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QUOTIENTS, PURE EXISTENTIAL COMPLETIONS AND
ARITHMETIC UNIVERSES

MARIA EMILIA MAIETTI AND DAVIDE TROTTA

ABSTRACT. We provide a new description of Joyal’s arithmetic universes through a
characterization of the exact and regular completions of pure existential completions.

We show that the regular and exact completions of the pure existential completion of an
elementary doctrine P are equivalent to the reg/lex and ex/lex-completions, respectively,
of the category of predicates of P.

This result generalizes a previous one by the first author with F. Pasquali and G. Rosolini
about doctrines equipped with Hilbert’s e-operators.

Thanks to this characterization, each arithmetic universe in the sense of Joyal can be seen
as the exact completion of the pure existential completion of the doctrine of predicates
of its Skolem theory.

In particular, the initial arithmetic universe in the standard category of ZFC-sets turns
out to be the completion with exact quotients of the doctrine of recursively enumerable
predicates.

Dedicated to Pieter Hofstra for his inspiring creative work.

1. Introduction

This paper provides a new contribution to the description of Joyal’s arithmetic universes
thought the application of a new characterization of free completions of elementary Law-
vere doctrines.

Free completions of categories with quotients are ubiquitous in category theory. In
particular those leading to exact and regular categories in [1, 3] have been widely studied
in the literature of category theory, with applications both to mathematics and computer
science, see [32, 27, 28, 23, 37, 36, 20].

Such free completions are also involved in the construction of arithmetic universes
introduced by A. Joyal to prove Godel incompleteness theorems in some lectures (still
unpublished) in the seventies and recalled in [14] (see [19, 38] for more information). A
more general abstract definition of arithmetic universe as list-arithmetic pretopos has
been proposed in [19].
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In more detail, an arithmetic universe in the sense of Joyal can be described as the
exact completion — in the sense of [1] — of the lex category of predicates of a given Skolem
theory. In particular, the initial arithmetic universe within the standard category of
ZFC-sets turns out to be the exact completion of the lex category of primitive recursive
predicates. In recent years, the regular and exact completions of a lex category have
been proved to be instances of more general completions of certain Lawvere doctrines in
23, 22, 24].

More precisely, the exact completion of a lex category [1, 3], also known as ex/lex-
completion, and the exact completion of a regular category, referred to as ex/reg-completion,
have been proven to be an instance of a more general exact completion Ex(P) relative to
an elementary, pure existential doctrine P.

The construction of the exact category Ex(P) is, essentially, achieved through the
tripos-to-topos construction developed by J.M.E. Hyland, P.T. Johnstone and A.M. Pitts
in [11, 30], applied to an elementary existential doctrine. Similarly, the regular completion
of a lex category, also called reg/lex-completion, introduced in [2, 3] has been proved to
be a specific instance of a more general construction for doctrines in [21], which is the
regular completion Reg(P) of an elementary, pure existential doctrine P. The regular and
exact completions of doctrines are related via the ex/reg-completion, namely we have that
EX(P) = (Reg(P))exjreg [24].

In this paper we provide a characterization which further relates the exact and regular
completions of a lex category with the notion of exact completion of an elementary exis-
tential doctrine as presented in [23, 22, 24] by involving a third kind of free completion,
namely the pure existential completion of an elementary doctrine.

The notion of existential completion was introduced by the second author in his PhD
thesis and later published in [33], and it is a construction that freely adds existential
quantifiers to a given primary doctrine, along with a class A of base morphisms that is
closed under compositions, pullbacks and isomorphisms. To distinguish some particularly
interesting instances, this free construction has been renamed as generalized existential
completion in [26]. Following the terminology in [26], the pure existential completion is the
instance of the generalized existential completion where the class A consists of product
projections, while we call full existential completion the instance where A is the class
of all the base morphisms. Furthermore, the pure existential completion also coincides
with the restriction to faithful fibrations of the simple coproduct (or sum) completion of
a fibration employed by P. Hofstra in [9], while the full existential completion coincides
with the 3-completion introduced by J. Frey in [6, 5] and a particular case of it has also
played a significant role in the works by P. Hofstra [8, 7].

In this work, we show that the regular and exact completions of the pure existen-
tial completion of an elementary doctrine P are equivalent to the reg/lex and ex/lex-
completions, respectively, of the category of predicates of P.

In detail, we show that for an elementary, pure existential doctrine P and an elemen-
tary subdoctrine P’ of P on the same base category, the regular completion Reg(P) of P
corresponds to the reg/lex-completion (Prdp:)eg/iex 0f the category of predicates Prdp: of
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P’ (via an equivalence induced by the canonical embedding of Prdp: into Reg(P)) if and
only if P is the pure existential completion of P’ (Theorem 5.8).

Then, by combining this result with the aforementioned decomposition of exact com-
pletions, we immediately deduce that the exact completion Ex(P) of P corresponds to
the ex/lex-completion (Prdp:)ex/iex Of the category of predicates Prdp: of P’ (again via an
equivalence induced by the canonical embedding of Prdp: into Ex(P)) if and only if P is
the pure existential completion of P’ (Corollary 5.9).

The crucial intuition is that there is a tight connection between regular projective
objects of Reg(P) and pure existential free elements of P. In particular, we show that
whenever P is the pure existential completion of P’ (and hence the elements of P’ are
pure existential free elements according to [26]), we can use P’ to define a projective cover
for Reg(P) which in addition satisfies the property that every object of Reg(P) can be
embedded into a projective of this cover.

Our characterization generalizes a previous one in [21] by the first author with F. Pasquali
and G. Rosolini about doctrines equipped with Hilbert’s e-operators for the fact that
in [26] we showed that a doctrine is equipped with Hilbert’s e-operators if and only if it
is equivalent to the pure existential completion of itself.

Then, we apply our characterization to deduce that each arithmetic universe turns out
to be the exact completion — in the sense of [24] — of the pure existential completion of
the doctrine of predicates of a given Skolem theory. As a consequence we deduce that the
initial arithmetic universe in the standard category of ZFC-sets is the completion with
exact quotients of the doctrine of recursively enumerable predicates.

Another notable application of our characterization, already published in [35] by em-
ploying our main theorem first presented in [25] (with a different proof), regards the exact
completion of Godel hyperdoctrines introduced in [35, 34] as an equivalent presentation
of the restriction to faithful fibrations of Hofstra’s Dialectica fibrations [9].

2. Elementary and existential doctrines

The term doctrine, when accompanied by certain adjectives, is often associated with a
generalization of the concept of hyperdoctrine introduced by F.W. Lawvere in a series
of seminal papers [15, 17, 16]. We recall from loc. cit. some definitions which will be
useful in the following. The reader can find all the details about the theory of elementary
and pure existential doctrines also in [22, 23, 24, 21|, and an algebraic analysis of the
elementary structure of a doctrine in [4].

2.1. DEFINITION. A primary doctrine is a functor P: C°® — InfS| from the opposite
of a category C with finite products to the category InfSI of inf-semilattices.

We will use the notation aw A 8 to denote the binary inf of @ and 3 in P(A) and T 4
to denote the top element of P(A).

2.2. DEFINITION. A primary doctrine P: C°® — InfSl is elementary if for every A in
C there exists an object 64 in P(A x A), called fibered equality, such that
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1. the assignment
Fiidaida) (@) = Pry (@) Ada
for an element a of P(A) determines a left adjoint to Ppa,a,): P(AxA) = P(A);

2. for every morphism e of the form (m,mg,m): X x A — X x A x A in C, the
assignment

Ele(a> = P(m,ﬂz)(a) A P(Tr277r3>(514)
for a in P(X x A) determines a left adjoint to P,: P(X x Ax A) — P(X x A).

2.3. EXAMPLE. Let £_ be the (T, A, =)-fragment of Intuitionistic Logic, i.e. the fragment
with true constant, conjunctions and equality, called Horn-fragment in [13, Sec. D.1.1, p.
810]. Let T be a theory in such a fragment. Let us denote by V the syntactic category
whose objects are contexts (up to a-equivalence), and arrows are term substitutions.

Consider the functor
LTE: yoP — InfS

defined on a given context I' of V by taking LT~ (T) as the Lindenbaum-Tarski algebra
of well-formed formulas of £_ with free variables in I' and on a substitution morphism
between contexts by taking the substitution homomorphism between formulas of the
Lindenbaum-Tarski algebras. The functor LT~ is an elementary doctrine.

2.4. DEFINITION. A primary doctrine P: C°® — InfSl is pure existential if, for every
object A and B in C for any product projection mq: A X B — A, the functor

P.,: P(A) - P(Ax B)
has a left adjoint 3, and these satisfy:

(BCC) Beck-Chevalley condition: for any pullback diagram

CxB—"2 s (C

_
indBl f

AXBW—A>A

the canonical arrow
E|TrcPf><idB (a) < PfaﬂA(a)

is an isomorphism for every element « of the fibre P(A x B);

(FR) Frobenius reciprocity: for any projection ma: A X B — A, for any object v in
P(A) and B in P(X x A), the canonical arrow

3, (P (@) AB) <a AT, ()

in P(A) is an isomorphism.
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Notation: in this work, given two primary doctrines P and P’ on the same base
category C, we will say that P’ is a subdoctrine of P if P'(X) is a sub-inf-semilattice of
P(X) for every object X of C, and if, for every arrow f:Y — X, the action of Py and
P} is the same (on the object of P'(X)). Moreover, we say that P’ is an elementary
subdoctrine of P whenever both doctrines are elementary and also the fibred equality
of P’ coincides with that of P.

2.5. EXAMPLE. Let £_3 be the (T, A, =, 3)-fragment of first-order Intuitionistic Logic
(also called regular in [13, Sec. D1.3], see remark 5.12), i.e. the fragment with the true
constant, conjunction, equality and existential quantifiers. Let T be a theory of such a
fragment. Consider the syntactic doctrine

LT 5: VP — InfS|

where V is the category of contexts and substitutions and LTE’H(F) is given by the
Lindenbaum-Tarski algebra of well-formed formulas of £_ 5 with free variables in I' as
in Example 2.3. The doctrine LTT;3 is elementary and pure existential.

2.6. REMARK. In a pure existential elementary doctrine, for every arrow f: A — B of C
the functor Py has a left adjoint 3 that can be computed as

Ei7r2<Pf><idB (53) N P7r1 (a))

for a in P(A), where 7 and 7, are the projections from A x B. However, observe that
such a definition guarantees only the validity of the corresponding Frobenius reciprocity
condition for d;, but it does not guarantee the validity of the Beck-Chevalley condition
with respect to pullbacks along f (see the counterexample in [26, Rem. 6.4]). In particular,
primary doctrines, whose base category has finite limits, having left adjoints along every
morphisms satisfying BCC and FR are called full existential in [26].

The following examples are discussed in [15, 10].

2.7. EXAMPLE. Let C be a category with finite limits. The subobject functor Sub¢: CP? —
InfSl is an elementary doctrine. Moreover, it is pure existential if and only if the category
C is regular.

2.8. EXAMPLE. Let D be a category with finite products and weak pullbacks. The weak
subobjects (or variations) functor Wp: D — InfSI, assigning to an object A the poset
reflection of the slice category D/A, is an elementary and pure existential doctrine (left
adjoints are given by the post-composition). Moreover, we know from [26] that every
weak subobject doctrines is a full existential completion (and that every element of the
fibre can be written as an existential quantifier of a top element).

The category of primary doctrines PD is a 2-category, and we refer to [23, 22| for a
complete description of the 1-cells and 2-cells of this 2-category. We denote by ED the
2-full subcategory of PD whose objects are pure existential doctrines, and whose 1-cells
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are those 1-cells of PD which preserve the pure existential structure. Similarly, we denote
by EED the 2-full subcategory of PD whose objects are elementary and pure existen-
tial doctrines, and whose 1-cells preserve both the pure existential and the elementary
structure.

We conclude this section recalling from [17, 22, 23] the Grothendieck category and
the category of predicates of an elementary doctrine.

2.9. DEFINITION. Given a primary doctrine P: C°® — InfSl, its Grothendieck cate-
gory Gp is defined as follows:

e an object of Gp is a pair (A, ) where A is a set and o € P(A);
e an arrow f: (A,a) = (B, ) is an arrow f: A — B of C such that o < P(B).

We just remind that the Grothendieck category Gp of P is the base of the free com-
pletion adding comprehensions to P as shown in [22, 24].

2.10. DEFINITION. Given an elementary doctrine P: C°® — InfSl, its category of
predicates Prdp is defined as follows:

e an object of Prdp is a pair (A, ) where A is a set and o € P(A);

e an arrow [f]: (A,a) = (B, ) of Prdp is an equivalence class of arrows (A, ) —
(B, B) of Gp with respect to the following equivalence relation: f ~ g when o <

We just remind that the category of predicates Prdp of P is the base of the free
completion adding an extensional equality, formally named comprehensive diagonals (see
22, Def. 5.2]), to the free completion of P with comprehensions, as shown in [22].

2.11. REMARK. Notice that the category of predicates Prdp of an elementary doctrine
has always finite limits. We refer to [23, Prop.4.15] or [21, Rem. 2.14] for the explicit
description of the pullbacks in Prdp, being the base of an elementary doctrine with full
comprehensions and comprehensive diagonals. The name category of predicates in [21]
was inspired by Joyal’s category of predicates in [19] (see [21, Ex. 2.18]) which we will
recall in the last section.

3. The pure existential completion

In [33] the second author introduced a free construction, called ezistential completion,
that freely adds left adjoints along a given class of morphisms A (closed under pullbacks,
compositions and isomorphisms) to a given primary doctrine. Such a notion has been
renamed generalized existential completion in [26] to distinguish some of its relevant in-
stances. Following the terminology in [26], the pure existential completion is the instance
of the generalized existential completion where the class A consists of product projections.



QUOTIENTS, PURE EXISTENTIAL COMPLETIONS AND ARITHMETIC UNIVERSES 65

In [26] we provided an intrinsic characterization of generalized existential completions
through the notion of existential free elements with respect to A. Here, we present a
further version of this characterization (Theorem 3.14) only for the pure existential com-
pletion (but it can be smoothly extended to all generalized existential completions) by
introducing the notion of pure existential free elements of an existential doctrine P relative
to a subdoctrine P’ which slightly generalizes the notion of pure existential free objects of
a doctrine P. This result will be relevant in the proof of Theorem 5.8.

Since we will mainly perform our calculations on pure existential completions by just
referring to their intrinsic characterizations, here we do not recall the original construction
from [33]. We just remind from [33] that the pure existential completion P3: C°° — InfS|
of a given primary doctrine P: C°? — InfS| provides a 2-adjunction

(-)?
/\\
PD i ED

~_ ~

from the 2-category PD of primary doctrines into the 2-category ED of pure existential
doctrines [33] and this justifies its name. Moreover, the pure existential completion pre-
serves the elementary structure as shown in [33] and this is necessarily so as shown in [26,
Thm. 6.1].

Now, we start by giving the main definitions necessary for the intrinsic characterization
of the pure existential completion.

For the rest of this section, let P: C°® — InfSl be a fixed pure existential doctrine,
and let P': C°® — InfSI be a fixed subdoctrine of P.

3.1. DEFINITION. An element « of the fibre P(A) is said to be a pure existential
splitting if for every projection mwa: A X B — A and for every element 3 of the fibre
P(A x B), whenever a = 3,,(8) holds then there exists an arrow h: A — B such that
a = Pua, ny(8). Moreover, o is said to be pure existential free if for every morphism
f:B— A, Py(o) is a pure existential splitting.

In the following proposition we recall from [26, Prop. 4.4] a useful equivalent char-
acterization of pure existential splitting elements that is a strengthening of the usual
Existence Property:

3.2. PROPOSITION. Let o be an element of the fibre P(A). Then « is pure existential
splitting if and only if for every projection ma: Ax B — A and for every element B of the
fibre P(A x B), whenever o < 3 ,(B) holds then there exists an arrow h: A — B such
th(lt v S P(idA,h) (6)

3.3. DEFINITION. P satisfies the Rule of Choice, for short (RC), if whenever T 4 <
3, (B) there exists an arrow h: A — B such that T a4 < Pua,n(5).

3.4. REMARK. Observe that P satisfies (RC) if and only if for every object A of C, the
element T4 € P(A) is a pure existential splitting.
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3.5. DEFINITION. We say that an element « of the fibre P(A) is covered by an element
p e P(AxB)ifa=3,,0P).

3.6. DEFINITION. We say that P has enough pure existential free elements if for
every object A of C, any element o € P(A) is covered by some pure ezistential free element

B € P(A x B) for some object B of C.

3.7. REMARK. Observe that if all elements of a subdoctrine P’ of a pure existential
doctrine P are pure existential splitting for P then they are also pure existential free
for P, being the doctrine P’ closed under re-indexing. It also holds that, if a doctrine
has enough pure existential free elements then every pure existential splitting is pure
existential free. We refer to [26, Lem. 4.11] for a proof of this fact.

3.8. DEFINITION. We say that P’ is a pure existential cover of P if for any object
A of C, every element o/ of P'(A) is a pure existential splitting for P (and hence pure
existential free) and every element o of P(A) is covered by an element of P'.

We summarize in the following proposition some useful properties, and refer to [26]
for all the details:

3.9. LEMMA. The following two results hold:

e if P is the pure existential completion of a primary doctrine P’ then P’ is a pure
existential cover of P;

e if P' is a pure existential cover of P, then the existential free elements of P coincides
exactly with the elements of P'. Hence, if a pure existential cover exists, it is unique.

The previous notions can be generalized by relativizing each concept to a given sub-
doctrine:

3.10. DEFINITION. An object v of the fibre P'(A) is said to be a pure existential
splitting of P relative to P’ if for every projection mp: A x B — A and for every
element B of the fibre P'(A x B), whenever a = 3, (/) holds in P(A) then there exists an
arrow h: A — B such that o = Ppa, n)(8). Moreover, o is said to be pure existential
free of P relative to P’ if Pr(«) is a pure existential splitting of P relative to P for
every morphism f: B — A.

3.11. DEFINITION. We say that P' is a pure existential relative cover of P if for
any object A, every element o' of P'(A) is a pure existential splitting element of P relative
to P’ and every element o of P(A) is covered by an element of P'.

3.12. LEMMA. If every element of P is covered by an element of P', then every pure
existential splitting of P relative to P' is a pure existential splitting.
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PROOF. Let a be an element of P'(A), and let us suppose that it is a pure existential
splitting of P relative to P’. Now suppose that a < 3., (5), with 8 element of P(A x B).
By assumption, /5 can be written as § = 3., ,(7) with v element of P'(A x B x C') and
Taxp: AX B x C — A x B. Hence, since left adjoints compose, we have that

a < Eler,( EITFAXB(’Y) ) = E|7TA (’7)

with 74: AXx B — Aand m4: A x B x C — A. Since « is a pure existential splitting of
P relative to P’ then there exists an arrow (f,g): A — B x C such that

):
a < PldA,f, (P)/)
Then, since = 3.,, ,(7), and hence, v < P, .(5), we deduce that

@ < Piidn,f.9)( Pras(B) ) = Piaapn(B)-

Therefore, by Proposition 3.2, we can conclude that « is a pure existential splitting. m

Combining this lemma with the definition of pure existential cover, we obtain the
following corollary:

3.13. COROLLARY. P’ is a pure existential cover of P if and only if P’ is a pure existential
relative cover of P.

PROOF. If P’ is a pure existential cover of P, then it is in particular a pure existential
relative cover of P since every pure existential splitting element of P is obviously a pure
existential splitting element of P relative to P’. The converse follows from Lemma 3.12
since every element of P’ which is a pure existential free element of P relative to P’ is
also a pure existential splitting element for P. [

Now we are ready to recall the main result from [26]. Notice that, with respect to the
original result, here we present an extra equivalent condition, based on Corollary 3.13:

3.14. THEOREM. The following are equivalent:
1. P is isomorphic to the pure existential completion (P’)3 of a primary doctrine P';
2. P satisfies the following points:

(a) P satisfies the rule of choice RC;

(b) for every pure existential free element o and  of P(A), then a A\ B is a pure
existential free.

(c) P has enough pure existential free elements;
3. P has a (unique) pure existential cover;

4. P has a (unique) pure existential relative cover.

A relevant application of the previous characterization is given in the context of doc-
trines with Hilbert’s e-operators. We recall from [21] the following definitions:
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3.15. DEFINITION. Let P: C°® — InfSl be an elementary pure existential doctrine. An
object B of C is equipped with Hilbert’s e-operator if, for any object A in C and any o
in P(A x B) there exists an arrow €,: A — B such that 3. ,(a) = Pa, . (a) holds in
P(A).

3.16. DEFINITION. We say that an elementary pure existential doctrine P: C® — InfSI
1s equipped with Hilbert’s e-operators if every object in C is equipped with an e-operator.

Doctrines equipped with Hilbert’s e-operators have been characterized in [26] in terms
of pure existential completions as follows:

3.17. THEOREM. Fvery elementary pure existential doctrine is equipped with Hilbert’s
e-operators if and only if it is (equivalent to) the pure existential completion of itself.

We conclude this section by recalling the following example from [26]:

3.18. EXAMPLE. Let Ty be the fragment £_ 5 of first-order Intuitionistic Logic, defined
in Example 2.5, with no extra-logical axioms on an arbitrary signature and let Hy be the
Horn theory given the Horn fragment L£_ of first-order Intuitionistic Logic, defined in
Example 2.3, with no extra-logical axioms on the same signature. Then, the elementary
pure existential doctrine LTE:H: VP — InfSl is the pure existential completion of the

syntactic elementary doctrine LTH?: VP — |nfSI, namely (LTZO)3 = LTE?E.

4. Regular and Exact completions of elementary pure existential doctrines

In this section we first recall well-known characterizations of the reg/lex and ex/lex-
completions in [1, 2, 3] and then we pass to remind notions and results related to the
regular and exact completions of elementary, pure existential doctrines in [23, 22, 24, 21].

Remember from [1, Lem. 5.1] the following characterization of the reg/lex completion
(we refer also [12, Sec. A.1.3] for a detailed analysis of this completion):

4.1. THEOREM. [1| Any regular category A is the reqular completion of the full subcategory
P4 of its reqular projectives if and only if P4 is closed under finite limits in A and A has
enough reqular projectives, and in addition every object of A can be embedded in a reqular
projective.

Then, recall the following decomposition of ex/lex-completion shown by A. Carboni
and E. Vitale [3]:

4.2. THEOREM. [3] For any category C with finite limits, the ex/lex-completion of C is
equivalent to the ex/reg-completion of the reg/lex-completion of C, namely

(C)ex/lex = ((C)reg/lex)ex/reg
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4.3. REGULAR AND EXACT COMPLETIONS OF DOCTRINES. We recall from [21] the reg-
ular completion of an elementary and pure existential doctrine. We provide a direct
explicit description of this construction, while we refer to [21] for its equivalent presen-
tation in terms of the category of entire and functional relations of the completion with
comprehensions and comprehensive diagonals of an elementary existential doctrine.

4.4. DEFINITION. Let P be an elementary pure existential doctrine. The regular com-
pletion Reg(P) of P is the category defined as follows:

e an object is a pair (A, o) where A is an object of C and o € P(A);

e an arrow from (A,«) to (B, () is given by an element ¢ of P(A x B) such that:

1. ¢ < Pr(a) A Pry(5); (well-defined)
2. a <3 (0); (entire)
3. Plry ) (9) A Py 3) (0) < Pirey ) (0B). (functional)

4.5. REMARK. Observe that, if ¢) and ¢ are morphisms of Reg(P) from (A4, a) to (B, )
and ¢ < ¢ then ¢ = p. We refer to [29] for this remark.

The universal properties of the regular completion of a doctrine are studied in [21,
Thm. 3.3]. We recall here the main result:

4.6. THEOREM. Let P: C® — InfSI be an elementary and pure existential doctrine.
Then the category Reg(P) is regular, and the assignment P +— Reg(P) extends to a 2-
functor

Reg(—): EED — RegCat

which is a left biadjoint to the inclusion of the 2-category RegCat of reqular categories in
the 2-category EED of elementary and pure existential doctrines given by the assignment

C— Subc.

4.7. REMARK. Recall from [21] that given an elementary and pure existential doctrine
P:C%® — InfSl and an arrow f: A — B of C, we have that the graph Pjyia,(dp) of
f is an entire and functional relation from A to B and this defines the graph functor
G: C — Reg(P) which preserves finite products.

4.8. REMARK. Let P: C°® — InfSI be an elementary and pure existential doctrine.
Notice that the categories Prdp, Gp and Reg(P) have the same objects, but increasingly
general morphisms.

Observe that the graph functor G: C — Reg(P) defined in Remark 4.7 extends to a
functor from Prdp (and also from Gp) to Reg(P) and, more generally, to a functor from
Prdp: (and also from Gpr) to Reg(P) for a given subdoctrine P’
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4.9. DEFINITION. Given an elementary pure existential doctrine P and an elementary
subdoctrine P we can define an embedding, called graph functor

G|, - Prdp — Reg(P)

by mapping (A, ) of Prdp into (A,«) of Reg(P) and an arrow [f]: (4,a) — (B, ) of
Prdp: into the arrow G|, ([f]) = Pfxiaz(08) A (Pr () A Pr(B) ) from (A, a) to (B, )
of Reg(P).

4.10. REMARK. The graph functor of an elementary pure existential doctrine P with an
elementary subdoctrine P’ can be also defined as G|, ([f]) = 3ja,, () because P has
left adjoints along arbitrary arrows, see Remark 2.6.

We refer to [21] for the following result:

4.11. PROPOSITION. The previous assignments provide a well-defined functor G|, : Prdp —

Reg(P), and it preserves finite limits. Moreover, it is faithful, and it induces a regular
functor G‘r}ef :

fZJTC{P’ ) reg/lex

Prdp —> Reg(P)

PROOF. The first part follows by [21, Thm. 3.2] (and from the fact that Prdp: is lex,
see Remark 2.11), while the existence of the regular functor Glrff follows by the universal

property of the reg/lex-completion in [1]. ]

4.12. EXAMPLE. The regular completion Reg(Subc) of the doctrine Sub¢: C? — InfSI
of subobjects of a regular category is equivalent to C [21, Cor. 5.4].

4.13. EXAMPLE. The regular completion Reg(Vp) of the doctrine Wp: D? — InfSI of
weak subobjects presented in Example 2.8 coincides with the regular completion (D) eg/iex
of the lex category D, in the sense of [3]. We refer to [21] for more details.

4.14. EXAMPLE. The regular completion Reg(LTT ;) performed on the syntactic doc-

trine LTZ 5: V°P — InfS| defined in Example 2.5 pr0V1des exactly the syntactic category
denoted C{Teg associated with the theory T in [13, Sec. D1.4].

Combining the regular completion of an elementary pure existential doctrine with the
exact completion (—)ex/reg Of a regular category [1, 3], one can define the so-called ezact
completion of an elementary and pure existential doctrine as pointed out in [24, Sec. 3]:
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4.15. DEFINITION. Let P be an elementary pure existential doctrine. We call the category
Ex(P) := (Reg(P))ex/reg the exact completion of P.

The universal properties of the exact completion of an elementary and pure existential
doctrine can be deduced by combining the universal properties of the regular completion
of a doctrine (see Theorem 4.6) with the universal properties of the ex/reg-completion,
see [24, Cor. 3.4]. We recall here the main result:

4.16. THEOREM. Let P: C°® — InfSI| be an elementary and pure existential doctrine.
The category Ex(P) is exact, and the assignment P — Ex(P) extends to a 2-functor

Ex(—): EED — ExCat

which is a left biadjoint to the inclusion of the 2-category ExCat of exact categories in
the 2-category EED of elementary and pure existential doctrines given by the assignment

C— Subc.

4.17. ExXAMPLE. The exact completion Ex(Wp) of the weak subobjects doctrine Wp: DP —
InfSI presented in Example 2.8 coincides with the exact completion (D)ey/iex Of the lex cat-
egory D, in the sense of [3]. We refer to [24, Ex. 4.4] for more details.

4.18. EXAMPLE. The exact completion Ex(LTEyH) = (Reg(Lng))ex/reg of the syntactic

doctrine LTL 5: VP — InfS| coincides with the effectivization & := Eff(C7#) of the
syntactic category Cr® in [13, pp. 849-850].

4.19. EXAMPLE. The exact completion of the subobject doctrine Sube: C® — InfS| of
a regular category C coincides with the well known construction of the exact completion
of a regular category (C)ex/reg as observed in [24].

4.20. REMARK. We recall from [21, Ex. 5.6] that the subobject doctrine Sub¢: C? —
InfSI on a regular category satisfies the rule of choice (RC) if and only if every regular
epi of C splits. Therefore, when C is a regular category whose regular epimorphisms split,
we have that Sube happens to be equivalent to the weak-subobject doctrine by [21, Thm.
5.9], and, by combining this fact with previous examples, we obtain an abstract proof
that (C)reg/iex = C (by Examples 4.12 and 4.13) and (C)ex/reg = (C)ex/tex (by Examples 4.19
and 4.17). In [12, Rem. 1.3.10(c)], when C is a regular category whose regular epimor-
phisms split, there is a direct proof of the fact that (C)reg/iex = C, and from this we can
alternatively deduce that (C)ex/reg = (C)ex/iex directly by Theorem 4.2.

5. Characterization of regular and exact completions of pure existential
completions
In this section we present our main results characterizing the regular and exact comple-

tions of pure existential completions of elementary doctrines (Theorem 5.8 and Corol-
lary 5.9).
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In particular, we first show that an elementary and pure existential doctrine P is the
pure existential completion of an elementary doctrine P’ if and only if the canonical em-
bedding of Prdp: into Reg(P) gives rise to an equivalence Reg(P) = (Prdp:)ieg/iex- To this
aim, we show that, inside the regular completion Reg(P) of the pure existential comple-
tion P of an elementary subdoctrine P’, the comprehension (A, «) of a pure existential
free element o of P(A) is a regular projective. To this purpose, we recall a standard, but
useful lemma holding in every regular category. We refer to [39, Sec. 4.3].

5.1. LEMMA. In a reqular category C, an arrow f: A — B is a reqular epi if and only if
the subobject doctrine Sube: C? — InfSI satisfies Tp < 3;,Subsyias (05).

This lemma, combined with the definition of arrows in Reg(P), allows us to provide
a simple description of the regular epimorphisms of the regular completion Reg(P) of an
elementary pure existential doctrine P: C°® — InfSl. We refer to [29, Sec. 2.5] and [39]
for more details.

5.2. LEMMA. A morphism ¢: (A,a) — (B, 5) of Reg(P) is a reqular epimorphism if and
only if B = 3.,(¢) in P(B).
Now, we are going to show that pure existential splitting elements of a pure existential

doctrine P single out regular projective objects in the regular completion Reg(P).
To this purpose, we first prove the following useful lemma:

5.3. LEMMA. If ¢: (A,a) — (B, ) is an arrow of Reg(P) and « is a pure existential
splitting element of P, then there exists an arrow f: A — B such that o = Ppa, (),
with a < P¢(f3). Moreover, for every arrow g: A — B with such a property, we have that
a < Pg(0B)-

PROOF. Let ¢: (A,a) — (B, ) be an arrow of in Reg(P). By definition of arrows in
Reg(P), we have that o« = 3, (¢), and then, by the universal property of pure existential
splittings, we can conclude that there exists an arrow f: A — B such that a = Pq, 5 (¢).
Moreover, since ¢ < P, (), we can conclude that o < Py(f).

Now let us consider another arrow g: A — B such that o = Pjq, 4 (¢). By definition,
we have that ¢ is functional in P, namely

P(W1,7T2>(¢) A P(W1,7T3>(¢) < P(W2,7T3>(§B)'
Then we can apply Pq,,f,4) to both sides of this inequality, obtaining
Pliaa.r) (@) N Piayg)(9) < Py (9p)

that is
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5.4. REMARK. Notice that, by Lemma 5.3, we have that every arrow ¢: (A, ) — (B, )
of Reg(P) with « pure existential splitting induces a unique arrow in Prdp.

Furthermore, pure existential splitting elements single out regular projectives as fol-
lows:

5.5. PROPOSITION. Let P: C® — InfSI be an elementary and pure existential doctrine.
Then every object (A, «) where a is pure existential splitting is a reqular projective in

Reg(P).

PROOF. Let us consider the following diagram

(A, a) ———— (B,9)

with 1 regular epi in Reg(P). By Lemma 5.2 we know that 8 = 3., (¢), with my: Cx B —
B. Hence, we are going to use the fact that « is pure existential splitting to show that
there exists a morphism £ of Reg(P) such that the diagram (1) commutes.

From 8 = 3,,(¢) and a < 3,,(¢) < 3r, (0 A Pr,(B)) (since ¢ is entire and well-defined)
we can deduce (combining these with BCC and FR) that

a < E]wl (P<7r1,7r3> (¢) A P<7r2,7r3> W))

where here projections have domain A x C' x B.
Therefore, since « is existential splitting, there exists a morphism (id4, hy, ho): A —
A x C' x B such that

@ < Py ho) (@) A Py poy (¥0). (2)

Then, we can define
§ = G([M]) = Phixiac(0c) A (Pry(a) A Pr, (7))

after noting that [h4]: (4,a) — (C,7) is an arrow of Prdp since a < Py, pyy (¥) < P, (7)
being ¢ an arrow of Reg(P).

Now we show that ¢ o & = ¢ (where 1) o £ denotes the composition of morphisms in
Reg(P)). The fact that predicates are descent objects for the equality allows us to deduce
that

Yol = E|<7r1,7r3)<P<W1,W2)<G([h1])) A P(W2,7T3><7vb>> < Pr, (Oé) N Py xidp (W
and by functionality of 1, together with oo < Py, 4,y (1) by (2), we can deduce

P (@) A Pyysiag (V) < Pryxiag (0B).
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Therefore, since o < Pjiq, 1,y (@) by (2), and hence Py () < Prry hory)(¢), we get that

Yol <o

Hence, by Remark 4.5, we can conclude that ¢ =1 o¢, i.e. the diagram (1) commutes in
Reg(P). This concludes the proof that (A, «) is a regular projective.
]

Recall that in the context of regular categories, we say that an object A is covered by
a regular projective B if there exists a regular epi e: B — A.

5.6. LEMMA. Let P: C°® — InfSl be an elementary and pure existential doctrine with
enough pure existential free elements. Then every object (B, 3) of Reg(P) is covered by a
reqular projective object (A x B, «), with « pure existential splitting.

PROOF. By definition of doctrine with enough pure existential free elements, for any
element § of P(B) there exists a pure existential free element o of P(A x B) such that
B =3, (a) (hence, [m]: (A x B,a) — (B, 3) is a well-defined arrow of Prdp). Thus, for
every object (B, 3) of Reg(P), we can define in Reg(P) the arrow

G([ms]): (A x B,a) — (B, )

where G: Prdp — Reg(P) is the graph functor defined in Definition 4.9 (with respect to
P itself), and it is a regular epi of Reg(P) since by Remark 4.10 G([72]) = Jid . 5,70 (@),
which implies ElTrs(G([ﬂ—Q])) = E|7T3<<E|<idAxB,7r2>(a)) = EI71'2(04> = 0.

Finally, since every pure existential free element is in particular a pure existential

splitting element, by Proposition 5.5 we conclude that (A x B, «) is a regular projective
object of Reg(P) and it covers (B, 3). =

5.7. LEMMA. Let P: C°® — InfSl be an elementary and pure existential doctrine. If P
satisfies the rule of choice then every object of Reg(P) is a subobject of a reqular projective.

PROOF. If P satisfies the rule of choice, then we have that every top element T 4 is a pure
existential splitting element (see Remark 3.4), and hence (A, T 4) is a regular projective
of Reg(P) by Proposition 5.5. Therefore, every object (A, ) is a subobject of (A, T) in
Reg(P) via G([id4]) with [ida]: (A, o) = (A, Ta), ie. Tjiayida ().

By employing the previous results we can prove our main theorem:

5.8. THEOREM. Let P: C°® — InfSl be an elementary and pure existential doctrine.
Then P is the pure existential completion of an elementary subdoctrine P if and only if
the functor G[jf: (Prdp:)regjiex — Reg(P) provides an equivalence Reg(P) = (Prdp:)reg ex-



QUOTIENTS, PURE EXISTENTIAL COMPLETIONS AND ARITHMETIC UNIVERSES 75

PROOF. (=) Suppose that P is the pure existential completion of an elementary subdoc-
trine P’. To prove that G‘rig/: (Prdp:)reg/iex — Reg(P) provides an equivalence Reg(P) =

(Trcfp/)reg Jlex, We will employ the characterization of the regular completion of a lex cate-
gory as presented in [1, Lem. 5.1] and recalled in Theorem 4.1.

In particular, we are going to show that the image via G|, of Prdp: into Reg(P) is a
full subcategory of regular projectives, and that every object of Reg(P) is covered (via a
regular epi) by an object lying in the image of G|, and that every object of Reg(P) is a
subobject of an object lying in the image of G|, .

Now, by Theorem 3.14 and Lemma 3.9, we have that the pure existential free elements
of P are precisely the elements of P’ and of course, we have that every pure existential
free is pure existential splitting.

Therefore, by Proposition 5.5, we have that every object (A, «) with « element of
P'(A) is a regular projective and, by Lemma 5.6, we can conclude that every object
(B, B) of Reg(P) is covered by a regular projective object of the form (A x B, a) with «
pure existential free. Then, combining Lemma 5.7 with the fact that every pure existential
completion satisfies the rule of choice, we can conclude that every object (A, a) of Reg(P)
is a subobject of a regular projective (A, T 4) (which is in the image of G|, ). Finally, the
image of Prdp: via G|, into Reg(P) is a lex full subcategory of Reg(P) by Proposition
4.11 and Remark 5.4. By the characterization of the regular completion in Theorem 4.1,
we conclude that G‘rlef: (Prdp:)reg/iex — Reg(P) is an equivalence of categories.

(<) Let P': C°® — InfS| be an elementary subdoctrine of P, and let us suppose the
functor Glrjj;: (Prdp:)regjiex — Reg(P) provides an equivalence Reg(P) = (Prdp: ) eg/iex-

It is immediate to observe that the fibre Subgreg(p)(A, T 4) of the subobject doctrine of
Reg(P) is equivalent to P(A) and that the fibre SubReg(q,MP/ y((A, T4),id4) of the subobject

doctrine of Reg(V gy, ) is equivalent to Vg, (A, T4). Hence, we conclude that P(A) is
equivalent to g, (A, T 4) by the equivalence Reg(P) = (Prdp:)reg/iex induced by G[}ef
(and by Example 4.13).

Therefore, since from Example 2.8 we know that every weak subobject doctrine is
a full existential completion (and that every element of the fibre can be written as an
existential quantifier of a top element), any v in P(B) can be written as 7 = J¢(a) =
3rp (Prxiag (08) A Pr,(a)) for some o in P'(A x B) and some arrow f: A — B.

Since P’ is elementary, then Pryia,(dp) A Pr,(a) is an object of P’ and hence we
conclude that every y can be written as v = 3,,(0) for some object o of P'(A x B).

Now we show that every element a of P/(A) is a pure existential splitting element of
P relative to P’ (see Definition 3.10).

Suppose that a = 3., (f) in P(A) with « element of P'(A) and /3 element of P'(Ax B).
Then, observe that G|, ([ra]): (A x B,3) — (A, a) is a well defined arrow in Prdp, and
that the arrow G|, ([74]): (A x B, B) — (A, a) is a surjective epimorphisms and hence a
regular epimorphism in Reg(P) (as in the proof of Lemma 5.6).

Since (A, a) is a regular projective, being in the image of Glrff , there exists an arrow
¢ such that the diagram
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(A x B,p)
. Gy, (fral) (3)
(A, @) oG (A, 37, (8))

commutes in Reg(P).
Then, by fullness of Gﬁf since [ is an element of P’, there exists a unique arrow

[(f1, f2)] - (A,a) = (A x B, B) of Prdp: such that ¢ = G|, ([(f1, f2)]) and also

a < P<f17f2>(6)

Hence we have that
‘ (A x B,p)
>
G, ([(fu.f2)) -~
I &, (m)) (4)

(4, a) GG (A, 3r,(8))

commutes in Reg(P) and by faithfulness of G|, we conclude

a < P<f17idA>(6A>‘

Combining this with o < Py, 1,y(8) by the properties of equality we conclude

a < P<idA7f2>(B)‘

This ends the proof that any « of P’ is a pure existential splitting element of P relative
to P’. Furthermore, since any object of P is (existentially) covered by an element of P’,
we get that P’ is a pure existential relative cover for P and by Theorem 3.14 we finally
conclude that P is the pure existential completion of P’

u

Note that, by the universal property of the ex/lex-completion, the graph functor
G8: (Prdp:)reg/iex — Reg(P) extends to a functor Gy (Prdp:)ex/iex — Ex(P):

s

EPr‘{P’ — (TTL[P’)reg/Iex — (?TL{P’)eX/IeX

Greg
| pr

Reg(P) —  Ex(P).

Thus, we can extend our previous characterization to the exact completion of elementary
and pure existential doctrines as follows:
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5.9. COROLLARY. Let P: C°®® — InfSl be an elementary and pure existential doctrine.
Then, P is the pure existential completion of an elementary sudoctrine P if and only if
the functor G, - (Prdp:)exjiex — Ex(P) provides an equivalence Ex(P) = (Prdp:)ex/iex-

PROOF. First observe that G, is an equivalence if and only if Glrjj is an equivalence.
This because, by definition, the restriction of GT;/ t0 (Prdp:)reg iex is precisely G[ff. Then,

the result follows by combining this fact with the definition of Ex(P) (see Definition 4.15),
the decomposition of the ex/lex-completion (see Theorem 4.2) and Theorem 5.8. n

The characterization of the regular and exact completions of doctrines equipped with
Hilbert’s e-operators presented in[21, Thm. 6.2 (ii)] can be seen now as a particular case
of Theorem 5.8 and Corollary 5.9. In fact, combining Theorem 3.17 with these results we
obtain the following corollary:

5.10. COROLLARY. Let P: C°® — InfSI be an elementary and pure existential doctrine.
Then the following are equivalent:

o P is equipped with Hilbert’s e-operators;
o the functor G8: (Prdp)ieg/iex — Reg(P) provides an equivalence Reg(P) = (Prdp)reg/iex;
o the functor G: (Prdp)exiex — EX(P) provides an equivalence Ex(P) = (Prdp)ex/iex-

PRrOOF. It follows from Theorem 5.8 and Corollary 5.9, since P is isomorphic to the pure
existential completion of itself P by Theorem 3.17.
]

Another corollary of our main results regards the presentation of the syntactic category
Cre and of its effectivization &r, associated to a theory Ty of the fragment with true con-
stant, binary conjunctions, equality and existential quantifiers of first-order Intuitionistic
Logic with no extra-logical axioms, as defined in [13] (see Examples 4.14 and 4.18).

5.11. COROLLARY. Let Ty be a regular theory in the sense of [13, Sec. D1.3], i.e. a
theory of the fragment L_ 35 of first-order Intuitionistic Logic and no extra-logical axioms
on a generic signature. Let Hy be the Horn theory given by the corresponding fragment
L_ with no extra-logical axioms on the same signature. The syntactic category Cq}zg of Ty
is equivalent to the reg/lex-completion (fPrchTio),egﬂex of the category of predicates of the

syntactic doctrine LTH of Hy. Hence, also its effectivization Er, is the ex/lex-completion
(Prd, o )extex Of the category of predicates of LT o,

PRrROOF. This follows from Theorem 5.8 and Corollary 5.9 after recalling from Exam-
ples 4.14 and 4.18 that Ci¥ = Reg(LT2";) and that £y, = Ex(LTZ’3) and that LTI is the
pure existential completion of LT as observed in Example 3.18. m
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5.12. REMARK. Despite the name regular theory for a theory of the fragment (T, A, =, 3)-
fragment of first-order Intuitionistic Logic in [13, Sec. D1.3], the syntactic doctrine of
such a theory presented in Example 2.5 does not coincide with the subobject doctrine of
a regular category. Indeed, the fragment (T, A, =, 3)-fragment of first-order Intuitionistic
Logic does not provide the internal language of regular categories, which can be instead
described by adopting a dependent type theory as that in [18] (a similar internal language
is introduced there also for lex categories). The regular category Cr® presented in [13, pp.
849-850] associated to such a dubbed regular theory (see also Example 4.14 ) is instead
the regular completion Reg(LTE,H) of the syntactic doctrine LTTZFS: VP — InfSl.

Finally, a last relevant example of doctrines arising as pure existential completions is
that of the so-called Gédel hyperdoctrines presented in [35], arising in context of Dialec-
tica interpretation. The original observation, for the more general case of fibrations, that
a Dialectica fibration can be obtained combining the simple product and simple coprod-
uct completions (i.e. the pure universal and pure existential completions in the case of
doctrines) is due to P. Hofstra [9].

By Corollary 5.9, we have that also every exact completion of a Godel hyperdoctrine
is an instance of the ex/lex-completion a category of predicates:

5.13. COROLLARY. Let P: C°® — InfSl be a Gddel hyperdoctrine (as defined in [35]).
Then we have the equivalences

° Reg(P) = (?rJP’)reg/IEX).
° EX(P) = (?n{P’)ex/lex;

where P’ is the elementary subdoctrine of P given by the pure existential free elements of
P.

6. A new description of Joyal’s arithmetic universes

Now, we apply our main results to the categorical setting of Joyal’s arithmetic universes
reported in [19, 38]. In [19] a more general abstract notion of arithmetic universes in
terms of list-arithmetic pretoposes is introduced. Here, we provide a new description only
for arithmetic universes in the sense of Joyal. In the following, we refer to [19] for the
definition of predicates on a Skolem theory and of Joyal’s arithmetic universes.

6.1. DEFINITION. Let S be a Skolem theory. The elementary doctrine of S-predicates is
the functor Rg: S°° — InfSl sending an object Nat™ into the poset Rs(Nat™) of predicates
over Nat", namely the arrows P : Nat" — Nat of the Skolem theory such that P- P = P
where - is the multiplication of predicates (defined point-wise with the multiplication of
natural numbers), and where P < @ is the point-wise order induced by natural numbers.

The fibered equality o7, is defined via the equality of the Skolem theory, see [19, Def.4.1].
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6.2. REMARK. The category denoted by Prds in [19] built by Joyal is a key inspiring
example of the category of predicates of an elementary doctrine introduced in [21]. It
was described in terms of free completions already in [24, Ex. 4.5]. Using the language
of doctrines, Joyal’s category Prds in [19] is exactly the category of predicates Prdgg
associated with the elementary doctrine Rg: S°® — InfSl.

6.3. REMARK. Let us call 83 the embedding of the initial Skolem theory described in
[19] within Set. Hence, in this category every object is isomorphic to a finite product of
Nat and the arrows of S are precisely the primitive recursive functions. In this case,
the fibres of the elementary doctrine Rgse: (S5%)°P — InfS| of SPt-predicates can be
equivalently be presented as follows: "

Rsse(Nat") =~ {f: Nat" — Nat | f € S;*(Nat", Nat) and ¥m € Nat", f(m) =0 or 1}

In the following proposition we summarize some useful properties of the category
Prdgr, associated with the doctrine Rg: S°° — InfSI. We refer to [19, Prop. 4.7] for more
details.

6.4. PROPOSITION. Given a Skolem theory S and its elementary doctrine Rg: S —
InfSI of S-predicates, the category Prdr, is reqular and every reqular epi splits.

Now recall the construction of Joyal’s arithmetic universes from [19, Def. 4.8]:

6.5. DEFINITION. Given a Skolem theory S, an arithmetic universe in the sense of
Joyal is the category (Prarg )ex/reg-

Then, combining Corollary 5.9 with Proposition 6.4 we obtain the following result:

6.6. COROLLARY. Every arithmetic universe (fPrc[RS)ex/reg in the sense of Joyal on a
Skolem theory S is equivalent to the exact completion Ex(R3) of the pure existential com-
pletion RZ of the elementary doctrine Rs: S°® —s InfSl of S-predicates.

PROOF. In the category Prdg, we have that regular epimorphisms split by Proposition 6.4
and hence from Remark 4.20 we derive that (Prdrg)ex/reg = (Prdrg)ex/iex. Finally, by
applying Corollary 5.9 we conclude that the arithmetic universe (Prdrg )ex/reg is equivalent
to the exact completion of the pure existential completion RZ of the elementary doctrine
RSZ

(Prfy)oxjes = EX(RY).

6.7. COROLLARY. The initial arithmetic universe (T”[Rsset)ex/reg on the initial Skolem

p S
S5

of the fibre Rgsﬂ(Nat) are exactly the recursive enumerable subsets of Nat in Set.

theory embedded in Set is equivalent to the exact completion Ex(RZs..) where the elements
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Proor. By Corollary 6.6 we have that

_ 3
(?rchS$et)eX/,eg = EX(Rsfgt)'
Then, observe that the fibres of the pure existential completion RZs.: (Spet)® — InfSl
of the elementary doctrine Rgse:: (S5)°P — InfS| are exactly the recursively enumerable

E|
S_Set
%

existential quantifier of a primitive recursive predicate, and it is well-known that every
recursively enumerable predicate can be proved to be presented as an existential quantifier
of a primitive recursively enumerable predicate, for example, from [31, Thm. II.1.8, Thm.
1.3.3, Ex 1.2.8]. n

predicate because, by Theorem 3.14, every element of RZs.(Nat) can be written as an

7. Conclusion

We have provided a new description of Joyal’s arithmetic universes [19] as an application
of a characterization of regular and exact completions of pure existential completions of
elementary doctrines. This characterization extends a previous one proved in [21] for
doctrines equipped with Hilbert’s e-operators.

In particular, we have proved that for elementary doctrines arising as pure existential
completions, their regular and exact completions happen to be equivalent to the reg/ex
and ex/lex-completions, respectively, of the category of predicates associated with the
subdoctrine of their pure existential free elements. To reach this goal, we took advantage of
the intrinsic characterization of doctrines arising as pure existential completions presented
in [26], slightly extended with another equivalent presentation here.

Using these results we have deduced that an arithmetic universe in the sense of Joyal
can be seen as the exact completion of the pure existential completion of the doctrine
of predicates of its Skolem theory. In particular, the initial arithmetic universe in the
standard category of ZFC-sets turns out to be the completion with exact quotients of the
doctrine of recursively enumerable predicates.

Other examples of application of our characterization include the so called syntactic
category in [13] associated to the so called regular fragment of first-order logic in [13] (and
its effectivization) and the regular and exact completion of a Godel hyperdoctrine [35, 34].

As future work, we aim to extend our results to regular and exact completions of other
classes of doctrines obtained as generalized existential completions, including the case of
the full existential completion of primary doctrines in the sense of [26], as initiated in [25],
with applications to sheaf theory.

Acknowledgements

We acknowledge fruitful conversations with Samuele Maschio, Manlio Valenti, Fabio
Pasquali and Pino Rosolini on topics presented in this paper. Finally, we thank the



QUOTIENTS, PURE EXISTENTIAL COMPLETIONS AND ARITHMETIC UNIVERSES 81

anonymous referees for their valuable comments. The first author acknowledges to be a
member of INdaM-Gnsaga.

References

1]

2]

[12]

[13]

[14]

A. Carboni. Some free constructions in realizability and proof theory. J. Pure Appl.
Algebra, 103:117-148, 1995.

A. Carboni and R. Celia Magno. The free exact category on a left exact one. J.
Aust. Math. Soc., 33:295-301, 1982.

A. Carboni and E. Vitale. Regular and exact completions. J. Pure Appl. Algebra,
125:79-117, 1998.

J. Emmenegger, F. Pasquali, and G. Rosolini. Elementary doctrines as coalgebras.
J. Pure Appl. Algebra, 224(12):106445, 2020.

J. Frey. A fibrational study of realizability toposes. PhD thesis, Université Paris
Diderot — Paris 7 Laboratoire PPS, 2014.

J. Frey. Categories of partial equivalence relations as localizations. J. Pure Appl.
Algebra, 227(8):107115, 2023.

P. Hofstra. Completions in Realizability. PhD thesis, University of Utrecht, 2003.

P. Hofstra. All realizability is relative. Math. Proc. Cambridge Philos. Soc., 141, 09
2006.

P. Hofstra. The dialectica monad and its cousins. Models, logics, and higher-
dimensional categories: A tribute to the work of Mihdly Makkai, 53:107-139, 2011.

J. Hughes and B. Jacobs. Factorization systems and fibrations: toward a fibered
Birkhoff variety theorem. FElectron. Notes Theor. Comp. Sci., 69:156-182, 2003.

J.M.E. Hyland, P.T. Johnstone, and A.M. Pitts. Tripos theory. Math. Proc. Camb.
Phil. Soc., 88:205-232, 1980.

P.T. Johnstone. Sketches of an elephant: a topos theory compendium, Vol. 1. Oxford
Logic Guides. Oxford Univ. Press, 2002.

P.T. Johnstone. Sketches of an elephant: a topos theory compendium, Vol. 2. Oxford
Logic Guides. Oxford Univ. Press, 2002.

A. Joyal. The Godel incompleteness theorem, a categorical approach. In Andrée
Ehresmann, editor, Cahiers de topologie et geometrie differentielle categoriques, vol-
ume 16 of Short abstract of talk given at the International conference Charles Ehres-
mann: 100 ans, Amiens, 7-9 October, 2005.



82
[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

MARIA EMILIA MAIETTI AND DAVIDE TROTTA
F.W. Lawvere. Adjointness in foundations. Dialectica, 23:281-296, 1969.

F.W. Lawvere. Diagonal arguments and cartesian closed categories. In Category
Theory, Homology Theory and their Applications, volume 2, page 134—-145. Springer,
1969.

F.W. Lawvere. Equality in hyperdoctrines and comprehension schema as an adjoint
functor. In A. Heller, editor, New York Symposium on Application of Categorical
Algebra, volume 2, page 1-14. American Mathematical Society, 1970.

M.E. Maietti. Modular correspondence between dependent type theories and cate-
gories including pretopoi and topoi. Math. Struct. Comput. Sci., 15(6):1089-1149,
2005.

M.E. Maietti. Joyal’s arithmetic universe as list-arithmetic pretopos. Theory Appl.
Categ., 24, 01 2010.

M.E. Maietti and S. Maschio. A predicative variant of Hyland’s effective topos. J.
Symb. Log., 86(2):433-447, 2021.

M.E. Maietti, F. Pasquali, and G. Rosolini. Triposes, exact completions, and Hilbert’s
e-operator. Thil. Math. J., 10(3):141-166, 2017.

M.E. Maietti and G. Rosolini. Elementary quotient completion. Theory App. Categ.,
27(17):445-463, 2013.

M.E. Maietti and G. Rosolini. Quotient completion for the foundation of constructive
mathematics. Log. Univers., 7(3):371-402, 2013.

M.E. Maietti and G. Rosolini. Unifying exact completions. Appl. Categ. Structures,
23:43-52, 2013.

M.E. Maietti and D. Trotta. Generalized existential completions and their regular
and exact completions. arXiw, https: //arziv. org/abs/2111. 03850, 2021.

M.E. Maietti and D. Trotta. A characterization of generalized existential completions.
Ann. Pure Appl. Logic, 174(4):103234, 2023.

M. Menni. FEzact Completions and Toposes. PhD thesis, University of Edinburgh,
2000.

M. Menni. More exact completions that are toposes. Ann. Pure Appl. Logic,
116(1):187-203, 2002.

A.M. Pitts. The Theory of Triposes. PhD thesis, University of Cambridge, 1981.

A.M. Pitts. Tripos theory in retrospect. Math. Struct. in Comp. Science, 12:265-279,
2002.


https://arxiv.org/abs/2111.03850

[31]

[32]

[33]
[34]

[35]

[36]

[38]

[39]

QUOTIENTS, PURE EXISTENTIAL COMPLETIONS AND ARITHMETIC UNIVERSES 83

R.I. Soare. Recursively enumerable sets and degrees. Bull. New Ser. Am. Math. Soc.,
84(6):1149 — 1181, 1978.

S. Stephen. A note on the exact completion of a regular category, and its infinitary
generalizations. Theory Appl. Categ., 5:70-80, 1999.

D. Trotta. The existential completion. Theory Appl. Categ., 35:1576-1607, 2020.

D. Trotta, M. Spadetto, and V. de Paiva. Dialectica logical principles: not only rules.
J. Logic Comput., 32(8):1855—-1875, 2022.

D. Trotta, M. Spadetto, and V. de Paiva. Dialectica principles via Godel doctrines.
Theoret. Comput. Sci., 947:113692, 2023.

B. van den Berg and I. Moerdijk. Aspects of predicative algebraic set theory I: Exact
completion. Ann. Pure Appl. Log., 156(1):123-159, 2008. Logic Colloquium 2006.

B. van den Berg and I. Moerdijk. Exact completion of path categories and algebraic
set theory: Part I. Exact completion of path categories. J. Pure Appl. Algebra,
222(10):3137-3181, 2018.

J. van Dijk and A.G. Oldenziel. Gédel incompleteness through Arithmetic Universes
after A. Joyal. arXiv, https: //arziv. org/ abs/2004. 10482, 2020.

J. van Qosten. Basic Category Theory. BRICS LS. Computer Science Department,
University of Aarhus, 1995.

Department of Mathematics, University of Padova, Via Trieste, 63, 35131, Padova, Italy
Email: trottadavide92@gmail.com

maietti@math.unipd.it

This article may be accessed at http://www.tac.mta.ca/tac/


https://arxiv.org/abs/2004.10482

THEORY AND APPLICATIONS OF CATEGORIES will disseminate articles that significantly advance
the study of categorical algebra or methods, or that make significant new contributions to mathematical
science using categorical methods. The scope of the journal includes: all areas of pure category theory,
including higher dimensional categories; applications of category theory to algebra, geometry and topology
and other areas of mathematics; applications of category theory to computer science, physics and other
mathematical sciences; contributions to scientific knowledge that make use of categorical methods.
Articles appearing in the journal have been carefully and critically refereed under the responsibility of
members of the Editorial Board. Only papers judged to be both significant and excellent are accepted
for publication.

SUBSCRIPTION INFORMATION Individual subscribers receive abstracts of articles by e-mail as they
are published. To subscribe, send e-mail to tac@mta.ca including a full name and postal address. Full
text of the journal is freely available at http://www.tac.mta.ca/tac/.

INFORMATION FOR AUTHORS I¥TEX2e is required. Articles may be submitted in PDF by email
directly to a Transmitting Editor following the author instructions at
http://www.tac.mta.ca/tac/authinfo.html.

MANAGING EDITOR. Geoff Cruttwell, Mount Allison University: gcruttwell@mta.ca
TEXNICAL EDITOR. Michael Barr, McGill University: michael.barr@mcgill.ca

ASSISTANT TEX EDITOR. Gavin Seal, Ecole Polytechnique Fédérale de Lausanne:
gavin_seal@fastmail.fm

TRANSMITTING EDITORS.

Clemens Berger, Université de Nice-Sophia Antipolis: cberger@math.unice.fr

Julie Bergner, University of Virginia: jeb2md (at) virginia.edu

Richard Blute, Université d’ Ottawa: rblute@uottawa.ca

John Bourke, Masaryk University: bourkej@math.muni.cz

Maria Manuel Clementino, Universidade de Coimbra: mmc@mat.uc.pt

Valeria de Paiva, Topos Institute: valeria.depaiva@gmail.com

Richard Garner, Macquarie University: richard.garner®@mq.edu.au

Ezra Getzler, Northwestern University: getzler (at) northwestern(dot)edu

Rune Haugseng, Norwegian University of Science and Technology: rune.haugseng@ntnu.no
Dirk Hofmann, Universidade de Aveiro: dirk@ua.pt

Joachim Kock, Universitat Autonoma de Barcelona: Joachim.Kock (at) uab.cat

Stephen Lack, Macquarie University: steve.lack@mq.edu.au

Tom Leinster, University of Edinburgh: Tom.Leinster@ed.ac.uk

Sandra Mantovani, Universita degli Studi di Milano: sandra.mantovani@unimi.it

Matias Menni, Conicet and Universidad Nacional de La Plata, Argentina: matias.menni@gmail.com
Giuseppe Metere, Universita degli Studi di Palermo: giuseppe.metere (at) unipa.it
Kate Ponto, University of Kentucky: kate.ponto (at) uky.edu

Robert Rosebrugh, Mount Allison University: rrosebrugh@mta.ca

Jiri Rosicky, Masaryk University: rosicky@math.muni.cz

Giuseppe Rosolini, Universita di Genova: rosolini@unige.it

Michael Shulman, University of San Diego: shulman@sandiego.edu

Alex Simpson, University of Ljubljana: Alex.Simpson@fmf.uni-1j.si

James Stasheff, University of North Carolina: jds@math.upenn.edu

Tim Van der Linden, Université catholique de Louvain: tim.vanderlinden@uclouvain.be
Christina Vasilakopoulou, National Technical University of Athens: cvasilak@math.ntua.gr



	Introduction
	Elementary and existential doctrines
	The pure existential completion
	Regular and Exact completions of elementary pure existential doctrines
	Characterization of regular and exact completions of pure existential completions
	A new description of Joyal's arithmetic universes
	Conclusion

