Aw and Bw satisfy point (ii) of Theorem
9.1.2; by (i) we hence have Aw C Bw. Similarly, Bw C Aw so Aw = Bw. O

9.3. A-definability of the order of M,
Theorem 9.3.1. M, Fulv=unNv for all u,v € M.

Proof. The proof is by contradiction. Choose a p in P of minimal length for
which there exist u,v such that =(p € u [ v & p € unw).

Sincet culveu=v=T<%<te€unv we have p # t. Likewise, since
feulveuveF & feunv wehave p# f. Thus, p has form (c,q).

If p={c,q) €ulvthenuveF. If p={cqg) € unvthen alsou,ve F.
Thus, in any case, u,v € F. Hence, using the definition of A (cf. Section 8.6)
we have ¢ € u(lc) & 3¢ C le:{d,q) € u & (¢,q) € u & p € u. Likewise,
gevllc)epevandge (ulv)(lc) epeulv.

From ¢(q) < £(p) and the minimality of {(p) we have ¢ € v/ | v/ < g € o' NV’
for all w/,v’. Thus,p e ulv < qge (ulv)(e) & qeule)lv(le) ©qce
u(le)Nvle) & geulle)Agevlc) & peunp €v s peunu yielding a
contradiction. O

Corollary 9.3.2. (M, Eu=v)<uCwv forall u,v € M,.

Corollary 9.3.3. In M, the binary k-continuous function inf is definable by
a A-term (using if, L, and T), and hence the model order C is equationally
definable.
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Remark 9.3.4. It is interesting to compare this last result (which only applies
to canonical premodels of MT) to the following one, which deserves to be known.:
the order of a reflexive Scott domain is always definable by a first order formula
using only application (and which is the same for all these domains). This
result, proved by Plotkin in 1972, and only published twenty years later in [15],
was rediscovered independently by Kerth [12], who proved that it also holds in
Berry’s and Girard’s stable semantics, and Ehrhard’s strongly stable semantics
[13] (with different formulas).

9.4. Mono and Min
Theorem 9.4.1. M, = Mono + Min.

Proof of 9.4.1 Follows from Corollary 9.3.2 and from the fact that application
is monotonic w.r.t. the model order, and that Y = Y. acts as a minimal
fixed point w.r.t. the model order.

9.5. Definability of the fized point operator

Now we show that M, interprets Curry’s fixed point combinator as Yrarski-
A first proof was worked out by Thierry Vallée (private communication, 2002),
the present one is slightly more direct.

Definition 9.5.1. For all u € M,, and ordinals o let uy = L(uNPy) € M.

Lemma 9.5.2. For all u,v € M, we have:
(i)  up =0 and u, = u.
(1)  usv = Ug<s(ugv) for all limit ordinals 0.
(111)  ug11v = ugy1vg for all ordinals B > 0.

In particular, u;v = uivg.
Proof. (i) Obvious.

(i) Obvious for u € {T, L}. Now assume ¢ € F. We have Ug<5(ugv) C usv
by monotonicity. Now assume ¢ € ugv. Choose ¢ C v such that (c,q) € us =
LunPs). Choose p = (e,q¢'y € unPs such that (c,q) < p. Choose § < &
such that p € Pg. We have ¢ < ¢’ and e C |c (cf. Remark 8.4.2). Now
q<q € (Ip)(le) Cupv so q € ugv.

(iii) Obvious for u € {T, L}. Now assume ¢ € F. We have ugt1vs C ugt1v
by monotonicity. Now assume ¢ € ugiiv. Choose ¢ C v such that (c,q) €
ug+1 = L(uNPgyq). Choose p = (e,¢') € uNPpgyq such that (c,q) < p. We
have ¢ < ¢’ and e C |c (cf. Remark 8.4.2). Furthermore, p € Pgyq implies
e CPg. Now ¢ < ¢ € (Ip)(le) C ugt1vp 50 q € ugr1vg. O

Theorem 9.5.3. M, = Ycumy =Y.

Proof. Recall that M, interprets Y as Yraski- Since Yrareki acts as the least
fixed point operator on M, it is enough to prove that, for all u € M, we have
ww C Yrarskitt, where w = Az. u(xx). We prove waw C Yrarskite by induction
on a < k. The case o = 0 is clear and the limit case comes by Lemma 9.5.2(ii).
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If « = 841 we have wgriw = wgr1wg C wwg = u(wswg) C u(wpw) C
U(YTarskit) = YTarskilt, the first equality coming from Lemma 9.5.2(iii) and the
last inclusion by induction hypothesis. O

Remark 9.5.4. Most usual models of untyped \-calculus are stratified, in the
sense (very roughly speaking) that it is possible to find a way of decomposing them
in such a way that each u is the sup of an increasing sequence uqy, o € Kk (usually
Kk = w) satisfying all the properties listed in Lemma 9.5.2 except ujv = uvg.
This last equation is really the key point here. The equation uiv = ujvg holds
e.g. for Scott’s first model Do, and fails for Park’s variant of Dy which does
not satisfy Min.

10. Concepts for proving the Definability Theorem

Recall the definition of ® (Definition 7.8.2), of ¢ as the characteristic map of
@, of 1) (Definition 4.6.3), and of D[g] (Definition 4.6.1). In particular, ® = D[¢).
The aim of Section 10-12 is to prove:

Theorem 10.1 (Definability Theorem). If o < k is the smallest inaccessi-
ble ordinal then any ko-expansion satisfies ¥ = ¢.

Section 11 proves UBT (¢p <aq ¢, Theorem 11.3.1) for any inaccessible o us-
ing Y = Yraski- Section 12 proves LBT (¢ < 9, Theorem 12.4.3) for the
first inaccessible 0. The proof of LBT uses UBT (in Lemma 12.4.1) and the
minimality of ¢ (in Lemma 12.4.2).

Section 10 provides preliminary material and results which will be used in
Section 11 and 12. Sections 10.2-10.6 present and reorganize concepts and
results which were either explicit or implicit in [4] (including its appendices).
Section 10.7 applies 10.5-10.6 to the “components” @) and R of ¢ and is hence
new material.

The notation is essentially that of [4] except that the notation g/h introduced
here replaces | ;g where H = D[h], and G* replaces G°°.

In the following, o < k is inaccessible and & is still understood to be regular.
We work in a ko-expansion M. We refer to elements of M as maps. Unless
otherwise noted, variables range over M.

10.1. Necessity of assumptions

The proof of UBT uses the minimality of Y and the proof of LBT uses the
minimality of o, the minimality of Y, and UBT. The last two dependencies may
be seen as a convenience whereas the two other dependencies are essential. We
elaborate on this in the following.

Recall that UBT says v < ¢ where ¢ = s and s = YS. The proof of
UBT uses that s is the minimal fixed point of S. To see that this is needed, it
is enough to show that S has a non-minimal fixed point for which UBT fails:

Lemma 10.1.1. Let 0 < & be inaccessible and let M be any ko-expansion.
There exists an s’ € M such that Ss' = s’ and D[¢)'] = M where ¢’ = Lis'.
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For the proof see Appendix C where Lemma 10.1.1 is restated as Lemma C.1.

For monotonicity reasons, if LBT is true for M when interpreting Y by the
minimal fixed point operator, then it is obviously also true for any other fixed
point operator of M. In other words, the satisfaction of LBT does not require
Y = Yrarski and we can conjecture that there exists a proof of LBT not using
it; since the proof of UBT needs minimality (c.f. Lemma C.1), getting rid of
minimality for LBT would also mean getting rid of UBT.

Finally, LBT does indeed depend on ¢ being the first inaccessible: According
to LBT we have D[¢)] = ® when o is minimal, and since different choices of o
give rise to different ® we cannot have D[y)] = ® for non-minimal o.

10.2. Duals, boundaries, closure, and functions

We now state some definitions, many of which are repetitions of earlier def-
initions.

Definition 10.2.1. Let G,H C M and g,h € M.
(a) G° ={geM |Vzy,x1,...EGInEw: gxg- -z, =T} for G £
(b) @° = M\ {L} =T, \z. L}
(c) G* ={heG° |VgeG°: (g Spm h=g=h)}
(d) 1G = {heM | FgeG: g = h}
() G—H ={heM |VzeG: hx € H}
(f) Gt =G°—G.

We refer to G° as the dual of G. The set G* is the set of minimal elements of
G°.

Definition (a) above repeats Definition 7.8.1(c). Definition (b) makes explicit
how to understand (}°. Definition (d) makes a definition in Section 6.1 explicit.
Definition (e) repeats Definition 7.8.1(b).

Fact 10.2.2.

(a) GCH= H°CG"°

(b @ CGANHCH =G—HCG—H'
(c) G#£D=G° =G->G°
(d) GCHCH=G"=G°-G C H°—-H°° = H°°

Note that G° is anti-monotonic in G and that G—H is monotonic in H but
anti-monotonic in G. That allows to combine G° and G—H into monotonic
operators G°° and GT = G°—=G:

Fact 10.2.3.
(a) GC H= G®°C H*®
(b GCH=GT"CH?"

For all G C M recall from Sections 6.1, 6.5, and 7.8 that G is essentially o-
small if there exists a o-small V' such that V C G C1V. If G is open then G is
essentially o-small iff G = 1V for some o-small V.
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Let O(G) denote the set of open subsets of G. Recall from Definition 7.8.1(a)
that O_,(G) denotes the set of essentially o-small open subsets of G. We define
O.«(GQ) likewise. We use O(G), O.,(G), and O..(G) only for G open (and
mostly for G = ® and G = M). From Remark 7.7.2 we have:

Fact 10.2.4.
(a) If g € M then D[g] € O(M).
(b) If G € O(M) then G = D[g] for some g € M.
(c) O(M) = {Dlgl | g € M}.

We use D[g] only for g € M. Thus, whenever we assume G = D[g] we implicitly
assume g € M.

As usual, two maps z,y € M are said to be incompatible if they have no
upper bound in M w.r.t. <.

Theorem 10.2.5.
(a) If G € O(M) then G* is a set of incompatible elements, G° = 1(G*), and
if G # ) then G*® is infinite.
(b) If G € O_,(M) then G° € O(M) and G* € M..
(c) If G € O.;(M) then G° € O_;(M) and G* € P_,(M.).

Proof of 10.2.5 For G # () this is [4, Theorem 6.1.11] adapted to the notation
of the present paper. For G = () the theorem follows trivially from the definition
of §° (Definition 10.2.1(b)).

Lemma 10.2.6 (Closure properties of O_,(M) and O_,(P)).
(a) If G € O.,(M) then G° € O_,(M).
(b) O.»(®) and O.,(M) are closed under o-small unions.
(c) If G € O_,(®) then G € O_,(P).
(d) If G € O, (P) then G*° € O_, (D).

Proof of 10.2.6

(a) Is part of Theorem 10.2.5.

(b) Follows from the regularity of o, i.e. the fact that a o-small union of
o-small sets is o-small.

(c) Follows directly from the definition of ® (Definition 7.8.2) (and implicitly
uses that o is inaccessible).

(d) Will be re-stated and proved as Lemma 10.4.4; we do not yet have the ma-
terial to prove it, but include it here for completeness. Note that O_,(®)
is closed under °° but not under °

10.3. Elementary observations

We now list some facts which we shall use without reference in the rest of
the paper. Some of the facts have been used before.

Fact 10.3.1.
(a) H{L}=M
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(b) H{T}={T}
(c) 1F=F

Fact 10.3.3.

(a) (z:y)#Lerz=TAry#1

(b) (z:y)#L=a:y=y

() (x:y)iz=x:(y:2)

d) (z:y:2)£Leorc=TAy=TAz#L
() (x:y:2)#Ll=>x:y:z=2z2
Fact 10.3.4.

(a) la=Ter#l

Fact 10.3.5.
(a) f =amg=DI[f] CD[g]
(b) D[Uf] = UzemD[fz]

10.4. On the definition of ®

There are many ways to build ®. The definition chosen in the present paper
was stated as Definition 7.8.2. The one chosen in [4] was to build a set U of
maps as the union of an increasing sequence (¥, )qeo of o-small sets and then
take ® = 1. However, as shown in [4] and below, @ could as well be inductively
defined as the limits of certain increasing sequences (P, )aco and (Hq)aeco of
essentially o-small open sets. Using these two sequences will be pertinent for
proving UBT and LBT.

Note that [4, Theorem 7.1.1] states that there exists a ® with certain prop-
erties which is enough for the development in [4]. Then the proof of [4, Theorem
7.1.1] constructs a concrete ® which is the one we refer to here as “the ® defined
in [4]”.

We now define (®y)acs and (Ha)aco and then move straight to Lemma
10.4.2 which is important because it allows to use all theorems about ® in [4]
in the present paper.

Definition 10.4.1. For all o < ¢ define ®, and H, thus:

(a) 0 ={T}
(b) (I)a+1 = q):
(C) [oF} = Uges®p for limit ordinals §.
(d) Ho ={T}
(&) Has1 = HE
(f) Hs = UgesHp for limit ordinals .

Lemma 10.4.2.
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(a) = D,.
(b) The ® defined in the present paper equals the ® defined in [4].

Proof of 10.4.2

(a) By transfinite induction using Fact 10.2.3 and Lemma 10.2.6 we have
O, CPgforall a < B <oand @, € O, (P) for all a < o (for reference,
these two easy results are stated again below as Lemma 10.4.3(a) and
10.4.5, respectively). Thus ®, C @ by transfinite induction using the
definition of ® (Definition 7.8.2). In particular ®, C ®. Now assume
G € O.,(®,). Then G C ®, for some « € o since o is regular so
Gt C®,.1 CP,. Thus, G € O,(P,) = Gt C D, so & C &, by the
minimality of ® (c.f. Definition 7.8.2).

(b) Let @ denote the ® defined in the proof of [4, Theorem 7.1.1] and let &/,
denote the @, defined in the proof of [4, Lemma A.1.1]. We now prove
=3 =, = .

Proof of ® = ®/. As stated without proof in the proof of [4, Lemma
A.1.1] we have ® = @/ ; it is an easy consequence of [4, Lemma 7.1.2].

Proof of ®/ = ®,. By the definition of ®f we have &) = {T} = Py.
Furthermore, according to the proof of [4, Lemma A.1.1] we have &/ =
Upea (P —@) if 0 < a < o, so @, = &, for all @ < o by transfinite
induction. In particular, ®, = ®,.

Finally, ®, = ® by (a) which finishes the proof.

Lemma 10.4.3.
(a) o e =, C Py

)

(c) ®a CHa

(d) =9, =H,
) VGeO_,(®)Jaco:G C &, C H,
) C P
)

Proof of 10.4.3
(a,b) By transfinite induction using Fact 10.2.3.
(¢) We have Ho C Haot1 = Ho°° by (b) and Definition 10.4.1(e). Hence,
®, C H, by transfinite induction using Fact 10.2.2(d).
(d) For ® = @, see Lemma 10.4.2(a). For H, C ® see [4, Theorem A.2.2] and
its proof. Finally, ®, C H, is given by (c).
(e) Let V be o-small and such that G = 1V. For each g € V let p(g) be the
smallest ordinal for which g € ®,(,). Take o = Ugcy p(g).
(f) [4, Theorem 7.1.1].
(g) Follows trivially from (a-d,f) and Fact 10.2.2(a).

Lemma 10.4.4. G°° € O_,(®) for all G € O_,(®P).
Proof of 10.4.4 This is the announced re-statement of Lemma 10.2.6(d). We
have G°° € O_,(M) by Lemma 10.2.6(a). There remains to prove that G°° C ®.
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Using Lemma 10.4.3(e) take « such that G C H,. Then G°° C H2® = Hot1 by
Fact 10.2.3(a). Thus G°° C ® by Lemma 10.4.3(g).

Lemma 10.4.5. &, € O_,(®) and Hy € O.;(P) for all a € 0.
Proof of 10.4.5 By transfinite induction using Lemma 10.2.6 and 10.4.4.
Lemma 10.4.6. ® € O_,(M).

Proof of 10.4.6 From Lemma 10.4.5, 0 < k, and the regularity of x we have
=030, c O, (M).

10.5. Projections

Definition 10.5.1. Let G,H C M and g,h € M.
(a) g/h=iflg, T, Ax.hx : (gz/h)]
(b) G/h={g/h|gec G}
(¢c) gH ={gh | h € H}.

Definition (a) repeats Definition 4.6.2(d).

Recall that since / is an infix operator we have that ab/cd means (ab)/(cd).
Likewise, gH/k means (gH)/k which equals {(gh)/k | h € H}.

As mentioned in Section 4.6, the g/h construct is a kind of “transitive restric-
tion” of the function g to the domain H = D[h]. But what makes the construct
interesting here is that it is a projection in the sense that (g/h)/h = g/h <pm g
(cf. Lemma 10.5.3). More specifically, g — g/h is a projection from H®° onto
He:

Lemma 10.5.2. If H = D[h| then H®* = H°/h.

Proof of 10.5.2 Like was the case for Theorem 10.2.5, this is part of [4,
Theorem 6.1.11] adapted to the notation of the present paper. For H = () the
lemma follows trivially from the definition of (° (Definition 10.2.1(b)).

Lemma 10.5.3. Let H = D[h]. We have:

(a) g/h 2m g

(b) g/h=T iff g=T.

(c) g/h=4g'/h if g€ H° and g a1 g
(d) g/he K< getK if KCH®.

(c) g/h=(g/W)/h if D[] C DII].

Proof of 10.5.3

(a) In Example 4.3.1 we defined ¢ such that ig = if[g, T, Az.i(gx)]. From
that we proved ig = g using Ext. Now define 7 = Mhg.if[g, T, A\x.ih(gx)].
Repeating the argument in Example 4.3.1 on #h in place of i we get thg = g.
We have a : b ¢ b when a is T, L, or a function, so a : b Xp b
by QND. Using a : b <pq b, Thg = g, and that recursive definitions are

shorthand for definitions that use Y we have

g/h = (YAfhg.if[g, T, Ax.hx : fh(gz)])hg
<m (YAfhg.iflg, T, Az. fh(gx)])hg = thg=g
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Above, we have taken the liberty to consider h the first and g the second
parameter of g/h. That is immaterial, but avoids some technicalities here.

(b) By the definition of g/h.

(¢) From g € H® and g <y ¢’ we have ¢’ € H®. Then by Theorem 10.2.5(a)
and Lemma 10.5.2 we have g/h € H®, ¢'/h € H®, and g/h and ¢'/h are
either equal or incompatible. But g/h < g’/h by monotonicity, so g/h
and ¢’ /h are equal.

(d) First we note that 1K C H® (Theorem 10.2.5) and that = follows from
(a). Suppose now that g € 1K and take ¢’ € K such that ¢’ <aq g. By
(c) we have g/h = ¢'/h. Furthermore, ¢’ € H® implies ¢'/h = ¢’ € K.
Hence, g/h € K.

(e) If D[h] C D[A/] then hy : z = hy : (h'y : z). The claim then follows from
the definition of g/h.

We use G <. H to denote that G has the same or smaller cardinality than H.
Lemma 10.5.4. D[g]/h <. D[¢']/h" if D]g] C D[¢'] and D[h] C D[R]

Proof of 10.5.4 We prove that the function k(x) = x/h is surjective from a
subset of D[g’']/h’ onto D[g]/h. Suppose y € D[g]/h. Let x € D[g] satisfy y =
z/h. Now z = /I’ € D[g]/h C D[¢']/I satisfies k(z) = (z/W)/h =x/h =y
by Lemma 10.5.3(e).

Lemma 10.5.5. Let G = D[g] C @.
(a) ®/g C G*
(b) a®/p € P, (®*) ifac ®.
(c) ®/g € P.y(M.) if GeO,(P).

Proof of 10.5.5

(a) G C @ gives & C d° C G° by Lemma 10.4.3(f) and Fact 10.2.2(a). We
conclude using Lemma 10.5.2.

(b) Choose o < o such that a € ®p41 = P2 —P,. Since & C P2 (cf. Lemma
10.4.3) we have a® C &, C ®. Thus, a®/¢ C /¢ C ®* by (a). From
Lemma 10.4.5 we have &, € O_,(®). Take K € P_,(®) such that &, =
1K. We have a®/¢ C ®,/¢ = K/¢ which is o-small.

(¢) By (a) and Theorem 10.2.5(c).

Lemma 10.5.6. Let g € M. Assume G = D[g] € O.,(M). Let k:G* =M.
Then there exists an h € F such that he = k(z/g) for v € G° and hx = L
otherwise. Note that hx = h(z/g) for all x € M.

Proof of 10.5.6 Let k': M—M satisfy k'(x) = k(z/g) for x € G° and k' (z) =
1 otherwise. Then £’ is a k-step function. Suppose indeed x < y and k'(z) #
L; then z € G°, hence /g = y/g by Lemma 10.5.3. Hence, k¥’ is k-continuous
(Lemma 6.6.3) and h = \(k’) satisfies the first conclusion of the lemma.

Now if € G° then h(z/g) = hx since h(z/g) = k((z/g)/g) and (x/g)/g =
x/g; finally if x # G° then h(x/g) = h(z) = L.
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10.6. Self-extensionality

We now recall the definition of self-extensionality plus some auxiliary con-
cepts from [4, Appendix A.2]. First recall r = Au. if[u, T, A\z. T| from Definition
9.1.1. Then recall the definition of x =¢ y from [4]:

Definition 10.6.1. = =g vy iff VZeG<¥ : r(22) = r(yZz)

Note that x = y iff z = y according to Theorem 9.1.2. Now the definition of
self-extensionality reads:

Definition 10.6.2. G C M is self-extensional if
(a) 0 # G € O, (P)
(b) G CG°°
(¢c) z=cy=>zlyeGforallz,y e G

The name “self-extensionality” is borrowed from [4] and refers to the property
xr =g y = = =¢ y which happens to follow from (c) above and [4, Lemma
A.2.1]. We shall neither use (¢) nor x =g y = & =¢ y explicitly in the present

paper.
Note that G°° = G°—=G°° for all G (cf. Fact 10.2.2(c)).

Lemma 10.6.3. If G = D[g] is self-extensional then G°° is self-extensional and
G* C Goo/g'

Proof of 10.6.3 This is [4, Lemma A.2.4 and A.2.5].
Lemma 10.6.4. If G = Dlg] is self-extensional then ®/g = G*

Proof of 10.6.4 We have ®/g C G* by Lemma 10.5.5(a). From Lemma 10.6.3
we have G°° C & and G* C G°°/g C ®/g.

Lemma 10.6.5. H,, is self-extensional for all a € o.

Proof of 10.6.5 By Lemma 10.4.5 and Lemma 10.4.3(b) we have that #,,
satisfies Definition 10.6.2 (a) and (b), respectively. By transfinite induction in
o using [4, Theorem A.2.1] H,, also satisfies Definition 10.6.2(c).

Lemma 10.6.6. For all G € O.,(®) there is a self-extensional H such that
GCH.

Proof of 10.6.6 By Lemma 10.4.3(e) and Lemma 10.6.5

10.7. Properties of Q and R

The definition of ¢ (Definition 4.6.3) includes definitions of the auxiliary
maps P, @), and R. The lemma below states the properties of P, (), and R that
we use for proving UBT and LBT.

Lemma 10.7.1. Let g,a,b,c,0 € M.
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(a) D@ 9—Dlg] if Qg # L
(b) D[Qg] 2 Dlg]" if Dg] C ® and Qg # L
(c) D[Qg] = D[g]*" if D[g] is self-extensional.
(d) D[Rabbc] = U.cpigDla(b(cz/0))] if Rabbc # L

Lemma 10.7.1(c) is used in Section 11 which proves UBT. Lemma 10.7.1(b) is
used in Section 12 which proves LBT.
Note that the definition of @ gives Qg # 1 < g # L.
Proof of 10.7.1
(a) Qg # L gives lg = T. We have

gl =/
Dlg
lg

yGDWd
S Qgy = Definition of D
& Vz.g(y (z/g)) = lg =T and the definition of @)
< Vzed:g(y(z/g )) = Properties of
& Vzed:y(z/g) € Dlg ] Definition of D
<y € ©/g—Dlg] Definition of ®/g and —

(b) Follows from (a) and Lemma 10.5.5(a)

(¢) From D[g] self-extensional we have D[g] # 0 so g # L and Qg # L. Now
(c) follows from (a) and Lemma 10.6.4.

(d) Rafbc # L and the definition of R gives fc = T and Rjafbc = T. Now:

y € D[Rabbc]

< Rabbcy =T Definition of D

< Roabbey =T Oc=T, Riabbc =T
and definition of R.

< Ez. (02 : a(b(cz/0))y) = T Definition of Ry

& JzeM:0z : a(bez/0))y = Properties of E

& zeM:0z=TA a(b(cz/@))y T  Properties of guards

< JzeM:z € D[0] Aa(b(cz/0))y =T  Definition of D[6]

< 3zeD[0]: a(b(cz/0))y = Trivial

< 32eD[0]:y € Dla(b(cz/6))] Definition of D

&y € Uzepig)Dla(b(cz/0)))] Trivial

11. Proof of the Upper Bound Theorem (UBT)

Recall that UBT states that ¢ < ¢ (c.f. Theorem 11.3.1). In this section
we need that o is inaccessible (but not necessarily minimal), that M is any
ko-expansion where k > o is regular, and that Y acts as Yraski- We will use
repeatedly without mention that application is monotonic w.r.t. <.

11.1. Restriction and step maps

We shall say that g € M is a step map if ¢ — gr € M—M is a k-step
function in the sense of Definition 6.6.2. For convenience we drop k in “step
map” and “step chain” below. For g, h € M we shall say that g is a restriction
of h if VaeM:ga = L V ga = ha. If h is a step map and g is a restriction of h
then obviously ¢ is also a step map. Now define

g h < Va,beM: (a Sp bAga# L = ga=hd)
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Fact 11.1.1.
(a) If h is a step map then g < h iff g is a restriction of h.
(b) g Qg iff g is a step map.
(¢) gdhANh<Lk=g<dk.

For ordinals o < k we say that (gs)geq is a step chain if g, <gg for all vy < § < .
In particular, gg < gg implies that the elements of a step chain are step maps.

Lemma 11.1.2. Suppose (g3)geq is a step chain and has a supremum g w.r.t.
=<m. We have:

(a) gg Qg forall g€ a.

(b) If gs < h for all B € o then g < h.

Proof of 11.1.2
(a) Assume a =< b and gga # L. We shall prove gga = gb. Now gga = ggb
since gg is a step map. Furthermore, for all v € a, g4b = LV g,b = ggb
since (gg)geaq is a step chain so gb = ggb.
(b) Assume a < b and ga # L. We shall prove ga = hb. Choose 8 € «
such that gga # L. Now g,a = 1LV g,a = gga for all v € a so gga = ga.
Furthermore, ggb = gga since gg is a step map so ggb = hb since gz < h.

Lemma 11.1.3. ¢ Jh A0 < ¢ = Sgf < Shé.

Proof of 11.1.3 Assume a < b and Sgfa # L. We shall prove Sgfa = Shob.
From Sgaf # L and the definition of S we have a # L. If a = T then Skfa = Pa
for all k so Sgfa = Pa = Shfa. Now assume a € F.

From Sgfa # L and a € F we have aT # L. We proceed by two cases:
aT =T and aT € F.

Case 1. Assume aT = T. Now Skfa = Q(k(aF)) for all k. From Q(g(aF)) =
Sgba # 1 we have aF # L. Thus, from g < h we have g(aF) = h(bF) so
Sgba = Q(g(aF)) = Q(h(bF)) = Shob.

Case 2. Assume aT € F. Now Skfa = Rkf(aT)(aF) for all k. From
Rgf(aT)(aF) = Sgfa # L we have 0(aF) = T and R,1960(aT)(aF) = T. From
the latter we have g(aT(aFz/0)) # L for all @ € ® and thus in particular
for all a € D[0] (since 8 < ¢). Thus, from g < h we have g(aT(aFz/0)) =
h(bT(bFz/6)) from which Sgfa = Shob follows by the definitions of S, R, R,
and Ry.

Definition 11.1.4. For all ordinals o < & and for all § € M define 0, thus:
(a) =1
(b) Oay1 = 50,0

(c) 05 = sup,es o for limit ordinals 4

By transfinite induction we have that 6, <x¢ YAf.Sf6 and that all the sups

exist (since (04 )acs is bounded).

Lemma 11.1.5. If § < ¢ then (0u)acx is a step chain.
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Proof of 11.1.5 From Lemma 11.1.3 we have 977 gléﬂ,/ = G}H §1§7/+1. We now
prove that (6 )a<pg+1 is a step chain by induction on 8 € x. The zero case follows
from 1 = 6y <6;. The successor case follows from 05 <105,1 = 05,1 <05.2. For
limit ordinals J suppose (0a)a<p+1 is a step chain for all 8 € 6. Then (00)a<s
is a step chain. Then 6, < 05 by Lemma 11.1.2(a). Then 0, <041 <0541 so
s < 05,1 by Lemma 11.1.2(b) so (0a)a<s+1 is a step chain.

11.2. Limited size
Lemma 11.2.1. D[Qg] € O.,(®) if D]g] € O.(P)

Proof of 11.2.1 Let h = \y.if[gy, T, L]. Now D[h] = D[g] and D[Qh] =
D[Qg]. Furthermore, h is a characteristic map. Using Lemma 10.6.6, choose
K € O.,(®) such that K is self-extensional and contains D[h] as a subset.
Let k be the characteristic map of K. Since h and k are characteristic maps
and D[h] C DI[k] we have h <y k so Qh <y Qk by monotonicity. Hence,
D[Qh] C D[Qk] = D[]t € O.,(®) by Lemma 10.2.6(c) and 10.7.1(c). Thus,
D[Qg] = D[Qh] C ®. Furthermore, D[Qg] is open (c.f. Fact 10.2.4(a)) so it
remains to prove that D[Qg] is essentially o-small. This is trivial for g = L so
assume g # L. Now Qg # L.

Let G = D[g]. By Lemma 10.7.1(a) we have D[Qg] = ®/¢g—D[g]. By
hypothesis we have G € O_,(®), and by Lemma 10.5.5 we have ®/g C G* and
®/g € P.s(M,). Choose a o-small V' C ® such that G =1V.

Let i € ®/g—V. Now h' # L. If i’ € F and using Lemma 10.5.6 let h” € F
be such that b’z = h/(z/g) for x € 1(®/g) and bz = L otherwise. If b’ =T
let h/ = T. Using Lemma 10.5.3(a,d) we have h" <,q I/ and h” € ®/g—V.
Now let W = {h" | b € ®/g—V}. We have ®/g—G = tW and W is o-small
which finishes the proof.

Lemma 11.2.2. Assume f,a,b,c,v,0 € M, 0 <p ¢, and VaeeM:D[fz] €
.o (®). We have:

( ) D[P] ={T} € O,(®)

(b) D[Q(fv)] € O-4(®)

(c) D[RfObc] € O, (D)

(d) §f0a € {1, P,Q(f(aF)), RFO(aT)(aF)}

(¢) DISf8a] € O.,(®)

Proof of 11.2.2

(a) Trivial.

(b) Follows from Lemma 11.2.1.

(c) If Rf6bc = L then D[RfObc] = 0 € O.,(®). Now assume Rffbc #
1. From the definition of R we have c = T so ¢ € ® since 0 =<y
¢. Hence, ¢®/¢ C ®* is o-small by Lemma 10.5.5(b). Thus b(c®/¢)
and K = b(cD[f]/¢) are o-small too. Hence, using Lemma 10.7.1(d),
Lemma 10.2.6, and the hypothesis D[fz] € O.,(®) we have D[Rffbc] =

UzepieDLSf (b(cz/¢))] = UrexD[f2] € Oy (@)
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(d) Sfoay
= if[a, P, if[aT, Q(f(aF)), Rf0(aT)(aF)]]y Definition of S
€ {L,P,Q(f(aF)), RfO(aT)(aF)} Properties of if
(e) Follows from (a-d).

In the following lemma, (05)s<, is the step chain produced from 6 € M by
Definition 11.1.4.

Lemma 11.2.3. If§ <y ¢ and B < k then VaeM:D[fzz] € O_,(®).

Proof of 11.2.3 By induction in 8. For 8 = 0 we have D[fgz] = 0 € O_,(®).
The successor case follows from Lemma 11.2.2(e). The limit case follows from
Lemma 11.1.5.

11.3. Proof of UBT

In this section we prove UBT (i.e. ¥ =1 ¢), and a refined form of it which
sheds some light on the intuition behind the definitions of 1 and s.
For UBT we need the minimality of Y w.r.t. <4, i.e. that Y is Yrarski-

Theorem 11.3.1 (Upper Bound Theorem/UBT). ¢ =< ¢ holds in all
ko -expansions where o < Kk is any inaccessible ordinal.

Proof of 11.3.1 Recall that s =Y S and that ¢ = Us where U = Afy. Ex. fay.
By the definition of U we have D[Ug] = UzemD[gz] for all ¢ € M. From
Lemma 11.2.3 and for all « € 0 and 2 € M we have D[p,z] C ® so D[Ug,] =
UzemD[par] € @ = D[#]. Since both U, and ¢ are characteristic maps we

have Up, =1 @.
Now define s, for a < & by:

So = 1
Sa+1 = Ssa
85 = SUPgesSa for limit ordinals &

By transfinite induction we have that s, =<a¢ Y.S, that the sequence is in-
creasing, and that all the sups are defined (since (s4)aes is bounded by YS).
Furthermore, s =Y S = s, since Y is Ymaski (c.f. Section 7.2).

We have s, < ¢o by transfinite induction: The zero and limit cases are
trivial. We now assume s, =g J)a and prove sqp4+1 XM J)aﬂ. From s, < Q_Sa
and monotonicity we have Us, =< u@a 80 Usq =a ¢. Hence, sq11 = Ssq =
Ssa(l—lsa> M SPad = Pati- B

Now ¢ = Us = Us,, Spm Udk S 0.

Theorem 11.3.2 below is a strengthening of UBT which we do not need but
which captures some of the intuition behind the definitions of s and .

Theorem 11.3.2 (Strong UBT). For all a € M we have D[sa] € O ,(P).
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Proof of 11.3.2 We have 1 < ¢ by UBT so D[¢.a] € O.,(®) by Lemma
11.2.3.

Define s, like in the proof of UBT. We have Us, = Us = . We now
prove Sa =m Yo by Erimsﬁnitﬁ induction in a. If s =p Yo then sq11 =
Ssa = 854(Usa) 2m SPath = Yay1. The zero and limit cases are trivial.

Now D[sa] = D[sxa] C D[¢pxa] € O.(P).

12. Proof of the Lower Bound Theorem (LBT)

Recall that LBT states that ¢ =<a ¢ (c.f. Theorem 12.4.3). As already
mentioned, the proof of LBT uses UBT (in Lemma 12.2.3 and 12.4.1), the
minimality of Y (in Lemma 12.1.2(b)), and that o is the first inaccessible (in
Lemma 12.4.2). The depency on UBT and the minimality of Y should be seen
as a convenience whereas the dependency on o being the first inaccessible is
essential, c.f. Section 10.1.

In the following, M can be any ko-expansion (k > o). We only require o to
be minimal when needed (in Lemma 12.4.2 and LBT itself).

12.1. Characteristic maps

Recall that we refer to elements of x = (M—{T, L}) N F as characteristic
maps. For all G C M we have D[g] = G for at most one g € x. We refer to
that g, if any, as the characteristic map of G. As examples, ¢ and 1) are the
characteristic maps of ® and D[], respectively. Define x; = x U {L}. Note
that if g € x 1 then D[g] = dom[g] = {zeM | gz # L}. Also recall the following
facts:

Fact 12.1.1. Let g,h € M. We have:
(a) gexeg=mAn.TAg# L
b)) gexL e g=mrzT
(c) If g € x1. and h € x then g <y h < D[g] C D[A]

)
)
) sa Spm v
) sa =a sb < D[sa] C D[sb] provided sa # A\x. L

Proof of 12.1.2

(a) By the definitions of S and .
(b) Let Ty = Az. T and Ty = Ay. T1. It is enough to prove
VYaeM: STsa =m T1 (1)
since if (1) holds then STy = Aa.STaa <pq Aa. Ty = Ta 80 YS < To
(since Y = Yrapski)- Hence, sa = YSa < Taa = Ty.
It remains to prove (1). By Lemma 11.2.2 we have
STsa € {1, P,QTy, RTo(UT>3)(aT)(aF)}
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Since clearly P <xq T it only remains to check that the two last terms
are smaller than Ty. From QT; =!T; : Ay.Vz. Ti(y(z/v)) = \y. V2. T =
Ay. T =Ty we have QT1 =<pq Ty. From Ez. A < T for all terms A we
have RTo(UT2)bec=---: Ay.Ez.--- < T1.

(¢) From ¢ = Us we have D[¢)] = UzemD[sa] so D[sa] C D[¢)] which proves
sa =p ¥ by Fact 12.1.1(c).

(d) If sb # L then the lemma follows from (b) and Fact 12.1.1(c). The lemma
is trivially true if sb = L. Actually, sa <, sb < D[sa] C D[sb] only fails
for (sa =Ax. L) A (sb=1).

12.2. Analysis of s applied to pairs

We analyse here the shape of D[sa] when a = T or a is a pair as defined
below. UBT is used in the proof of Lemma 12.2.3(c) below.

Lemma 12.2.1.
(a) sT=P
(b) D[sT] = {T}

Proof of 12.2.1

(a) sT = Ssy)T = P by Lemma 12.1.2(a) and the definition of S
(b) Follows from (a) and the definition of P.

Define z::y = Az.if[z, z, y].

Fact 12.2.2.
(a) (xuy) e F
(b) (xzy)T=2x
(c) (auy)F =y

a)
b) Q(sa) # L if sa# L
(c) D[s(T::a)] 2 D[sa]* if sa# L (Uses UBT)

Proof of 12.2.3

(a) s(T::a)
= Ssp(T:a) Lemma 12.1.2(a)
= Q(s((T=a)F)) Definition of S
= Q(sa) Fact 12.2.2(c)

(b) From sa # L we have !(sa) =T so

Q(sa)

= I(sa) : A\y.--- Definition of Q
=T:Ay.--- From the assumption
= Ay Definition of guards
%+ 1 Trivial
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(c) We have D[sa] C ® by UBT (Theorem 11.3.1) and Q(sa) # L by (b).
Hence,
D[s(T::a)]
—Q(sa) ()
D D[sa]™ Lemma 10.7.1(b)

Lemma 12.2.4. Assume beF,ve=T, and Vz€®: s(b(cz/v)) # L
(a) Risy(b:c) =
(b) s(bx:c) = Ay. EZ (z : s(b(cz/v))y)
(c) s(buc) # L
(d) D[s(bz:c)] = UzepyDls(b(cz/1))]

Proof of 12.2.4
(a) Rysyp(bric)

= Vz I(s((b::e)T((b::c)Fz/4p)))  Definition of Ry
= Vz.l(s(b(ez/v))) Fact 12.2.2
= T Third assumption
(b) s(b::c)
= Ssip(b::c) Lemma 12.1.2(a)
= Rsy(b::c) Definition of S
= ¢ : Ryisp(bic) : Rosyp(b:ic)  Definition of R and Fact 12.2.2
= Rosyp(b::c) e=T and (a)

= Ay.Ez. (¢z : s(b(ez/v))y) Definition of Ry and Fact 12.2.2
(c) Follows from (b)

(d) y € D[s(b::c)]

< s(bie)y=T Definition of D

& Ez. (2 - s(b(cz/0))y) =T (b)

& JzeM: (Yz 2 s(b(ez/v))y) = Properties of E

& dzeM:pz =T As(b (cz/w))y Properties of guards
< JzeM:z € D[Y] Ay € D[s(b(cz/v ))] Definition of D

&y € Uzeppy)D[s(b(cz/1))] Trivial

12.3. Further properties of projections

Recall that since / is an infix operator we have that ab/cd means (ab)/(cd).
Likewise, gH/k means (gH)/k which equals {(gh)/k | h € H}.

Lemma 12.3.1. If G = D[g] € O, (M) and ) # G C H C G° then JheG™:
G/g=hH/qg.

Proof of 12.3.1 If h € Gt = G°—G then hG° C G. From G C H C G° we
have hG/g C hH/g C hG°/g C G/g. Tt remains to find an h € G such that,
furthermore, G/g C hG/qg.

Let k: G*—G satisty k(z)/g =z forallz € G/g C G°/g=G*. For x ¢ G/g
we merely require k(z) € G which is tenable since G # 0.

Using Lemma 10.5.6 let h € F satisfy hx = k(x/g) for x € G°. Obviously,
heGt.

62



Assume z € G/g. Let y € G satisfy y/g = x. By the definition of h and k
we have x = k(z)/g = k(y/g)/g9 = hy/g € hG/g; whence G/g C hG/g.

Lemma 12.3.2. If G = D[g] € O.,(M), G C G°, and 2 <. G/g then
P(G/g) < GT/g.

Proof of 12.3.2 Let a,b € G satisfy a/g # b/g.

From Lemma 10.5.2 we have G/g C G*. For allU C G/g define ky: G*—M,
hy € M, and iy € M as follows using Lemma 10.5.6: ky(z) = a for z € U and
ku(z) = b otherwise; hy € F satisfies hyx = ky(x/g) for x € G°; iy = hy /g.

We have hyz € {a,b} C G for x € G° so hy € GT and iy € Gt /g. Thus,
for all U € P(G/g) we have iy € Gt /g. To prove P(G/g) <. G*/g it is enough
to prove that U — iy is injective.

Now assume U,V C G/g and U # V. Without loss of generality assume
U\V # 0 and take z € G such that /g € U\ V. Thus hyz = a and hyx = b.

Using the definition of / we have iyx = (hy/g)x = gz : (hyz/g) = T :
(a/g) = a/g. Likewise, iyx = b/g so iy # iy which ends the proof.

Let ¢, be the characteristic map for ®,. We have &, = D[d,].

Lemma 12.3.3. P(®,/d0) <c Pat1/das1 for alla € o.

Proof of 12.3.3 ®,/¢, is finite and ®,/¢; is infinite so the lemma holds for
a = 0. For a > 0 we have T,F € &, s0 2 <. D,/¢,. Hence, P(P,/da) <
DY /b0 = Pot1/Pa by Lemma 12.3.2. Furthermore, @ 11/b0 <c Pot1/Pat1
by Lemma 10.5.4 and Lemma 10.4.3(a).

Lemma 12.3.4. a <. ®,/¢, for all a € 0.

Proof of 12.3.4 By transfinite induction using Lemma 12.3.3 for the successor
case and Lemma 10.5.4 for the limit case..

12.4. Proof of LBT

We use UBT twice in the proof of the following lemma.

Lemma 12.4.1. Let o be a limit ordinal. For all v € a assume that by € M
satisfies ®,, C D[sb,]|. Suppose a € M satisfies cf(a) <. D[sa]/sa. Then there
exists a b, € M such that ®, C D[sb,]

Proof of 12.4.1 The core idea is to take b, = c::d with ¢ and d chosen as
below, and to apply Lemma 12.2.4(d) to D[s(c::d)].

Let g = sa, G = D[g], and H = D[¢].

From szy = T = ¢y = T we have D[sz] C D[¢)]. Thus, by UBT we have
D[sz] C D[¢)] C ® C ®° C D[sz]® for all x € M.

From the hypotheses we have D[sa] # ) and D[sby] # 0 so sa # L and
sby # L for all v € a.

Step 1: definition of d and properties. From D[sa] C D[] C Dlsa]® we
have G C H C G°. Using Lemma 12.3.1 choose d € GT such that G/g =
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dH/g. Using Lemma 12.2.3 (and hence once more UBT) we have d € GT C
D[s(T:a)] C H.

Step 2: definition of ¢ and B, and properties. Let k' € G/g—« be cofinal
in o, and let k € G*—M be defined by k(z) = by () if v € G/g and k(x) = L
otherwise. Using Lemma 10.5.6 let ¢ € F satisfy cx = k(xz/g) for z € G°,
cx # L otherwise, and cx = ¢(x/g) for all x € M. Using Lemma 10.5.3(e) we
have ¢(x/g) = c(x/v/g) = c(x/1). Finally, let B = ¢(G/g) = range[k]. We
have B = ¢(G/g) = c¢(dH/g) = ¢(dH /).

Step 3. computation of D[s(c::d)]. We have ¢ € F, ¢d = T, and s(c(dz/v)) =
s(k(dz//g)) = sbi(azq) # L for all z € @, so by Lemma 12.2.4 we have
D[s(c::d)] = U,euD[s(c(dz/v))] = UuepDlsul.

Step 4. computation of ®,. We now prove ®, = Uyca®y = Upeq/gPr/ () C
Uzei/gD[8bk ()] = UueDlsu]: the second equality uses that « is a limit ordinal,
k' is cofinal in a, and the sequence ®, is increasing; the inclusion uses the
hypothesis and range[k’] C «. Taking b, = c::d we have &, C U,cpDlsu] =
D[s(c::d)] = Dl[sb,]| as required.

The following lemma is the one where we use that ¢ is not only inaccessible
but is furthermore the smallest inaccessible.

Lemma 12.4.2. Suppose o < k is the smallest inaccessible ordinal. Let o € o.
For all v € a assume that by € M satisfies ®, C D[sb,]. Then there exists a
bo € M such that ®, C D[sb,].

Proof of 12.4.2 If o = 0 take b, = T. Then ®, = {T} = DJ[sb,]. fa=5+1
take b, = T:bg. Then @, = @g C Dl[sbg]™ C D[sbs]. Now assume that « is a
limit ordinal.

Thanks to Lemma 12.4.1 we just have to find an a € M such that cf(a) <,
D[sa]/sa. Since e € ¢ and since o is the smallest inaccessible ordinal we have
that « is not inaccessible so cf(a) < a VvV Ipca:a <. P(B). We proceed by
considering two cases: cf(a) < « and cf(a) = a.

Case 1. Assume cf(a) < . Let 8 = cf(a) and a = bg. From the hypothesis
we have ®g C D[sbg] so ®g/¢s <. D[sbg]/sbg by Lemma 10.5.4. Furthermore,
B <. ®g/dp by Lemma 12.3.4. Thus, cf(a) = 8 <. ®s/ds <. D[sbg]/sbg =
D[sa]/sa.

Case 2. Assume cf(a) = a. Choose 3 € « such that a <, P(8) and let
a = bg41. Since o is a limit ordinal we have f+41 < a.. Thus, by the hypothesis,
Ppi1 C Dlsbgia]. So cf(a) = a <c P(B) <c P(Ps/dp) <c Ppt1/Pp+1 <c
D[sbg+1]/sbg+1 = D[sa]/sa by Lemma 10.5.4, 12.3.4, and 12.3.3.

Theorem 12.4.3 (Lower Bound Theorem/LBT). ¢ <5 ¢ holds in all
ko-expansions provided o < k is the first inaccessible ordinal.

Proof of 12.4.3 From Lemma 12.4.2 we have ®, C D[sb,] C D[y for all o € o
50 ® = Upeo®o C D[¢p]. Thus ¢ < ¢ since ¢ and ¢ are the characteristic
maps of ® and D[¢)], respectively.
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13. The consistency of MT
We can now prove the main result of the paper:

Theorem 13.1 (Consistency of MT). If o is the first inaccessible and k >
o then My, = MT and M, = T=F.

Proof of 13.1 From Theorem 7.5.1 we have M, |= Elem+Elem’ +Exist. From
Section 7.6 we have M,, | Mono + Min 4+ Ext. From Theorem 7.9.2 and the
Definability Theorem we have M, | Quant[¢)]. Thus, M,, = MT. Finally,
from Theorem 7.4.1 and Definition 7.4.2 we have M, [~ T=F.

Theorem 13.2 (Consistency of MT.). If o is the first inaccessible and k >
o then My = MTget.

Proof of 13.2 Follows from Theorem 13.1 and Ycumy =Y (Theorem 9.5.3).
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A. Computational properties of canonical pre-models

We now proceed to compare the observational, computational behavior of
programs (i.e. closed, e-free MT terms) with their semantics as defined by the
canonical models M,..

Modelling € requires x > o for an inaccessible o, but modelling the other
constructs just requires k > w. Now assume k > w.

Sections A.1 and A.2 introduce and define auxiliary constructs and terms
needed for Section A.3. Section A.3 proves that all the compact (and prime)
elements of M, as well as kinds of “analogues” in M,, k > o, are defin-
able using A, A\, T, if, and parallel or (Corollary A.3.2). Section A.4 proves
M., E Epure = Ecomp (as defined in Section 3.14). Section A.5 proves that M.,
is computationally adequate for E-free MT and MTg4es programs, and leaves
open whether this is true for k > w. Section A.6 states soundness results and
questions. Section A.7 proves that M, is fully abstract for MT and MTge.
Section A.8 proves that this is false for M, k > w.

Similar definability, adequacy, and full abstraction results (case k = w) were
proved for diverse typed A-calculi, starting from the paradigmatic paper of
Plotkin on PCF [14]. The proofs, already non-trivial in the typed case, are
here (untyped case) technically much more difficult.

For all MT, MTger, and MTy programs d let d denote the interpretation of
din M.
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A.1. Introduction of T. and auxiliary concepts

Let C, = chh(Pw). Recall from Section 8.5 that if p € P, C P then
Ip € M, is a prime map and if ¢ € C,, C C then |c € M, is a compact map.
For p € P, and ¢ € C,, we now proceed to define MTycr programs 7,, Tc, Xp,
and x. which satisfy:

T = p
T = le
T iflp=me
Xpt = 1 otherwise
T ifle=pmz
Xet 1 otherwise

To define the terms above, we also define a number of auxiliary concepts. For
n € w and for n-tuples ¢ = (¢1,...,¢,) and € = (e1,...,e,) in C we define

cCescr e N Ney, ey
and
1= (len, .y den)
For z = (z1,...,x,) and (§ = y1,...,yn) in (My)™ we define
T2MY ST 2MYLNA AT ZM Yn
For sets of n-tuples u,v € P.,,(Cl') we define
u v & Jecudecv:c e

For T = (x1,...,x,) let AZ.a and aZ denote A1 - - . a and axq - - - T, respec-
tively.
For p,q € P, c,e € C,, ¢,é € CZ, and u,v € P.,(C) for which p & gq,

cL e cL e and u L v we are going to define MT o programs 6,q, Oce, Oze,
and 6, which satisfy:

dpgx = T iflppmz
me = F iflg=3pme
ngc = T ifle=pmz
deex = F ifle=mz
deex = T ifle=pm2
bek = F ifle<mz
duu® = T ifJecu:le<pm 7
Sup = F ifJecvile<pm 7

Finally, for all ¢ € C”, and u € P.,,(Cl) we are going to define MT ¢ programs
Xz, and X, which satisfy:

_ T iflesmz
Xet = 1 otherwise

S T ifdeewlepqT
Xu® = 1 otherwise
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A.2. Parallel constructs

As a supplement to parallel or define parallel and:
&y =(5 || “y)

For finite sets I = {i1,...,4,} and MTg4ct programs a;, ¢ € I define the MTqet
programs ., a; and [[,.; a; by

Yicrai = Fllai |- lai,
Hielai = T&ail&~-~&ain
where the order 44, ..., 1, of elements of I is chosen in some arbitrary, fixed way.

A.3. Definition of T, and T

For all p,q € P, c,e € C,, n €w, ¢,e € CI, and u,v € P, (C) we define
the following MTges programs by induction in the set rank of p, g, c, e, ¢, €, u,v:

=T
7} = Az J—Curlry
Xt = Az If[.’E 5 T 5 J—Curry ]

Xt = Az.if[z, Loury, T]

Otp = Ax.if[z, T, F] ifp#£t

Opt = Aa.if[z, F, T] ifp#t

7-((,’,[)) = Az 'f[ X s 7;) ) J—Curry]

X(e,p) = Az. Xp(x,TC)

Xe = A\z. If[ Hpec XpZ , T 5 J—Curry]

Xe = AT Xe1 21 & & XenTn

Xu = \I. ZEEU Xel1 " Tn

bce = A ]leecdgee Ipa® ifcge
Suw = AT. ) zcy [ecy Oce® ifugwv

Above, the definitions of 6 ,y(c.q), dee, and T are missing. For (c,p) 7> (e, q)
define

Olcp)(ea) = Az Spg (2T cue)

In the definition above note that (¢, p) & (e, q) implies ¢ e and p £ ¢. From
¢ C e we have cUe € C and the set rank of cU e is the larger of the set ranks
of ¢ and e. Thus, the set rank of ¢ U e is smaller than one of the set ranks of
(c,p) and (e, ¢) which makes it legal to use T._. in the recursive definition.

For {(c1,--,cn) & {e1,...,e,) define

65@ = \T. 5Cieixi

where i € {1,...,n} is the smallest index for which ¢; Z e;.
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To define T, recall the definition of (¢, p) from Section 8.4 and define

def(n,c) = {ce Cl|3IpeP: (¢ p) € c}
true(n,c) = {ceCl|(ct)€c}
false(n,c) = def(n,c)\ true(n,c)

Now let ¢ be the smallest natural number for which def(¢, ¢) is empty and then
define the monstrous MTge¢ program 7. thus:

T = if[étrue(o,c)false(o,c) » Xtrue(0,c) » Xfalse(0,c) * Az
!f[5true(l,c)false(1,c)$1 y Xtrue(1,c)®1 5 Xfalse(1,c)T1 * AT,
|f[5true(2,c)false(2,c)xlfc2a Xtrue(2,e) L1225 Xfalse(2,c)L1L2 * Azs.

if[5true(€,c)fa|se(€,c)x1 T Ly Xtrue(yc)xy ez J—Curry} i ]]]
In the definition above, dtrue(s,c)false(t,c)T1 * * * Te = Oppx1 -~ - ¢ = F.

Theorem A.3.1. Let p,q € P, ¢,e € C,, ¢,e € C, and u,v € P,(CP})
satisfy p £ q, ¢ e, ¢ L €, and u L v, respectively. Under these conditions,
Tps Tes Xps Xes Xé> Xus Opgs Oce; Oze, and by, have the properties stated in Section

Al

Proof. By induction in o we have that the theorem holds for all p, q, ¢, e, ¢,
e, u, and v of set rank less than o. O

Corollary A.3.2. For allp € P, and c € C,, the MTqet programs T, and 7T
satisfy E =1lpand 7. = lc.

Let Cq, ..., Cg be the combinators defined in Section 3.6 where C; and Cy are the
usual S and K combinators, respectively. We refer to terms built up from these
combinators and functional application as MT combinator programs. We refer
to the Cs- and Cg-free MT combinator terms as MT4es combinator programs,
where C; and Cg are the combinators corresponding to 1 and Y f, respectively.

For all ¢ € C,, let 7/ denote the result of applying abstraction elimination
using S and K to 7.. Thus, the MT4¢f combinator program 7/ satisfies 7/ = Tg,
so we have: o

Corollary A.3.3. For allp € P, and c € C,, the MTy4er combinator programs
T, and T satisfy T, = lp and T! = |c.

Of course Corollary A.3.2 and Corollary A.3.3 also hold for MT. They do not
hold for MT( because parallel or is missing in MT.
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A.4. Semantic and syntactic existence

As promised in Section 3.14:
Lemma A.4.1. Mw ': Epure = Ecomp

Proof of A.4.1 Both E,u. and Ecomp are characteristic functions. They
satisfy

Epwwep = T iff px =T for some map x
Ecompp = T iff pax =T for some program x

Thus we need to prove
pr =T for some map x iff pxr =T for some program x

The direction <= is trivial. To see = note that if pxr = T for some map x then
py =T for some y € C,, so pTy, =T.

Corollary A.4.2. M, |=Ea = Epue ¢ = Ecomp a.

A.5. Computational adequacy
Recall the notions of N;, Ny, and M| from Section 3.8.

Definition A.5.1. M is computationally adequate for a set T of MTg, MT g,
or MT programs if

aeN;, & MEa=T
aeN; & MEa=X.ax
aeN, & MEa=1

for all a in T, where Ny, Ny, and N\ are defined using the reduction rules of
MTy, MTg4et, and MT, respectively.

As we shall see in a moment, M, is computationally adequate for MT
programs, for E-free MT4o¢ programs, and for E-free MT programs.

Any term a satisfies one of a € N, a € Ny, and a € N, and one of
MEa=T, MEa=Ar.ax, and M | a = L (cf. Section 7.4). So each of
the three statements of Definition A.5.1 follows from the two other ones.

Each statement has a trivial direction:

aeN, = MEa=T
aeN; = MEa=X.ax
aeN,  MEa=1

Furthermore, if

aeN, = MEa=1
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then

aeN; « MEa=T
aeN; « MEa=Az.az

follows trivially. The notion of computational adequacy of a model, as well as the
notion of full abstraction, were introduced by Plotkin in [14] (for a paradigmatic
simply typed lambda calculus called PCF). The definition of computational
adequacy given above is equivalent to the one in [14] which merely requires
a €N, & MEa= 1. However, MT is an untyped lambda-calculus which,
for the problems treated in this appendix, considerably increases the technicality
of the proofs.
Theorem B.0.2 of [4] states:

Theorem A.5.2. M, is computationally adequate for MTy programs.
Likewise, we have:
Theorem A.5.3. M, is computationally adequate for E-free MT qer programs.

The proof of Theorem A.5.3 is the same as the proof of Theorem B.0.2 in [4]
with the following two modifications. First, one has to include parallel or the
relevant places. Second, the proof of Lemma B.0.4 of [4], which is by structural
induction, has one more case, namely one for parallel or.

Finally, we have:

Theorem A.5.4. M, is computationally adequate for E-free MT programs.

Proof of A.5.4 The theorem follows trivially from
MplEa#Ll)=aeN,UN;s

which we prove in the following. For all terms g let \?g be the term

(Az. g(zz))(Ax. g(zx))

where z is chosen such that z is not free in g. Here, Y is a term function, i.e. a
function from terms to terms, and Yg denotes application of the term function
Y to the term g. In contrast, Yg denotes the term Y applied to the term g using
the application operation of MT.

Since M, is canonical we have M, = L = Lcumy and M, =Yg = Yg.

For all terms b of MT we define the LY-less transform [b] of b to be the term
which results when replacing all occurrences of 1 and Yg in b by Lcury and
?g, respectively. In M, we have [1] = Lcouymy = L and [Yg] = ?[g] = Y]g].
This allows to prove M, |= [a] = a for all terms a by structural induction.
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For each E-free MT program b, [b] is an E-free MTger program. Define b Se
as in Section 3.5 and 3.6. We have:

1 L in MT
Yg 5 g(Yg) inMT
Lcurry EN Louwry in MTger
Yg L g(Yg)  in MTue
[ 5 [ inMTay
Ygl = [g(Yg)] in MTae

In general, if b = ¢ in MT then [0] EN [c] in MTges by structural induction in b
and c.
Let a be an MT program and assume M, |=a # L. Now M, |= [a] # L.

Recall that for each a, a 2 b holds for at most one b (up to renaming of
bound variables). Let a1, ag, ... be the unique longest finite or infinite sequence

such that a 2 a; = ay = -+ in MT. By Theorem A.5.3, the sequence [a] 5
[a1] N [asz] 2 .. is finite and ends with a term in root normal form (i.e. is
T or an abstraction). Hence, a EN ay EN as L ... has the same property, so
a € Ny UN; which was to be shown.

For programs that may contain E we have:

Theorem A.5.5. M, is computationally adequate for MT ge¢ programs and for
MT programs.

Proof of A.5.5 The proof is similar to that of Theorem A.5.4. Define a KN

d< db,c:a Lo e dandlet a = b be the transitive closure of a = b.
Recall the definition of Ecomp from Section 3.14. The definition is recursive
and thus implicitly uses Y. Now define

E=Y\ga.aCy || - || aCr || a(Az. g2) || g(Ax. g(Ny. a(zy)))
We have Ecomp = E and

Ea > aCy |- || aCy || a(Aa. Ex) || EQ2. E(\y. a(2y)))

For all terms b of MT we define the E-less transform [b] to be the term which
results when replacing all occurrences of Ea by Ea. In M, we have [Ea] = E[a] =
Ecomp (@] = E[a]. This allows to prove M,, k= [a] = a by structural induction.
If b= ¢ in MT then [b] RN [] or [b] 2 [c] in MT and, in any case, [b] — [c].
The theorem follows from M, = a # L = a € N; UNy which we now
prove. Assume M, Ea# L. Let a N aj N as L ... be the unique reduction
sequence for a. Now [a] = [a1] = [ag] —> --- is finite by Theorem A.5.4, so

aGMUNf.

The case K > w is open:
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Open Question A.5.6. Is M, computationally adequate for MTger programs
and for MT programs for k > w ?

A.6. Soundness
Recall from Section 3.8 that a =, b is shorthand for M, |=a =1b.

Theorem A.6.1 (Soundness of M, and M,).
(a) a =4 b= a=cbs b for all E-free MT  programs a and b.

(b) a=,b= a=cs b for all MT  programs a and b.
(c) a =4 b= a=cps b for all E-free MTqes programs a and b.
(d) a=, b= a=cps b for all MTgetr programs a and b.
(e) a =4 b= a=cps b for all MTy programs a and b.

Note that observational equality a =,ps b of MT, MTges, and MTy is true if
ca ~ cb for all MT, MT4ef, and MT( programs ¢, respectively, so the notions of
observational equality are slightly different. Also note that MTy does not have
E in its syntax, so all MT( programs are born E-free.

Proof of A.6.1 Soundness follows trivially from computational adequacy. We
only prove (a). Assume a =,; b. Assume ¢ is an MT program. We have ca =, ¢b
so ca =, T & ¢b =, T and, by Theorem A.5.4, ca € N; < cb € N;. Likewise,
ca € Ny & ¢b € Ny and ca € N| < ¢b € Ni. Thus, ca ~ ¢b for all MT
programs ¢ which, by definition of =g, gives a =gps b.

Above, we use computational adequacy to prove soundness, and Open Question
A.5.6 may be restated thus:

Open Question A.6.2.

(a) Does a =4 b= a =ops b for all MT programs a and b and for K > w ¢
(b) Does a =, b= a =ops b for all MT 4ot programs a and b and for k > w ?

A.7. Full abstraction

Definition A.7.1. A model M is fully abstract for MT/MTget /MTq if a =obs
be MEa=0b for all MT/MTaet/MTo programs a and b.

We now state and prove that M, is fully abstract for MT:

Theorem A.7.2 (Full Abstraction of M,,).
a =obs b a =, b for all MT programs a and b.

Proof. (<) follows from Theorem A.6.1. (=) Assume a =gps b. Assume
p € Py. From a =.ps b we have Tipy . na € Ny & Tipynb € Ny Hence, by
Theorem A.5.4, Tip1.00 =w T < Tipy,nb = T. Thus, by Corollary A.3.2,
({pht)a=T e ({{p}.t)b=Tsop €a < pecbforall p e P,. Hence,
a=banda=,0b. O

Theorem A.7.2 also holds for MT 4e, i.e. M, is also fully abstract for MT ges.
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MT lacks parallel or and Theorem A.7.2 does not hold for MTy, i.e. M, is
not fully abstract for MT(. As a counterexample, take

a = Mx.if[zT LAz LTAS2FF, T, 1]
b Az. L

The map a above is a parallel or tester, i.e. ax = T if zuw is the parallel or of u
and v. We have a =g b in MTY.

A.8. Negative results
We now prove that M, is not fully abstract for MT for kK > w, k regular:

Theorem A.8.1. If k > w, Kk regular, then there exist MT programs a and b
for which a =gps b and a #, b.

Proof. Take a = E,ye = Az. Ez. Take b = Ecomp so that b= Az. (xCq || - ||
xCs || bAu. bAv. z(uv)) (cf. Section 3.6 and 3.14).

We first prove a =qps b. According to Theorem A.7.2 it is enough to prove
a =, b. Furthermore, a and b are both characteristic maps, so it is enough to
prove ap =, T < bp =, T for all p € M,,. Now ap =, T iff px =, T for some
x € M, and bp =, T iff pxr =, T for some MT program z. If pzr =, T for some
x € M,, then pc =, T for some compact ¢ € M, so pT. =, T proving bp =, T.
Hence, ap =, T=bp =, T. If bp =, T then px =, T for some MT program
x so px =, T for some x € M, proving ap =, T. Hence, bp =, T = ap =, T
which ends the proof of a =, b.

We then prove a #, b. Let tg = t and t,11 = (0,¢,) for every n € N.
We have t; © t; <& 1 = j. Now let ¢ € N—N be non-computable. Let
Q = {{t:} tyw)) | 7 € N}, ¢ = 1Q, and p = [{Q,t). We have p,q € M, and
pq =4 T so ap =, T. Furthermore, we cannot have pzr =, T for any program z
since ¢ is non-computable, so bp #, T proving a #, b. O

Theorem A.8.1 is not too surprising since E quantifies over M,, whereas the
computable approximation b in the proof essentially quantifies over {|p | p €
P, }. We may however strengthen the theorem above as follows:

Theorem A.8.2. If k > w, k regular, then there exist E-free MT programs a
and b for which a =qps b and a #, b.

The proof of Theorem A.8.2 spans the rest of this section.

Let I' = [{{{p},p) | p € Py}, i.e. let I’ be the smallest element of M, for
which I'({p) = |p for all p € P,,. Now I’ is compact but I’ ¢ C,,. As we shall
see in a moment, there exists an MT-term b which denotes I’.

To prove the lemma, we take a = Ax.x and we take b to be a term which
denotes I'. Now a =¢ps b is true and a =,. b is false.

The rest of the proof is about the definition of b which is long and technical.

Sections A.1-A.3 define 7, in ZFC. We now reflect that definition in MT.
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Recall (z::y)T = « and (x:y)F = y. Let (a1,...,2,) be shorthand for

Xy nxgnT. We refer to (21,...,@,) as a list and use lists to represent finite
sets. We now port the constructs of Section A.2 from ZFC to MT:

Z}reyA = Z'y(/\x..A) /

Yoya = ifly, Foa(yT) || 32(yF)a]

H%GyA = [[y(Az.A)

ifly, T, a(yT) & [ (yF)a]

Above, > ([]) expresses existential (universal) quantification. We also need a
strict version of universal quantification:

Nya = ifly, T,alyT)AN (yF)a]

We now proceed to port the definitions of P, and C, from ZFC to MT. We
represent the elements P, thus:

[T ya

t

/
(c;p)

e
b B
84

hS

Recall that x::y is right associative so that T::c::p is shorthand for T::(c:p). We
have (¢, p)FT = ¢ and (¢, p)FF = p.

Elements of C,, are finite sets of elements of P, so we represent them
by lists. As an example, (((t),t),{(f), f)) represents the element of C, whose
downward closure is the interpretation of Ax.if[x, T, Ay. L].

A list like (¢, f) does not represent an element of C, since t and f are
incoherent. We now define the coherence relations <, and <; on P, and C,,,
respectively:

poq = if[p,iflg, T, F],if[q, F,
if[pF, T,if[¢F, T,
pFT =, FT=pFF < gFF]]]]
cCre = /\pEC/\qupooq

The definitions above allow to define characteristic maps xp,, xc,,, and xgs«
which test for membership of P,,, C,, and C5¥, respectively:

xe.p = if[pF, T, xc,(PFT)Axp, (pFF)]
Xc.c = cTrehA e, XP.P
Xcsw€¢ = if[¢, T, xc,(€T) A xgs«(cF)]

We now port the definitions in Section A.3 from ZFC to MT. The definitions of
Ti, Ty, and T py in Section A.3 define T, for all p € P,. Below, Top is the MT
translation of the ZFC construct 7p:

Top = if[p, T,
if[pF, Az. Lcumy
Az lf[Xl(pFT)I ’ %(pFF) ) J—Cumry ]]]
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The definitions of xp, Xc, Xz, and X, of Section A.3 translate into the following:

Xopxr = If[p, If[d), Tv J—Curry] )
if[pF, if[z, Lcury, T],
Xo(PFF) (271 (pFT))]]
Xicr = /\pec Xopr
x2¢% = if[e, T, eT(ZT) & x=2(cF)(zF)]
X3UT = Yo, X2CT

The union of two sets represented by lists is a classic:

cUe if[c, e, cTu(cFUe)]

The discriminator constructs dpq, dce, dze, and dy,, of Section A.3 translate into
the following:

50pq1. = If[pv If[(E, Tv F]a
if[pF, if[z, F, T],
do (pFF)(gFF)(z(T1(pFT U gFT)))]]
drcer = Jle. D qee S0P
dcex = if[eT <, eT, d2(cF)(eF)(zF), 61 (cT)(eT)(zT)]
dsuvt = Y .o, [lae, d2cem
The empty set and the singleton set is straightforward:
1} = T
{z} = x:T

The ZFC construct def(n,c) of Section A.3 translates into the MT construct
defZc below where we represent the natural number n in the ZFC construct by
a list Z of length n in the MT construct.

defzc = if[c, 0, def'Z(cT)T U defz(cF)]
def'zcc = if[z, {c}, if[pF, 0, def’(zF)(pFF)(pFT:=:c)]]

def(n, ¢) is a set of tuples and defZc is a list of lists. If (pq,...,p,) is an element

of def(n,¢) then (pn,...,p1) is an element of defzc. Note the list reversal.
Note that the parameter ¢ of def’ accumulates a list in reverse order. Use of

such accumulating parameters is a standard trick in functional programming.
We now proceed:

truezc = if[e, 0, true’Z(cT)T U trueZ(cF) |
true’zecc = if[z, if[p, {c}, 0], if[pF, 0, true’(zF)(pFF)(pFT::c)]]
falsezc = if[c, 0, false’z(cT)T U falsez(cF)]
false'zcc = if[z, if[p, 0, {c}], if[pF, 0, false’(ZF)(pFF)(pFT::¢)]]
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We now define 7;c¢ which corresponds to 7. in Section A.3. We do so using an

accumulating parameter Z which accumulates (., ...,z1) where x1,...,z, are
the bound variables in the definition of 7. in Section A.3. The definition reads:
Tic = T/cT
T/cx = if{xs(defze)z, Leumy,

if[ 03(trueZc)(falseZc)T , x5(trueZe),
X3 (falseZe)@ : Ax. T{ c(x::2)]]

This completes the port of Sections A.1-A.3 from ZFC to MT. We now define
constructs with the following properties:

applyz(Yn, .-, y1) = TY1-Yn
(Cnv"'vcl)'_)p = <Clv"'<cn7p>"'>

Note the list reversal. The definitions read:

applyzy

if[7, z, applyz(yF)(yT)]
Crp C

if[c, p, cF — (T::cTup)]

Finally, we may define a term b which denotes I’ where I’ is the smallest element
of M, for which I'({p) = |p for all p € P,,. The definition uses an accumulating
parameter y:

v'xT
if[applyzy, Ec. xgswAxo(C > t)zAX2ey,
Ec. XcswCAxo(Cr flzAxaey : Ay. b'z(y::g)]

bx
b’ zyy

As an example, if bxyy -+ yp—1 € {T,L} and 2y; -- -z, = T then

bryr - yn = VaTyi---yn
= Va(yn,.. .',.yl) )
= Ec.xgswCAxo(Cr t)zAx28(Yn, - - -, Y1)

Thus, in the situation above, bxy; - - -y, returns T iff there exists a ¢ € CS¥
such that {(¢ — t) a2 and }& < (Y1y- -5 Yn)-

B. Strength of MT versus MTj

MT is very likely stronger than MTy. Indeed, MT( can prove neither SI =T
nor (—SI) = T since it can be consistently extended by either one. In contrast,
(—=SI) = T is conjectured to be provable in MT (Conjecture 2.2.3). Furthermore,
MT can prove more pure lambda terms equivalent such as F» = Fj3 (cf. Example
4.3.3) which we conjecture is not provable in MTy. Furthermore, we conjecture
the following;:

Conjecture B.1. If A = B is provable in MTy and if A’ and B' arise from
A and B, respectively, by replacing all occurrences of ¢ by 1, then A" = B’ is
provable in MT.
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If (=SI) = T is provable in MT then Conjecture 2.2.3 follows from Conjecture
B.1 and Theorem 2.2.4. Conjecture B.1 is true if the ¢-axioms of MTy are
provable in MT with ¢ replacingt ¢. Less support exists for Conjecture B.1
than for Conjecture 2.2.3.

C. On the necessity of minimality for proving UBT

We now restate Lemma 10.1.1 which states that the proof of UBT needs
that s is the minimal fixed point of S.

Lemma C.1. Let o < k be inaccessible and let M be any ko-expansion. There
exists an s’ € M such that Ss' = s’ and D[¢'] = M where ¢/ = Us'.

Proof of C.1 To prove the lemma it is enough to find s’,u € M such that
Ss' = s and s'u = Az. T, since then D[¢)'] = UgemD[s'a] 2 D[s'u] = M.

For any C' C M let sup(C) denote the least upper bound of C' (when such
a one exists). The idea is to take u = sup(B) for B = {Az1z9---x,. L | n €
w} ={K,L|n € w} where K = Azy.xz, Ko = L, and K,,41 = KK,,. And to
define s’ from u. Note that B has a sup because B is bounded (e.g. by any fixed
point of K). We prove below that w is k-compact and that we can produce an
adequate s’ from it. The proof has six steps, preceeded by two more general
lemmas.

Since M is a ko-expansion, it is in particular a x-Scott domain and a k-
premodel. This in particular means that application is monotonic w.r.t. the
k-Scott order < and that if g,h € F = M\ {T,L} and gz <y hz for all
x € M then g <pq h.

Lemma 1. Let G C M. If h = sup(G) € F then hl = sup(GL), where
GL={gl|geqG}

Note that the hypothesis on A implies that G contains a non-_L element and
does not contain T. The proof of the lemma is trivial if application commutes
with all sups (which is for example true if M is canonical); the proof for the
general case is a little tricky and will be given at the end.

Lemma 2. If p € M is prime then Kp = Az.p is prime too.

Proof. Suppose Ax.p =< sup(G) for some G C M. We have p =
(Ax.p)L =am sup(G)L = sup(GLl) by monotonicity plus Lemma 1. Since p
is prime we have p < gL for some g € G. Note that g = L could occur only
if p = 1, in which case g could be replaced by any other element of G, so we
can always take g € F. Now p < gz for all z € M, whence A\z.p <\ Az. gz
from which we have Ax.p < g since g = Azx. gx because g € F.

Step 1. Recall B = {Az122---2,. L | n€w}={K,L|n € w}. We prove
that u = sup(B) is k-compact and that u < ux for all x € M: By Lemma 2,
B is a countable set of primes, and hence a x-small set of k-compact elements
(since k > w). Hence its sup is k-compact too. Now, K,11 <um u implies
K, = K412 2 ux, so ux is an upper bound of B. Hence, u =< ux since u
is the least one.
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Step 2. Define § by sz = A\y. T if x = u and Sz = L otherwise. Such an §
exists because the corresponding function is x-continuous (since u is k-compact).

Step 3. Now 6 = LS = Ay. T. Proof: Us = A\y. Ex. sxy where Ex. 52y =T
because szy = T for x = u.

Step 4. SSu = Ay.T. Proof: We have that A\y. T is maximal (because
M is a premodel) so it is enough to prove S5u = Ay.T. We have Ssu =
S5(U8)u = S30u. Using the definition of S and uz = u we have S50u =
R350uu. From 0 =My T we bave Ou = T. From the definition of R; we have
Ri80uu = Vz. Y (u(-++)) =pm Vz.lu = V2. T = T. From the defintion of Ry we
have Ros0uu = Ay.Ez. (Qu:§(u(--))y) =m Ay.Ez. Suy = A\y.E2. T = My T.
Thus, R$0uu = Ou : R150uu : RoSOuu = T : T : Ay.uw = Ay. T. In conclusion,
Ssu = S560u =\ R5Ouu = amq Ay. T as required.

Step 5. s <pq 5S. Proof: We have sz = A\y. T = Ssu < S5z for u < x.
Furthermore sz = 1 =<y S5z if u Apq x, so §x < SSx for all x. Hence,
5 2m 5§ as required.

Step 6. Define s’ = f*(5), where f is the k-continuous function coded by
S, so that f(x) = Sz for all z. From 3§ < S5 we have f°(3) <a f1(5) and,
like in Lemma 7.2.1, f*(5) <am Aay.T is defined and increasing for all a and
s’ = f*(3) is a fixed point of S (though not minimal). From § < s’ we have
s'u = Az. T as required.

It only remains to prove Lemma 1:

Proof of Lemma 1. The proof only uses that M is a x-premodel. From
h € F we have that G contains a non-_ element and does not contain T. Since
G is bounded, GL is also bounded. Hence, a = sup(G.L) exists. Moreover,
a <m hl, since hl is an upper bounde of GL (by monotonicity). Now let
h' € F satisfy h' L = a and h'x = ha otehrwise (the existence of A’ follows from
the fact that the corresponding function is easily seen to be k-continuous). Now
g 2am b = h because gx < W'x 2 hx for all x, and h,h' € F and g = L
or g € F. Hence, o’ = h (by minimality of h) and h.l = a as required.

D. Summary of MT

D.1. Syntax
V = =z
T ==V
W o= T

y|z|...
| \V.T|TT | T[T, T, TV | L|Y|TIT |ET |eT
=T

D.2. Definitions

In the following, A, B,C,... denote (possibly open) terms and a,b,...z,0
denote variables.

Elementary definitions
1 =(Az.zz)(Az. zx) (Only in MTger)
Y = M. (Ax. f(zx))(Az. f(zx)) (Only in MTgcr)
Ay A= e \y. A
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F=Xz. T
1= A\xy.zy
x Ly =if[z,ifly, T, L],if[y, L, Az. (z2) | (y2)]]
r3y=z=xly
~r =if[z, T, F]
Toy = Az.x(yz)
X = Az Az if[zz, T, 1]
x—y=iflz,y, L] =iflz, T, 1]
lx = if[x, T, T)
S = if[x, F, T

Quantification
. 3p==(p(ep))
Jr. A=3)x. A
Vr. A= >dz.5A
ex. A=elz. A
Vp = V. pz
Ex. A=E\z. A

The definition of ¥
P =Us
s=YS
S=Af.SF(US)
S = Mfba.if[a, P,iflaT, Q(f(aF)), Rf0(aT)(aF)]]
P=y.ifly, T, 1]
Q= Mv.lv: Ay Vz.u(y(z/v))
R = Af0bc.fc: Ry fObc: Ry fobe
Ry = \fObe.Vz.(f(b(cz/0)))
Ry = Afbbcy.Ez. (0z : f(b(cz/0))y)
U= Mfy.Ez. foy
x:y=iflz,y, L]
Flg=iflf. T, Az.go: (fa/g)]

D.3. Azioms and inference rules
Elementary axioms and inference rules
Trans A=B;A=C+FB=¢C
Sub A=B;C=DF AC=BD
Gen A=BFXt.A=Xx.B
Al TB=T
A2 (8) (M. A)B=(A|z:=B) ifBisfreeforzin A
A3 1B=1
Rename (o) Az.(A|y:=z) = y. (A|z:=y)
if « is free for y in A and vice versa

11 if[T,B,C] =B
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12 if\z. A, B,C] = C
13 if[L,B,C] = L
QND (A|z:=T)=(B|x:=T);

(Al z:=1z) = (B |z := 1x);
(Ale:=1)=(B|z:=1)F
A=B

PL T|B=T

P2 A|T=T

P3 Az Al Ay.B=XzT

Y YA=ANA)

Monotonicity and minimality

Mono B <CHF AB <X AC
Min AB<BFYA<B

Ezxtensionality

(Not needed in MTqef)

Ext if z and y are not free in A and B then
~(Ax) = ~(Bz); Axy=AC; Bxy=BC + Az = Bz

Azioms on E

ET ET=T

EB EL=1

EX Ex =E(xx)
EC E(xoy)— Ex

Quantification axioms

Elim (V:z:p:z:) APy — py
Ackermann ez.px = ex. (Y A px)

StrictE  ¢(ex. px) :Vx I(px)

StrictA !(Vz.pz) = Va. !(pz)
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E. Index

Greek letters

e, 11,18
ex. A, 24
A(h), 35, 37, 44
Az, A, 11

d. 5, 39,48
ba, 63

X, 24

XU, 38

x¥, 21

¥, 26

¢Curry7 177 28
w, 32

Arrows

D, D], 33

a->b, 13

f:G—H (ZFC function type), 32
G—H (set of maps), 39, 49

x — y (implication), 24

la, 32, 42, 43

zly, 21

2, 32, 49

Equal signs/Equivalences

(A z:=8),13
a4 =gbs b, 16
a=b, 16
a~b, 16

r =y, 21
A=B 11

Order relations

G<.H, 5
§D7 41

<, 56

z <y, 21

Double dot constructs
Ip, 24

Jz. A, 24

‘Qp, 24

Vz. A, 24

=z, 24

xN\y, 25

=y, 25

=Y, 25

z€y, 25

Superscript set constructs

G+, 49
G*, 49
G°, 39, 49
G*, 32
G<v, 32

Other nulary constructs

0, 21

1,11, 36, 44
1’36
J—Curryy 13
(), 32

1, 20

U, 26

Other unary constructs
lz, 24

', 21

~z, 20, 22

Other binary constructs

ry, 27

gH (application of a map to a set of
maps), 53

gh (application of a map to a map), 11
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xoy, 24
*Cp Yy, 41
x Ey, 29
Ay, 20
x:y, 26
Al B, 11
G/h, 53
flg, 26

A, 35, 37, 44

abstract, fully, 72
Ackermann’s axiom, 18
adequate, computationally, 69

bottom, 33

C, 43

c: G<.H,54

c: D, 33

canonical expansion, 8, 12, 29
canonical premodel, 29, 44
cardinal, regular, 32

cf (o), 32

chain, step, 57

characteristic map, 22, 26, 60
cofinality, 32

coherent space, preordered, 41
compact, 33

computationally adequate, 69
construct, 11

construct, language, 11
Kk-continuous, 33

Curry: Lcury, 13

Curry: Ycurry, 17, 28

Dla], 26, 38
Dom|a], 34
k-domain, reflexive, 29, 35

E, 11

Ezx. A, 15

Epure ) 19

Ecomp ’ 19

Elem, 28

Eq,., 36

Eq., 43

essentially k-small, 34

essentially o-small, 26, 39, 49
Exist, 28

ko-expansion, 12, 29, 39

k-expansion, 12, 29, 37

expansion, canonical, 8, 12, 29
Ext, 22, 28
Extensionality, 22
extensionality, semantic, 16

F, 20

F, 37,44

Foy 39

fixed point, pre-, 35
fully abstract, 72
function k-step, 34
function normal term, 14

guard, 26
head, 43

7, 42

if, 11

inaccessible (i.e. strongly inaccessible),
32

incompatible, 50

Induction Property, Strong, 25, 39

l, 43

language construct, 11
LBT, 40

Lower Bound Theorem, 40

M., 44
M., 12, 29, 44
Mo, 8,12, 29, 44
My, 44
map
characteristic, 22, 26, 60
step, 56
wellfounded, 5, 17, 39
Min, 21, 28
minimality, 20
model, 12
canonical pre-, 29, 44
MT, 30, 39
MT,, 30, 39
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pre-, 29, 37, 44 Ry, 26

Mono, 21, 28 rank, 43
monotonicity, 20 reflexive k-domain, 35
MT, 5 reflexive k-domain, 29
MT model, see model, MT regular cardinal, 32
MT(y model, see model, MT restriction, 56
MT program, 15 rk(p), 43
MTy, 5 root equivalence, 16
MT get, 13 root normal term, 14
rules (axioms and inference rules), 19
N, 16
Ny, 16 S, 26
N, 16 S, 26
normal term, function, 14 s, 26
normal term, root, 14 k-Scott domain, 29, 33
normal term, true, 14 k-Scott semantics, 32
semantic extensionality, 16
O(G), 50 SI, 6
O..(G), 50 SIP, 25, 39
0.,(G), 39, 50 k-small, 32
obs: a =¢ps b, 16 o-small, 39
observationally equal, 16 o-small, essentially, 26, 39, 49
k-open, 34, 50 space, preordered coherent, 41
step chain, 57
P, 26 k-step function, 34
P, 32 step map, 56
Py, 32 Strong Induction Property, 25, 39
p.o., 33 structure, 41
partially ordered set, 33
pcs, 41 T, 11, 36, 44
pes-structure, 41 T, 36
pre-fixed point, 35 Tarski’s fixed point operator, 35
premodel, see model, pre-, 29 true normal term, 14
premodel, canonical, 29
L, 26
preordered coherent space, 41 UBT, 40

prime, 33
program, MT, 15
Property, Strong Induction, 25, 39 WF, 28

wellfounded map, 5, 17, 39

Upper Bound Theorem, 40

@, 26 wellfounded w.r.t. a set G of maps, 21
QND, 20

Quant[y], 25 Y, 11

Quant|al, 28 Y curry, 13

R, 26 Z[x], 25

r, 45 7ZFC, 4

Ry, 26 ZFC+SI, 6
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