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Abstract

This thesis is an elaborate account of the theory of partial combinatory algebras (pcas) and their
associated categorical structures called categories of assemblies and realizability toposes. From the
viewpoint of “abstract Turing machines”, we build up the theory of pcas, generalizing some con-
structions from ordinary recursion theory, such as relative computability in an oracle (of type 1 and
higher). In later chapters, we show how this notion of generalized relative computability can be used
to study realizability toposes, with special attention to the effective topos. We also treat geometric
morphisms between realizability toposes, and fill in a gap in the theory of applicative morphisms
(morphisms between pcas) in relation to geometric morphisms.



Chapter 1

Introduction

This thesis contains a detailed account of the research that  have been doing for the past year as part of
my Master’s programme in Mathematical Sciences. In one sentence, I have studied certain categorical
structures that are associated to fundamental notions of computation. This short chapter serves as a
brief introduction to the material.

Mathematical notions of computation, or rather of computability, were first studied in a field
called computability theory, or recursion theory. It was founded around 1936 by work of Alonzo Church,
Alan Turing, Stephen Kleene, Emil Post and Kurt Gédel. Independently, they proposed several mathe-
matical models of computation, which were all found to produce the same set of computable functions.
Consequently, they established the first undecidability results, by showing the existence of problems
that “cannot be solved by mechanical computation”.

Intuitively, their notion of a computation coincides with “abstractly running a computer program”
written in a programming language like C or Python. With “abstractly”, we mean that one should
not worry about the amount of memory or any other physical constraint. Imagine such a computer
program: it takes an input, runs some algorithm, and either it eventually produces an output or it
keeps running forever. Both input and output are basically a string of 0’s and 1’s in the computer’s
memory, which is nothing more than just a number. Therefore, a computer program can be viewed as
a functionN — N.

The set of those functions that can be computed by a computer program are called the recursive, or
computablefunctions. A function need not be defined on every number (on a certain input, a program
might loop forever), so such functions can also be partial. A result in computability theory defines this
set of functions independently of any notion of computation. It is the smallest set that includes the
basic arithmetical functions and is closed under composition, definition by recursion and unbounded
search.

One can view the above as an arithmetical or numerical approach to defining a computable func-
tion. However, a lot of the theory of computable functions, computability theory, or recursion theory, is
developed from another approach, which is rather combinatorical. Observe that computer programs
are also just strings of 0’'s and 1’s stored in memory, so basically numbers. We can view computer
programs as numbers acting on numbers, yielding a number, or looping forever. Mathematically, this
is just a partial map N x N — N. Therefore, computable functions “act on themselves”, whence the
name recursion theory. A good reference for classical recursion theory, which is worthwhile studying,
is [Rog87].

To define the above partial maps, one first needs to establish a notion of computation. One may
wonder whether we can provide axioms for them instead, yielding a recursion theory that is code-free.
This is one of the motivations behind the notion of a partial combinatory algebra (pca) , which we will
study in chapter[2} The definition of a pca is very simple, but very powerful: every non-trivial instance
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6 CHAPTER 1. INTRODUCTION

of such a pca computes all classical recursive functions N — N for some suitable coding. The account
presented here is based on the treatment in [vOO08].

Several theorems and notions in classical recursion theory can be generalized to the theory of pcas.
For example, we can describe relative recursion (section, and effective operations (section. In
this thesis, we will also generalize a theory of recursive functionals due to Kleene to pcas (section
2.8.1).

We will also look at morphisms of pcas, and present a new definition of an important kind of mor-
phism: that of a computationally dense morphism. It turns out that there is connection between this
type of morphisms and relative recursion that we can describe in a process called lifting .

In chapter[3|we embark on more complicated structures that arise from pcas. There is a great sim-
ilarity between programming language semantics and those structures. Anyone who has ever learned
a programming language knows that data can have different fypes, for example one can deal with in-
tegers, floats, strings and even functions. A lot of programming languages admit the creation of new
types. The compiler of such a language then deals with the translation of these data types to numbers
on which we can perform computations and back. A mathematical analogue of this is the notion of
an assembly . It consists of a set X, to be viewed as “elements of type X”, and a total relation E € X x A,
where A is a partial combinatory algebra. So to each element of x, one or more elements of a pca are
associated on which we can perform computations. They are “representatives” of x in A. A function
f: X — Y that takes elements of type X and yields elements of type Y is then computable with respect
to A if it is computable on the underlying representatives.

The set of all such assemblies, together with the “computable” morphisms, form a category of as-
semblies on A, which we will define in section It turns out that this category has a very rich and
interesting structure. Moreover, there is an interplay between morphisms of partial combinatory al-
gebras and functors between the corresponding categories of assemblies. This is studied in section
B3l

A category of assemblies can be extended to a topos by completing it in a universal way. Toposes are
categories that provide enough constructions for “doing mathematics”, like the category of sets. They
are models of higher-order logic, and it is possible to define for example the real numbers, continuous
functions, etc. Different toposes give rise to different such models. For example, there are toposes in
which every function from the reals to the reals is continuous, but this is not true in every topos. It
makes them interesting to study from a logical viewpoint. Toposes have a strong geometrical nature,
so they establish a connection between geometry and logic in a very natural way (here [MLM94] is an
excellent introduction).

In chapter [4} we will describe the toposes that arise from categories of assemblies, called realiz-
ability toposes. The first-order logic of realizability toposes coincides with realizability , which is an
interpretation of constructive proofs based on partial combinatory algebras, and already described by
Kleene for ordinary recursion theory. A good reference for most of the theory on realizability and the
derived categorical-theoretic constructions is [vO08]. In this thesis, we give an extensive presentation
of the construction of a realizability topos on a partial combinatory algebra, and state the main results
on the connection between morphisms of partial combinatory algebras and morphisms between the
corresponding toposes. A recent result by Peter Johnstone [Joh13] is also included in this account.
Using our new definition of computationally dense morphisms, we can present these results in an
elegant way.

We will describe the connection between relative recursion as defined in section[2.6land the cor-
responding realizability toposes. The notion of lifting allows us to partially characterize geometric
inclusions of certain realizability toposes (theorem [5.6.3), and especially subtoposes of the effective
topos (corollary[5.6.4).

This research project started with a question about a set of N-indexed functions defined in [vO],
called J -representable functions for a specific local operator 7. We will show in theorem[5.5.4] that



this set has a structure slightly weaker than that of a partial combinatory algebra. However, our theory
of recursion in a type 2 functional allows us to prove that it is isomorphic to a partial combinatory
algebra that happens to consist of precisely the hyperarithmetical functions (corollary[5.5.7).

This thesis is intended for someone with an interest in mathematical logic who already has some
acquaintance with category theory and foundations of mathematics. I hope it serves as a first intro-
duction to the theory of pcas, realizability and especially realizability toposes. Also, I hope that some
of my own ideas and viewpoints provide a lead for further research.






Chapter 2

Partial Combinatory Algebras

In this chapter, we start by defining the notion of a partial combinatory algebra and state the main
results that we will need. A lot of notation that is used in later sections is defined here.

One of the motivations for defining partial combinatory algebras is to axiomatize basic recursion
theory to some extent, in a code-free way. We'll see that a lot of basic results, such as the recursion
theorem, can be shown in a more general setting. However, we’'ll also see that a lot of the fine structure
of ordinary recursion is not captured by a partial combinatory algebra.

In section 2.5} we will discuss a notion of morphism between pcas called an applicative morphism.
Many properties of such morphisms that we will need in later chapters are introduced here. We also
suggest a generalization of applicative morphisms that fills a gap in the existing theory. This will turn
out to be useful in section5.11

Lastly we discuss a generalization of relative recursion for pcas in section[2.6] We will apply this
to effective operations in section In section we apply it to define a notion of computable
functionals for pcas, analogous to Kleene’s computable functionals.

2.1 History

Partial combinatory algebras are first described by Moses Schonfinkel in [Sch24]. It was an attempt
to resolve an issue in logic that arose from the use of variables and substitution. It is well-known that
naive set theory gives rise to paradoxes (like Russel’s paradox) that can only be resolved by looking
closely at the very foundations of set theory, or mathematics in general, and providing strict rules
(axioms) for the construction of sets.

In the same way, the “naive” use of variables and the concept of “substituting a variable by a value”
gives rise to paradoxes and problems in logic. The solution of Moses Schénfinkel, and also of Alonzo
Church with his A—calculus, was basically to eliminate them by defining a certain pre-logic, consisting
of terms that are combined using combinators that satisfy certain axioms. This leads to a very primitive
idea of what a function is. Substitution of a variable is replaced by application to another function.
Anyone familiar with a functional programming language might recognize this. There, “everything is
a function” by default, and there are no variables in a certain sense.

Church’s A-calculus was invented around the time that his student, Alan Turing, defined the math-
ematical notion of a computation with what is now known as a Turing machine. Surprisingly, it turned
out that any function that was computable in Turing’s sense, was also computable in the A—calculus.
In de 50s and 60s, it was Haskell Curry and his students who combined this fact with the work of Moses
Schonfinkel, giving birth to the field of combinatory logic. This ultimately led to the invention of func-
tional programming languages (that nowadays become increasingly useful). One of the most famous
of these is, historically sound, named Haskell.
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For the rest of this thesis, we will view partial combinatory algebras as “generalized Turing ma-
chines”, or very elementary programming languages. For more on combinatory logic and its origins, I
refer to [CF68].

2.2 Partial Applicative Structures

We start by defining a partial applicative structure, analogous to the treatment in [vOO08].

Definition 2.2.1. Let A be a set. A partial applicative structure on A is a partial function Ax A — A,
written (a, b) — ab. Whenever ab is defined, we say that ab denotes, or write ab |.

If A is endowed with a partial applicative structure, we can define a set of terms T'(A) . For V an
infinite set of variables, T'(A) is the smallest set such that:

e AUV CST(A
e Whenever t,s€ T(A), (ts) € T(A).

For t a term, write FV(#) for the set of free variables in t. Whenever we write #(xy,..., x,) for ¢ a term,
we mean FV(?) € {x1,..., x,} and the substitution t(ay, ..., a,) has the obvious meaning and is a term.

Terms without free variables are called closed and can denote an element of A: for t € T(A), we
write t | a to express that ¢ denotes the element a € A. It is defined by:

e Forallae A, a| a.
e Forterms t,s,if t | band t | ¢, and bc | in the applicative structure, then (¢s) | (bc).

Whenever there is an a such that ¢ | a, we write ¢ | to say that the term ¢ denotes. For a closed term ¢,
we write ¢ | if £ does not denote.

Terms without free variables are just compositions of the applicative map. To improve readability,
I'll write down explicit terms using the convention of associating to the left:

abc:= ((ab)c).
For terms t,s, we write t = sif t | aiff s | a for any a € A. We write t S sifs | a= t | a. Also,
whenever we write ¢ = s for closed terms ¢, s, we usually mean that there exists a such that ¢ | a and
sl a.

Terms become interesting when we have combinatory completeness of the applicative structure.

Definition 2.2.2. A partial combinatory algebra, or pca, is a set A endowed with an applicative struc-
ture, such that there are k,s € A with the following properties: for all a, b, c € A:

(i) sab |
(ii) kab| a
(iii) sabc = ac(bc).

When the above is the case, we say that the partial applicative structure is combinatory complete .
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Examples

(i) Any singleton {+} with the trivial applicative structure ** | * is a pca. One can show that any pca
with k = s is trivial in this sense.

(ii) Ordinary recursion theory gives an applicative structure on N:
ab:=@,(b)

where ¢, is the partial recursive function N — N with index a € N for some model of computa-
tion. This pca is known as Kleene’s first model and denoted by ;.

(iii) Any term model of untyped A-calculus (modulo B-equality) yields a total pca.

(iv) There is a general method of constructing a total pca from a directed complete partial order
(DCPO), which yields several examples. See [Hof| for a short description.

Note Partial combinatory algebras are also called “Schonfinkel Algebras” (at least by Peter Johnstone
in [Joh13]), and in [Wag69| a theory on “Uniformly Reflexive Structures” is developed. The latter de-
scribes precisely the pcas that are decidable, which we will define below.

Every pca allows for abstraction, similar to abstraction of A-terms in A-calculus:

Lemma 2.2.3. Let A be a pca. Then for any term t(x, x1,...,Xy) thereis a term (x)t(x,..., X,) such that
every substitution instance of (x)t denotes, and for all a, ay,...,a, € A

(xyB(a,...,an)a=ta, a,...,a,).
Conversely, if A has a partial applicative structure for which the above holds, then A is a pca.

Proof. We define (x)t according to the recursive definition of terms.
If ¢ is a constant or a variable y different from x, let (x) ¢ = kt.
If £t = x, let {x)x = skk.
If t = t1 1, let (x) t = s({x) 1) ({x) £2).
One can check that every substitution instance of (x) ¢ denotes, and the fact that

xNtay,...,an)a=tla,m,...,a)

is also easily verified by induction.
For the converse, we can take:

k=(x)(y)x)
s= () (Y (2)xz(y2))).
One can verify that these terms satisfy the conditions in[2.2.2} O

The above lemma gives us a tool to define a lot of terms and operations in pcas. The following
will be an overview for this, for most proofs I'll refer to [vO08|. In what follows I'll often abbreviate
(1) ((x2) ¢+ xp) D) -+ +)) by (x71 -+ x) £, and we work in a pca A.

Another characterisation of pcas is given by the following proposition.

Proposition 2.2.4 (Feferman). A pas A is a pca if and only if for any n € N, and any term t(xy,..., Xp+1)
there is an element a € A such that for all ay, ..., ay+1 € A the following holds:

() aaaz---ay |
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(i) aaraz---anaps1 = tay, ..., ans1)
Proof. Assume A is a pca. Define, by lemmal[2.2.3}
a=(xX1X2" Xp+ 1) 1(X1, ..., Xp+1).
By the lemma, aa, - - a, = (xp41) ) (ay,...,a,) | and
aay - apanps1 = (Xps1) O(ar,..., ap)an = t(as, ..., an, Ane1).

Conversely, if the latter statement holds, we can define k € A as the element corresponding to the
term ¢(x1, x2) = x; and s € A as the element corresponding to #(x1, X2, x3) = X1 X3 (x2x3). Then k, s satisfy
the properties of definition O

Remark Forapca A, every element a € A defines a partial function A — A given by x — ax whenever
ax is defined. When there is no chance of confusion, I might call this a partial recursive function with
index a. Sometimes I might even write “the partial recursive function a” whenever the behaviour of a
as a partial function is of particular importance.

The following corollary corresponds to theorem 2.6 in [Wag69] and should remind the reader of
the S}’ —theorem.

Corollary 2.2.5 (Wagner). Let A be a pca. For each n > 0, there exists s, € A such that for all a € A,
a,...,ap,€A,m>0andb,...,b,€ A
spaa---ap |

and
spaay---apby---by=aay---ayby---by,.

Proof. Let s, be the element as in proposition corresponding to the term

H(x, X1,...,Xn, Y) = XX1 - Xp ).

2.3 Basic Constructions in Partial Combinatory Algebras

This section will be an overview of several constructions that can be done in any partial combinatory
algebra. It will provide us with a great set of tools to work with later on.

2.3.1 Booleans, Pairing and Natural Numbers

We have an identity element in A, given by i = skk. For any a € A, it satisfies ia = a. Now observe that
foranya,be A:
kiab=ib=D.

We define k := ki. The elements k and k will often act as boolean values for frue and false respectively.
For instance, for any two closed terms u, v we can define ¢ such that for all g € A:

tq=if g then u else v

In fact, let:
=A@ qwyu)(w)v)k.
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Then tk = 1 and tk = v. We can also define the term:

' :=(qxy)qxy.

Such thatforall a,b e A:
t'gab= if q then a else b.

Whenever we write if ... then_. .. else ... we mean a term as one of the above. We often write T and
F for the elements k (true) and k (false), as well as Not for the the index that yields the negations:

Notv = if v then F else T.
We define the pairing combinator p by:
p:=(xyz)zxy.
Then we have that for all a, b € A, pabk = a, and pab% = b. Therefore we have projections:

po := (w)wk
p1:= (w)wE

that satisfy popab = a, p1pab = b.

Simulation of ordinary recursion It turns out that every non-trivial partial combinatory algebra can
“simulate” the partial combinatory algebra K;. We first need to define representatives of the natural
numbers.

Definition 2.3.1 (Curry numerals). Let A be a non-trivial pca. Then we define for every n € N the
Curry numeral n € A as follows:

e 0=i=skk

. n+1:pEﬁ.

Observe that if k # %,_then pol = k#k=ik= P00, hence 0 # 1. The former holds for any non-trivial
pca, since kks = k # s = kks in that case. One can now easily show by induction that in a non-trivial
pca, the Curry numerals are all distinct elements.

The following propositions can be found in section 1.3 of [vOO08], for a proof I refer to that source.

Proposition 2.3.2. For a non-trivial pca A, there are S, P, Z € A such that for all n € N:

Sn=n+1
P0=0

+1="n
T

o

n
Z0=

N
+

1=F.

n

In every pca A, we can make definitions by recursion:
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Proposition 2.3.3. Foreverya,R € A, thereis an f € A such that
fo=a
fn+1=Rn(fn).

Moreover, we can obtain f recursively in a, R, i.e. thereis an'R € A such that forall a,R € A, f :="RaR
satisfies the above.

Proposition 2.3.4 (Recursion theorem). There are are y,z € A such that for all f € A:
Lyf=fh)
2. zf |andforallxe A: zfx = f(zf)x.

Proposition 2.3.5. For every pca A, there is for every partial recursive function F of k-variables an
element f € A such that forall ny, ..., n € N:

fn_ln_k:F(nlv)nk)

Note that the right hand side is defined if and only if F(ny, ..., ny) is defined.

Coding of finite sequences We use the Curry numerals to code finite sequences in a convenient way.
We assume that A is a non-trivial pca. We can define for any n € N the functions J” : A" — A by:

* J@=a

« " Yag,...,an) = pagJ™(ay,..., an).

For any n elements ay, ..., a,-1 € A", we can define the tuple [ay, ..., a,] € Aby:
* [l = p00 (the case n = 0)

e [ag,...,an—1] =pnJ(ay,...,ay).

Many operations on such tuples are recursive. As an example, I'll show that there is ¢ € A such that
forall u=[ug,...,uy_1l,i < n:
tui=[u;,...,up-1l. (2.1)

Suppose u = [uy, ..., u,-1]. Then by proposition[2.3.3] there is f € A such that:
fo=u
fi+1=pPpo(fD))(p1(p1(fI)).
In fact, we have f = RuR where R = (xy)p(P(po(})))(p1(p1y)). One can now verify that for ¢ =
(xyYRxRYy, holds for all u = [uy,...,Us—1], i < n.
Using the same methods, one can prove that there are |h,b,c € A such that for all tuples u =
[ug,...,up-1l,i<n, j<m
lhu=n
bui = u;

cuj=lug,...,uj-1l.
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We can also concatenate two tuples u = [uy, ..., Un-1], U = [Vy,..., Um-1], that is, there is d € A such
that for every such pair of tuples, we have:

duv =[ug,...,Up-1,00,..., Vm-1].
To improve readability, we will often write u<J for [ug, ..., u j-1] and u x v for

[uo,...,un,l, l)(),...,l/mfl]

2.4 Decidable, Total, and Almost total PCAs

An important property that not all pcas share is decidability. Informally, a pca is decidable if it is able
to distinguish its own elements.

Definition 2.4.1. A partial combinatory algebra A is called decidable if there exists d € A such that for
all a,be A:
T ifa=»b
dab=1{_ "977
F  otherwise.

Clearly, the pca K, is decidable, as well as the trivial pca. We have the following proposition, I
adapted the proof from theorem 3.1 in [Wag69].

Proposition 2.4.2. Suppose A is a non-trivial decidable pca. Then there exists q € A such that qq is
undefined.

Proof. Pickany a,b € A with a # b (since A is non-trivial, we can pick k and s). For d as in definition

let g = (x)d(xx)bab. Then:

b ifxx#bandxx|
gx=d(xx)bab={a ifxx=Db
1 ifxx?

Then qgq = a implies that d(qq)bab |= b, but that implies gq = b, which is contradictory. Conversely,
qq = b implies that d(gq)bab | = a, which is again a contradiction.
Since the right hand side is a or b whenever it denotes, g¢q is undefined. O

Consider the following definition.
Definition 2.4.3. Apca Ais totalifforall a,be A, ab |.
Then the proposition above has an immediate corollary:
Corollary 2.4.4. A non-trivial decidable pca is never total.

One may wonder if a pca is non-total, but still able to decide whether ab is defined for arbitary
elements a, b. It turns out that this is not the case:

Proposition 2.4.5. A pca A is total if and only if there exists H € A such that

Hab = T ifab|
F  otherwise.
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Proof. E]“:”: If Ais total, let
H={(xy)T.

“<": Suppose there exists such H € A. Assume that A is not total, i.e. there are a, b € A such that
ab is undefined. I'll derive a contradiction. Let u be such that for all x € A:

ux = (if Hxx then ((x)ab) else ({(x)T))k.

Then ux is defined if and only if xx is undefined. But then uu is defined if and only if uu is undefined,
a contradiction. O

Lastly, I define the notion of an almost total pca. It will turn out that totalness is not a categorical
property of pcas, but almost totalness is.

Definition 2.4.6. A partial combinatory algebra A is called almost total if every partial recursive func-
tion can be extended to a total function, i.e., for every e € A, there is g € A such that gx is defined for
all xe A, and

gx Jex.

The following lemma shows that in an almost total pca, we can in fact extend every partial function
to a total one in a recursive way.

Lemma 2.4.7. Let A be an almost total pca. Then there exists g € A such that for all e € A, ge is such
that gex is defined for all x € A and

gex S ex forall x.

Proof. Define f by:
F=WPoy)(p1y).

Since A is almost total, there is i € A such that h defines a total function and extends the partial
function defined by f. Now define g = (xy) h(pxy). Then for e € A arbitrary, if ex is defined we have:

gex = h(pex) = f(pex) = ex
and gex = h(pex) denotes for all x since £ is total. O

Observe that every total pca is almost total. By the following proposition, a non-trivial decidable
pcais never almost total:

Proposition 2.4.8. Suppose A is a non-trivial decidable pca. Then there is e € A such that ex is unde-
fined for some x, and for which there is no g € A such that gx is always defined and

gxlex
forall x.
Proof. Let a,b € Abe such that a # b. Let e be an index such that for all x:

ex = xk

1 This proof occurred to me while reading the proof of theorem 3.4 in {Wag69).
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Assume that g € A is such that gx | for all x and gx = ex. I'll derive a contradiction. By the recursion
theorem, there is h € A such that hy = d(gh)aba, so thatfor all y € A:

hy = bifgh=a
"~ | a otherwise .

Observe that & is total, so eh = hk |. Then we have:

o = hk = b 1fgh=a: b ifeh=a
a ifgh#a a ifeh#a.

which is a contradiction. O

2.5 Morphisms between PCAs

In the following we will define an applicative morphism as in definition 1.5.3 of [vO08]. The notion
is due to John Longley and was first defined in his thesis [Lon95]. For y : A — B a relation, we define
y(@ :={bl(a,b) €y}

Definition 2.5.1. Let A and B be pcas. A total relation y : A — B is an applicative morphism if there
exists r € B, such that whenever a,a’ € A and aa’ |, we have for all b € y(a), b’ € y(da') that

rbb' | and rbb' € y(aa')
The applicative morphism y is said to be realized by such an element r.

There is a composition of morphisms: Fory: A— B and 6 : B — C, the composition of y and § can
be defined by:

sy@= UJ 6.
bey(a)

One can verify that this isindeed an applicative morphism, i.e. that it has arealizer. There is an identity
morphism ¢: A — Afor every pca 4, it is given by ((a) = {a} and realized by i.

We can define a binary relation < on the set of applicative morphisms A — B. For§,y: A — B
applicative morphisms, 6 <y when there is r € Bsuch thatforallae A,bed(a), rb| and rbe y(a).

A proof of the following proposition can be found in [vO08]:

Proposition 2.5.2. Therelation < defined above is a preorder, and this order is preserved by composition
on both sides. Therefore, partial combinatory algebras together with applicative morphisms form a pre-
order enriched category, denoted PCA.

The category PCA does not have much categorical structure. A lot of properties of pcas are not
preserved under isomorphism or equivalence. However, the category behaves well with correspond-
ing structures called assemblies and realizability toposes, which we will see below. We will see that
totalness is not preserved under isomorphism of pcas. However, almost totalness (definition|2.4.6) is:

Proposition 2.5.3. Suppose A, B are isomorphic partial combinatory algebras, i.e. there are applicative
morphismsy: A— B, §: B — A such that

yob=1p,60y=1a,

wherep, 1 are the identity morphisms on B and A. If A is almost total, then B is.
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Proof. Let b € B be arbitrary. We will find an index g such that gx is defined for all x € B and
gx 2 bx

for all x.
Suppose v is realized by r and § is realized by ¢. Take a € §(b). Then for all b', and a' € §(b"):

bb' |= tad' |,taa’ €5(bb").
Since A is almost total, there is h € A such that hy is defined for all y € A and
hy 3 tay

forall y € A. Now take f € y(h) arbitrary. For all b’ € B, we have that b’ € yo§(b'). So b’ € y(a') for some
a' € 5(b"). Therefore:
rfb' |, rfb eyha).

Moreover, if bb' |, then:
rfb' ey(ha)=y(taa) cyob5bb") = {bb'}

hence r fb' = bb'. So if we define g = r f, then it defines an extension of b to a total function. O

The following proposition shows that in the category PCA, a total pca is the same thing as an almost
total pca.

Proposition 2.5.4. Every almost total pca is isomorphic to a total pca.

Proof. Let A be an almost total pca. We'll define a total pca Ay as follows. Let g € A be as in lemma
i.e. for every e € A, we have that ge is total and extends the partial function indexed by e.
Define an applicative structure * on the set A as follows:

axb=gab.
Then Ay is the total applicative structure defined by * on A. Observe that
kxaxb=g(gka)b=kab=a.
Now lets':= (xyz)g(gxz)(gyz). Then:
s'xaxbxc:=g(g(gsa)b)c=g((z)g(gaz)(ghz))c=g(gac)(ghc)=ax* cx* (b*c).

Therefore Ay is a total pca. Now y : A — Ao defined by y(a) = {a} is an applicative morphism realized
by the identity i’ =’ * k * k of Ao, and 8 : Ayt — A defined by 6(a) = {a} is an applicative morphism
realized by g.

Therefore Aot and A are isomorphic. O

We can summarize the above in the following lemma:
Lemma 2.5.5. A pca is almost total if and only if it is isomorphic to a total pca.
Decidability is preserved under equivalence of pcas.

Theorem 2.5.6 ([Lon93]). Suppose A, B are equivalent partial combinatory algebras. Then if A is de-
cidable, B is.
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Proof. Assume A, B are equivalent partial combinatory algebras with A decidable. Let d € A be the
witness for decidability. There are applicative morphisms y: A — B, and 6 : B — A, realized by r, ¢
respectively, such that

ta=6boyandip=7yod.
First, let £ € 6(Tp) and f € 6(Fpg). Pick v € y({(xy)dxytf). Let a,a’ € A be arbitrary. Then for b €
y(@), b’ €y(a'), we have:
y@) ifa=d
y(f) ifa#d
: .
c {)/O(S(TB) ifa=a

r(rvb)b' e y(dad'tf) = {

" |yob(Fp) ifa#d.

Let g be arealizer of y o8 <1p. Define e€ Bby e = (xy)g(r(rvx)y). Thenforall a,a’ € A, be y(a),b' €

y(a), we have:
b = Tp ifa=d
T \Fp ifa#d.

Claim. For b,b' € B, we have thatb # b' = §(b)n&(b') = @. Similarly, for a,a’ € A, we have a # a' =
y@ny(a)=9.

Proof of claim. Suppose b # b', but there exists a € §(b)Nd(b'). Then y(a) < yod(b) and y(a) S yob(b').
Pick ¢ € y(a). Then with g as above, gc € {b} and gc € {b'}, a contradiction.
The statement for A follows analogously, since we also have oy < 4. O

Let h be arealizer of i < yod. Itis easy to see that for all b, b’ € B, b= b ifand only if hb = hb'. For
each b, hb € y(a) for some a € §(b). By the claim above, such a is unique. Using the claim again, we
can conclude that for all a,a’ € A, b, b’ € B, if hb € y(a), hb' € y(d'), then hb = hb' ifand only if a = a'.

So define d € Bby d = (xy)e(hx)(hy). Then for all b, b’ € B:

dbl = {TB %fhbz hb' _ {TB %floz b
Fp ifhb#hb' Fg ifb#Db.

So d is a witness for decidability of B. O

2.5.1 Computational Density and Decidability

An important special case of an applicative morphism is a computationally dense applicative mor-
phism. It was discovered by Hofstra and van Oosten in [HvOO03]. Intuitively, an applicative morphism
Y : A — B is computationally dense if any computation in B on elements of A (so elements in the
image of y) can be done in A. For readability, we introduce some notation; for B a pca, and P< B a
subset, we define for all b € B:

P {bb'|b' e P} if (Vb e P)bb' |
| undefined otherwise

We write bP | whenever (Vb' € P)bb’ |. When making statements about bP, we usually mean bP | as
well.



20 CHAPTER 2. PARTIAL COMBINATORY ALGEBRAS

Definition 2.5.7 ([HvOO03]). An applicative morphism y: A — B between pcas is called computation-
ally dense if there exists m € B such that:

(VbeB)3ae A)(Va € A):if by(d') # ¢

then aa' |, my(aa’) |, and my(aa') < by(a).
For y a computationally dense applicative morphism, we let A : B — A denote a function such that

(Vbe B)(Vd' € A):if by(a) |
then A(b)d' |, my(A(b)d’) |, and my(A(b)a') < by(a).

Unless otherwise stated, we pick this A using the axiom of choice on Set.

Computationally dense applicative morphisms express a strong relation between the computa-
tional nature of the pcas. This has a deep consequence for their realizability toposes that we will see
later.

The following proposition is a recent result by P. Johnstone in [Joh13]. I included an adapted proof
here, for the notation in [Joh13] is quite different.

Proposition 2.5.8 ([Joh13]). An applicative morphismy : A — B is computationally dense if and only
if there exists r € B such that for all b € B, there exists a € A so that ry(a) = {b}.

Proof. We assume that y is realized by ¢ € B.
“=7”: Assume that computational density is realized by m, and let A : B — A be as in definition
Let b € B be arbitrary, and let a = A({x)b). Then aa | and:

my(aa) = my(A(x)b)a) = (x)b)y(a) = {b}

and my(aa) |. So r = m satisfies the statement.

“<”: Let r € B be as on the right hand side of the equivalence. Let g € y(po), g1 € Y(p1) and define
m = (x)r(tqox)(tq1x). Let b € B be arbitrary. Let h € A be so that whenever b’ € y(h), we have rb’ = b,
and define a = ph.

Suppose a' is such that by(a’) |. Then whenever c € y(aa') = y(pha'), we have:

mc=r(tqgoc)(tqgic) € by(a).
~——
ey(h) ey(a)
So m witnesses computational density. O

Peter Johnstone calls the property on the right hand side of the equivalence “quasi-surjective”. A
strengthening of this notion is the following:

Definition 2.5.9. An applicative morphism y : A — B is effectively quasi-surjective if there exists e, r
such that
(Vbe B)(3ae A)ebey(a) Ary(a) = {b}.

Clearly, if e, r realize that an applicative morphism if effectively quasi-surjective, then r realizes
that it is quasi-surjective.
We will need the following proposition later on, but here is the best place to state it:

Proposition 2.5.10. An applicative morphism is effectively quasi-surjective if and only if there exists
e, m such that m realizes computational density as in definition[2.5.7 and:

(Ybe B)(Jae A)ebey(a) A my(a) =1{b}.
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Proof. We assume that y : A — B is an applicative morphism realized by ¢t € B. The “<” direction is
trivial.

For “=": Let e, 1 be as in[2.5.9] Take m = (x)r(tqox)(tq x) as in the proof of[2.5.8] Take g € y(p),
feyF) Lete = (y)t(tg(e({x)y))) f. Then for all b€ B, e'b € y(paF) for some a such that e{(x)b € y(a)
and ry(a) < {{(x)b}.

From the latter, we have for all b’ € y(paF):

mb' = r(tqob)(tq:b") = (x)b) f = b.
Therefore ', m are witnesses for the statement on the right-hand side. O

In[5.1} we will see that geometric inclusions of realizability toposes correspond precisely to effec-
tively quasi-surjective applicative morphisms. In corollary[2.5.17|we give another characterisation of
these applicative morphisms.

Another special case of an applicative morphism that expresses a deeper relation in the computa-
tional nature of pcas is a decidable applicative morphism:

Definition 2.5.11. Let A, B be pcas. Denote their canonical boolean values by T 4,F4 and Tg,Fp. An
applicative morphism y : A — B is called decidable if there is d € B (a decider for y) such that for all
bey(T4),db=Tg,andforall ce y(F,), dc=Fp.

Decidable applicative morphisms play an important role in general relative recursion. We also
have the following proposition:

Proposition 2.5.12 ([vO08]). Supposey : A— B is computationally dense. Theny is decidable.

Proof. Suppose v is realized by ¢ € B. We take r € B as in proposition[2.5.8] Take a,a’ € A such that
ry(a) ={Tg}and ry(a’) = {Fg}. Define c € Aby c:= (v)vad', take e € y(c) and define d := (x)r(tex).
Then for uey(T 1), vey(Fp):

du=r(teu)ery(a)={Tg},dv=r(tev)ery(a’) ={Fp}

so d realizes decidability of . O

2.5.2 Adjoint Pairs of Applicative Morphisms
The pre-order < gives rise to the notion of an adjoint pair of applicative morphisms.

Definition 2.5.13. Let A, B be partial combinatory algebras, with y: A — B, § : B — A applicative
morphisms. We say that y is left-adjoint to §, ¢ is right-adjoint to y or y 46, when y6 < 1p and 14 < 6.

Definition 2.5.14 ([Lon95]). (i) We call an applicative morphism y : A — B projective if there is an
applicative morphism y’: A— B such that y =y’ and y’ is single valued, i.e. for each a € A, y'(a)
is a singleton set.

(ii) We call an applicative morphism 6 : B — A discreteif §(b) N 6(b') = @ whenever b # b'.
The following theorem is a result by Longley (Theorem 2.5.3 in [Lon95]), and will come in handy.
Theorem 2.5.15. Lety: A— B, § : B— A be applicative morphisms. Then the following holds:
(i) Ifyd <1p, then 6 is discrete.

(ii) Ify -6, theny is projective.
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The following theorem is an observation of mine that I have not encountered in any literature.

Theorem 2.5.16. Lety: A — B be an applicative morphism. Then y is computationally dense if and
only if there exists an applicative morphism 6 : B— A such thatyd < ip.
Moreover, suchy is projective if and only if it has a right adjoint.

Proof. “=" Suppose m and A : B— A are as in definition[2.5.7} Assume 1 is realized by .
Define 6 : B— Aby
6(b) ={a€ Almy(a) = {b}}.

Observe that for every b € B, §(b) is non-empty, since for any a’ € A, A({(x)b)a’ € §(b):
my(A(x)b)a’) = (x)by(a) = {b}.

We have to show that 6 has a realizer.
Define m’ = (x)m(tqox)(m(tq1 x)) where g; € y(p;). Then whenever a € §(b), we have: for all ¥, a’'
such that bb' |, my(a') = {b'}, ce y(paa'):

m'c=m(tqgoc)(m(tqc)) = bb'.
Now let g = A(m'). Then for all a’ € A, if m'y(a’) is defined, then:
my(ga) < m'y(a).
Foraeé(b),a’ €d(b'), we have my(a) < {b} and my(a') < {b'}. Hence if b’ |:
my(g(paa)) = m'y(paa’)
< m(tqoy(paa)))(m(tqry(paa’))) € my(a)(my(a’)) < {bb'}.

It follows that g(paa’) € §(bb’) (whenever bb' |), so (xy)g(pxy) realizes 6 : B — A.
It is easy to see that m realizes Y0 < p.
“«<”: Suppose we have such § : B— A, and suppose yd = 5 is realized by r. Then for b € B, take
a€d(b). Then:
ry(a) = {b}
hence y is computationally dense by proposition[2.5.8}
For the last statement, we can assume that y is single-valued. Let j = A(i). Then for all a’ € A:

my(ja) ciy(a)=y(a).

Hence ja' € §(b') for the unique b’ € y(a'), hence ja' € § oy(a'), therefore j realizes 14 < §y. So § is a
right adjoint.
Conversely, if y has a right adjoint, it is projective by theorem[2.5.15] O

Corollary 2.5.17. An applicative morphismy : A — B is effectively quasi-surjective if and only if there
exists an applicative morphism 6 : B — A such thatyd = ip.

Proof. “=": By proposition|2.5.10, we have e, m € B such that m witnesses computational density in
the sense of definition[2.5.7land

(VYbe B)(3a)eb e y(a), my(a) = {b}.

By the proof of theorem[2.5.16}
6(b) = talmy(a) = {b}}

is an applicative morphism B — A, and m realizes y6 < 1p. It is easy to see that e realizes (5 < y0.
“<”: If r realizes y6 < 1p and erealizes i < v6, then e, r realize that y is effectively quasi-surjective
in the sense of definition[2.5.91 O
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One may wonder whether we can strengthen theorem 2.5.16| by proving that every computation-
ally dense morphism has a right adjoint. It turns out that this is not the case. We'll sketch a coun-
terexample here (thanks to Jaap van Oosten for pointing this out). We denote by K, the pca known as
Kleene’s second model . It has as underlying set the set of functions N™ and application is defined by:

a-f=y = (Vn)ENVI<a(n,B0),..., 0N =yn) +1Aaln, B0),...,(1))) =0

Where (...) denotes some effective coding of tuples. The proof that this yields a pca is a tedious exer-
cise and can be found in [vO08], section 1.4.3. It turns out that the restriction of the above applicative
structure to the subset N, < NN consisting of the computable functions is also a pca, that we denote
by ’CZrec-

Example 2.5.18. The relationy : K .. — K1 defined by:
v(f) ={ele is an index for f}
is a computationally dense applicative morphism. Moreover, y is not projective.

Proof. The fact that y is an applicative morphism is an easy programming exercise.
Let us prove that it is computationally dense. Let r € K; be such that:

re=e0.
Then it is easy to see that for every b € K1, there exists f € Ky such that

ry(f) =1{b}

(take f any computable function such that f(0) = b). Then r satisfies the statement in proposition
[2.5.8} so y is computationally dense.

To show that vy is not projective, we will assume it is and derive a contradiction. So suppose ' :
Korec — K1 is a single valued applicative morphism and y = y'.

Since y </, there is an index r € K; such that:

(VHEeeey(f) Ary(f) ={e}.
Let t be an index of Kleene’s T—predicate, i.e. for all e, a € Iy, tea is total and:
(3s)teas#1 < ea.

Then:
eal < r(tea) #r(x)l).

This is in contradiction with undecidability of the halting problem. O

In the above we have found a computationally dense applicative morphism that is not projective,
hence by theorem|2.5.16} it does not have a right adjoint.

2.5.3 Proto-applicative Morphisms

Theorem[2.5.16]and the discussion below it show that computationally dense applicative morphisms
correspond to “semi-adjoint” pairs of applicative morphisms. We would like to present this type of
applicative morphisms as an actual adjoint pair of some sorts. In this section we introduce a new
notion that does exactly that. For a pca A, we write P* (A) for the set of non-empty subsets of A, and
for a, B € P * (A) we define

af={ablaca,be B}

whenever (Va€ a)(Vbe f)ab |.
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Definition 2.5.19. A proto-applicative morphismT : A— B is a function
I:P*(A)—P*(B)

together with an element r € B that satisfies:
rT(@)(B) T (ap)

for all a, B € P*(A) such that af is defined. Again we say that r realizesT.

One can verify that proto-applicative morphisms are closed under composition. We therefore ob-
tain a category PCApot0, With pcas as objects and proto-applicative morphisms as arrows.
We order proto-applicative morphisms analogous to applicative morphisms; for

I'A:A—B
proto-applicative morphisms, we say I' < A if there exists ¢ € B such that for all a € P*(A):
tI'(a) € Ala).

Again we say that ¢ realizes I' < A. This defines a preorder on proto-applicative morphisms. The
identity function on P* (A) is a proto-applicative morphism that we denote by I4. We similarly define
an adjoint pair of proto-applicative morphisms:

I'1A:B—> A< ToA=xIgand Iy <AoTl.
Any applicative morphism y : A — B gives rise to a proto-applicative morphism P (y):

Py = vw.

aca

Observe that I4 = P(14). We now have the following theorem:

Theorem 2.5.20. An applicative morphismy : A — B is computationally dense if and only if P(y) has
aright adjoint.

Proof. First, suppose P(y) has aright adjoint A: B — A. Define
6(b) = A({b}).
Then § is an applicative morphism B — A, and

yod) = |J y(@=Py)oAlb)
aeA{b}

Since P(y) oA < Ig, Y06 =<1p, hence y is computationally dense.
Conversely, suppose y : A— B is computationally dense, witnessed by m € A as in definition[2.5.7}
Define A: B — Aby:
A(B) ={ac Almy(a) < B}.
The fact that A is a proto-applicative morphism, and that P(y) o A < Iz can be shown in the same way
as in the proof of theorem[2.5.16] To prove I, < AoP(y), we take j = A(i) as defined in the last part of
the same proof. Then for a € P*(A), we have for all a’ € a:

my(ja’) siy(a) =y(a) = Py)(a)
so ja' € AoP(y)(a), whence we see that j realizes

Ia 5AOP(Y).



2.6. RELATIVE RECURSION IN PCAS 25

Remark The above fits in a theory about order pcas , which are generalizations of pcas. These were
introduced in [HvOO03]. The category of pcas and applicative morphisms turns out to be a full subcat-
egory of the Kleisli 2-category of a certain monad in the category of order pcas. For pcas, this monad
corresponds to the operation A — P*(A), where P*(A) has the structure of an order-pca. The above
can therefore be viewed as an additional motivation to study order pcas instead of pcas. However, in
this thesis we will only consider pcas, and for those the above picture is somewhat simpler and easier
to keep in mind. Still, the above generalizes to order-pcas, which has interesting consequences for the
study of assemblies and realizability toposes. For more details on order-pcas, see [HvOO03] or [vOO08],
section 1.8.

2.6 Relative Recursion in PCAs

In this section we will exhibit a method to construct from a pca A and a function f: A — Aapca A[f]
that contains precisely the partial recursive functions “computable” from f. The construction was
introduced in [vO06] and generalizes ordinary relative recursion, where for each f :N — N there is a

pca IC{ with applicative structure defined by:
en= <I>£ (n)

where <1>£ is the partial function with index e and oracle f for some model of computation with or-
acle. We first define what it means for a function to be representable with respect to an applicative
morphism.

Definition 2.6.1. Let y: A — B be an applicative morphism. Then a partial function f: A — A is
representable with respect to vy if there is ry € B such that for all a € A, whenever f(a) is defined we
have forall be y(a)

reb| and rebey(fla).

We say a partial function f: A — A is representable (in A) if it is representable with respect to the
identity morphism t: a — {a}.

With the above definition, we have the following properties:

e For y: A — B an applicative morphism, any representable total function f : A — A is repre-
sentable with respect to y.

e Ify: A— B,§: B — Aare such that 8y =1, then any total f : A — A representable with respect to
v is representable in A.

Note that for total functions, a representable function is the same thing as a recursive function. For
partial functions, this is not the case!

The construction of A[f] in [vO06] uses dialogues to model a computation where the pca A “inter-
rogates” the function f.

Definition 2.6.2. Let Abe apca. For f: A— Aa partial function, an f-dialoguebetween a and b is an
element u = [uy,..., uy_1] of A, such that for all i < n, there is a v; € A that satisfies

a(lb] * u<h = pFv;and u; = f(v;)

where * and u~' refer to the operations on tuples defined in sectionm
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We say that an f—dialogue u terminates if
a([b] * u) = pTcfor some c € A.

Now a partial applicative structure A[f] with applicative map -/ : Ax A — A is defined as follows: for
a,be A, a-f b= cifand only if there is a terminating f—dialogue u such that

a([b] xu) =c.
A proof of the following theorem can be found in [vO06] and [vOO08].

Theorem 2.6.3. For every non-trivial pca A and every partial endofunction f on A, the partial applica-
tive structure A[f] is a pca.
Moreover, there is a decidable applicative morphism ¢ : A— Alf], given by a— {a}, such that

1. f is representable with respect to 17

2. For every decidable applicative morphismy : A— B such that f is representable with respect toy,
there is a decidable applicative morphismy ¢ : Alf] — B such thaty iy =y, andy is unique with
this property. Moreover, if 6 : Alf]1 — B is such thatiy =y, then§ Zyy.

The following corollary is also formulated:
Corollary 2.6.4. (i) If f is representable in A, then A and A[f] are isomorphic.

(ii) For partial functions f,g: A — A, we have that A[f]1(g] and Alg][f] are isomorphic. therefore we
can write A[f, g for such a pca.

(iii) For Ky, the construction agrees with ordinary relative recursion, i.e. IC{ and KC1 [ f] are isomorphic.
(iv) Every total pca is isomorphic to a nontotal one.

One fact about the proof of theorem[2.6.3|that needs to be pointed out is that the elements k, s that
witness combinatory completeness of A[ f] can be chosen independently of f. So for every f, k,s are
the same elements of A, only the applicative map is different. This can be understood in the same
way as in ordinary recursion theory, where the indexing (i.e. the code of a program) does not depend
on the oracle itself. In fact coding could never depend on the oracle, since the programmer does not
know the oracle. We will now wrap this up in a proposition for easy reference. First we introduce some
notation. For a term f(xy,...,Xx;), and a,...,a, € A, we write tf(al,...,an) for the interpretation of
the closed term t(a,...,a,) in A[f]. It may or may not be defined, whenever it is we say t(ay,...,a,)
denotes with oracle f, or tf(al,...,an) l.

Proposition 2.6.5. For any term
t(x,X1,...,Xn)

thereis a term
Ot xp)

such that foralla,ay,...,a,€ A, f: A— A:

(0 0)(ay,...,an) | (in A)

tf(a) al;---’anJrl) = <x>(_) t(al,...,an) S a
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Proof. Let k,s € Awitness combinatory completeness of A[f], for every f. Using primitive recursion,
one can show that there is a term C(x, y) of A such that (x, y)([c] * ) is given by the following instruc-
tions:

x([y] * w) if (Vi < lhu)Notpgx([y] * u~?)
Cx,y)([c] * u) = i y . - ‘
p1(x([y] * u=")([c] * u=") forileasts.t. po(x([y] * u=")), otherwise
Then for a, b, c € A, C(a, b) -/ ¢ first computes a-/ b, and whenever that finishes it goes on to compute

a-f b-T c. In fact we have
C(a,b) Je=~albTe.

We now follow the proof of[2.2.3}
If ¢ is a constant or a variable y different from x, let ) r=Ck, b).
If £ = x, let (x) 7t = C(C(s, k), k).
Ift=t11,let (x)t=C(C(s, ()T 11)), (x) T 1)).
One can now verify the statement by induction. O

2.7 Forcing Effective Operations of Type 2

In this section we will present a new application of generalized relative recursion as defined above. We
will specify a method to construct from a partial combinatory algebra A and a functional F: A4 — A,
apca A[F] in which F is an effective operation of type 2.

We will very quickly define a type structure for any pca A. The set of elements of type o will be
denoted by A;. We define the pure types as follows:

* Elements of A have pure type 0.
* Elements of A7 have pure type 7 + 1.

One could also define functionals of composed type, for example the functionals A% x A — A. We
can however always (using constant functions and pairing), code those into functionals of pure type.
Therefore, whenever I refer to a fype, I usually mean pure type. Also, I might not always write a bar
above the type of a functional (e.g. Let F be a type-2 functional). I mean the same thing, but the bar is
basically there when we need later on that the types can be seen as elements of the pca 4, i.e. they are
coded as the Curry numerals. In that case, indeed, the types have a type themselves.

We now define the effective operations:

Definition 2.7.1 (Effective Operation). For a pca A, n € N, we define a set Q, of effective operations of
type n, and a total relation I, : Q, — A by induction:

* Q=4 Ip(a)={a}.

* Inn(F)={e€ A|F:Qu,— Aand (VfeQp(Vac In(f)) ea=F(f)}

* Qn+1={F|In+1(F) # @}

We also define effective operations relative to an applicative morphism y: A — B.

Definition 2.7.2 (Relative Effective Operation). For an applicative morphism y: A — B between pcas,
n €N, we define a set Q) of effective operations of type n relative to y, and a total relation I, : Q) — A
by induction:

. Qg:A,]g)’zy,
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« I’ (F)={e€B|F:Q,— Aand (Vf € Qu)(Vbe I,(f)) eb € y(F(f))}

n

« Q. = {F| i1 (F) # @}

Remark Observe that effective operations for a pca A are the same as effective operations relative
to the identity 14. We will often write Q# instead of Q!/'. Also note that a representable total function
f:A— Aas in definition [2.6.1]is the same thing as an effective operation of type 1. In fact, we can
rewrite theorem[2.6.3]for total functions as follows:

Theorem 2.7.3. For every non-trivial pca A and every endofunction f on A, there is a pca Al f] and an
applicative morphism iy : A— Al f] given by a— {a} such that:

M feQ=qy

(ii) For every decidable applicative morphismy : A— B such that f € Q!, there is a decidable applica-
tive morphismyy : Alf] — B such thaty iy =y, andy is unique with this property. Moreover, if
6: Alf] — Bissuchthatbiy =y, thend Zyy.

The construction presented in this section will allow us to prove the type 2 analogue of theorem
We define A[F] as A[g], where g: A — A is defined as a union of a family {g4}, of compatible
partial functions indexed by the ordinals. This family is defined by transfinite induction as follows:

* =9
* gg+1(a) = bif ais an index for a total function f: A— Ain A[g,] and F(f) = b.
e g3 =Ug<1 &« if A is a limit ordinal.

Of course one has to check that the above yields a well-defined family of compatible functions {g,},
this is not hard. Now we let g =, g, and define A[F] := A[g]. We have the following theorem:

Theorem 2.7.4. For every non-trivial pca A and every total functional F : A* — A, letip : A— A[F] be
the applicative morphism given by a — {a}. Then:

@ FeQy=Qf

(ii) For every decidable applicative morphismy : A— B such thatF € Qg, there is a decidable applica-
tive morphism yg : A[F] — B such that ypir =y, andy is unique with this property. Moreover, if
0 : A[F] — Bissuch thatdip =y, thend = yr.

Proof. Part (i) is easy to check.

For part (ii): Suppose y : A — B is a decidable applicative morphism such that F € Qg . Letrre
Ig(F). Denote the realizer for y by r. Let d be the decider for y. Let c be such that for all x € y(a),
vEy(u), cxy€y(lal = u). Letc’ be such thatforall y € y(a), x € y(u), c’xy € y(u=*[al). Let qo, q1 be such
that for all x € y(a), qox € y(poa), q1x € y(p1a). By the recursion theorem, let e € B be such that

exv = if dqg(re(cxv)) then q1(re(cxv))
else ex(c'v(rp(r(qy(re(cxv)))))).

Then one can verify that for v € y([]), we have for all e € y(a), x € y(a') such that a-/ a’ |:
exvey(a-'a).

Essential is thatif a € IIA[F] (f), thenfor bey(a), rbe I}/(f).
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So by the above, (xy)xyv realizes y as an applicative morphism yr : A[F] — B, and the fact that
Y =YFrolris obvious.
The other statements are easy to check. O

In the above theorem, we needed that F is total to guarantee that in A[F], F will be an effective
operation (so it is defined on all total functions in A[F]). However, one could also relax the definition of
an effective operation to also include partial functionals. It is not hard to see that the above definition
also holds for this definition, but for our purposes (in the next section, and sectionand, we do
not bother with it.

Question It is not known to me whether the above theorem holds for higher types, especially type 3.
Istrongly feel that it does not hold for type 3, but  haven't been able to come up with a counterexample

yet.

2.8 A Generalization of Kleene’s Computable Functionals

In this section we discuss another application of generalized relative recursion for pcas. We present
a way in which it can be used to generalize a notion of computable functionals defined by Kleene
in [Kle59]. As opposed to ordinary computable functions, computable functionals can take non-
computable higher type objects as input. Note that in that way they also differ from effective oper-
ations, that only take computable objects as input. Higher-type recursion theory is a difficult subject
and has been studied by a lot of recursion theorists. In contrast to ordinary recursion theory, there is
no Church’s thesis for computable functionals. In fact, various notions of higher-type computability
have been studied, and they have been shown to be inequivalent. A great historical survey can be
found in [Lon05]. Here we will focus on Kleene’s notion, but several connections can be made to other
notions, for example the Hereditarily Effective Operations (HEOs).

In Kleene computability, recursive functionals are N—indexed functions that, besides type 0 argu-
ments, also take arguments of higher types. As an example, imagine a “computable” partial functional
¢ that takes a single type 2 functional as its input. For a functional F : NV — N, the value ¢(F) is deter-
mined by a procedure that can plausibly be called “algorithmic”. In [Kle59], Kleene puts it as follows:

“For a function ¢(F) of a type-2 variable F, it seems natural to image similarly an ‘or-
acle’ for F who at any step in the computation can be called upon to supply the value of
F(B) when a procedure for B(y) for any y has arisen. (...) When the oracle for F is used,
if the computations of f(y) for each y =0, 1,... are considered to be parts of the computa-
tion of ¢ (F), that computation for the given F will not be a finite object (...).”

One might already observe the analogy with the construction of A[F] for an arbitrary pca. We con-
structed A[F] as A[g] where g satisfies:

g(la)=bifaisanindexfor f in Alg] and F(f) = b.

In other words: in A[g], we can ask for values of g at any step in the computation (using dialogues),
which are values of F for functions f for which a “procedure has arisen”, that is: we have an index of
f in the pca A[g] itself. It is this analogy that we use to generalize Kleene’s notion of computability.
The philosophy is that every pca defines a notion of what we consider “algorithmic”, and the use of
higher-type oracles is added on top of that.

Kleene defines his partial recursive functionals inductively in nine clauses that he named S1-S9.
The definition below is taken from [Lon05], but essentially the same as in [Kle59]. Every partial re-
cursive function has an index e, and the corresponding functional is denoted {e}. The arguments of a
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partial recursive functional are tuples of functionals of a certain pure type. We write X" for the disjoint
union of these tuples. We will denote arbitrary tuples (x1,...,x,) € X by x, and for o = (04,...,0,) a
tuple of pure types we write x : o to denote that x; : 0; foreach 1 <i < n. Foro = (04,...,0,) atuple of
pure types, we write #o for the coded sequences (sy,...,s;) €N, where o; =5;. For e, f € N, we again
write

{e}(x) = {f}(x), resp. {e}(x) S {f}(x)

to express that the left hand side is defined if and only if, (resp. if) the right hand side is, and in that
case they are equal. Lastly, we use A—notation to functionals: if y has type ¢t — 2, then Ay : t — 2.{h}(y, x)
denotes the (partial) type ¢ —1 functional y — {h}(y, x), for any x. We now have the following defini-
tion:

Definition 2.8.1 (Kleene’s S1-S9). The partial map {-}(-) : N x X — N is defined by the following in-
ductive clauses, that only apply when the expression is well-typed:

S1: Successor function: {{1,#0)}(x:0) = x1 +1

S2: Constant functions: For any g €N, {(2,#0,q)}(x:0) =g
S3: Projection: {(3,#0)}(x:0) =x1

S4: Composition: For g, h € N:

{(4,#0,g, M} (x:0) ={g}({h}(x),x)

S5: Primitive recursion: For any g, h €N, if m = (5,#0, g, h), thenforall n e N:

{m}(0, x) = {g}(x)
{m}(n+1,x) = {h}(n, {m}(n,x), x).

S6: Permutation of arguments: Forany geNand 1 < k< n:

{(6)#0) k;g>}(x:0') = {g}(xk‘+17xl)'-ka)xk‘+2)'”)xn)-

S7: Type 1 application: if 0; =1 and o, = 0:

(7, #0)}(x:0) = x1(x2).

S$8: Higher type application: For he N and ¢ = 2:
{8, #0, 5, )}y :,x:0) = y(Az: t—2.{h}(}, 2, %))
S9: Index vocation:
(9,#0,#T)}(n:0,x:0,y:T) = {n}(x).

Observe that the closure rules S1-S8 yield a set of fofal computable functionals, which contains
all primitive recursive functions. It is only due to S9 that partiality comes in.

We will state a couple of basic results on Kleene’s functionals that we will need later on. They
correspond to XIII-XV in [Kle59].
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Theorem 2.8.2 (S™ theorem). For each m =1 there is a primitive recursive function S™ in m+ 1 vari-
ables such that whenever z is an index for a recursive functional ¢(y :0,...,y,:0,x: @), then

{Sm(ZrJ’lw-u,Vm)}(x) = {Z}(J’l,--u}’mrx) :(p(ylr-”)ynrx)~

Theorem 2.8.3 (Recursion theorem/Fixed-point theorem). Suppose (z:0,x: @) is a partial recursive
functional, then the equation

{2} (x) =y (z,x)

has a solution for z.

Theorem 2.8.4 (Definition by cases). If

Yo(x:0),y1(x:0)

are partial recursive functionals and Q(x: @) is a partial recursive predicate (it takes values in {0,1}),
then the functional v defined by

wo(x) ifQx)

() =
e {wl(x) if~Q(x)

is partial recursive.

2.8.1 Kleene Computability for Pcas

We now proceed to define a notion of “computable functional” for an arbitrary pca A. The indices of
computable functionals are elements of A. In contrast to Kleene’s S1-S9, we don’t need to define ex-
plicit coding for the indices. The applicative structure on A will be enough to show that our functionals
are closed under the analogues of S1-S9.

The goal is to define for any a, b € A, and any tuple (x,..., x;) of functionals the application of a to
(b, x1, ..., x;), which we will denote by a-*"»* b. By convention, we always require a type 0 argument,
and insert T as a dummy whenever no such argument is provided. Again denote the type of each x;
by o;, and we work only with pure types, i.e. 0; = n; for some n; € N. We write a-*1*k b | to denote
that a -*1»*k p is defined, a -*'»*k b = ¢ to denote that a -**k b is defined and has value c.

We start by defining a family of functions g4,6,,....0 : Agy % ... A, X A— A, where a ranges over the
ordinals. We usually omit the subscript 4,, .+, since that can be read-off from the arguments, i.e. we
assume that

ga(xly---rxkra) = ga,a’l,.‘.,a'k(xl)--kar a)

in such a way that the expression is well-typed. For (x1,...,x) € Ay, ... Ag,, a€ A, 1 <i <k, let:
* gy= )
o gar1(X1,..., X, pia) = x;(a) ifo; =T
o gai1(x1,..., Xp,pia) = x;(y) if o; = 2, where y = Az.a -A*-8«01-%00) 7 js total
* goi1(x1,..., X, pia) = x;(y) if 0; = 7 for some n = 3, where y = Az.a A" 1520 T g total.
* g1 =Uqa<1 8¢ for A alimit ordinal.

One should of course check that the above inductive definition actually works, and that for each
O1,.-,0k {8a,01,..,0,}a 1S @ compatible family of functions. It implies that the following is well-defined:
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Definition 2.8.5. For all tuples of pure types 071, ...,0, The associate of type 01, ...,0 is the function
8o1,..., ok defined by

8o1,..., Uk(xl;---ka),
and write g(xi,..., xi) for Av.g(x1,..., X, v).

We now define:

Clearly, if a-*+*n b |, then there is some « such that
a.lv.gu(xl ..... Xn) bl.
Clearly, the set of such « is upward closed.
Definition 2.8.6. For x:o a tuple of functionals, we say that a halts on b at stage « if « is the least

such that
a.]Lv.ga(xl ..... Xn) b 1 .

We will often need proofs by induction over the stage on which a term halts.
The following shows how Kleene’s S1-S9 fits within the above model:

S$1-S3: Successor function, Constant function, projection: Easy to see. Application in A has an index in
Algl, independent of g. In fact we gain something here: the indices of A—computable functions
are independent of any higher type arguments that are also given.

S4: Composition: it is not hard to see that there is an index c € A such that forany g: A — A:
(cae)-€b=a-8(e-8h).

Then cae satisfies for all tuples (xi, ..., x,):

S5: Primitive recursion: one should verify that there is R € A such that for all a,R € A, if we let
f=RaR,thenforallg: A— A, neN:

f€0=a

f-8n+1=R-81-8(f -8n).
This is easy using the proof of in [vOO08] (proposition 1.3.5 in that source). The definition
of R only depends on the elements s, k in A[g], which are independent of g. So R is defined by

some term in which only the constants s, k appear, therefore we can apply proposition to
define R independent of g.

S6: Permutation of arguments: easy to see
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S7: Type 1 application: If x; is of type 1, then if we let a € A be such thatforallbe A,g: A— A:

a([b)) = pF(p1b)
a([b, upl) =pTuy

Then a-& b= g(p1h). Hence for such A:

a-*" % b = x(b).

S8: Higher type application: Suppose we want to compute x;(1z.e-***T), and we are given that
Az.e-*1*02T jstotal. Let a € Abe such thatforallbe A,g: A— A:

a([b]) = pF (pib)
a(lb,u))=pTu

Then by the above definitions:

S9: Index invocation: easy to see.

The above tells us that any Kleene computable functional is computable with respect to the newly
defined notion of “computable functional”. The converse is also true:

Theorem 2.8.7. For A = K, the above defined notion of computability coincides with Kleene com-
putability. In other words, for every a € A, there is an index n such that for all b € A and functionals
(X1:01,.., X :0p):

{n#at(b,x1,...,x;) S a1 p,

Hereo = (01,...,0k).
Proof. We have to check that the partial map
(a,b,x1,...,x) — a-"V% p

is computable in Kleene'’s sense. We therefore have to find an index 7 such that for any x:0 = (x; :
01,0, X 1 Op):
(n#a}(a,b,x) < a- % p

This will just be a tedious exercise. First, let y be the following partial recursive function:

X(e,#o,i,b,xl,...,xk) =
xi(b) if(TiZT
xi Azfe}#a,b,z, (1, x1,..., X)) ifo;=2
x; Az fet(#(01,...,01,0:=2),b,T,[,x1,...,x,2) ifo;=7n
for some n =3.

Convince yourself that y is partial recursive by S7,58,S9 and theorem|2.8.4
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Define the partial recursive function y as follows:

v(e#0,a,b,u,xy,...,X) =

p1(a([b] * u)) if po(a(lb] * u))
{e}(#a,a,b,ux*[w],x1,...,x) elseif (i <k, v)s.t. py(a([b] * u)) = pfv
where w = y(e, #0,i,v,x1,..., X))

Again, convince yourself that i is indeed partial recursive.
By theorem there is an index app € N such that:

{app}#o,a,b,u,x1,...,xx) =w(app,#0,a,b,u, x1,..., xi).

I'll now prove by induction on «a that for all (x; : 01,..., Xk : 0):

Here we write g, (x1,..., xg) for Av.gq(x1,..., Xk, V).
Recall that g -8™1-+*0) p | implies that a([b]) = pTc for some c. In that case:

w(app,#0,a,b,[],x1,...,x) =w(app,#0,a,b,[], x1,..., X;) = C.
ga(x1,...,xi)-dialogue u = [uy,..., u,] between a and b such that a([b] * u) = pTc. By reverse induc-
tion, I'll show thatforall0<i<n+1

w(app,#0,a,b,u~', x1,...,xp) = ¢

For i = n+1 this is clear, since a([b] * u) = pTc. Now suppose i < n+ 1. Then p; (a([b] * u=")) = pjv for
some v,1 < j <k, and:

w(app,#0,a,b, u<i,x1,...,xk) =
{app}(#o,a, b, u = [wl], x1,..., xx) where
w= X(appr#ar ir U;xl,--.,Xk).
We know that u; = g4 (x1,..., Xk, pj v). We now have three cases:
 0j=1,then w=x;(a) = g«(pjv) = u;.
* Uj = E’ then w = x](lz{app}(#a, 1z, []»xl; ...,Xk))

* o =nforsome n =3, then

w= xj(;"z-{app}(#(glv---rakyaj72)r V;Tr [])xly---)zr--'!xk))'

Sow= ga(xl,---»xk;P?U) = Ui, hence

w(app,a,b,u~', x1,...,x¢) = {app}(#a, a, b, u * [u;l, x1,..., Xp) = a -8« Xk)
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by the reverse induction hypothesis.
For the second case we have roughly the same argument and the first case is clear. Hence it follows
that
{app}(#0,a,b, [, x1,..., x;) = a-8+0-%0)

whenever the right hand side is defined. This finishes the inductive step.
It then follows that for all (x; : 01,..., X; : 0k):

{fappt(#o,a, b, 11, x1,...,x¢) S a7 b,
By theorem 2.8.2|we can find for every a an index n such that
{n#a}(b,x1,...,x;) S a1k p,
O

One may wonder whether we can obtain the above result with “~” instead of “X". This is a very
subtle issue, and to be able to prove such a thing we would have to look at the definition of Kleene’s
functionals a bit more carefully. However, it is not very important for the rest of this thesis. What is im-
portant here is that either system can simulate the other, and that therefore the set of total computable
functionals is the same in either case.

2.8.2 Relative Recursion and Hierarchies

In Kleene computability, a function f : N — N is computable with respect to the functionals x: o if
there exists e € N such that:

(Vn){e}(n,x) = f(n).

Sets of functions computable from certain functionals are also known as (recursive) hierarchies . Us-
ing the previous section, we can define hierarchies for any partial combinatory algebra A. In fact,
if we denote by A[x,...,x,] the partial combinatory algebra with applicative map -*»~»*», then the
computable functions in A[xy, ..., x,] are precisely the functions computable from x,..., x,,. We have
immediately obtained the additional result that all hierarchies are pcas. In the rest of this section we
will look closely at a specific hierarchy that we will need later on.

The first was already described by Kleene in [KIe59]. Define the type 2 functional E : NN — N as
follows:
0 if@m)fim=0
1 otherwise '

E(f)={

Definition 2.8.8. A total functional ® :Nx Ny, xNg, x...xNg, xN— Nis a predicate if it takes values
in {0, 1}. Here we take 0 to represent the truth value “true”, and 1 “false”.
A recursive predicate is a predicate ® : Ng, xNg, x ... x Ny, x N— N for which there exists an index
eeN,sothatforallx:o:
e-XVtn y = ®(xy,..., %X, V).

With the above definition we might as well define E as:
E(f)=(@m)f(m)=0).

Kleene has shown that the total functions computable from E are precisely the Ai functions. We
define this set of functions as part of the Analytical Hierarchy :
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Definition 2.8.9 (Analytical Hierarchy). Let k=0. Let F : Ny, x...Ny, x N — {0,1} be predicate. Then
we define inductively for all n = 1:

* We say that F is H{ if there exists e € N such that e is an index for a recursive predicate and

F(n,x1,...,x0) = (Vg :NN)3y)e &5 [y, ).
e Similarly, F is called Z% if there exists e € N such that e is an index for a recursive predicate and
F(n,x1,...,x) = g : NV (Vy)e -840 [y, n].
o FisIll,, if there exists a =}, predicate G : NV x N, x...Ng, x N— N such that
F(n,x1,...,x5) = (Vg:NN)g(n,g,xl,...,xk).
o FisXl . ifthere exists aIT} predicate G : NV x N, x...Ng, x N— N such that
F(n,x1,...,x) = 3g :NM)G(n, g, x1,..., x).

e FisAlifitisboth T} and Z1.

Call a subset A € N TI%,>! resp. Al if its characteristic function is given by a IT}, X} resp. Al
predicate. We call a partial function f:N — NII1},>} resp. Al if its graph, coded as a subset of N, is
m,xh AL

We call a set, or function analytical if it is T1}, or =, for some n.
Remark It is an easy exercise to show that a total function f :N — N is IT}, (or Z1) if and only if it is
1
A
Theorem 2.8.10. The total functions in K1 [E] are precisely the total Ai functions.

Proof. See [Kle59], XLVIII (and theorem [2.8.7). An alternative approach is given in [Hin78], theorem
VI.1.8. O

In [Hin78], Peter Hinman proves a stronger result than the above theorem. Namely, he shows that
the domains of the partial functions recursive in E (in his sense, but they are essentially the same), are
precisely the H% sets. I will state his result here, formulated in way that I consider more appropriate
for this context. Recall the following definition from ordinary recursion theory:

Definition 2.8.11. A set C N is I1}-complete if it is I1] and for every I1] set X < N, there is a total
computable function F :N — N such that

xeX < F(x)eC.
An example of a H% complete set is the following:
W = {z| ¢, codes a well-ordering on N}. (2.4)

Where ¢, denotes the partial computable function with index z for some model of computation, and
a total function f :N — N codes a well-ordering if the ordering

ns=m<= f(n,m))=0

isawell-orderingon S={neN|@m) f((n,m)) =0V f((m,n)) =0}.
I now wrap up Hinman’s result in the following theorem:
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Theorem 2.8.12. The partial function (a,b) — a-E b (the application in K, [E]) is l'[} -complete.

Proof. T'll show here that the application function is I1}, since that does not follow immediately from
Hinman'’s results. Let r € N be the uniform index for f in IC;[f], for any f. Recall that K, [E] = K1(g],
where we defined g in stages. I'll show that g is Hi. Let e be an index such that whenever F is the
characteristic function of the graph of a partial function f: A — A, then for all b, x € K;:

ebFx=blx

Convince yourself that such e exists; since N is enumerable, we can just “wait” for values of f to appear
in the graph.
Define the following predicate:

®([b, i1, X) =(¥s3tVy): (eb-*s| Aleb-X t=0vi=1)A(eb-* y#0Vvi=0).)

It is not hard to see that @ is H% (in fact it is arithmetical) (to work out the details, one needs to use
Kleene’s T—predicate and existential quantification over dialogues). Let G be the characteristic func-
tion of the graph of g. Now I claim:

G([b,i]) = (VX)@3p, N@(p, jl,X) = X(p, jD) = X([b,i]). (2.5)
Proof of claim. First, observe:
O([b,i],G) & (Vs)3tVy)eb-Cs | Aleb-Ct=0vi=1)A(eb-C y#£0vi=0)

& (V)@Y b-Es| Ab-Er=0vi=1)A(b-Ey£0Vi=0)
& G([b, i)).

This proves the “<” direction of (we substitute G for X).
Now assume G([b, i]), that is:

(Vs)@tYy)b-8s | Ab-8t=0vi=1)A(b-Ey#0Vi=0).
Suppose we have X such that
Vp, j):©(p, jl,X) = X(p, jD.
We need to prove that X([b, i]). I'll prove this by showing that

(Yp, j): G(p, jD) = X(p, JD. (2.6

This is done by induction. Recall that g is constructed as g = Uy g¢. Denote the corresponding graphs
by G4. Then for a =0,
(Vp, )):Glp, j = X(p, jD

clearly holds, since gy = @. If it holds up to «a, then:

Ga+1lp, j1=> (V)AtVy)p-8es | A(p-82t=0Vj=1)A(p-8¢y#0Vvj=0)
= (V) @tVy)ep-Xs|alepXt=0vji=1A(ep-Xy#0vj=0)
= o([p, j1, X)
= X(p, jD.

For limit ordinals A, Gy [p, j1 <= Gqlp, j] for some a < A so that follows trivially.
Hence we have shown (2.6), from which X[b, i] follows by assumption. O
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Since the right-hand side of is IT!, we are done.

To see that the application is H} complete, see [Hin78]|, section VI.1. There one can find a proof in
which the set W from is reduced to a semi-recursive set computable from E in Hinman’s sense.
This proof is easily adopted to a proof of H% -completeness for our case. O

Another hierarchy is given by E’s bigger brother of type 3:

[E(F):{o if a)F(a) =0
1 else.

Hinman studies this functional in more detail. For now I'll leave it at the following proposition:

Proposition 2.8.13 (Hinman). E forces the analytical hierarchy. That is, every analytical set is com-
putable in IC [E].

Proof. First, E computes E since for any function f, we can define the functional
F:g— f(g(0).

computable from f. So then
E(f) =E(F).
It follows that E is an effective operation in K [E]. By theorem[2.7.4} n — {n} is a decidable applicative
morphism
K1lE] — K4 [E]
hence C; [E] computes all A% sets.
Now suppose e is an index of a recursive predicate NN — N. Then

(Yye-8 [y, nl

is A] so there is f such that
nEET=(ye-styn

But then
@) (vyefyn < r-E(fn)

where ¢ represents E in /C; [E]. It follows that Zi predicates are computable in K, [E], and, by comple-
mentation, Hi predicates as well.
The inductive step is similar. O

2.9 Lifting Applicative Morphisms

In this section I'll describe a procedure that I call lifting. For the remainder of this section, y: A — B
is a computationally dense, discrete applicative morphism A — B. Note that if A is decidable, any
computationally dense applicative morphism y : A — B is discrete. By theorem there exists
8: B — Asuch that y§ < (so by theorem[2.5.15} § is also discrete).

Now define a partial function f5: A — Aby:

fs(a)=d < aedy(a).

Since y is discrete, fs is well-defined. Since yd =<5, fs is representable with respect to y. Since y is
decidable (proposition[2.5.12), y is realized as applicative morphism A[f5] — B. By composition with
tprA— Alfs], we can view § as an applicative morphism B — A[fs].

Suppose f; is represented by r € A[f5]. Then r realizes 6y <14(f;. But then by theorem dis
computationally dense!
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Definition 2.9.1. Define the [lift of y with respect to 6 to be y viewed as morphism A[ f5] — B.

In [Lon95], an applicative morphism y : A — B is an inclusion if there exists 6 : B — A such that
v -6 and yd =p. Similarly, y: A— B is a retractionif y 4 and 6y = 14.
The theorem below tells us that we can lift a discrete inclusion to an equivalence.

Theorem 2.9.2. Supposey: A— B isdiscrete, and 6 : B — A is such thaty -8 andyd = . Then lift of
Y with respect to § is an equivalence.

Proof. Observe that we get y : Alfs] — B, y6 = 1p still holds, and 145, < 6y also still holds since this
had a realizer in A. If r represents fs in A[fs], then r realizes 6y <i14(f;).
Hence this lift is an equivalence. O

Effectively quasi-surjective applicative morphisms (corollary[2.5.17) lift to retractions (if they are
discrete):

Theorem 2.9.3. Supposey : A— B isadiscrete applicative morphism andé : B — Aissuchthatyd =p.
Then the lift of y with respect to 6 yields a discrete retraction 6 : B — Al fs].

Proof. For thelift y: A[fs] — B, 6y <4, so 6 is computationally dense and y6 = ip still holds. There-
fore 6 4y, so J is a discrete retraction. O






Chapter 3

Assemblies

In the introduction, we have informally described a category of assemblies. In this chapter, we will give
a definition and exhibit the structure of such a category. It turns out that they are very rich categories
with interesting properties. Assemblies are also studied in computer science, for example in domain
theory.

3.1 The Category of Assemblies

Every partial combinatory algebra gives rise to a category of assemblies. Informally, it looks like the
category of sets, but we require the morphisms to be representable functions of A in a certain sense.
We start with the definition of an assembly:

Definition 3.1.1. An assembly on a pca A is a pair (X, E), where X is a set and E: X — A is a total
relation. We write E(x) for the set {a € A|(x, a) € E}.
A morphism between assemblies (X, E) — (Y, F) is given by amap f : X — Y for which there is an
a € Asuch that:
Vx: Vbe E(x),ab| and ab € F(f(x)).

For an assembly (X, E) and x € X, we can view E(x) as the set of representatives of the element x
in A. Note that an assembly is basically just a map E : X — P(A). We therefore refer to the underlying
set X of an assembly (X, E) as the domain of (X, E).

A morphism of assemblies (X, E) — (Y, F) given by amap [ : X — Y is then a representable func-
tion of A that maps every representative of x to a representative of f(x). In other words, there is an
element a € A such that for all @’ € E(x), aa’ € F(f(x)). The element a is also said to track f.

It is easy to check that morphisms between assemblies are closed under composition. Therefore
assemblies on a pca A form a category, denoted Ass(A). From the proposition below we can already
see that the category Ass(A) has a lot of nice properties.

Definition 3.1.2. A category C is called regular if the following conditions hold:
1. Cis finitely complete

2. We have coequalizers of kernel pairs, i.e. for any arrow f : C — D whenever we have a pullback
diagram
ExpE —23 C
\Lel \Lf

c—L b

41
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then the coequalizer of {(eg, e1) : E xp E — C x C exists.

3. Regular epimorphisms (i.e. epimorphism that are coequalizers) are stable under pullback. That
is, whenever e: C — D is a regular epimorphism and

EXDC—>C

b,

E———
is a pullback diagram, ¢’ is regular epi.

Regular categories are very important in logic. In such categories, the collection of subobjects
has a well-behaved structure that allows for an interpretation of a fragment of first-order logic (called
regular logic), and often more than that. One important property of regular categories is that every
arrow f : C — D has a regular epi-mono decomposition. This means that every such f decomposes
as:

f=me

with e regular epi, and m mono. One can show that such a decomposition is unique (up to isomor-
phism), and we call the subobject associated to m the image of f. In what follows, we will make
extensive use of regularity of certain categories. For more on regular categories, see [BGO71].

Next, we recall the definition of a cartesian closed category.

Definition 3.1.3. A category C is cartesian closed if it has binary products and for every X € C, the
product functor () x X : C — C has a right adjoint ()% :C — C.

For any Y, the object Y¥ behaves like the object of “morphisms from X to Y”. In what follows, we
will often explicitly compute these objects, that are also called exponentials.

The following proposition summarizes some properties of a category of assemblies that are im-
portant for the rest of this chapter. For a proof of the following I refer to [vO08] or [Lon95].

Proposition 3.1.4. For a pca A, the category Ass(A) is regular, cartesian closed and has finite colimits.

We will see in section [3.1.1]that Ass(A) is also equipped with a natural numbers object. For more
categorical properties of Ass(A), see section
Instead of proving the above proposition, I'll quickly sketch some constructions that we will need
later. For (X, E), (Y, F) € Ass(A), we can form the product by the assembly (X x Y, E A F) where we
denote by E A F the map
(x,y)—{pablac E(x),be F(y)}).

It is easy to see that any singleton set {}, together with any nonempty subset of A yields a terminal
object.
The coproduct of (X, E), (Y, F) is given by ({0} x X U {1} x Y, E v F) where

EVF0,x)={pTalae E(x)} and EV F(1,x) ={pFb|be F(y)}

Note that the use of T and F is purely to be able to tell what kind of element the representative repre-
sents, so an element from X or from Y. We can use any pair of elements here that we can distinguish
in A.

Exponentials can be defined as follows. For assemblies (X, E), (Y, F), the exponential (Z,G) =
(Y, F)®5 has as domain Z the set of morphisms f: X — Y in Ass(A), and G: Z — Ais defined by:

G(f) ={ala tracks f}.
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For P,Q < A, we define a set P — Q by:
P—-Q={acA|(VpePlap| napeQ}.
For instance, the function G can be written as:

G(f) =) E) — F(f(x)).

xeX

Similarly, we define analogously to the above:

PAQ=1{ppqlpeBqeQ}
and:
PvQ={pTplpePtuipFglqgeQ}.

The following two propositions are useful to keep in mind and easy to prove.

Proposition 3.1.5. A morphism m: (X, E) — (Y, F) is a monomorphism if and only if it is injective as a
functionX - Y.

Proposition 3.1.6. A morphisme: (X,E) — (Y, F) is an epimorphism if and only if it is surjective as a
functionX - Y.

3.1.1 Natural Numbers Object

We recall the definition of a natural numbers object (nno) in a category with a terminal object:

Definition 3.1.7. Let C be a category with terminal object 1. A natural numbers object in C consists of

. 0 S .
an object N € C, and arrows 1 — N — N such that whenever we have arrows 1 0 x EN X, there exists

aunique ¢ : N — X that makes the following diagram commute:

1%y N Sy N

Nl

X — X

In the above definition, one can view ¢ : N — X as being defined by induction. It is easy to check
that a natural numbers object is unique up to isomorphism.

For a non-trivial pca A, we can define the assembly (N, N) by N(n) = {n}, where 7 is defined as in
deﬁnition The map S:N — N given by S(n) = n+1 can be realized as a morphism (N, N) — (N, N)
by proposition|2.3.5

Proposition 3.1.8. (N, N), fogether with the morphisms 0:1 — (N, N) given by 0(x) =0 and S, is a
natural numbers object.

Proof. Let (X, E) be an assembly with maps xp:1 — (X, E) and [ : (X, E) — (X, E). By induction, there
isamap ¢ :N — X such that
poS(n)=pn+1) = flpn).

Let ap € E(xo(*)). Suppose f is realized by e € A. Now if we let R € A be such that

Rxy=ey,
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then g:=RagyR for R the recursion operator from satisfies:

g0 =ap
gn+1=e(gn).

Therefore g realizes ¢ as a morphism (N, N) — (X, E). Uniqueness of ¢ is clear, therefore (N, N) is a
natural numbers object. O

Proposition 3.1.9. There are at most|A| many arrows (X, E) — (N, N) forany (X, E) € Ass(A). Therefore,
if A is countable, the N—fold coproduct of 1 does not exist. In general, the | A|-fold coproduct of 1 does
not exist.

Proof. A morphism f : (X,E) — (N, N) is fully determined by its realizer e € A, since f(x) = n <
(Va € E(x))ea = n. Therefore there are at most | A| many such arrows.

Now suppose that A is countable. If the N—fold coproduct of 1 would exist, then for every map
f:N— N there is a unique morphism

[T1—=®™N N

neN

sending the i—th summand to f(i). In that case there would be uncountably many arrows [[,,en1 —
(N, N). The general statement is similar. O

3.2 The Constant Objects Functor

The following definitions turn out to be useful later on.

Definition 3.2.1 (V—category). A V-categoryis is a category C together with a regular functor
V:Set—C.

A V-functor between V-categories (C,V¢) and (D,Vp) is a functor F : C — D such that there is an
isomorphism
FoV¢ZVp.

We write VCat for the sub 2-category of Cat consisting of V—categories, V-functors and natural trans-
formations. We write VReg for the sub 2-category of Cat consisting of V—categories, regular V-functors
and natural transformations.

Definition 3.2.2 (I'-category). AT'-category is is a category C together with a regular functor
I':Set—C.

A T-functor between I'-categories (C,I'¢) and (D,T'p) is a functor F : C — D such that there is an iso-
morphism
FoTc=Tp.

We write I'Cat for the sub 2-category of Cat consisting of I'-categories,I'-functors and natural trans-
formations. We write I'Reg for the sub 2-category of Cat consisting of I'—categories, regular I'-functors
and natural transformations.
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Definition 3.2.3 (I'V—category). AT'V-categoryisis a category C together with an adjoint pair of func-
tors I' 4 V such that (C, V) is a V—category, (C,T) is a I'-category and

T'oVZ=Id.

A TV-functor F between I'V-categories (C,V¢,T'¢) and (D, Vp,T'p) is both a V-functor F: (C,V¢) —
(D,Vp) and aT'-functor F: (C,T¢) — (D,I'p).

We write I'VCat for the sub 2-category of Cat consisting of I'V—categories, I'V-functors and natural
transformations. We write I'VReg for the sub 2-category of Cat consisting of I'V—categories, regular
I'V-functors and natural transformations.

There exists an embedding Set — Ass(A): the constant objects functor. The proof of the following
proposition is easy.

Proposition 3.2.4 (Constant objects functor). LetV : Set — Ass(A) be the map such that for X € Set,
V(X) = (X, E)

where E(x) = A forall x € X.

Then for f : X — Y a map of sets, f is realized as a morphism V(X) — V(Y). ThereforeV is a full and
faithful functor between categories. Moreover, V is regular.

Therefore every category of assemblies is an V -category in a canonical way.

Proposition 3.2.5. The functor T : Ass(A) — Set, given by I'(X,E) = X, is a regular functor and left
adjoint to V. Hence every category of assemblies is aT'V -category in a canonical way.

Proof. Let (X,E) € Ass(A). Every function f : X — Y is realized as a morphism (X, E) — V(Y), by any
total element of A. Naturality is easy to check. O

Remark Whenever there is a chance of confusion, we denote V : Set — Ass(A), I : Ass(A) — Set by
Va,Ta.

3.3 Morphisms Between Categories of Assemblies

In this section, we study the relation between the category of partial combinatory algebras and the
full subcategory of I'Cat (definition [3.2.2) consisting of the assemblies. The idea is that on the level
of sets, a I'-functor is equivalent to the identity. Therefore a I'-functor expresses a relation between
the underlying pcas, rather than the sets represented in them. It turns out that it is exactly that what
characterises I'-functors between categories of assemblies; we will see below that up to isomorphism,
they arise from applicative morphisms.

The following lemma by Jaap van Oosten ([vO08], proposition 1.6.1) makes this even more explicit.
We start with a definition.

Definition 3.3.1. An functor F: Ass(A) — Ass(B) is called an S—functor if it is the identity on the level
of sets, i.e.
FB oF = FA.

The following lemma shows that up to natural isomorphism, we can work with only S—functors.
Lemma3.3.2. (i) AnyT'—functor F : Ass(A) — Ass(B) is naturally isomorphic to an S—functor F'.

(ii) Suppose F,G : Ass(A) — Ass(B) are S—functors, and pi: F — G is a natural transformation. Then u
is the identity on the level of sets.
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Proof. (i) Letu:TgoF — T4, v:I'y — I'poF benatural transformations such that gov=1,vou=1.

Let (X, E) € Ass(A) be arbitrary. By definition F(X, E) = (Ug o F(X, E), E') for some E’. Now yx,
is amorphism (I'g o F(X, E), E") — (X, E' ov(x,)) realized by the identity, and similarly, v(x g is a
morphism (X, E'ovx g) — ([goF(X, E), E'). So we have an isomorphism (X, E'ov(x i) = F(X,E).

Now define F'(X, E) = (X, E'ovx,p)) for all (X, E) € Ass(A) (where F(X,E) = TgoF(X, E), E")), and
for f: (X, E) — (Y, F) a morphism, define F'(f) = f.

Since f = y(y,p o F(f) ov(x,p), it is realized as a morphism F'(X, E) — F'(Y, F). Therefore, F' is a
functor that satisfies the statement.

(i) Recall that 1 = ({*}, E), with E(*) any nonempty set of A is the terminal object of Ass(A). Let
(X, E) € Ass(A) with xp € X be arbitrary. I'll prove that y(x g (xo) = Xo.
Define the arrow X : 1 — (X, E) by %y (*) = xo. It is easily seen that this is a morphism in Ass(A).

Since F, G are S—functors, they preserve the terminal object, i.e. F(1) = ({*},T) =1 and G(1) =
({*}, T") = 1. Hence y; : {*} — {«} is the identity function. Also, F(xXy) =g o F(&y) = I (%) = Xo.

By naturality, we now have
Hx,E) (X0) = px, ) © Xo (*) = F(X) (%) = xp.

Since x( € X was arbitrary, this means that yu is the identity on the level of sets.

The following lemma corresponds to lemma 1.6.3 in [vO08], the proof can be found there.
Lemma 3.3.3. Every S—functor F : Ass(A) — Ass(B) is a V-functor.

Working with S—functors makes the proofs of the following propositions a little easier. The first
proposition is a new result that generalizes the next, which is due to Longley in [Lon95]. ForI': A — B
a proto-applicative morphism (see definition[2.5.19), define an S—functor I'* : Ass(A) — Ass(B) by:

[*(X,E)=(X,ToE).

For an S—functor F: A— B, we define a proto-applicative morphism F as the unique F: P(A) — P(B)
that satisfies: N
F(P(A),1pa) = (P(A), F).

Of course we have to check that I'* is a functor and F is an applicative morphism. We now have the
following proposition.

Proposition 3.3.4. Let A, B be partial combinatory algebras.

(i) Every proto-applicative morphism I : A — B gives rise to a left-exact S—functor I'* : Ass(A) —
Ass(B). Moreover, for A another proto-applicative morphism, I' < A implies that there is a unique
natural transformationT* = A*.

(i) Every left-exact S—functor F : Ass(A) — Ass(B) defines an applicative morphism F : A — B. If
G : Ass(A) — Ass(B) is another left-exact S-functor and there is a natural transformation F = G,
then F<G.

(iii) For every T, F as above, ﬁ =T and (F)* = F. Therefore, there is a biequivalence between the
2-categories PCAproro and the subcategory of Cat with categories of assemblies as objects and left-
exact S—functors as morphisms.
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Proof. (i) We will first check that I'* is a functor. Suppose I is realized by r € B. Let (X, E),(Y,E') €

(i)

Ass(A). Suppose f: (X,E) — (Y, E') is tracked by € A. Then
rT{) (T o E(x)) ST(tE(x)) ST (E'(f(x)))

So f:(X,E) — (Y,E") is tracked by some element of rTI'{t}. Hence I'* is an S—functor. It remains
to show that I'* preserves the terminal object, binary products and equalizers.

It is easy to see that I'* preserves the terminal object. For (X, E), (Y, E') € Ass(A), their product is
given by (X x Y, E A E') where
ENE'(x,y) = pE(X)E(y)

We claim that the identity map yields an isomorphism
(XxY,To(EAE)Z(XxY,ToEAT0Y).
Since the RHS is a binary product (and we have projection maps),
lxxy:(XxY,To(EAE) — (XxY,[oEAToY)
is a morphism in Ass(B). For the converse, observe that for any z € I'({p}):
r(rzl(E(x))T(E(y) s T(pE(X)E(y))

s0 (x)r(rz(pox))(p1x) € B tracks 1x«y in the other direction (here pg, p; are the projections for
the pairing combinator in B). So we have an isomorphism.

Any regular monomorphism in Ass(A) is a strong subobject and these are all of the form
m:(X,E|X)— (X,E)

where X’ € X (see proposition[4.1.5). It is now easy to see that the corresponding equalizer dia-
gram is preserved (e.g. use the strong subobject classifier in Ass(A), see the proof of proposition
4.1.8). Therefore I'* preserves finite limits.

Now suppose I' < A is realized by ¢ € B. Then for (X, E) € Ass(A), the identity function on X yields
a morphism
(X,ToE)— (X,AcE)

tracked by ¢. This gives a natural transformation I'* = A*.

We first show that F is a proto-applicative morphism. Let (P, E) be a subobject of (P(A), 1p4)) x
(P(A),1p(4) defined by:
P={(a,a)eP(A) xPA)|aa’ |}
with
E(a,a') = paa’ = 1pp A lpy(a,a)

where p is the pairing combinator in A. Then
(P E) — (P(A),1pa) x (P(A), 1pa)

is a regular mono, so since F is left-exact and by the characterisation of regular monos in Ass(B),
we have that
F(RE)=(RFxFP).
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Now the application map app: (B E) — (P(A), 1p(4)) sending (@, a’) to aa’ yields a morphism
F(app): F(RE) = (RF x F | P) — (P(A), F)

realized by some r in B. This r then realizes F as proto-applicative morphism A — B.

For a natural transformation a : F = §, « is the identity on the level of sets (lemma ii)).
Therefore, the identity map on P(A) gives a morphism

(P(A),F) — (P(A),G)

hence F < G.

(iii) It is easy to see that ([*) =T. Also (ToA)* =[* o A* forany A: C — A, and (1p(4)* = lass(a)- S0 if

we define Ass(I') = I'*, then we have a 2-functor

Ass(=) : PCAproto — Cat.

We still have to show that for any F : Ass(A) — Ass(B):
(H*=E

Let n: 1 = V4I'4 be the unit of the adjunction I'y 4 V4. Then by uniqueness of the natural
transformation of S—functors F = FV4I'4 (they are the identity on the level of sets, ), we have
that F(T](X,E)) =1F(X,E) for all (X, E) € Ass(A).

Now for (X, E) an assembly, E is a morphism (X, E) — (P(A), 1p4)). Moreover, we have a pullback
diagram:

(X,E) —= (P(A),1p(a)

ln ln
VaX) —E 5 VAPA)

The above observations and the fact that F is left-exact yield a pullback diagram:

FX,E) "5 FP(A), 1p)

b I

Ve(X) —E 3 V(P(A)

But we have that F(P(A), 1ps) = (P(4), F). Ttis also easy to see that the following is pullback:

(X,FoE) —£5 (P(A),F)

I I

Vp(X) —L s VR(P(A)

Therefore (X, F o E) = F(X, E) and we have obtained the equivalence F = (F)*.

We have thus obtained a biequivalence Ass((—)) between the categories PCAproto and the subcat-
egory of Cat consisting of categories of assemblies and left-exact S—functors.
O

The following corollary is immediate from lemma|3.3.2
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Corollary 3.3.5. For all pcas A, B, we have a natural equivalence of categories:
PCAproto(A, B) 2TV Cat(Ass(A), Ass(B)).

For an applicative morphism y : A — B, the proto-applicative morphism P(y) gives rise to a left-
exact functor P(y)* : Ass(A) — Ass(B). John Longley had already shown in [Lon95] that the functors
corresponding to applicative morphisms in this way are precisely the regular I'-functors Ass(A) —
Ass(B). We therefore have the below result. A proof using S—functors can be found in [vO08].

Proposition 3.3.6 (Longley). Let A, B be partial combinatory algebras.

(i) Every applicative morphismy : A — B gives rise to a regular T'—functor P(y)* : Ass(A) — Ass(B).
Foré : A— B another applicative morphism such thaty < 6, there is a (necessarily) unique natural
transformation P(y)* = P(6)*.

(ii) Every regularT'—functor F : Ass(A) — Ass(B) defines an applicative morphism F : A— B. If there is
a natural transformation F = G, then F < G.

(iii) We have that P(F)* = F and W = v. Therefore there is a natural equivalence of categories
PCA(A, B) =T'VReg(Ass(A), Ass(B)).

Corollary 3.3.7. The map y — P(y) restricts to a 1-1 correspondence between computationally dense
applicative morphisms and proto-applicative morphisms that have a right adjoint.

Proof. Suppose I' 4 A : B — A is an adjoint pair of proto-applicative morphisms. Then I'* 4 A* :
Ass(B) — Ass(A) is an adjoint pair of left-exact functors. So I'* : A — B preserves finite limits, but it
preserves colimits since it is a left adjoint. Therefore I'* is regular, whence we see from proposition
that I = P(y) for some applicative morphism y : A — B. This y is computationally dense by
theorem[2.5.200

The other directions follows directly from theorem[2.5.20] O

The following is a nice property of regular functors between categories of assemblies to keep in
mind. Again, for a proof I refer to [Lon95|, propositions 2.3.2/2.3.3, or [vO08]. Note that one part is
implied by lemma|3.3.3

Proposition 3.3.8. For every regular functor F : Ass(A) — Ass(B), F is a V-functor or I'-functor if and
only if F is aT'V-functor.






Chapter 4

Realizability toposes

One of the greatest papers in the field of realizability is [Hyl82], in which the effective topos is con-
structed. The Effective Topos is the archetype of a realizability topos. Its internal logic is the same as
Kleene's original notion of realizability.

In this chapter, we will describe the construction of a realizability topos for arbitrary partial com-
binatory algebras. It will arise as a universal completion of the category of assemblies on a pca. The
fact that this gives a topos is not immediate! After that, we will look at subobjects and the constant
objects functor, the latter will turn out to be a geometric inclusion of the category of sets.

4.1 How Much of a Topos is Ass(A)?

In this section we will show to what extent the category Ass(A) is already a topos. We start by defining
what a topos is.

Definition 4.1.1. In a category C with finite limits, a subobject classifier is an arrow ¢ : 1 — Q such that
for every subobject U — X, there exists a unique map y : X — Q such that the following is a pullback
square:

U——1
I
X
X —Q
Here 1 is the terminal object and Q is some object, sometimes called an object of truth values. We say
that the map y characterises U — X.

We can now give the definition of a topos:

Definition 4.1.2. A category & is called a fopos if it is finitely complete, cartesian closed and has a
subobject classifier £: 1 — Q.

One of the motivations of studying toposes is that “essentially any categorical construction that
can be done in Set can be done in an arbitrary topos”. If you want to learn more about what this
exactly means, [MLM94] is an excellent introduction. Otherwise, one could also step into the monu-
mental [Joh02a] which covers everything in great detail. For now I will wrap up a couple of results in a
proposition.

Proposition 4.1.3. Let £ be a topos. Then £ is regular, balanced and finitely cocomplete. Moreover,
for any object X € &, the lattice of subobjects Sub(X) has the structure of a Heyting algebra, and for

51
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f:Y — X an arrow, pullback of subobjects: f* : Sub(X) — Sub(Y) is a functor that preserves the Heyting
structure and has both a left- and right adjoint.

From proposition|3.1.4} we see that Ass(A) has a lot of the properties of a topos. However, it is not
atopos. For instance, it is not balanced: If we look at the map (N, N) — V(N) given by the identity, then
this both epi and mono (see propositions[3.1.5}3.1.6), but clearly not an isomorphism.

It turns out that it does have a little more topos-like structure than proposition [3.1.4]tells us. We
start by defining strong subobjects.

Definition 4.1.4. In a category C, a subobject m : U — X is called strong if for every commutative
square

V—7>Y

(N

U X
where V — Y is an epimorphism, there exists an arrow ¥ — U such that the diagram commutes.

The following characterises the strong subobjects of Ass(A):

Proposition 4.1.5. A subobject (U,F) — (X, E) in Ass(A) is strong if and only if it is isomorphic to a
subobject of the form (X', E | X") where X' € X, with the inclusion map.

Proof. “=". Let X' = m(U). Since (U, E) is a strong subobiject, there exists h: (X', E | X') — (U, F) such
that the following diagram commutes:

U,F) —» X', E| X")

ho ot T

(U,F) — (X,B)

Therefore hoe=1(y,r) and eo hoe = e, hence eo h = 1x' g1 x7), S0 e is an isomorphism.
<”: For any commutative square as in definition for the subobject (X', E | X') — (X, E), it is
easy to see that the morphism V — (X, E) is in fact also a morphism V — (X', E [ X). O

A weaker notion than that of a subobject classifier is the notion of a strong subobject classifier.

Definition 4.1.6. In a category C finite limits, an arrow ¢ : 1 — Q is a strong subobject classifier if we
have for every strong subobject U — X a unique map y : X — Q such that the following is a pullback
square:

Uu——>1

b

x %50
We say that the map y characterises U — X.

Definition 4.1.7. A quasi-topos is a category with finite limits, and finite colimits that is locally carte-
sian closed and admits a strong subobject classifier.

Proposition 4.1.8. For any pca A, Ass(A) is a quasi-topos.
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Proof. We have to prove that Ass(A) admits a strong subobject classifier. Define Q = V{0, 1} and define
£:1—V{0,1} by £(%) = 0.

Let (X,E) € Ass(A) with X’ € X be arbitrary. Then it is easy to see that (X',E [ X') — (X, E) is
characterized by y : (X, E) — Q defined as:

- 0 ifxeX
X) =
X 1 ifxeX.

By proposition we are done. O

There are many other examples of quasi-toposes. A brief motivation for the definition of a quasi-
topos can be found in [Joh02a], and [Men00] provides a lot of examples. In section we see how a
category of assemblies Ass(A) can be “completed” to a topos: the realizability topos RT(A).

4.2 Relations in a Regular Category

Preliminary to our construction of a realizability topos, we need to discuss relations in regular cate-
gories. Relations can be used to generalize a lot of constructions from set theory, for example where
one takes the quotient of a set with respect to some equivalence relation.

For £ a category with finite limits, we call a subobject of a product X x Y a relation from X to Y. If

(0x,0v) (ey,€7)
£ is regular, we can define the composition RS — X x Z of two relations R S X x Y,S i xxz

(0xomR,€20ms)
N

by the image of R+ S X x Z in the following diagram:

RxS 5y s 2y 7

[

Ry
b
X

where the square is pullback. One can check that composition of relations is associative.

(00,01)
Definition 4.2.1. Let £ be a category with finite limits, and X € £ an object. A subobject R U X x X
is called an equivalence relation, if the following axioms hold:
1. (reflexivity) The diagonal A : X — X x X factors through (89, 0;)
2. (symmetry) The map (0;,0,) factors through (¢, 01).

3. (transitivity) If the following diagram is pullback:

R*R —23 R

[, s

R L} X
then (dgm1,0;72) factors through (6y,01).

I adopted the notation from [MLM94]. Observe that the transitivity condition just means that the
composition of R with itself is R.
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(09,01)
Every equivalence relation R ~5" Xx X onan object X € £ induces arelation R’ on the sets £(Y, X)
for every Y € £ by:
R'={@go f,010)|f:Y — R}.

One can check that this induced relation is an equivalence relation in the usual sense, i.e. in Set.
Conversely, if such an induced relation for a subobject (9y,0;) : R — X x X is an equivalence relation,
itis an equivalence relation in the sense of definition4.2.1

X . (09,01) . Cepen .
Definition 4.2.2. An equivalence relation R — X x X is called effective if it arises as a kernel pair of
some arrow f: X — Y.

It is easy to see that any kernel pair is an equivalence relation. We can now define what an exact
category is:

Definition 4.2.3. A category € is called exact if it is regular and if every equivalence relation is effective.

If £ is regular, we can take the quotient of an equivalence relation as their coequalizer. It is the cat-
egorical analogue of the “equivalence classes modulo R”. Since in a regular category, every coequalizer
is the coequalizer of its kernel pair, each equivalence relation factors through an effective equivalence
relation, and their quotients are the same.

If a regular category £ is not exact, this means that there are equivalence relations for which either
the quotient does not exist, or the quotient is the quotient of a bigger effective equivalence relation.
In other words, in taking the quotient, we have to divide out a little bit too much (or we cannot do it at
all).

For a partial combinatory algebra A, the regular category Ass(A) is not in general exact. Therefore,
not all equivalence relations have “exact” quotients. Note that they always have quotients, since Ass(A)
has all finite colomits. In the following, we present a construction, called the exact/regular completion
of a regular category, which extends a regular category by adding “exact” quotients. In the case of
Ass(A), this completion not only yields an exact category, but even a topos. For more on completions,
an accessible treatment is given in [Men00].

4.2.1 Functional Relations

Suppose we have X, Y € £, with equivalence relations R — X x X, § — Y x Y. We can distinguish a
specific relation F — X x Y that we call a functional relation. Intuitively, one can view it as a function

from the equivalence classes of X modulo R to the equivalence classes of Y modulo S. For a relation
(0x,0y)

F plact X x Y, we define the relation F¥ — Y x X by the composition of (0x,dy) with the twist map

w:XxY—-YxX.

Definition 4.2.4. For R — X x X, S— Y xY equivalence relations, a relation F — X x Y is a functional
relation from R to S if the following conditions hold:

(i) (relational) RF<Fand FS<F
(i) (single-valued) FWF < S
(iii) (total) R < FF™,

One can show that the composition of two functional relations is again a functional relation. Since
composition is also associative, this establishes the resemblance between functional relations and
functions.
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4.3 The Exact/Regular Completion of Ass(A)

For a regular category &, the exact/regular completion Eex/reg is the category that has the equivalence
relations of E as objects, and functional relations between them as morphisms. We define y: £ —
Eexireg Y y(X) = Ax, where Ay is the diagonal Ax — X x X, and morphisms f: X — Y are mapped to
the functional relation y(f) between y(X) and y(Y) given by (1x, f).

We have the following theorem:

Theorem 4.3.1. E.y/req is exact, the functor y : £ — Eyreg is regular, full and faithful, and surjective on
subobjects, and every object of Eexireg is a quotient of some object in the image of y.

The following theorem characterizes the exact/regular completion of £.

Theorem 4.3.2. Let ® : £ — D be a regular functor from a regular category £ to an exact category D.
Then the following are equivalent:

(i) There is an equivalence of categories K : Egyjreg — D that makes the following diagram commute:

& L> gex/reg
x \L}C

D

(i) @ is full, faithful, surjective on subobjects and every object in D is a quotient of an object in the
image of ®.

For a proof, see [vO08], lemma 2.4.4.
A similar result is the following:

Proposition 4.3.3. For ®:& — D a regular functor from & to an exact category D, there exists a unique
(up to natural isomorphism) regular functorV : Epyreg — D such that the following diagram commutes:

E—257
b2

& ex/reg

A proof can be found in [FS90], 2.169, but the notation they use is quite different.

We will now proceed to give an explicit description of Ass(A)ex/reg. Let (X, D) be an assembly. We
will denote an equivalence relation on X as (R, ~) — (X, D) x (X, D), where we write [x ~ y] instead of
~ (x,¥). Up to isomorphism, R < X x X and the diagonal map X — X x X factors through (R, ~), by
reflexivity. A witness for symmetry is an element o € A such that:

o€ () [x~yl—ly~xl
x,yeX

(recall the notation introduced in the beginning of chapter [3). Also, we use the convention that for
(x,y) € R, [x ~ y] = @. Similarly, transitivity is witnessed by some 1 € A such that:

e [ (x~ylInly~zl) =[x~z
x,),2€X

So (R, ~) is an equivalence relation if R < X x X, the diagonal map factors through (R, ~),and there are
o, T as above.
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Now suppose (R,~) and (S, ~) are equivalence relations on assemblies (X, D), (Y, E) respectively.
Then a functional relation from (R, ~) to (S,~) isamap F: X x Y — P(A), together with witnesses
rl,sv,tl € A such that:

() rleNyxex,yyey ([x~XTALy~y1AF(x,y)— F',y"
(i) sveNxex,yyey (Fx, ) AF(x,y)) = [y~ V']
(iii) tl€ Nyex ([x~x] = Uyey F(x, )

where one should observe that (i)- (iii) correspond to (i)-(iii) in definition[4.2.4]

Since in Ass(A)ex/reg the objects are equivalence relations in Ass(A), and the morphisms are (equiv-
alence classes of) functional relations, the above gives an explicit description of Ass(A)ex/reg. We have
the following theorem:

Theorem 4.3.4. Ass(A)exsreg is a topos. We denote this topos by RT(A), the realizability topos on A. The
inclusion I : Ass(A) — RT(A) sends assemblies (X, E) to (X,3sE) where 6 : X — X x X is the diagonal,
and the equivalence relation 35 E is given by:

(3sE)(x, x) = E(x).
I is regular, full and preserves exponentials, finite sums and the natural numbers object.

Most proofs are given for K, and are generalized in a straightforward way. See for example [Hyl82].

In the following, we denote objects of RT(A) by (X, ~), where X is a set and ~ is an equivalence
relation on some assembly with domain X. Note that since the diagonal factors through this equiv-
alence relation, that assembly is isomorphic to (X, D) where D(x) = [x ~ x]. Therefore (X, ~) deter-
mines a unique equivalence relation on some unique assembly in Ass(A). We will treat ~ as a map
X x X — P(A), where the image of (x, y) is denoted [x ~ y].

Sometimes it will be convenient to denote an object (X', ~) by (X, ~) where X' € X and

X'={xeX|[x~x] # o}

So [x ~ x] need not be non-empty on X. This notation will be useful when treating subobjects, for
instance we will look at subobjects of the form (X, ~x) — (X, ~), where ~ really defines the subobject,
but denoting X as its underlying set makes it clear that we are dealing with elements of “type” X. It
also improves readability since we don’t have to restrict the domain all the time[ﬂ

For morphisms f : (X,~) — (Y, ~), we will treat the functional relation that represents f as a map
F: XxY —="P(A).

4.4 The Lattice of Subobjects in RT(A)

We wish to develop some theory on the structure of RT(A). Of great importance is understanding
subobjects, especially when interested in the logic of a topos. In the following, we will describe a
semantics for talking about subobjects and relations in RT(A).

For an object (X, ~) € RT(A), we view ~: X x X — P(A) as a 2-ary predicate on X, where P(A4) isa
set of truth values. In general, we view the set P(A)X as a set of predicates on the set X. We endow
P(A)X with a pre-order as follows: for K, L € PAX, let

K<L < (Hac€A)(Vxe X)ae K(x) — L(x)

'In most treatments of realizability toposes, the objects (X, ~), where ~ is an equivalence relation on X’ for some X' € X
are in fact all objects of the topos, which is not the case here. Actually, it suffices for ~ to be just symmetric and transitive, so it
need not be reflexive. However, one should observe that (X, ~) is just notation and the only real objects are actual equivalence
relations, so we will also just consider those (X, ~) elements of RT(A).
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where we recall that for BQ < A,
P—-Q={ac A|(Vb)be P> (ab| nabe Q)}.

The poset reflection of this preorder turns out to be a complete Heyting Algebra. We can define oper-
ations A, Vv and elements T, L in P(A)X by:

KA L(x) ={pabla€e K(x),be L(x)}
KvL(x)={pTalae K(x)}uU{pFalac L(x)}
Tx)=A

1(x)=¢.

For f:Y — X a map between sets, we have a pullback operation:
:P* —-rw”

defined by precomposition with f. It turns out that f* has a left- and right adjoint with respect to the
preorder structure, denoted by 37 and V ; respectively. For every K € P(A) Y they are given by:

K x) ={ac A|@N () =xAacK(y)}
Ve(K)(x) ={a€e AV f(y) =x=>ae K(y)}

For7: X x Y — X a projection, we will denote 3, by 3y and V,, by ¥ y. Now for K € P(A)%, we write
alF K(x) <= ae K(x) for every x.

and
Ik K(x) if alF K(x) for some a.

Now one can verify that ~: X x X — P(A) expresses an equivalence relation if and only if

IFVx[x ~ x]
IFVxVylx ~yl — [y~ x]
- YxVyVYz([x~yIAly ~z]) = [x ~ 2]

where Vx[x ~ x] should be interpreted as (Vx)6* ~ (x), for § : X — X x X the diagonal. Using similar
formulas, we can express that F: X x Y — P(A) is a functional relation. For f: (X,~) — (Y,~) and
g:(Y,~) — (Z,~) morphisms represented by F and G, the composition go f is given by the functional
relation FG, which satisfies:

IFVxVzFG(x,2) < (3yF(x,y) AG(y,2)).
This yields a convenient way to represent compositions of morphisms.
Definition 4.4.1. Amap K : X — P(A) is called a strict relation for an object (X, ~) € RT(A) if:

IFVx(K(x) — [x ~ x])
IFVxVy(K(x)Alx~y]) — K()

The first formula expresses that K is strict, the second that K is relational.
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If K: X — P(A) is a strict relation, let X' = {x € X|K(x) # 0}. Define ~g: X' x X' — P(A) by the
predicate
[x ~x X' = KxX)Ax~x.

Then the following proposition is easy:

Proposition 4.4.2. (X', ~k) is a well defined object of RT(A). Moreover, ~ g represents a monomorphism
m: (X', ~g) — (X, ~).

Using the following proposition, it is readily verified that for K € P(A)X astrictrelation, ~x: (X', ~x
) — (X, ~) is a monomorphism:

Proposition 4.4.3. A morphism f : (X,~) — (Y,~) in RT(A) represented by F : X x Y — P(A) is a
monomorphism if and only if

IFVxVYx'Vy(F(x,y) AF(X', ) =[x~ X].

The proof is a nice exercise.
Following the discussion above, we will denote (X', ~x) by (X, ~x).
We call monomorphisms given by

~k: (X, ~k) = (X, ~)

for some strict relation K standard monomorphisms . The following propositions tells us that these
are all:

Proposition 4.4.4. Every monomorphism f : (X,~) — (Y,~) is isomorphic to a standard monomor-
phism.

Sketch of proof. It comes down to the fact that if f is represented by F: X x Y — P(A), then
(X, ~)=(Y',~F)
where Y' ={ye Y |(@x)F(x,y) # ¢} and
y~ry < y~y A@QxF(x,p).

It is then clear that ~g represents a standard mono (Y', ~g) » (Y, ~). O

4.4.1 The Subobject Classifier of RT(A)

By the above, the lattice of subobjects of an object (X, ~) in RT(A) is isomorphic to the lattice of (equiv-
alence classes of) strict relations in P (A)X.
Define (2, ©) € RT(A) by Q = P(A), and:

Ao B:=(A—B)A(B—A).

We can define a map T : 1 — Q by the functional relation 1p 4 € P(A)*F@ = P(A)PA, This map is
clearly a monomorphism.
For every strict relation K on an object (X, ~), we have a map yx : (X,~) — (Q, ©) represented by
the functional relation
[x~x]ANK(x) © A.
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Proposition 4.4.5. For every strict relation K, yx is the unique morphism such that we have a pullback
square

X,~x) — 1
| Ir
(X,~) 5 (@)
Therefore T : 1 — (Q, ©) is a subobject classifier in RT(A).

The equivalence classes of strict relations on an object (X, ~) form a Heyting algebra. However,
one should note that one cannot just take the Heyting structure from P(A)%, since the strict relations
need not be closed under those binary operations. Without proof, I'll just give the operations for the
strict relations. Whenever I refer to the Heyting structure of the sublattice of strict relations, I enlose
the expression by double brackets [...] (as a reference to the subobject it represents). For K, L € P(A)X
strict relations, we have:

[KALx)] = K(x)AL(x)
[Kv L(x)]=Kx) Vv L(x)
[(K— L)) =[x~ x] A (K(x) — L(x)
So in fact, only in the case of the Heyting implication we had to do something more to guarantee that

the resulting relation is strict. We have top and bottom elements T, L, given by T(x) = A, L(x) = ¢ for
all x € X. Negation is, as always, defined by:

[FKX)]=[(K—=L®]=x~xAK(x) — 2)

4.4.2 Some More Objects in RT(A)

We will give a quick description of some more objects in RT(A).

Powerobject There is a convenient representation of the power object of an object (X, ~) in terms of
strict relations on X. Define the following relation on PAX:

K~L:=YxVy(K(x) =[x ~x]) A (K@) A[x ~y]) = K() Alx ~ x] = (K(x) < L(x)).

K is strict and relational
Then one can verify that (P(A)%, ~) is a powerobject.
Pullback of Subobjects Suppose f: (Y,~) — (X, ~) is a morphism represented by F € P(A)Y*X. This

morphism gives rise to a functor f* : Sub(X) — Sub(Y) by pullback; for (X, ~g) — (X, ~) we have the
pullback squares:

l ! |

v~ —L s x,~ X (@)

The characteristic map of f* (X, ~) is therefore represented by
EAX)FE(y, x) Ax ~ x] A (K(x) © A).
this can be easily seen to be equivalent to

[y ~ YI A @xF(y,x) AK(x) © A)
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so f*(X,~k) is given by the strict relation [K(f(y))] = 3xF(y,x) A K(x), which is the pullback of K
along F.

This pullback operation has left and right adjoints, denoted 3¢,V ¢ defined on the strict relations
on (Y, ~) by:

[3rD)(0)] := @y)L(Y) AF(y,x)
[V D x)] =[x~ x] AVy(F(y,x) = L(y))

Epimorphisms Similar to monomorphisms, a morphism f: (X,~) — (Y, ~) represented by F is an
epimorphism if and only if
-Vy(ly ~y] — @xF(x,)).

4.5 The Inclusion Set — RT(A)

Recall the constant objects functor V : Set — Ass(A). By composing this with the inclusion I : Ass(A),
we can view the constant objects functor as a functor V : Set — RT(A) given by:

V(X) = (X,3s(T)

where T is the top element in P(A)X (the constant map with value A) and § : X — X x X is the diagonal
embedding. Concretely, 35(T)(x,x') = Aif x = x’ and @ otherwise. Since I : Ass(4) — RT(A) is regular,
we find that RT(A) is a V—category in a canonical way (definition|3.2.1).

In the same way, we have a functor I' : RT(A) — Set given by I' (X, ~) = RT(A)(1, (X, ~)) or:

I'(X,~) ={xeX|[x~x]#a}

In the same way as before, we have an adjunction I' 4 V, and I preserves finite limits. So RT(A) is a
I'V-category. Since V is full and faithful, V : Set — RT(A) is an embedding of toposes. In the rest of the
section, I'll show that this coincides with the subtopos of =—1—sheaves in RT(A).

Recall the following definitions:

Definition 4.5.1. Let £ be a topos. An operator (-) : Sub(X) — Sub(X), defined for every object X € £ is
a closure operator if it commutes with pullback and satisfies for all X, A € Sub(X):

A subobject A — X is called dense with respect to the closure operator whenever A = X.

Definition 4.5.2. For a closure operator (-) in a topos £, an object F € £ is a sheaf with respect to (-) if
for all dense monomorphisms m: A — X, precomposition with m yields a bijection

m*:E£(X,F)— E(A,F).

When m* is only a monomorphism, we say that F is separated.
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In any topos, the subobjects of an object form a Heyting algebra, and the map - —: A— —-Aisa
closure operator. For RT(A), this is easily seen since we can just work with strict relations, and observe
that for a strict relation K : X — P(A) on (X, ~):

K () = [x~x] ifK(x) ;é )

) otherwise
Therefore, a strict relation is =——dense if and only K(x) # @ whenever [x ~ x] # . We have the
following proposition:

Proposition 4.5.3. An object (F,~) of RT(A) is a ~——sheaf if and only if (F,~) = VI'(F, ~).

Proof. Let (F,~) € RT(A) be a =—1—sheaf. Consider the monomorphism m : (F,~) — VI'(F, ~) given by
the strict relation K(f) := [f ~ f1, which is =—-dense.
Therefore, there is an arrow g : VI'(F, ~) — (F, ~) such that gm = 1(5~) whence we can deduce that

NIf~f1#2.

feF

It is now easy to show that (F, ~) = VI'(F, ~).
The converse is also not hard. O

Corollary 4.5.4. The subtopos of =—1-sheaves in RT(A) is equivalent to Set.
Lastly, we have another way of characterizing the assemblies in RT (A):

Proposition 4.5.5. The full subcategory of assemblies in RT(A) is equivalent to the full subcategory of
——1-separated objects.

Proof. Since the inclusion of assemblies Ass(A) — RT(A) is surjective on subobjects, every subobject
of an assembly in RT(A) is an assembly (this is also not hard to see directly). It is easy to see that every
assembly (X, ~) is a subobject of VI'(X, ~). Since the latter is a sheaf, so especially separated, every
assembly is separated.

Conversely, if (X, ~) is a separated object, then by standard topos theory, it embeds into a sheaf
(see for example [MLM94], section V.3). Therefore it is a subobject of an assembly, so it must be an
assembly too. O

4.6 Assemblies versus Triposes

An alternative approach to the construction of a realizability topos uses the notion of a tripos . This
construction is due to Hyland, Pitts and Johnstone in [HJP80] and stretches beyond realizability. An-
drew Pitts further elaborates on tripos theory in his thesis [Pit81], where he also treats realizability
triposes in depth. The book [vO08] also uses triposes.

The starting point of the construction is basically section[4.4] The pre-order we described, or more
accurately the functor P(A)™ is an instance of what is called a tripos. Any tripos gives rise to a similar
semantics, and the category consisting of equivalence relations as objects, and functional relations as
morphisms (according to that semantics) turns out to be a topos.

The advantage of the approach is that it is more general, and the language is convenient. We have
experienced that ourselves since we used strict relations to describe subobjects, so we were using
triposes all along. However, for the special case of realizability toposes, the abstraction is often too
much and not needed.



62 CHAPTER 4. REALIZABILITY TOPOSES

However, assemblies are much easier to understand, and contain as much information as the cor-
responding realizability topos. Also, assemblies have more of a computational nature to them (recall
the similarity with programming languages in the introduction). For developing intuition on realiz-
ability toposes, I would say that assemblies are indispensable. So for someone who wishes to really
understand the subject, I would advice to study both approaches, but that is something that applies
to all of mathematics, really.



Chapter 5

Subtoposes of RT(A)

In this chapter we discuss subtoposes of a realizability topos on a partial combinatory algebra. We
have already seen that Set is such a subtopos. It turns out that the theory of subtoposes of RT(A) is
closely related to many constructions on pcas from chaper[2] First, we will quickly review geometric
morphisms between realizability toposes.

5.1 Geometric Morphisms between Realizability Toposes

Here, we extend the theory of morphisms between categories of assemblies to morphisms between
the corresponding realizability toposes. I will just state the main results that we need without proof.
We will not need much of this treatment in detail. For proofs, I refer to [vO08], [Lon95| and [Joh13].
Let us recall what a geometric morphism between toposes is.

Definition 5.1.1. Let £, F be toposes. A geometric morphism f : F — £ is a pair of adjoint functors
f* - f.where f, : F =&, f*:£ — F and f* preserves finite limits.

We write Top for the category consisting of toposes as objects and geometric morphisms as arrows.

In the above, we have already seen the geometric morphism V : Set — RT(A).
Recall definition The following corresponds to Lemma 2.3.5 in [Lon95]:

Lemma5.1.2. Let A, B be pcas, let I : Ass(A) — RT(B) be the canonical inclusion. Then
Ip o (=) : VReg(Ass(A),Ass(B)) — VReg(Ass(A), RT(B))
is a natural equivalence of categories.
Theorem 5.1.3. There is a natural equivalence of categories
VReg(RT(A), RT(B)) = PCA(A, B).
Proof. By[4.3.3} the inclusion I, : Ass(A) — RT(A) gives an equivalence
(=)o I4:VReg(RT(A),RT(B)) — VReg(Ass(A),RT(B)).

So we can apply lemma Combining this lemma with propositions and yields the
theorem. =

63
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Under the above equivalence, an applicative morphism y : A — B corresponds to the morphism
P(y)* :RT(A) — RT(B) given by
P *(X,~)=(X,P(y)o~)

A result by Hofstra and van Oosten [HvO03] is that geometric morphisms f : RT(B) — RT(A) for
which f* oVp = V4 correspond precisely to functors P(y)* : RT(A) — RT(A) for which y is compu-
tationally dense, which is the case if and only if P(y) has a right adjoint A as proto-applicative mor-
phisms.

It is a recent result by Peter Johnstone in [Joh13] that for every geometric morphism f : RT(A) —
RT(B), we have in fact that f*oV 4 = Vp. So if PCAq denotes the category of pcas and computationally
dense morphisms, we get:

Theorem 5.1.4. There is a natural equivalence of categories
Top(RT(B), RT(A)) = PCA.q4(A, B).

From lemma 2.1 in [Joh13] we know that also the direct image functor f. is a I'V-functor. Since
assemblies are all subobjects of objects of the form VX, and f. preserves regular monomorphisms, f.
restricts to a limit-preserving functor

[+ 1 Ass(B) — Ass(A).

So by proposition it is induced by some proto-applicative morphism A : B — A. Note that also
f* restricts to a functor on the level of assemblies, left-adjoint to f.. It now follows by uniqueness of
adjoints that P(y) 4 A. We therefore immediately know how f.. acts on assemblies (X, E) € Ass(B):

f+«(X,E) = (X,A0E).

For arbitrary objects (X, ~) € RT(B), giving an expression for f. (X, E) in terms of A is a little bit more
subtle. The equivalent of equation [5.1] for f. need not hold (yet it does for assemblies). If you are
interested in an explicit expression, see section 2.5.2 of [vO08].

Remark We have shown here that every geometric morphism f* - f, : RT(B) — RT(A) is induced
by a unique adjoint pair of proto-applicative morphisms I # A. This result (using Johnstone’s result)
can already be deduced from the fact that every geometric morphism of such toposes is induced by
a geometric morphism of triposes (see the discussion in section[4.6). The proof of this can be found
in [Pit81] or [vO08]. However, working with assemblies is easier, and proposition|[3.3.4]actually gives a
little more information about the nature of these proto-applicative morphisms.

5.2 Local Operators

Recall that a geometric morphism of toposes f : F — £ is an embedding if the direct image functor
f+ is full and faithful. We also say that F is a subtopos of £. One of the results in topos theory is that
subtoposes correspond precisely to Lawvere-Tierney topologies, or local operators in the topos.
Recall that for any object X € £, where £ is a topos, the lattice Sub(X) of subobjects of X is a Heyting
algebra. Moreover, the isomorphism
E(X,Q) = Sub(X)

is natural in X, from which we obtain unique operations A, v,—: Q x Q — Q that give Q the structure
of an internal Heyting algebra. For the conjunction A : Q x Q — Q, this is derived as follows: we start
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with a commutative diagram
Sub(X) x Sub(X) — Sub(X)

EX,0xQ) —X s £X,Q)

Now for every f € £(X,Q x Q), we have a natural transformation (-)o f: £(Q x Q,-) — £(X,-), so
by naturality, Ax = Aqxq(laxq) o f. So if we define A : Q x Q — Q as Aqxa(laxa), then Ao (-) is the
natural transformation A : £((-),Q x Q) — £((-),Q). By the Yoneda lemma, A is the unique map
Q x Q — Q such that

Ao (=) =A@

Hence A is uniquely defined.
The same goes for the operations v, —, and this gives Q the structure of an internal Heyting alge-
bra. We can now define what a local operator is:

Definition 5.2.1. Let £ be a topos, with subobject classifier T : 1 — Q, and meet operation A : Q x Q —
Q. A local operator on £ is an arrow j : Q — Q such that:

(i) joT=T
(ii) joj=j
(iii) joA=Ao(jxj).
The internal Heyting structure on Q induces an order on local operators:
j<j = no(ixjh=]j.

Local operators give rise to a closure operator (-) : Sub(X) — Sub(X) as in definition by the

map jo(-):E(X,Q) — £(X,Q). The fact that this defines a closure operator follows easily from the

definition. By proposition V.1 in [MLM94], we have in fact that every closure operator gives rise to

a local operator in a topos. A subobject A — X is called j-closed (resp. j-dense) if it is closed (resp.

dense) with respect to the closure operator defined by j. The definition of a j—sheaf is now the same

as definition[4.5.2)for the closure operator defined by j, as is the definition of a j—separated object.
We now state some results on j—sheaves, for the proofs I refer to chapter V of [MLM94].

Theorem 5.2.2. Let j be a local operator on a topos £. Then the full subcategory Sh;(E) of j—sheaves is
a topos and the inclusion Sh;j(E€) — £ preserves finite limits and exponentials.

Theorem 5.2.3. Let j be a local operator on a topos £. Then the inclusion i : Shj(€) — £ has a left
adjointa: & — Sh;(E). Moreover, a preserves finite limits.

The above theorem shows that a local operator gives rise to a geometric inclusion a - i. The func-
tor a is called the associated sheaf functor, or sheafification functor. For an object X € £, we call a(X)
its sheafification. The following theorem corresponds to corollary VII1.4.7 in [MLM94].

Theorem 5.2.4. For a geometric morphism f : F — £, the following are equivalent:
(i) f is an embedding (i.e. f. is full and faithful)

(ii) The couniter: f* fo F — F is an isomorphism for every F € F
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(iii) There is a topology j on £ and an equivalence of categories e : ' — Sh;E such that the following
diagram of geometric morphisms commutes:

F —> Shj€

b s

&

wherei:Sh;E — £ is the inclusion.

5.2.1 Local Operators in RT(A)

Local operators in RT(A) can be presented in a particular nice way. Recall from section[4.4] that sub-
objects of an object (X, ~) in RT(A) are given by strict relations on X. A local operator

j: (P(A), ) — (P(A), <)

determines a unique subobject of (P(A), ¢), which is in turn defined by a strict relation 7 : P(A) —
‘P(A). One can verify that local operators are in one-to-one correspondence with equivalence classes
of maps (or strict relations) 7 : P(A) — P(A) such that:

(i IF(YP)P - JP
(i) F(VP)TTP—JTP
(i) IF(VEQ) (P —Q) = (TP —JTQ.

In what follows, we will say that j is represented by J. In the below, J is often just called a local
operator .
We will first exhibit some results on these local operators by Andrew Pitts, taken from his thesis
[Pit81]. After that, we will be able to see what subtoposes induced by a local operator 7 look like.
Recall that every map P(A) — P(A) is a strict relation on (P(A),<). We call M : P(A) — P(A) a
monotone operator if
IF(VPQ) (P — Q) — (M(P) — M(Q)).

Observe that any local operator is monotone. For M a monotone operator, we define 75 as follows:
Tm(P):=(VQI((M(Q) = QAP —Q)—Q.
We have the following proposition, which corresponds to lemma 5.4 in [Pit81]

Proposition 5.2.5. (i) Forany monotone operator M, Jys is a local operator, and [Jyy is the least local
operator such that
IF (VP)M(P) — Im(Q).

(ii) Let (X,~) € RT(A), and R : X — 'P(A) a strict relation. Then the least local operator that makes
(X, ~R) — (X, ~) dense is Jps where

M(P) := [3x)(R(x) — P)].

The ordering on local operators in the above representation coincides with the induced order on
the strict relations on (Q, <). Concretely, we have that 7 < 7' if and only if

FVQJIQ—J'Q.
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We have a smallest local operator 7, that does nothing:
JL(P)=P

and a biggest J:
JT(P) = A.

Recall the closure operator defined in section[4.5|corresponding to the =—1-sheaves. We denote the
strict relation representing this local operator also by =—, and it is defined by:

¢ ifP=¢g
-=(P) = .
A otherwise.

The following corresponds to lemma 5.5 in [Pit81]. Strictly speaking, it is only proven for the ef-
fective topos. However, the proof still works. Note that one has to be careful here, because there are
similar topos-theoretic properties that hold for the effective topos, but not for just any pca. In corol-
lary[5.5.10} we will see an example of this.

Proposition 5.2.6. Let M be a monotone operator. Then the following are equivalent:
@) Iu<Ir
(i) Ju <~
(iii) M(@)=¢@
Moreover, we have:

(iv) JiL < Iwm ifand only if

(N MP)—-P=¢
PcA

v) "< J ifandonlyif
() Jia} # @.

acA
The following lemma is easy, yet useful.
Lemma 5.2.7. Every local operator J on RT(A) is isomorphic to one that preserves inclusions.

Proof. We can define J' as:
Jpr=JaQ.

QcP

Then the identity i € A together with an index a such that
al-(vBQQ—P) = (JQ—JTP)

yields that
ailF WPYJ'P—-JP

The other direction is realized by i. O

For subobject (X, ~x) — (X, ~) of an object (X, ~) € RT(A), and a local operator j on RT(A) repre-
sented by 7, the j-closure is given by (X, ~ 7.k). First, I'll show that above =, there are no interesting
local operators.
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Proposition 5.2.8. Let j be a local operator on RT(A), represented by J. Then J > -~ if and only if
J @ # @, and in that case the subtopos defined by [J is degenerate.

Proof. By the lemma we may assume that 7 preserves inclusions.
Suppose J @ # @. Since we have that:

IF(VP)(@—P)— (Jp—JTP).
and for every P, » — P = A, it follows that

N JP#o.
P#g

Now == < 7 by proposition[5.2.6(v), but we do not have equality since 7@ = @.
Conversely, assume that == < 7. Then by proposition [5.2.6(v) (and the fact that J preserves
inclusions):
N JP#o.
P#£p
Because of this, we might as well assume that 7 P = A for all P non-empty. Now if 7 @ = @, it follows
easily that = = 7, because

P A ifP#¢@
B @ otherwise

Therefore we must have J @ # @.

In this case, it is easy to see that for (X, ~) € RT(A), every subobject is dense, even the empty sub-
object, which is an initial object. Therefore the only sheaves are terminal objects, hence the subtopos
defined by j is trivial. O

For any local operator 7 < =17, the objects V(X), for V the constant objects functor, are sheaves,
since they are precisely the ——-sheaves. Therefore, to see what the sheafification of an assembly
(X,E) € RT(A) is, we just have to define its [J-closure as a subobject of VX, which is given by the
assembly (X, J o E).

Definition 5.2.9. We define define a subcategory Ass 7(A) of Ass(A), called the 7 —assemblies on A,
as the full subcategory of objects of the form (X, J o E).

One can check that Ass 7 (A) is cartesian closed, it is also proven in [vO]. Moreover, Ass 7 (A) in-
herits regularity and finite colimits from Ass(A), since sheafification preserves those. Therefore the
sheafification functor restricts to a full, faithful and regular functor Ass(A) — Ass 7 (A). Moreover:

Proposition 5.2.10. The full subcategory RT(A) 7 of J -sheaves is equivalent to Ass 7 (A) exsreg-

Proof. The embedding
Ass 7(A) — RT(A) 7

is regular, full, faithful and surjective on subobjects. Because the sheafification functor is a left adjoint,
it preserves colimits, so every object in RT(A) 7 is a quotient of a 7 —assembly. By theorem we
must have an equivalence of categories Ass 7 (A)ex/reg = RT(A) 7. O

Hence, we obtain a full description of the subtopos of 7 -sheaves by just looking at .7 -assemblies.
For a specific local operator (that we will discuss below), the category of 7 -assemblies was studied in
[vOl.
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5.2.2 Embeddings of Realizability Toposes

Recall from theorem that geometric morphisms between realizability toposes correspond to
computationally dense applicative morphisms. A natural question is, what do geometric inclusions
correspond to? For y: A — B computationally dense, P(y) has a right adjoint A. For (X, F) € Ass(B),
we have by the discussion in section/5.1}

P A«X,F)=(X,P(y)oAoF)

where for P c A:
Py)oAP) = | iy(a)Imy(a) < P}.
acA
It is now not hard to see that we have a natural transformation 1 — P(y)*A, if and only if we have an
e € B such that

ec [ [P— Ulr@Imya) cP}|.
PcB acA

In other words, for every b € B, there is an a € A such that eb € y(a) and my(a) = {b}. By proposition
2.5.10land|2.5.17} we obtain:

Theorem 5.2.11. Geometric inclusions
RT(B) — RT(A)

correspond precisely to effectively quasi-surjective applicative morphisms A — B, which correspond pre-
cisely to adjoint pairs of proto-applicative morphismsT' 4 A such thatTA = Ip.

5.3 Relative Recursion and Local Operators

In chapter[2} we have seen a lot of effectively quasi-surjective applicative morphisms; namely, for every
partial function f: A — A, we had a decidable applicative morphism :: A — A[f] given by ¢ rla) =1a},
which is clearly effectively quasi-surjective. The same thing holds for the pcas A[F], where F: A% — A
is a functional.

By the above, these constructions all give rise to subtoposes of RT(A). In this section, we will ex-
plore these subtoposes. Already in [Hyl82] there is given an embedding of the Turing degrees in the
local operators, by defining for a total function f :N — N, the least local operator jf that “forces f to
be recursive”. To be precise, it is the least local operator that forces the subobject of (N, N), given by
the strict relation R(n) = {f(n)} to be dense. Here (N, N) is the natural numbers object of RT(;) = Eff,
with N(n) = {n}. We can easily present this local operator using proposition[5.2.5] In [Pho89], it is
shown that this subtopos, given by a local operator j, is equivalent to RT(IC{ ). Here, we will carry out
the same result for RT(A[f]). Recall the definition of a local operator [Jj; for a monotone operator M:

Ju(P):=(VQI(M(Q) — QA (P—Q)—Q.

The following lemma is due to Andrew Pitts [Pit81], but the formulation and the proof below is taken
from [LvO13].

Lemma 5.3.1. The operator [Jy; is isomorphic to L(M) where:

L(M)(P) = ﬂ{Q ePAHTIAPSQand{F} A M(Q) € Q}.
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Proof. Now let e € Jp(P), and let a = (x)pTx, b= (x)pFx. Thenif {T}AP < Q and {F} A M(Q) € Q,
then ae P — Q and b € M(Q) — Q. Therefore, e(pab) € Q, and hence (e)e(pab) € Ty (P) — L(M)(P)
for all P, so we have [J; < L(M).

Conversely, since (VP)P — Jp(P) and (VP)M(Jn(P)) — Jam(P), we can take elements

ke ) P—JulP)
PeP(A)

le () MIuP)— Ju(P).
PeP(A)

Since M is a monotone operator, we can define d € A such that:

de VP(VQP—-Q—MP) - MQ)= [] P—Q—(MP)—MWQ)
BQeP(4)

By the recursion theorem, let ¢ be such that:
ct= if pot then kpyt else I(dc(p11)).

Let P be arbitrary. Let S = {z| cz € J;;;(P)}. Then clearly {T} A P € S. Furthermore, c¢: S — Jy(P), hence
dc:M(S) — M(JIm(P)). So for y € M(S), c(pFy) € Tm(P). Hence also {F} A M(S) < S.

By definition of L(M) it know follows that c € L(M)(P) — Jp(P) for all P (since L(M)P < S). There-
fore L(M) < Jp;. O

We write A for the assembly (A, a — {a}). The following proposition then generalizes the result in
[Pho89] to arbitary pcas:

Proposition 5.3.2. Let A be a pca, and f : A— A be a total function. Let (A, R) — A be the subobject of
A given by the strict relation
R(a) ={f(a)}.

Then the local operator given by the inclusion RT(A[f]) — RT(A) is the least local operator that makes
R dense.

Proof. The local operator that arises from the incusion RT(A[f]) — RT(A) is represented by
JP= {x|m~fx€P}

where m realizes computational density of the applicative morphism A — A[f]. Let r¢ be an index for
f in A[f]. Then by definition of m, there exists a’ € A such that for all a € A:

m- (da)= ry Ja=fla.

Then a' IF (Vx: A)J (R(x)), hence R is [ -dense.
Note that,by proposition and the lemma the least local operator that makes (A, R) — A
dense is isomorphic to L(M), where:

M(P) = [ Jia} A (R(a) = P) = | J{a} A({f (@)} — P)

acA acA

and
LIM)(P)=[){QeP(A{T}AP < Qand {F} A M(Q) < Q}.

We have to show that 7 < L(M).
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Let P be arbitrary. Then if x € 7 (P), m-f x € P. Let u be the maximal dialogue between m and x,i.e.
m([x] * u) = pTcwith c= m- x.
In other words:
m([x]*u) € {T}AP< L(M)(P).
Using the recursion theorem, define m’ such that for all x, z:
m'([x] x z) = if pom([x] * z) then m([x] * 2) else pF(p(p1(m((x] * 2))(w)m'([x] * z * [w]))).

I'll prove that {(x)m’'([x]) : JP — L(M)(P) for all P. Clearly m’ ([x] * u) € L(m)(P). Now suppose that for
some 0 < i <lhu, m'([x] * u=") € L(M)(P). Then:

<i—1) —

m([x] *u pFv;

and u; = f(v;). We know that m’([x] * <l () = m/ ((x] * u<) € LIM)(P), so
(wym' ([x] * u~" % [w]) € {f(v)} — LIM)(P).
But then:

PE(p(pr(m((x] * u=""")wym' (1x] * w1 x [w1)) € {F} A ({vid A ({f (v7)} — LIM)(P)))
S{F} A M(L(M)(P)) < L(M)(P).

hence we see that .
m'([x] * u=""1) € L(M)(P).

Therefore (by reverse induction) we deduce that
m/ ([x] * u=%) = m'([x]) € L(M)(P).

This all being uniform in P and x shows that (x)m’([x]) € J (P) — L(M)(P) for all p.
Therefore J and L(M) are isomorphic. O

For functionals, we can show a similar result. Recall that A* = (Z, E) where Z is the set of total
recursive functions A — A, and E(f) = {a|ais anindex of f}. It is easy to see that a functional F :
A% — Ais an effective operation of type 2 (deﬁnition if and only if its restriction to Z is realized
as a morphism AA — A

For a local operator j represented by [J : P(A) — P(A), write A; for the sheafification of A with

respect to j, which is just the 7-assembly (A4,a — J{a}). Then A‘]A.j = (Z,JE) where Z is the set of
morphism A; — A; in Ass 7 (A) and

E(f)= () Jla — T{f(a)}.

aeA
A .
Note that Af} =A,’. We now have the following theorem:

Theorem 5.3.3. Let Jr be the local operator induced by the inclusion RT(A[F]) — RT(A). Suppose j is
a local operator, represented by J such that the restriction of F to the domain of A jAf can be realized as
a morphism of J —assemblies

AN —A;.

Then it follows that Jr < J .
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Proof. Recall that we can assume that 7 preserves inclusions.
Since a — {a} is a computationally dense applicative morphism A — A[F], there exists t € A such

that for all v, x € A:

m-F(tvx) ~v-Fx.

Since m is independent of F, we also know that if the right side halts at some stage (see definition
2.8.6), the left hand side also halts at that stage.
Pick e such that:

ee | P—~Q—(ITP—JTQ.

BQcA

Let ¢ be such that:
ce ﬂ P—-TJQ —(JP—-TQ.

BQcA

Moreover, we let j € A be such that for all u, v:
JeJ{u} — (T vy — J{ux [v]}).

Suppose that F: A jA — A is tracked by r as morphism of J-assemblies. Here A jA is represented
by the assembly (Z, E), where Z is the set of morphisms A — A; in Ass(A) 7, and

E(f)={a = T{f (@)}

acA

We write a =7 b to express that if there is ¢ such that b € J{c}, then a € J{c}. Convince yourself
that there exists m € A that satisfies for all x, w:

e({yyp1(m([x] = y))w if e((yYpo(m([x] * ) we J{T}
mxw =7 { mx(jw(c(z)ry)m(tzp) D) v)  if e yypo(m([x] * ) w e T {F}
where v =e(y)p1(m([x] * ) w

Let [ € J{[]}. We will prove by induction on the stage at which m-F x | (see deﬁnition that for
all x,
mxl € j{m-Fx}.

Stage 0: in that case m([x]) = pTc for some c. Then
(Wpo(m([x] *y) €{l} — {T}so

e({yypo(m([x] * y))) € J{I} — J (T} thus
mx! =e(yyp1(m([x] * y)))l € T{c}.

Stage A > 0: Let u = [uy, ..., U] be the halting dialogue between m and x. We know that for each
O<i<n: ‘
m([x] * u=") = pFu;

where v; is such that at some stage a < A, for each y, v; -f y |. So for each y, also m-F' (tv;y) | at stage
a. Let f; be the function y — v; -F y. By induction hypothesis,

m(tv;y)l e J{v; - y}
for each y, so (y)m(tv;y)!l tracks f; as morphism of 7 —assemblies. So

ry(mQv; D) € TIF(fi)}
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Hence
cyryymQvy))) e JT{vit — Jfi}

for all i. It follows that forall0<i<n
mxJ {u<"} € mx(jw((c(2)r(y) (m(tzy) DT (i) € mxT {lug, .., uil}.
One can now prove (use reverse induction on i) that
mxle Jim-F x}.

Therefore

(xymxle (| JrP— TP

PcA
Hence Jp<J. O

5.4 The Local Operator L(F)

In this section, we turn to a local operator in the effective topos defined by Andrew Pitts in [Pit81] and
also studied in [vQ]. It is defined as the least local operator that makes the subobject of V(N) defined
by R(n) = {m e N|m = n} dense. Combining proposition[5.2.5/and[5.3.1} we see that this local operator
is isomorphic to L(F) where F is the monotone operator defined by:

FP)= | (R(n)— P).

neN

In the following, we will denote the correspondinglocal operator L(F) by 7. An explicit description
of J is given by:
J(P) :ﬂ{BgNI{O}/\PEB,{l}/\F(B) c B}.
Note we took 0, 1 instead of T, F, which makes no difference and is the convention in [vO].

We will first prove a result in [vO] as a corollary of theorem Recall the functional E : NN — N
defined in section|2.8.2} it is given by:

{0 if @m)a(m) =0
E(a) = .
1 otherwise.

Denote by N the assembly with domain N defined by the map n — J{n}. We now have the
following proposition:

Proposition 5.4.1. There is an index rg €N that tracks E as morphism of J -assemblies N 7N7 — N 7.

Proof. Pick elements

ae [A—-JA

AcN

be () (A—B)—(JA—JTB)

A,BEN

de (V1 JTA—-TA

ASN

By corollary 1.6 of [vOl, there is a partial recursive function G such that for all

xo € Jlao},..., xn-1 € T{an-1},
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we have

G(xg,...,xpn_1)) € J{0}if forsome i< n,a; =0
G(xg,...,Xn-1)) € J {1} otherwise

Now let t¢ be an index in /C; defined by:
tgen = G({e(a0),...,e(an)))

Then whenever e realizes a total function f: Ny — N7, we (In) f(n) = 0ifand only if (In)e(an) € J{0},
which holds if and only if there is 7 such that

tpee{m|m=n} — J1{0}

since otherwise
tpee {m|m=0}— J{l}.
By definition of 7, we have in the first case that tge € 7{0}, and in the latter case fge € J{1}. Now
rg = (x)c(brgx) tracks E as morphism of 7 —assemblies N7N7 — N 7. O

The following corollary corresponds to theorem 2.2 in [vOI.

Corollary 5.4.2. The morphisms of J -assemblies N7 — N 7 are precisely the hyperarithmetical func-
tions.

Proof. Let Jg be the local operator defined by the inclusion RT(K;[E]) — RT(K;). By theorem|5.3.3
we have Jg < J. Itis easily seen that a total H} function is hyperarithmetical. Using theorem it
follows that every hyperarithmetical function is representable as a morphism N7 — N 7.

For the converse, observe that every morphism f : Ny — N7 is I} since:

fm)=m < (VB){{0,m)} S BA{1}AF(B)<B—e(an)eB

where e is a realizer for f as a morphism N7 — N;. Notice that the above expression is I1] since F(B)
is arithmetical in B.
Therefore the morphisms N7 — N 7 are precisely the hyperarithmetical functions. O

5.5 Partial J-representable Functions

In [vO|, corollary was actually proven for the so called total .7 —representable functions (these
are the elements of N g, which is isomorphic to Ngj ). We have the following definition:

Definition 5.5.1. A partial [J-representable function F is a partial function such that there exists an
index e for which:

n € domF if and only if (3m)en € J {m}, and in that case F(n) = m. Since such an m is necessarily
unique we can index these functions by e and we say F = .

This definition makes sense for any local operator 7 on a realizability topos such that:
Jiain J{b} = ¢ forall a, b such that a # b. (5.1

It is easy to see that this is true only if 7{T}n J{F} = @ (so, 1 +1— V(2) is not 7 -dense). For decidable
pcas, it is equivalent to it.
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Martin Hyland showed in |[HyI82| that in the effective topos RT(K;),

NTin=¢ <= JOinJ1}=9.

By proposition [5.2.6|iv) and the above, it follows that holds for any local operator 7 < =1 on
RT(K1). One may wonder whether what Hyland showed is true for any partial combinatory algebra. In
corollary[5.5.10|below, I show that this is not the case and provide a necessary and sufficient condition
for this property, generalizing Hyland’s result.

In what follows, we will assume that 7 is a local operator on RT(A) such that holds. Note that
the set of such local operators is downward closed.

First, the above definition induces an applicative structure * on A, by defining:

axd |l,axd =c = y,d)=c.

We will call this partial applicative structure ;. The natural question is whether 7; is a partial com-
binatory algebra. We cannot prove this in general, however, we can prove that 7; is a weak pca:

Definition 5.5.2. A partial applicative structure A is a weak partial combinatory algebra if there exists
k,se Asuchthatforall a,be A:

(i) sab]
(i) kab=a
(iii) sabc =< ac(bc).

Where we recall that for terms £(x), s(x), t(c) < s(¢) means that if s(¢) |, then ¢(¢) | and t(c) = s(c).
Alot of properties of pcas can be proven for weak pcas, where in most cases one should replace = by <.
However, this is not a general rule and one should be careful. The most important fact is the analogue
of lemma|2.2.3] which I'll state here (the proof is analogous).

Proposition 5.5.3. Let A be a weak pca. Then for any term t(x, x1,...,Xy) thereis a term (x)t(xy,...,Xn)
such that every substitution instance of (x)t denotes, and forall a, a,,...,a, € A

(x)o(ay,...,ap)a=t(a,ay,...,an).
Conversely, if A has a partial applicative structure for which the above holds, then A is a weak pca.

The notion of applicative morphisms for weak pcas is the same. I'll now present a proof that every
presentation J of a local operator yields a weak pca 7;. After that, it is easy to see that isomorphic
local operators yield isomorphic weak pcas, that is, the weak pca 7; is independent of the choice of
presentation 7. Lastly, we will see that in fact these weak pcas are isomorphic to a partial combinatory
algebra.

Theorem 5.5.4. For [J be a presentation of a local operator on RT(A) that satisfies (5.1), the partial
applicative structure J is a weak pca.

Proof. We have to find elements k,s € N as in definition[5.5.2 We denote the applicative structure on
A as usual (just as terms), and the applicative structure on 7; by =
First, pick
ae ([ P—-JP
PcA
We have for all a4’ that aad’ € J{a'}. Let ky € A be such that kpab = a for all a,b € A. Then k =
(xYa(ko(ax)) satisfies (ii) in[5.5.2]
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It remains to define s. Let a, b, ¢ be arbitrary indices. We assume that ac(bc) |, so there are u, v, m
such that

ac € J{u}
bce J{v}
uv e J{m}

and ac(bc) = m.
Take the following elements:

re () JPATQ—J(PAQ)

bQcA

pe [ JP-JQ
PCJQ,BQcA

te | P—Q—(ITP—-JQ)

PQcA

As to the element p, we know that any local operator J is isomorphic to a local operator Z that pre-
serves inclusions. Taking such a local operator, we have the following elements:

ac (| JP—1IP,fe(\IP—-JP,ye [\ITP—1IP
PcA PcN PcA

Then p = (x) B(y(ax)) works.
Now, let i = (yx)p(poxy)(p1xy). Then

hcela} A b} — T{luy ATV}
Now let g = (x)pox(p1x) and h= (zx)tg(r(hzx)). Then
p(hc) € {a} A {b} — T {m}

since:
I3
@A 2S T A Tivr 2 T o 25 7wy 2 7imy
<

Now if we let f = (zyx)p(hz)(pxy) thenforall @', b’ € A, fa'b' | and

fabe{c}— Jimj}.
Now define s = (x)a({y)a(fxy)). Then
se{at — J{ya(fay)}
and since
(ya(fay) € bt — J{fab}

We cansee thats*a*b*c = fab*c = m. Since sis defined uniformlyin q, b, this finishes the proof. O

Corollary 5.5.5. Up to isomorphism of weak pcas, J does not depend on the choice of presentation J
for a local operator.
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Proof. Suppose J = J', we want to show that 7; = J| as weak pcas. Take
ae [ P—-J'A
PcA
re JP—-J'P

PcA

Then a— {a} is realized as applicative morphism J; — J; by

(alyrxy)
and the other direction is symmetric. O

Theorem 5.5.6. For every local operator J for which holds, we have that J, = Alf] where

b ifac J{b}
undefined otherwise

f(a)={

Proof. First,letr € Asuchthatforall a,be A:

ra([b]) = pF(ab)
ra([b,cl) =pTc

Then if 7' is an index such that 7’ -/ a = ra, then ' realizes a — {a} as an applicative morphism 7; —
Alfl.

The converse can be seen by generalizing theorem to weak pcas, which can be done, a corol-
lary is then that a — {a} has a realizer as morphism A[f] — J; since in [J, f is represented by the
identity i = skk, and it is decidable.

One can also give a direct proof by simulating computations in A[f], just like in the proof theorem

274 O

Let us apply the above to the local operator 7 = L(F) from section[5.4]
By theorem[5.5.6} 1 = K1 [f] where f is defined by:

Fom = if ne J{m}
undefined otherwise.

From section 5.4} we can infer that the functional E is representable with respect to Ky — KC1[f] de-
fined by n — {n}. By theorem[2.7.4 n — {n} factors through as an applicative morphism /C; [E] —
K11f]. Conversely, f is a 1] function, so it is representable with respect to n — {n} : K1 — K1 [E] (as
a consequence of theorem [2.8.12). Hence n — {n} is also realized as applicative morphism /C;[f] —
IC1[E] (theorem[2.6.3). We have the following corollary:

Corollary 5.5.7. For J = L(F) defined as above, the weak pca J, of partial [J -representable functions
is isomorphic to K1 [E].

5.5.1 When does Forcing V to Preserve Coproducts Collapse the Topos to Set?

Here, I wish to elaborate on the remark that I made about the condition (5.1). The question is, when
does it hold for all local operators 7 < ——? In other words, when does, when we try to force 1 + 1 —
V(2) isomorphic, the topos collapse to Set?
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In RT(A), 1+ 1 may be represented by the assembly ({0, 1}, E) where E(0) = {T}, E(1) = {F}. The least
local operator that forces 1+ 1 — V(2) dense is L(M) (section|5.3.1) where

M(P)=({T}— P)u({F} — P).
Let’s see what L(M)(P) looks like for P ¢ A:
LIM)(P) = {Q<S Al{T}AP€Qand {pFelec (T} = QU ({F} = Q)} = Q}
Define a family of sets V;(P), i € N as follows:
Vo(P)={T}AP
Vi1 (P) = Vu(P)U{FF A (T} — Vi (P) U ({F} = Vi (P))
Now let V(P) = Upen Vn(P). It is not hard to see that for all P < A, V(P) € L(M)(P). Moreover:
{FIAMV(P) cV(P).

Hence we have that V(P) = L(M)(P).
So pFe € L(M)(P) if and only if there is some finite sequence of T’s and F’s such that

eTF...TF=pTaforsomeacP.

We have achieved already one thing here; if (¢ 4 L(M){a} is non-empty, then A must be countable!
But there is more.
We start with two lemmas:

Lemma 5.5.8. DefineamapZ:P(A) — P(A) by:
IP=({TiAP)U[{F}A( U {u} = {TAnP)|.
u=[ug,....unl,u;€{T,F},neN
Then T is a local operator and L = L(M).

Proof. Convince yourself that there is an index g € A such that for all m e N:
gpFe)lug,...,unl =euy... uy
gpTe)=e

Then (x)p(pox) (gx) realizes L(M) <Z.
Let S € A be a successor function, i.e. S(n) = n+ 1 for all n € N. By the recursion theorem, there is
t € Abe such that:

tx = (VYvx(t(Sx)) =if v then x else #(Sx)

Then for each n e N:
tn=~if v then 7 else tn+1.

SoforeachneN, tnT =n, and
tne{F}—- ({T}—-n+1).

It is now not hard to see that for all m € N:
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Using the above, it is easy to see that there is an index r € A such thatforall meN, e € A:

r(pFe)FF...FTug...umy, = elug,..., Unl
m times

r(pTe)=e
50 (x)p(pox)(rx) realizes Z < L(M). We have also proven that 7 is a local operator. O
Lemma 5.5.9. Define a map J : P(A) — P(A) by:

JP=({TiAnP)u(lJ - (TIAP).

neN

Then J = L(M).

Proof. Itis enough to show that 7 =7 for 7 as in the above lemma.

Again, convince yourself that we have an index & € A that enumerates all tuples [uy, ..., u;,] where
u; € {T,F}. This is not hard to see because it involves checking on the length of the tuple, checking all
values, and binary addition with 1:

h0 = [F]
h1=[T]
h2 = [F, F] etcetera.

Moreover, since we can “wait for a tuple to appear”, there is an index g such that for all n,m € N,
U € {T, F}Z

gluy, ..., uy] = mwhere hm = [uyg, ..., Uy].

We do not need decidability for this!
Now let r € A be such that:

r(pFe) = pF(y)e(hy))
r(pTe)=e

and t € A such that:

t(pFe) = pF((y)e(gy))
t(pTe)=e

Then (x)p(pox)(rx) realizes Z < 7, and (x)p(pox) (tx) realizes J <Z. O

Corollary 5.5.10. For RT(A) a realizability topos on a pca A, =~ is the least local operator that forces
1+1>— V(2) dense if and only if there is an A-computable partial surjection N — A; that is, an index
g € Asuch that forall ac A, thereis n e N such that

gn=a.
Proof. The leastlocal operator that forces 1+1 — V(2) dense is L(M) above, and it is isomorphic to ==
if and only if Naes L(M){a} # @ by[5.2.6(v). Let 7 be as in the above lemma. Then Nge 4 L(M){a} # @ if
and only if Nge 4 J{a} # . The latter holds if and only if there exists / € A such that for all a € A, there
is an n € N with:
hn=pTa.

Of course this implies the right hand side, and the converse. O
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Remark Jaap van Oosten attended me on the fact that “existence of a partial computable surjection”
N — Ais the same as the property that

n— {n}:C; — Ais quasi-surjective (equivalently, computationally dense).

The following lemma (due to Longley) shows that this condition is equivalent to the existence of any
computationally dense applicative morphism ; — A.

Lemma5.5.11. Ify:K; — A is computationally dense, then'y = v, wherev(n) = {n}.

Proof. By proposition|2.5.12} y is decidable. Now it follows from proposition 2.4.18 in [Lon95]| that y
is equivalent to v. O

Using the lemma, we could reformulate the above result as:

Theorem 5.5.12. For RT(A) a realizability topos on a pca A, there is a geometric morphism RT(A) —
RT(K,) if and only if =~ is the least local operator that forces 1 + 1 — V(2) dense (in RT(A)). Moreover,
such a geometric morphism is unique up to equivalence.

So for a pca A that does not admit a geometric morphism RT(A) — RT(K;), we can force V : Set —
RT(A) to preserve finite coproducts without collapsing RT(A) to Set. In the resulting subtopos of RT(A),
the natural numbers object is isomorphic to V(N), so all functions N — N exist. It would be interesting
to construct a countable such pca A4; its realizability topos must have remarkable properties.

The following is the analogue of proposition 3 in [Pho89|. For a pca A, denote the local operator
corresponding to the inclusion RT(A[f]) — RT(A) for some f: A— Aby jf.

Theorem 5.5.13. Let J be a local operator on RT(A) such that J = J, f; foralltotal f: A— A. Then
J{MnJ{F} # @.

Proof. Suppose that 7{T} N J{F} = @, I'll derive a contradiction. Define g: A — A by:

T ifaeJ{T}
gla) = )
F otherwise.

By assumption, g is a function.

Pick a total function f : A — {T,F} such that f is not computable in A[g], this can be done for
cardinality reasons.

Then f is representable as a morphism A; — A; by proposition We can infer that there is
e€ Asuchthatforall ae A:

eac J{f(a)}

But then f is clearly computable in A[g], which is contradictory. O

The exact statement of proposition 3 in [Pho89] is that, under the assumptions, we have in fact
that J = =, or equivalently:

() Jia # o.

acA

We can prove this in the countable case:

Corollary 5.5.14. Let A be a countable pca. Let J be a local operator on RT(A) such that J = J, G forall
total f: A— A. Then J = .
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Proof. Let g: A— Abe atotal function such that for all a € A, there is n € N such that g(n) = a. Since
A is countable, there is such a map. It is now not hard to see that A[g] satisfies the right hand side
in the statement of corollary Since J = J, by assumption, the [J —sheaves are a subtopos of
RT(A[g]) and by corollary[5.5.10} 7 = =, O

I leave it as an open question whether this holds in the uncountable case.

5.6 Lifting Geometric Morphisms of Realizability Toposes

In this short section, we will apply the notion of lifting from section [2.9|to geometric morphisms of
realizability toposes. Recall from theorem [5.1.4] that a geometric morphism f : RT(B) — RT(A) is in-
duced by some computationally dense morphism y : A — B. Since we can only lift discrete such mor-
phisms, we will assume from now on that A is decidable, so that any computationally dense y: A — B
is discrete. It may be interesting to find out what geometric morphisms are induced by discrete com-
putationally dense morphisms in the case that A is not decidable.

Definition 5.6.1. A geometric morphism f : 7 — £ between toposes is a surjection if the inverse image
[ is faitful.

Definition 5.6.2. A geometric morphism f : F — £ between toposes is exact if the direct image f; is
exact (i.e. regular).

Theorem|5.2.11{and yield an interesting result:

Theorem 5.6.3. Let i : RT(B) — RT(A) be a geometric inclusion. Then there is a geometric surjection
RT(A[f]) — RT(B) for some f. If i is exact, then RT(B) = RT(A[f]).

Proof. By theorem [5.2.11} i is induced by an applicative morphism y : A — B for which there is a
6 : B— A with y§ = 1p. By theorem v lifts to a retraction 6 : B — A[f], so that 6 induces a
geometric surjection

RT(A[fD — RT(B).

If i is exact, then it was induced by a pair y 4 6 such that yé = 15. By theorem the lift of y is
an equivalence, so RT(B) = RT(A[f]). O
For the effective topos, this theorem has an important consequence:

Corollary 5.6.4. For RT(A) — RT(K,) any geometric inclusion, RT(A) = RT(IC, [f]) for some (partial) f.

Proof. By lemma5.5.11]and theorem[5.5.12} any geometric inclusion RT(A) — RT(K;) is induced by
the computationally dense morphism v : £; — A. Since this morphism is projective, v has a right
adjoint 6 : A — K (theorem[2.5.16). So f*  f. is induced by the pair v - §, which implies that f; is
regular. So f is exact, and by theorem[5.6.3|RT(A) = RT(KC; [f]). O

Note that the property that every inclusion RT(A) — RT(K;) is exact is a specific property of the ef-
fective topos. Recall from example[2.5.18|that there is a computationally dense applicative morphism
Y : Karee — K1 that sends each function to its set of indices. It is not hard to see that this is in fact an
inclusion, i.e. it is effectively quasi-surjective. So we have a geometric inclusion

RT (K1) — RT(Kopec)

that is not exact, since y does not have right adjoint as applicative morphism.






Chapter 6

Conclusions

Code-free recursion and realizability

The notion of a partial combinatory algebra is an interesting attempt to describe abstract or code-free
recursion theory. Or, since it is not very clear what we mean by that, it is at least an interesting attempt
to describe what one could mean by code-free recursion theory. It yields a powerful mathematical
theory that is worthwhile investigating. Its connections to category theory, mathematical logic and
also to branches in theoretical computer science support this viewpoint.

At least for me, a problem with partial combinatory algebras is a lack of examples, especially in the
case of decidable pcas. In fact, some result of this thesis (e.g. corollary[5.6.4) are evidence that up to
equivalence and adjoining a partial function, there might be only a few examples, or at least a few that
can be presented in a nice way. However, there are still several examples of total pcas, and there are
pcas of higher cardinality.

The justification of applicative morphisms is their correspondence to exact functors between cat-
egories of assemblies, or realizability toposes. However, they do make sense from a computational
point of view. In that light, the correspondence between computationally dense morphisms and ge-
ometric morphisms is remarkable. This correspondence has also been studied using triposes. I have
shown in this thesis that if one wants to use assemblies instead, proto-applicative morphisms can be
useful since they basically play the role of morphisms between triposes. Moreover, computationally
dense applicative morphisms have an easy description using proto-applicative morphisms. Still, the
old definition as discovered by Hofstra and van Oosten has been very useful in many proofs.

I hope to have shed some light on the importance of relative recursion in the study of realizability
toposes. For instance, we have corollary that classifies all geometric inclusions RT(A) — RT(Ky).
Using relative recursion one is able to clearify the relations between different pcas and realizability
toposes. This realization might help to understand realizability toposes, and with it the mystical idea
of abstract recursion theory.

This also motivates the new notion of recursive functionals as defined in section and the re-
lated theory on effective operations in section[2.7} This theory generates new pcas from old ones with
a very interesting and easy description. In this way we obtain insightful presentations of subtoposes
that are realizability toposes themselves. Such a presentation is desirable to, for example, understand
the logic of a subtopos. We have seen that a description of a subtopos using a functional allows us to
determine its complexity, which has a lot of implications for its logic. There is a connection to local
operators (section that goes beyond the embedding of the Turing degrees in the lattice of local
operators that was already described in [Hyl82]. This connection still needs some clarification. I es-
pecially hope to find something that also relates functionals of higher type (type 3 and up) to local
operators.

83



84 CHAPTER 6. CONCLUSIONS

Where to go from here

There is a lot left to explore. For instance, a lot of subtoposes of the effective topos are not realizability
toposes. However, they still have a computational nature to them. What characterizes this computa-
tional nature?

We have shown that one can express computational density by just using morphisms, so without
explicit reference to the combinatorial structure. A lot of examples of pcas, especially total pcas, arise
from a retraction of a certain partial order into the space of continuous automorphisms (see [Hof]). It
might be that a theory on pcas can be built up by mostly looking at morphisms. For example, certain
functions can be computable with respect to an applicative morphism. When lifting an applicative
morphism, one basically translates this added complexity back to the partial combinatory algebra.

Another direction is the possible generalizations of pcas. There is the notion of an order pca (in-
troduced in [HvOO03]), which has a slightly more general definition but also gives rise to assemblies
and realizability toposes. A stronger notion than that, but weaker than a pca is the weak pca from
definition[5.5.2] I have the feeling that every weak pca is isomorphic (or equivalent) to a pca (like the
weak pcas in theorem |5.5.6), since applicative morphisms “are not able to tell them apart”. However,
this remains a mere conjecture since I haven't been able to prove nor refute this. E]

The more categorical approaches to the study of realizability toposes are topos theory in general,
but also the theory of triposes. Another interesting approach is to look at exact/regular completions
of categories. Here I find [Men00] to be an excellent source, it treats assemblies in detail.

Lastly, I think there can be made improvement in code-free recursion theory by restricting to par-
ticular partial combinatory algebras. A lot of the structure in ordinary recursion theory does not gen-
eralize to pcas. However, it seems to me that some results of ordinary recursion theory do generalize
to, for instance, pcas that satisfy the statements in corollary[5.5.10, The corollary then serves as a
categorical motivation for this restricted definition. For now, I leave this idea for future research.
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