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Introduction

Pseudo-monads and universal algebra

By the mid 1960s the categorical understanding of universal algebra was established:
Lawvere theories axiomatised the notion of a clone of an equational theory, [34].
Monads, which had arisen in algebraic topology, had been seen to generalise the
notion of Lawvere theory.

Monads typically arise from adjoint pairs of functors; and in such a case, the
Eilenberg-Moore [30] and Kleisli [14] categories of algebras for the monad provide
adjoint pairs which one can regard as approximations to the original adjoint pair.

It is now very well known that the theory of monads and their algebras extends
virtually unchanged from the case of ordinary categories to that of categories en-
riched over a (symmetric monoidal, locally-small, complete and cocomplete) closed
category V, see [3]. The cases of interest to us are those where V is the Cartesian
closed category Cat of small categories.

In this context one can formalize and give a precise definition of what structure
and property should mean.

The notion of algebraic extra structure on a category is somewhat wider than that
of algebra for a 2-monad on Cat.

A monoidal category is an example of a category with extra structure of an
algebraic kind, in that it is an algebra for a certain 2-monad T on Cat, and is thus
given by its (underlying) category A together with an action a: TA —— A on
A in the usual strict sense. This action encodes the extra (that is, the monoidal)
structure given by the tensor product ®, the unit object, and the various structure-
isomorphisms, subject to Mac Lane’s coherence conditions. Of course the category
A may admits many such monoidal structures.

A second example of a category with algebraic extra structure is given by a
category with finite coproducts.

Here the action a: TA —— A (for a different 2-monad T') encodes the co-
product structure.
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However, in contrast to the first example, the structure is uniquely determined
(when it exists) up to appropriate isomorphisms, indeed, to within unique such
isomorphisms; so that to give an A with such a structure is just to give an A with a
certain property, in this case, the property of admitting finite coproducts.

In an example so simple as that of finite coproducts, we know precisely in what
sense the structure is unique to within a unique isomorphism; but it is not so obvious
what such uniqueness should mean in the case of a general 2-monad T on a 2-category
K, even in the case where K is just Cat.

In [27], Kelly and Lack provide a useful definition in this general setting (com-
paring it with possible alternative or stronger forms) and to deduce mathematical
consequences of a 2-monad’s having this uniqueness of structure property, or variants
thereof.

To capture such cases, they place themselves in the general context of a strict
2-monad (T, u,n) on a 2-category K.

Using this notion of T-morphism, they express more precisely what it might
mean to say that an action of T on A is unique to within a unique isomorphism:
it means that, given two actions a,a’: TA —— A, there is a unique invertible

2-cell 8: a=>a’ such that (ida,60): (A,a) —— (A,a’) is an isomorphism of
T-algebras. For such a T, we may say for short that T-algebra structure is essentially
unique.

We may say that T-morphism structure is unique if, given T-algebras (A,a),
(B,b) and a morphism f: A—— B in K, there exists at most one 2-cell

f:bTf=> fa such that (f, f) is a T-morphism.

Accordingly to [27], the 2-monad T is said property-like when it has both essential
uniqueness of algebra structure and uniqueness of morphism structure.

The theory of 2-monad, and more generally of pseudo-monads, allows us not
only to give a precise definition of what is property and what is structure, but it
provides also a useful instrument to understand how one can combine different
pseudo-monads and structures: the pseudo-distributive laws.

A pseudo-distributive law consists of a pseudo-natural transformation

0: ST——=TS

and four invertible modifications satisfying certain coherence conditions, for which
we refer to [[12, 146,147,155, 156].

The existence of a pseudo-distributive law between the pseudo-monads T and S,
implies that T'S is a pseudo-monad, an that the 2-category Ps-T'S-Alg of pseudo-
algebras is equivalent to the 2-category Ps-T-Alg, where T is the lifting of the
pseudo-monad T on the the 2-category Ps-S-Alg. Again we refer to [54}[55] [56]] for
a detailed analysis of these topics.

This means that for an object C of K, T'S(C) has both canonical pseudo-T-algebra
and pseudo-S-algebra structures on it.
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Generalized exact completion

In category theory one can find various notions of completing a category to an exact
category initiated by Freyd’s exact completion of a regular category [16], and they
include also the exact completion of a category with certain weak finite limits, see
(6L 10].

In recent works [41} 42| 43| 144], Maietti and Rosolini generalize these exact
completions by relativizing the basic data to a doctrine equipped with just the
structure sufficient to present the notion of an equivalence relation. In particu-
lar, they determined the exact completion of an elementary existential doctrine
P: C°? —— InfSL with (weak) full comprehensions and comprehensive diago-
nals.

They use a weakened notion of Lawvere hyperdoctrine 36, 137, [38]], called ele-
mentary doctrine.

The exact completion of an elementary, existential doctrine with full compre-
hensions and comprehensive diagonals, which are called existential m-variational
doctrine, can be obtained in several, but equivalent ways.

The firstis noting that an m-variational existential doctrine P: C°P —— InfSL ,
rises to a proper, stable factorization system (&, M) on the base category C, where
morphisms of M are comprehensions, and morphisms of & are arrows of C such
that 4,(T4) = Tp for g: A——B.

Moreover the doctrine P: C°? ——InfSL is equivalent to the doctrine

Sub g : C°P —— InfSL of M-subobjects.

This construction can be extended to an equivalence between the 2-category
Ex-mVar of m-variational existential doctrines, and the 2-category LFS whose
objects are categories with finite limits together with a proper, stable factorization
system.

This equivalence is a translation in terms of doctrines of the work of Hughes and
Jacobs [19]].

To conclude this construction one apply other two free constructions: the first is
the construction of a regular category starting from a category 9 with finite limits
together with a proper, stable factorization system (&', M’), introduced by Kelly in
[26], and the second is the exact completion of a regular category, see [6].

We can summarize this exact completion for m-variational existential doctrines
with the following diagram

= Map Rel(- (Hex/re
Ex-mVar — LFS —2 e )Reg "% Xet.

The exact completion of an m-variational existential doctrine P: C°P —— InfSL
computed by the previous completion, is denoted by (Ef p)ex/reg-

A second notion of exact completion for doctrines is provided by the gquotient
completion of an elementary doctrine introduced by Maietti and Rosolini in [43]
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together with the construction of the category of entire functional relation associated
to an m-variational existential doctrine P: C°® —— InfSL .

The last instance of exact completion for an m-variational existential doctrine
P: C°°? —— InfSL is provided by the tripos-to-topos construction 7p, see [20]
STl

Finally, in [42, |43] [44]] Maietti and Rosolini show that an arbitrary elementary
existential doctrine P: C°® —— InfSL can be completed to an m-variational

existential doctrine (P)cg: X;p —— InfSL , so what we obtain combining these

constructions with the exact completion for m-variational existential doctrines, is
that the 2-functor
Xct —— EED

which sends an exact category X to the subobjects doctrine Suby : X°P —— InfSL
(which is elementary and existential since the base category is exact) has a left bi-
adjoint.

The aim of this thesis

In the first part of this work we give a complete description in all the details of the
previous exact completions for an elementary existential doctrine, and we compare
the different instruments which are involved in these constructions: regular and exact
categories, factorization systems, fibrations and doctrines.

The main purpose of this thesis is to combine the categorical approach to logic
given by the study of doctrines, with the universal algebraic techniques given by the
theory of the pseudo-monads and pseudo-distributive laws.

Every completions of doctrines is then formalized by a pseudo-monad, and then
combinations of these are studied by the analysis of the pseudo-distributive laws.

The starting point are the works of Maietti and Rosolini [42, 43], in which
they describe three completions for elementary doctrines: the first which adds full
comprehensions, the second comprehensive diagonals, and the third quotients.

We give an explicit description of the pseudo-functors and the pseudo-adjunctions
obtained from these completions, and we start our analysis of the pseudo-monads

T¢,Ta, Ty: EID — EID

where EID denotes the 2-category of elementary doctrines.
We prove that all these pseudo-monads are property-like (as pseudo-monads),
and the following equivalences of 2-categories hold

CE = Ps-T.-Alg
CED = Ps-T4-Alg
QED = Ps-T4-Alg
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where CE is the 2-category of elementary doctrines with full comprehensions,
CED is the 2-category of elementary doctrines with comprehensive diagonals, and
QED is the 2-category of elementary doctrines with stable quotients.

The inclusion of each of these categories into EID is obviously not full, as
morphisms are those that preserves the relevant structures.

Our analysis of pseudo-distributive laws starts from the pseudo-monad Ty. It is
proved [42,!43] this free construction preserves comprehensions and quotients, and
we use this result to define a lifting T4 of T4 on the 2-categories Ps-T.-Alg and
Ps-T,-Alg.

The existence of these lifting is equivalent to prove that there exist two pseudo-
distributive laws ¢;1: T. Ty —— T4T. and 02: TyTy ——T4T, , and then
T4T¢ and T4T, are pseudo-monads.

The third pseudo-distributive law we describe is 63: T.T; —— T, T, , which
again exists because the quotients completion preserves full comprehensions, and
then we can define a lifting T, of T; on the 2-category Ps-T-Alg.

Finally we prove using the same arguments as before, the existence of two pseudo-
distributivelaws 64: T, TgTy —— T4T,T. and 65: T T . Ty ——T3T,T,
and then we conclude that the 2-endofunctor T4 T, T, is a pseudo-monad.

In the second work we present a free construction that given a primary doc-
trine P: C°P —— InfSL and a class A of morphisms of C closed under
pullbacks, compositions and which contains the identities, provides a doctrine

P C°? ——InfSL which has left adjoint along the morphisms of A, and
these satisfy Beck-Chevalley conditions and Frobenius reciprocity.

In particular, if the class A is the class of the projections of C, then the doctrine

P*: C°P —— InfSL is existential in the sense of [42, 43| 44].

This construction extends to a 2-functor

E: PD—— ExD

from the 2-category PD of primary doctrines to the 2-category ExD of ex-
istential doctrines, and this 2-functor is 2-left-adjoint to the forgetful functor
U: ExD——PD.

Then we consider the 2-monad T,: PD —— PD , and we prove that it is
lax-idempotent, and in particular property-like.

Moreover we have the equivalence of 2-categories

ExD = T.-Alg.

The existential completion preserves the elementary structure in the sense that if
P: C°°? —— InfSL is an elementary doctrine, then P®*: C°P —— InfSL is
an elementary and existential doctrine.
Therefore we can generalize the exact completion for elementary existential doc-
trines to an arbitrary elementary doctrine, as the following composition
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We give an explicit description of the exact category 7pex constructed by an
elementary doctrine P: C°P —— InfSL combining the existential completion
with the tripos-to-topos construction.

The last completion we consider is the elementary completion of a primary
doctrine.

In this case we can not apply the general construction defined before because
the class of morphisms on which we need to add left adjoints is not closed under
pullbacks and compositions.

We can use it, for example, if the base category C of a primary doctrine
P: C°°? —— InfSL has finite limits, applying the existential completion with
the class A generated by morphisms of the form id4 XAp for A and B objects of C.

There is another interesting class of categories that we show can be easily com-
pleted to a category with finite limits, and these are the categories which are the
syntactic category of some first order theory.

Given a first order theory T, the syntactic category Cr has the property that if two
morphisms f,g: A—— B have an arrow

f
H—" _A——p
8

such that fh = gh, then f and g has an equalizer.

This observation follows when we formalize the unification problem, [48}152] in
the syntactic category.

Recall that the unification problem in the first order logic can be expressed as
follows: given two terms containing the same variables, find, if it exists, the simplest
substitution which makes the two terms equal. The resulting substitution is called
most general unifier, and it is unique up to variable renaming.

The key point is that if two terms admit an unifier, then there exists a most general
one.

We observe that this can be translated in the syntactic category in a direct way,
and the result is that if two arrows admit a morphism which equalizes them, then
there exists an equalizer.

Therefore given a syntactic category Cr, we can complete it to a category with
finite limits CPHQ just adding an initial objects 0.

So aprimary doctrine P: CTQ P — InfSL can be easily completed to a primary

doctrine P°: (C2)°P —— InfSL whose base category has finite limits, and then
we can apply the existential completion on the class A of arrows generated by
morphisms of the form id4 XAp.

Finally we give a complete description of the elementary completion of a primary
doctrine P: C°? —— InfSL whose base category is discrete with free products
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in all the details. From a logical point of view we are looking for a first order theory
in a language in which no function symbols are considered.

In this case the description of the new elementary doctrine constructed from P
can be simplified, and it is more natural from a logical point of view.

We conclude with the analysis of the 2-monad T,) coming from this construction,
proving that it is fully property-like.

Moreover we have the following equivalence of 2-categories

Ty-Alg = PdD

where PdD is the 2-category of primary doctrines whose base category is discrete
with free products.

Since the existential completion does not change the base category and preserves
the elementary structure, there exists a pseudo-distributivelaw §: T Tex —— TexTel
by the same argument used before.

Contents of chapters

In chapter 1 we introduce the notions of monad and distributive law, and their
generalization as pseudo-monads on a 2-category and pseudo-distributive law.

We introduce also the notion of property-like 2-monads, explaining how these
kind of 2-monads are able to capture the differences between what is structure and
what is property.

This will be also useful to pass from the ordinary case of a monad to the pseudo-
setting.

I chapter 2 we present a classical categorical approach to logic, using regular and
exact categories. We recall some known facts about the categorical semantic which
will be useful in the following chapters to understand the meaning from a logical
point of view of what is a doctrine and what the 1-cells and 2-cells of the 2-category
PD mean.

Moreover the definition of stable, proper factorization system is recalled and we
present two free constructions which are used later: the exact completion of a regular
category, and the regular completion of a category with a stable, proper factorization
system.

Chapter 3 is devoted to the introduction of other two categorical instruments,
which are fibrations and doctrines.

In the first part of this chapter we compare them, showing to what kind of
fibration an existential m-variational doctrine is equivalent. We will see also that
the 2-category Ex-mVar is equivalent to the 2-category of LFS, whose objects are
categories together with a proper, stable factorization system. This result is suggested
by the work [19]], in which Hughes and Jacobs prove a similar result for what they
call factorization fibrations.
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In the last part we introduce the quotients completion of an elementary doctrine,
and we present the exact completion for elementary existential doctrine in all the
details, comparing some different ways to define an exact category starting from an
elementary existential doctrine.

The lasts three chapters of this thesis are composed by three works developed
during my doctorate, which are under submission.

In the first we construct and characterize three pseudo-monads obtained by the
completions with quotients, comprehensive diagonals and full comprehensions.

Moreover a complete study of their pseudo-distributive laws is given.

In the second work we develop the existential completion for primary doctrines,
showing that this is a free construction and that it can be applied in a more general
context.

Again we study the 2-monad which comes from this completion, showing that it
is lax-idempotent and proving the equivalence ExD = T-Alg.

Moreover we show that the existential completion preserves the elementary struc-
ture of a doctrine, and this allows us to generalize the exact completion to an arbitrary
elementary doctrine.

In the last work we give a categorical interpretation of the problem of unification
in the context of a syntactic category.

In particular we show that using a known result which state that if there exists
an unifier, then there exists a most general one, we can easily complete a syntactic
category to a category with finite limits.

Then, for these categories, we can apply the general existential completion to
obtain an elementary doctrine, and we conclude this work with a detailed description
of the elementary completion for a primary doctrine whose base category is discrete
with free products. Again we obtain a 2-monad which is lax-idempotent.

All the references are given at the beginning of every sections.
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Chapter 1
Preliminaries

This chapter contains definitions of category theoretic terms used in this thesis.

In particular we fix the notation and we introduce the notions monads and their
algebras, 2-categories, pseudo-functors, pseudo-monads.

We refer to [5, 140} 45] for a general introduction to the theory of monads, and to
[33L154] for more details.

We conclude with the definition of pseudo-distributive laws for pseudo-monads
introduced by Beck in [1] and with some useful results which will be fundamental
later. We follow the notation used by Tanaka and Power in [|54} 155 |56].

For a more detailed discussion and analysis of the coherence axioms for pseudo-
distributive laws we refer to the works of Marmolejo [46, 47], while for a more
standard introduction to the theory of 2-monads and pseudo-monads there are several
works as [12, 53] 128,13]].

1.1 Monads and their algebras

Recall that a closure operation on a preoredered set A = (|A|, <) is a mapping
T: |A|l — |A| with the following properties

1. if A < B then T(A) < T(B);
2. A <T(A)
3. T2(A) < T(A);

for all the elements A and B of |A|.
This notion has been generalized from preordered sets to arbitrary categories and
is then called a monad.

Definition 1.1.1. A monad on a category A is a triple (T,u,n) consisting of
a functor T: A —— A, and two natural transformations, the multiplication

u: T?> —— T and the unit n: idy — T such that the following diagrams,
one for the associativity of u and another for the left and right unity of 77, commute:



2 1 Preliminaries

nT Tn

T — T2 T T2 T
ot g N idy
T2 T T

Definition 1.1.2. Given a monad T on a category A, a T-algebra is a pair (A, a),
where A is an object of A and @ is amorphism a: TA —— A called the structure
map, such that the following diagrams commute:

T2A —24 . TA A—"2 o TA
HA a a
1a
TA T) A A

A T-morphism f: (A,a) —— (B, ) of T-algebrasisamorphism f: A—— B
of A such that the following diagram commutes:

Tf
TA———TB
a B

A———8B

Definition 1.1.3. The category whose objects are T-algebras and whose morphisms
are T-morphisms is denoted by T-Alg or AT, and it is called Eilenberg-Moore
category.

Proposition 1.1.4. Any adjunction

F
(F.G,n,e): A B8
G
induces a monad (GF, GeF,n).
Proof. It is a direct verification. See [5, Proposition 4.2.1]. O

There arises the question to which extent every monad is induced by an adjunc-
tion.

The answer will be positive but in most cases there is not a unique such adjunction
even up to isomorphism. We will show that there is a minimal and a maximal solution
to this problem.
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Definition 1.1.5. Let (T, u,n7) be a monad on A. A resolution (8,F,G,¢) of this
monad consists of a category 8B a pair of adjoint functors F: A —— B and

G: B8 —— A such that GF = T, the unit of the adjunction is  and u = GeF.

The resolutions of a given monad form a category whose morphisms
®: (B,F,G,e) — (B,F,G,¢)

are functor ®: B —— B’ such that the diagram

Bl
commutes and ®g = &’D.

Proposition 1.1.6. The Eilenberg-Moore category AT of a monad (T, u,n) on A
gives rise to a resolution (AT FT GT, eT) which is a terminal object in the cat-
egory of all resolutions. Thus, given a resolution (B,F,G,¢) there is a unique

functor KT: 8 —— AT | called the comparison functor, such that K'F = FT,
GTKT = Gand KTe = eTKT.
Proof. We define the resolution (ﬂT, FT, GT,sT) as follows:

1. we define the functor G*: AT —— A by
GT(A@)=A GTg=g

for every T-algebra (A, @) and for every T-morphism g: (A,a) — (B,f) ;
2. we define the functor FT: A ——= AT by

FTA=(TA ua), Flg=Tg

for every object A of A and every morphism g: A —— B . It is easy to check
that GTFT = T;
3. the natural transformation &T: FTGT ——id 4r is defined by components

T

(Aa) = @ Since (A, @) is a

as follows: let (A, @) be an object of AT we define
T-algebra the following diagram commutes:
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T2A —1% o T4
HA o4

Therefore s(a @) is a T-morphism, and it is easy to check that it extends to a

natural transformation. Moreover for every object A of A we have
T,.T _aT,  _
G ETAuA) = G pa = pa

thus GTe™F = p.
4. Ttis direct to prove the functor FT is left adjoint to G with unit 7 and counit 7,
because

8(TTA,,,A)T7]A = paTna =idra
and similarly for the other triangle equality.

We have proved that (JHT,FT, GT,ST) is a resolution. Now we prove that it is a
terminal object. Consider another resolution (8, F, G, ¢) of the monad (T, y, 7). For
every object A of AT and every morphism g: A——= B of AT we define

KTA = (GA,Gea), KT(g) = C(g).

Then we have
GTKTA=GA

and
KTFA = (GFA,Gepa) = (TA, us) = FTA

Moreover for every object A of B we have

T _.T _
ExT 4 = E(GA,Gen) = GEA

and
KTSA = GSA.

Therefore we can conclude that KTe = e TKT. O

Definition 1.1.7. The Kleisli category At of a monad (T, i, n7) on a category A is
defined as follows: the object of AT are the same as those of (A, and for every A and
B in A1 we define A1(A, B) = A(A, TB). To define the composition we consider
f € Ar(A,B) and g € A7(B,C). Then the composition g * f is defined as

gxf=ucTgf.

In particular we can observe that
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ng*f=usTnpf=rf
and
fena=usTina=psInef=7f.
Therefore n74: A—— TA is the identity of A1(A, A).

Proposition 1.1.8. The Kleisli category At of a monad (T,u,n) on A gives
rise to a resolution (Ar,Fr,Gr,e1) which is an initial object in the category
of all resolutions. Thus, given a resolution (B,F,G, ) there is a unique functor
Kr: At ——= B, such that KrF1r = F, GK1T = G1 and KteT = eKr.

Proof. We define the resolution (A, Fr, G, er) as follows:

1. we define the functor Gp: A —— A by:
GTrA=TA, Grg=pugTg

for every object A of At and every morphism g: A —— B of Ar;

2. we define the functor Fp: A —— At by:
FrA=A, Frg=npTg

for every object A of A and every morphism g: A——= B of A. It is easy to
check that GpFp = T.

3. We define the natural transformation e1: GrF1r ——id#, by puttinger =
idpA in A. Moreover we have

(GrerFr)a = Gr(eT4) = GT(idTA) = lHA

thus GretFr = M.
4. As in the case of Proposition it is direct to prove the functor Fp is left
adjoint to G with unit 7 and counit e

We have proved that (Ar,Fr,Gr,e7) is a resolution. Now we prove that it is an
initial object. Consider another resolution (B, F, G, &) of the monad (T, u,n). For
every object A of At and every morphism g: A —— B of At we define

KtA =FA, Kr(g) =erpFg.

Then we have
GK1A=GFA=TA=GrA

and
GKrg = G(erpFg) = (GeF)pGFg = upT(g) = Grg

thus GKt = G1. Moreover for every A of A and g: A—— B of A we have

KrFrA=FA



6 1 Preliminaries

and
KrFrg = eppFneFf =Ff

thus Fr Kt = F. Moreover we have for every A of At
(Kter)a = KridTa = 874 = (eK7)a.

This completes the proof. O

Corollary 1.1.9. The comparison functor KT : Ap —— AT is full and faithful.

Proof. It is easy to see that the comparison functor in this case is full. We prove that
it is faithful. Let g: A—— TB be a morphism of A. By definition of KT we
have

K"g = Grg = usTg

hence
g = usnreg = uTena = KT (gna.
Therefore it is faithful. U

Remark 1.1.10. The comparison functor KT: At —— AT sends an object A of
A in the free algebra (GT A, (GreT)a) = (TA, pua).

Corollary 1.1.11. The Kleisli category of a monad (T, u,n) is equivalent to the full
subcategory of the Eilenberg-Moore category consisting of all the free algebras.

Proof- 1t is a direct consequence of Corollary [I.1.9]and Remark [T.1.10} O

Definition 1.1.12. Let (S, #%,7°) and (T, ,ui, n") be two monads on a category A.
A lifting of T on S-Alg we mean a monad T on the category S-Alg such that

TGS = GST

Definition 1.1.13. A distributive law from a monad S over a monad T is a natural
transformation
0: ST——=TS

such that the following diagrams commute
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Sé 5S

2T STS TS? T

uST TuS ST T
ST . TS ST ——T$
sT2 L. 7T L% T2 S

SuT uT's syt n''s
ST . TS ST —TS.

Theorem 1.1.14. To give a distributive law &: ST —— TS is equivalent to give
a lifting T of T on S-Alg.

Proof. Given ¢§: ST ——= TS and a S-algebra (A, a), we define
T(A,a) = (TA, Ta o ).
We show that (TA,Ta o §4) is a S-algebra, which means that the diagram

S(Tao
g2 ST04) gg

u5ra Taoda

STA—>TA

Taoda
must commute. By naturality of 6 we have
640STa =TSaobga.
Then
(Taoda)o(STaoSds)=TaoTSaodsa oS54 =T(aoSa)odgaoSda.
By hypothesis a o Sa = a o u5, then
(Taoéa)o(STaoS64) =TaoTuS ogs 0564

and since § is a distributive law then
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(Taoda)o(STaoSés)=Taobs o ,u§FA.

Let f:(A,a) —— (B,b) be a morphism of S-algebras. We define T f=Tf,and
it is direct to show that it is a morphism of S-algebras

Tfo(Taods)=ThboTSfobds =ThbodgoSTS.

it is routine to extend the multiplication and unit of T to its lifting T.
For the converse construction we apply T to the S-algebra (SA, ,uf‘), and this

yields a morphism Tyi : STSA —— TSA . We define 64 as the composition

ST#S TusS
STA ——4 STSA —4. TSA.

It is further routine to verify that it satisfies the axioms and that these construction
are mutually inverse. For all the detail we refer to [54} 155]. U

Given a monad S, all the lifting of a monad T on A to S-Alg, form a category
denoted by Lifts_aj, and all the distributive laws over S form a category denoted
by Dists. In particular Theorem|[I.1.16|can be extended to an isomorphism between
the category Distg and Lifts_aj;. We refer to [54]] and [55]] for all the detail.

Theorem 1.1.15. The category Dists and Lifts_a\; are isomorphic.

Proof. See [54, Theorem 3.19 and Corollary 3.29]. O

This theorem can be extended in the context of pseudo-monad, but there we do
not have an isomorphism of 2-categories, but only and equivalence.

We conclude this section with a central result about the theory of monads. It
is known that in general, given two monad T and S on the same category A, the
composition T'S is not a monad.

However if there exists a distributive law §: ST —— T'S then one can prove
that the composition T'S is again a monad and its category of algebras is isomorphic
to the category T-Alg.

Theorem 1.1.16. Let 6: ST ——= TS be a distributive law. Then

1. the functor TS acquires the structure of monad, with multiplication given by

T82 TS
ToS_pag2 X 2 pg2 M g

TSTS

2. TS-Alg is canonically isomorphic to T—Alg.

Proof. The proof is a direct verification. We refer to 54, 55] for all the detail. [
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1.2 2-Categories

In this section we recall some definitions about 2-category theory and we fix the
notation for the rest of this work.

There are several other equivalent way to introduce the notion 2-category, and the
more natural and elegant is given using enrichment, and we refer to [25, 28] 132/ [39].

Definition 1.2.1. A 2-category A consists of the following data:

e aclass Ay of objects, called 0-cells;

* for each pair of O-cells A and B, a category A(A, B), whose objects are called
1-cells of A and whose morphisms are called 2-cells of A;

» for each triple of O-cells A, B and C a functor:

cap.c: AB,C)x A(A B) —= A(A,C)

called composition functor,
e for each O-cell A of A a functor:

ug: I —— A(AA)

called unit functor. The category I denotes the category with one object and one
morphism.

These data are required to satisfy the following axioms:

cg,c,pXida(a,B)

A(C,D) x A(B,C) x A(A, B) A(B,D) X A(A, B)

ida(c,p) Xca,B,c CA,B,D

A(C, D) x A(A,C) — A(A, D)
and
AA,B)x T ——  A(A,B) I x A(AB)
uaxidaa.p) idaa, B upxidaa,B)

The fact that 1-cells are defined as objects of a category and 2-cells as arrows implies
the associativity and the unit law for the vertical composition of 2-cells, and the two
previous diagrams imply the associativity and the unit law for both the horizontal
composition of 2-cells and the composition of 1-cells.
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Definition 1.2.2. Let A and B be 2-categories. A 2-functor F from A to B consists
of:

o for every O-cell A of A a 0-cell FA of B;
* foreach pair A and B of O-cells of A afunctor Fu p: A(A,B) — B(FA,FB)

subject to the commutativity of the following diagrams:

Fp.cxFa.B
A(B,C) X A(A, B) B(FB,FC) x B(FB,FA)
CA,B,C CFA,FB,FC
A(A,C) = B(FAF,C)
A,C
and
A(AA)
A Fa.a
I~ B(FAFA)

Definition 1.2.3. Let F and G be 2-functors between 2-categories A and B. A 2-
natural transformation « from F to G consists of a collection of 1-cells of B indexed
by 0-cells of A, such that for every component a4: FA —— GA at the O-cell A
the following diagram commutes:

Fa.p

A(A, B)

B(FA,FB)
Ga.B apgo—
B(GA, GB) TaA> B(FA, GB)

Example 1.2.4. The 2-category Cat: the O-cells are given by all small categories,
1-cells are given by functors between them, and 2-cells are given by natural trans-
formations.

Definition 1.2.5. Let A and B be 2-categories. A pseudo-functor (F, h, h) from A
to B consists of the data for a 2-functor plus:

e for each triple A, B and C of O-cells of A, an invertible natural transformation
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Fp.cxFa,B
A(C,B) x A(A, B) B(FC,FB) x B(FA,FB)
CA,B,C \UzhA,B,C CFA,FB,FC
A(A,C) B(FA,FB)
Fa.c

e for each O-cell A an invertible 2-cell

I

UFA
i,
A(A,A) —— B(FAFA)
Fa.a

subject to the following coherence axioms:

* composition axiom: for every triple of 1-cells

A—Lop_f.c_.p

in A, the following equality of 2-cells holds
hgof.1 © (iv1-hf.g) = hy 1og © (hgp-ivf)-
This means that the diagram

ir1hf g

FloFgoFf———=FloF(go f)

hg,1-ivy hgor 1

Fgol)oFf ———=F(logof)
filog

commutes;
* unit axioms: for every 1-cell

f:A——B
in A the following equality of 2-cells holds
i, f o (ipp.ha) = ivp, hpa, o (hp.irg).

This means that the diagrams



12 1 Preliminaries

- Tginy
Ffolps —L 2 FfoFl, lpg o Ff — X RlgoFf
™ hig.r - hap
lFf lFf
Ff Fr

commute.

Definition 1.2.6. Let (F, h,%) and (G, k,E) be pseudo-functors from A to B. A
pseudo-natural transformation (o, 7) from F to G consists of the following data:

e foreach O-cell Ain Aal-cell ap: FA—— GA ;

 for each pair of O-cells A and B in A, an invertible natural transformation TAB
called pseudo-naturality of «:

4B Goagy —> apoF.

These data are required to satisfy the following coherence axioms
 for each pair of 1-cells
g

a—l-p_t.c
in A the following equality of 2-cells must holds
T00F 0 (Kf gday) = liac -hy ) o (18 iwp) o (i 7 P),
This means that the diagram

. A,B B,C
IGg-T

G AR )
GgOGfoozA—f>GgoaBoFf”—lF";a/coFgoFf

kf,g~iaA iﬂc 'hf,H
G(go floaa c acoF(go f)
Tgof
commutes;

» for each O-cell A in A the following equality of 2-cells must holds
(iay-ha) Oia, = TlAA’A 0 (kauigy) O, -

This means that the diagram
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ia, iq,-ka
ap————>1lgaoay———>Glaoay

il,A Tﬁ;‘d‘
@polpa — apoFly
laA~hA

commutes.

Notation: we usually suppress the superscripts 45

the context.

whenever they are clear from

Definition 1.2.7. Let (o, 7) and (8,7y) be pseudo-natural transformations. A modifi-
cation y from (a, 1) to (B,7y) consists of a collection of 2-cells { ya: a4 — B4 }

indexed by 0-cell of A, such that for every 1-cell f: A —— B in A the following
equality holds

Ff Ef

FA— FB FA——~FB

XA
aal = Pa l}y?'g Bs

XB
aa T?‘BU aB| = BB

1.2.1 Property-like 2-monads

A 2-monad (T, u,n) on a 2-category A is a 2-functor T: A —— A together 2-

natural transformations gu: T? — T and n: 1 — T such that the following
diagrams commute

Tu

T3 —— -T2 T T2 T
HT a id a id
TQ T T

A T-algebra is a pair (A,a) where, A is an object of A and a: TA—— A isa
1-cell such that the diagrams
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Ta na

T24—2 > TA A—" s TA
HA a 1. a

commute. A strict T-morphism from a T-algebra (A, a) to a T-algebra (B, b) is a
I-cell f: A——= B such that the following diagram commutes:

Tf
TA—TB

while a lax T-morphism from a T-algebra (A, a) to a T-algebra (B, b) is a pair (f, )
where fisa l-cell f: A—— B and f is a 2-cell

Tf
TA—TB
a U,f b

A———B

which satisfies the following coherence conditions:

T2 T2
T2A—7 _ 7B T2A—7 _ 7B
Ha HB Ta V17 |Tb
Tf Tf
TA ——=TB = TA—TB

and
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A#—B A;B
nA nB
Tf
TA—=TB = 1a 1p
a V7 b

Observe that regions in which no 2-cell is written commute, so they are deemed to
contain the identity 2-cell.

A lax morphism (f, ?) in which 7 is invertible is said T-morphism. So a strict
T-morphism is a T-morphism where f is the identity 2-cell.

The category of T-algebras and lax T-morphisms becomes a 2-category T-Alg,;
introducing the T-transformations as 2-cells: a T-transformation from the 1-cell

(f.f): (A,a) — (B,b) to (g,8): (A,a) — (B,b) isa2-cell a: f=>g in
A which satisfies the following coherence condition

S Tf
TA {te ~TB TA— ~TB
Tg
a Ug b = a \Uf b
f
/\
A B A \[ 2 B
\_/

expressing compatibility of & with f and 3.

It is observed in [27] that, using the notion of T-morphism, one can express in
precise mathematical terms what it means that an action of a 2-monad T on an object
A is unique up to a unique isomorphism.

In [27] an T-algebra structure is essentially unique if, given two actions
a,a’: TA—— A, there is a unique invertible 2-cell @: a=>a’ such that
(1a,@): (A,a) —— (A,a’) is a morphism of T-algebras. This is fixed by the

following definition of property-like 2-monad.

A 2-monad (T, u,n) is said property-like, if it satisfies the following conditions:

» forevery T-algebras (A, @) and (B, b), and for every invertible 1-cell f: A—— B

there exists a unique invertible 2-cell f
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such that (f, f): (A,a) — (B,b) is a morphism of T-algebras;
e forevery T-algebras (A, a) and (B, b), and for every 1-cell f: A—— B if there

exists a 2-cell ?

Tf
TA——=TB

a \U,f b
A———>B

such that (f,f): (A,a) — (B,b) is a lax morphism of T-algebras, then it is
the unique 2-cell with such property.

We say that a 2-monad (T, i, 77) is lax-idempotent when, for every T-algebras
(A,a) and (B, b), and for every 1-cell f: A—— B, there exists a unique 2-cell f

Tf
TA—-TB

a ‘UJ? b
A————>B

such that (f, f): (A,a) — (B, b) is a lax morphism of T-algebras, then a useful
result in [27] is Proposition 6.1.

Proposition 1.2.8. Every lax-idempotent 2-monad is property-like.

Proof. See [27, Proposition 6.1]. O

1.3 Pseudo-monads and pseudo-distributive laws

This section is devoted to the formal definition of pseudo-monad and pseudo-
distributive law.
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The technicalities involved with the definitions are quite complex, but the idea is

straightforward.

As in the case for the definition of ordinary monad and distributive law, we follow

the notation of Tanaka and Power [56), |55 |54].

Definition 1.3.1. A pseudo-monad (T, u,n, 7, p, 1) on a 2-category A consists of

e apseudo-functor T: A —— A ;

+ apseudo-natural transformation u: T2 ——= T ;

* a pseudo-natural transformation 7:

¢ an invertible modification

¢ invertible modifications

Tn

T T2

subject to two coherence axioms
Tﬂ:______>'r3

IS0

3 2
J=T T —>T

uT UT

TQTT

=

idj(———e-T;

T2

TQT‘T

M
T nT T2
4, p
id
T
2
T4 __TH 3
Tu
uT? = uT
Tu
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id Tu id Tu

T3 T3 T2 T3 T3 T2
TnT Jar  |uT |7 H = TnT | Tp id r
T? — T2 T T2 — T2 T.

id H id M

Definition 1.3.2. A pseudo-algebra (A, a,a,,a,) for a pseudo-monad (T, i, 7,7, p, A)
consists of

e a0-cell Ain A;
e al-cell a: TA——A;
¢ invertible 2-cells

T24A —% > TA A—"2 o TA
HaA Ua;, a » %’1
TA T A A
subject to two coherence axioms:
T34 19 . 24 T34 T2 124
Tua UTHM Ta HTA = HA Ta
HA
= T24—24 - T4

T2A e, TPA——TA

TA—— > A TA——— A
T24 14 24 Ta gy T24 14 2T gy
Tna {J2a na o {au a = Tya {Tay id a
TA — TA A TA — TA A
id a id a

A second identity axiom, one for the composite of a, with nT4, follows from these
two axioms.

Definition 1.3.3. A pseudo-morphism of pseudo-T-algebras from (A,a,a,,a;) to
(B,b, by, by,) consists of a pair (f,f) where f: A—— B isa l-cell and f is an
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invertible 2-cell

subject to two coherence axioms:

T2A . T2B

2
24— . 128
Ta UT\ HA = HB Tb

f
TA Ua“ TAéTB = TA—=TB Ubu TB
_ _ b
a a V7 | ) U7 b
A—f>-B Af-B
A—>B A—>B
A AéTB = AéB
ap Ub,]
\ 15
b
A—>B

Definition 1.3.4. A pseudo-T-transformations from (f, f): (A,a) — (B,b) to

(g,2): (A,a) —— (B,b) is an invertible 2-cell a: f =>g in A satisfies the
following coherence axiom

Tf
Tf
TA— -~ TB TA~  |te TB
Tg
a U? b = a Ug b
£
— ;=
A l}a B
\—/
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The above definitions together form a 2-category.

Definition 1.3.5. Let (T, i, n, 7, p, 1) be a pseudo-monad. We define the 2-category
Ps-T-Alg where O-cells are pseudo-T-algebras, 1-cells are pseudo-morphisms, and
2-cells are pseudo-T-transformations. The composition functor is defined as

CA,B,C : PS_T_Alg ((Ba b)a (C’ C)) X PS_T_Alg ((Aa a)’ (B7 b)) —— PS_T_Alg ((A’ a)’ (C7 C))
which send a pair 1-cells
(f’?) : (A7 a, aﬂvar]) I (B9 b7 bﬂvbl]) (g7§) : (B9 b7 b[,hbll) I (C’ C: C,uscl])

to
(gf9g): (A a, Qs al]) —(C,c, Cus CI])

where g f is the composite of 1-cells in A and g f = (g.iTf)o (ig.?) as shown below

TA—7 ~1p—"% . TC
a U’f b U,g Cc
A B C
¥ g

It is straightforward to prove that (g f, g f) satisfies the axioms of Definition The
composition functor defines the composition of 2-cells as the horizontal composition.

Definition 1.3.6. Let (T, u”, 57,77, p7,AT) and (S, ,uS,nS,TS,pS,/lS) be pseudo-
monads on a 2-category A. A pseudo-distributive law (6, 5,10, 75,57 of S over
T consists of

¢ apseudo-natural transformation ¢: ST ——= TS ;
¢ invertible modifications

27 50 L grg % . Tg2 sT2 T _ g T8 T2g
uST (s TuS Su® V& ul's
ST ~ TS ST ; TS

¢ invertible modifications



1.3 Pseudo-monads and pseudo-distributive laws

ST TS

subject to the ten coherence axioms we list below.

1. The first axioms involves 7 and ﬁS and is self-dual

1dg{—>S—>ST

AL

Tﬁ-TS

2. the second is a coherence axiom involving w5, 75 and A5

s27 3%, 979 95 . g2
’S
Sn TU FST \U/ﬁs T[ls
ST
ST —— ST - TS

3. the third axiom is a coherence axiom involving x5, n5 and pS

s2p 8% gpg %5, g2
USST llST ﬁs T[ls
JpsT
ST — > ST TS
idgT o

21
ST TS
id g 7 .3 —> ST
\ 7/ 5
T ﬁ- TS
s2T 2. 918 5, 182
—S
7 s
) T
=Su*T ST17sE TSn® a
Tas )
ST 5 TS . TS
s2p 30
=SST E S Tn S
oS |
ST
idrs

4. axiom 4 is, in a sense, dual to axiom 2, and it involves 7, u” and A7
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sT2 L. 7T 19, 129 ST2 L. 78T T28
T T
STy" T T T T u’'s
Su Va u's =STn = Tyt N\ TS
{Jsar s
ST — ST TS ST TS — TS
idgT o 4 idrs
5. axiom 5 is, in a sense, dual to axiom 3, and it involves nT, ,uT and pT
sT2 2T, 7T —L%. 729 sT2 2T, 7sT —L%. 729
=T
ﬁ] T
ST]TT S/lT \U/p’r #TS =ST]TT UTSTE 7]TTS “TS
Usp” pTs )
ST dor ST p TS ST 5 TS doa TS
. L —s =T
6. this axiom involves > and 77
ST ST
Y &
S2nT s S27]T
pu>T STS ST STS
=T
s2 = ST Yz TS? = §2 — Yo TS?
B nTs?
S g T S S ~ T S
% ST u I = u
\Za
S - TS S - TS
n’'s n's

7. this axiom involves ﬁT and ﬁS
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ST? ST?
Y &
nST? sT  TST T/ \@er_TST
TS _— )
TnST
7
T2 =+ ST o T2S = T2 T2S
T27]S
T 6 T T ~ T
H 2ST u'S M = u'S
7
T TS T TS
TrTs TS
8. this axioms involves > and 75
2 2
$37 50, g27g 595 gg2 95 . g3
uSST
SuST Jsus  sTuS = TSuS
S2T  |}rs182T 50 STS —25 - 182
ST uST l}ﬁs TuS
ST TS
9
[
2 2
§3T 5% g27g 595 gg2 95 . g3
S
uSST = uSTS Jiss  TuSs TS
2 2 2
SPT —— STS — TS?  {resTS
S —S S
u>T U i Tu TS
ST TS

9. this axioms involves ' and 77
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T3S
I\ o
Sul'T »UﬁTT u'ST = ,uTl'/I‘S Tu'S
2 2 2
ST — TST — TJS {e7sTS
Su” [ Mls TS
ST TS
9
[
2 2
sT3 2T per2 0L q2gT 190, 139
Sul'T —
STu? = TSu” Ja” TuTS
ST?  |Js7ST2 —55 TST 1o T28
Su” S'IT ‘UFT u''s
ST TS
o

10. the last axiom is self dual and it involves ﬁT and ﬁs
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5272 S gpsT 2T 9129 TS, Tgrs 05, 1282
s2uT ) sg” suTs Ja"s ut's
2 2
ST 5 STS 3 TS
©ST Ups TuS
ST 5 TS
I
ST2S
STo N TS
5272 2L gsT 220 7e2T 122 TgTs 05, 282
2 T Tq2
5%u uST? U',UST TuST U'Tﬁs T2,S u's
S? = ST? TST T28 = TS?
sT To
uST sl Uﬁr u's TuS
ST 5 TS

The definition of lifting for pseudo-monads is a natural generalization of Definition

112

Definition 1.3.7. Let (S, 15,75, 75,45, p%) and (T, u”,nT, 77, AT, pT') be two pseudo-
monads on a 2-category A. A lifting of the pseudo-monad T on Ps-S-Alg is a
pseudo-monad T on the category Ps-S-Alg such that

TGS = G5T

where G5 is the forgetful 2-functor for the pseudo-monad S.

As in the ordinary case, given a pseudo-monad S we can define the 2-category
Ps-Distg of pseudo-distributive laws and the 2-category Liftps_g_a1g of liftings over
Ps-S-Alg.

The following theorems are the extensions in the pseudo setting of Theorems

[T 14 and[[LT.16
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Theorem 1.3.8. The 2-category Ps-Distg and Liftps_s_aj are equivalent.

Proof. The constructions are essentially the same as those for ordinary distributive
laws and ordinary lifting as in Theorem [I.1.14] However it is tedious and straightfor-
ward to complete the proof because we need to take care about to all the pseudo-maps.
Therefore we refer to [54] for the complete proof of these result. (]

Theorem 1.3.9. Let §: ST —— TS be a pseudo-distributive law of pseudo-
monads on a 2-category A. Then

1. the pseudo-functor TS acquires the structure of pseudo-monad, with multiplica-
tion given by

Tu’

Ts2
T3S, mag2 X 2, 1g2 TS

TSTS
2. Ps-TS-Alg is canonically isomorphic to Ps—T—Alg.
Proof. See [54, Proposition 7.8 and Theorem 7.9]. O



Chapter 2
Regular Categories and Factorization Systems

In this chapter we introduce the notions of regular and exact categories, and we
examine the relationship between these kind of categories and first-order predicate
logic. We refer to [4} 5] for an introduction to the study of this kind of categories,
and to [24, 45 133] for the applications in logic.

In the first section some general results on the theory of regular category are
recalled, and we present the so called exact completion of a regular category, which
will play a central rule in the rest of this work. See [6] 8 [10].

This completion provides a left biadjoint to the inclusion

Xct —— Reg

of the 2-category Xct whose objects are exact categories into the 2-category Reg
whose objects are regular categories.

In the second section we explain the categorical semantic in a regular category,
and this will provide the starting point for the more general approach to logic using
doctrines and fibrations.

In the last section we analyse the works of Kelly [26] on the calculus of relations
in a finitely complete category together with a factorization system.

In particular we emphasise two points which emerge from this work: the first
is that we do not need necessary a regular category in order to have a calculus of
relations with associative composition; it suffices that a finitely-complete category
has a proper, stable, factorization system.

The second point is that the inclusion

Reg —— LFS

has a left biadjoint, where LF'S is the 2-category whose objects are finitely complete
categories with a proper, stable, factorization system.
Therefore combining the exact completion with this results, we get that the inclu-
sion
Xct —— LFS

27
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has a left biadjoint.

2.1 Regular categories and exact completion

The notions of a regular and of an exact category are among the most interesting
notions studied in category theory. In fact, several important mathematical situations
can be axiomatized in categorical terms as regular or exact categories satisfying some
typical axioms. For instance small regular categories are the basis for an invariant
definition of first-order (intuitionistic) theories, see [45) 24 16].

All monadic categories over a power of Set, and in particular algebraic categories,
are exact. Abelian categories and Grothendieck toposes are other examples of exact
categories.

As it is always the case in mathematics, when a new relevant structure emerges
and begins to be studied as such, an immediate question is the study of the free such
structures. Of course, free refers to a given forgetful functor, and in the case of regular
and exact categories there are several such forgetful functors whose corresponding
free functor (left adjoint to the forgetful) should be investigated.

One of the most relevant free construction is the "exact completion” of a regular
category, which is based on the theory of relations. We refer to [0, [11} [10] for a
detailed description of this topic and for the presentation of the exact completion of
a finitely complete category.

Let C be a category, and let A be an object of C. We write Sub(A) for the
full subcategory of the slice category C/A whose objects are subobjects of A. This
category is of course a preorder and we follow the usual custom of denoting its unique
protomorphism by <. If C/A is finitely complete, so is Sub(A), and following the
notation of [24] , products in Sub(A) are called intersections and are denoted by N
rather then X.

If the category C has finite limits, then every morphism f: A —— B induces
two functors: the first is the post-composition functor

Ys: C/A—>C/B

and the other is
f*:C/B——=CJ/A

which sends an object g of C/B to the object f*g of C/A which is the left-vertical
map in the pullback square
P
/g |
A

——C
8

— < B

f
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This functor can be restricted to a functor
f*: Sub(B) —— Sub(A)

because the pullback of a monomorphism is a monomorphism, and we shall again
denote it by f*.

We say that C has images if we can assign to every morphism f a subobject im f
of its codomain, which is the least (in the sense of the preorder <) subobject of cod f
through which f factors.

Lemma 2.1.1. Let C be a category with pullbacks, then the following are equivalent:

1. C has images;
2. for every object A the inclusion Sub(A) — C/A has a left adjoint;
3. foreverymorphism f: A ——— B the pullback functor f*: Sub(B) —— Sub(A)

has a left adjoint Hy: Sub(A) —— Sub(B) .

Proof.[Sketch] The equivalence of the first two points follows from directly the
definitions. If C has images, then we define H; to be composite

% im
Sub(A) c/A—=L ~c/B

Sub(B) @2.1)

where the first functor is the inclusion the functor ; acts as post-composition, and

im sends an arrow h: C —— B to the image im(/). One can verify that compo-
sition (2.T) gives a left adjoint to f*. See [24] Lemma 1.3.1] for all the details. [J

The canonical morphism g: dom f —— dom(im f) which is the unit of the

last adjunction of Lemma is said cover. We use the convention g: dom f —»dom(im f)
to indicate that g is a cover.

Remark 2.1.2. A morphism f: A—— B is a cover if and only if there exists a

monomorphism B—"— C such that for every commutative diagram
A———

¥
DT- C

where D>—‘g> C is a monomorphism, there exists a morphism k: B—— D
such that k f = [ and kg = m. Moreover this morphism is unique since g is monic.

Remark 2.1.3. Observe thatif f: A——B isacover then it cannot factor through
any proper subobject of its codomain: suppose that f is the unit of an arrow
g: A—— C and that f = mp, where m is a monomorphism.
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Then (im gm)p is a factorization of g, hence there exists an arrow r such that
(im gm)r = im g, and since im g is a monomorphism, we have mr = id. Now we
have that m is a monomorphism and mr = id, then we can conclude that m is an
isomorphism.

Remark 2.1.4. A regular epimorphism f: A—— B is a cover, because for any
factorization of it through a subobject

h .
c—=a—7' .p
8

3

the morphism m is an isomorphism, since it is a monomorphism and it is the
coequalizer of the pair i/ and ig.

Remark 2.1.5. We can also observe that if the category C has equalizers, then every
cover is an epimorphism, since it cannot factor through the equalizer of any distinct
pair of morphisms.

Lemma 2.1.6. Let C be a category with pullbacks, and let f: A—— B be a
morphism of C. The the following are equivalent:

1. fis acover;

2. for every commutative square

f

- S B
~
-
-
- h
k

D

o0
~—

e
e
A

|

m

there exists a unique k: B——— C such that kf = g and mk = h.

Proof. By Remark [2.1.7] the first point is a special case of the second. Conversely,
the existence of a commutative square and the fact that C has pullback say that f
factors through the subobject 4*m of B, and since f is a cover then this must be an
isomorphism. This means that / factors through m. Writing k: B —— C for this
factorization, we have mk f = hf = mg, whence k f = g since m is monic. O

Morphisms with the property described in Lemma[2.T.6|are sometimes called strong
epimorphism or extremal epimorphism, see for example [4] and [5]].

Now we can give the definition of regular category, following the definition of
[24].

Definition 2.1.7. A category C is said regular if it has finite limits, has images, and
every cover is stable under pullbacks. A functor between regular categories is called
regular if it preserves finite limits and covers.
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Remark 2.1.8. In a regular category C, for every pair of morphisms f and g with
common codomain we
g im f = im(g" f)
because monomorphisms and covers are stable under pullback. See the following
diagram
. g"im f
_ _

Example 2.1.9. The category Set is regular: covers are surjective functions and
images are the usual set-theoretic ones. Similarly one can show that the category Gp
of groups is regular and more generally, any category monadic over Set is regular.
Observe that in Set and Gp covers coincide with the epimorphisms, but for example,
in the category Mon of monoids, this not holds. An important example of category
which has images but it is not regular is the category Top of topological spaces:
the images are injective continuous functions, and covers are surjection X ——7Y
such that Y is topologized as a quotient space of X. However these covers are not
stable under pullbacks. See [13]].

The above examples and Remark [2.1.5] suggest that covers and epimorphims not
always coincide. The following proposition gives a characterisation of covers in
regular categories.

Proposition 2.1.10. In a regular category, the covers are exactly the regular epi-
morphisms.

Proof-[Sketch] By Remark [2.1.4] we already know that regular epimorphism are
covers. Conversely let f: A—— B be a cover in a regular category, and let

a
R——~a—"' .
b

be its kernel pair. We shall prove that f is the coequalizer of a and b. Let
¢: A—— C be a morphism such that ca = cb, and let

Jh
A—d o p EM poc

the image of the factorization of (f,c): A—— B x C . If we prove that g is an

isomorphism then d = g~'f and then hg™'f = c. Moreover this is the unique
factorization of ¢ through f because covers are epimorphisms by Remark [2.1.5] To
this end it is sufficient to prove that g is monic, since the cover f factors through it.
See [24] Lemma 1.3.4] for all the details. U
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Corollary 2.1.11. In a regular category strong epimorphisms and regular epimor-
phisms coincide.

Proof. 1t follows from Proposition 2.1.10and Lemma 2.1.6} O

Lemma 2.1.12 (Frobenius reciprocity). Let f: A——— B be a morphism of a

regular category C. Then for every subobjects A>~——= A and B>~—— B we
have
E[f(A' N f*(B")) = E{f(A') N B’

in Sub(B).

Proof. Consider the following diagram

AN f*(B) »H(A)N B’
(B’ B
A’ »r(A)
A 7 B

in which the front, left and right faces are pullbacks. The base of the cube commutes
by definition of H¢. Then the back face is also a pullback, and since the category C
is regular then its top edge is a cover. Therefore, since monomorphisms are stable
under pullback, we have that d¢(A”) N B’ is the image of the composite morphisms

AN (B B

Sy

| 2
d,A)NB

and then H7(A" N f*(B’)) = s (A") N B’. O
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A regular category needs not have coequalizer for arbitrary pairs of morphisms;
we can only prove that it has coequalizers for those pairs which occur as kernel-pairs
of a morphism f, since we can factor this morphism and prove that the cover given
from this factorization is the coequalizer of this kernel-pair. See [5} [24].

A pair of morphisms which occurs as kernel-pair has some interesting properties,
in particular it is an equivalence relation in the sense of the following definition.

Definition 2.1.13. Let (a,b): R A be a pair of parallel morphisms in a
finitely complete category.

1. We say that {(a, b) is a relation if (a,b): R—— A X A is monic;

2. we say (a, b) is reflexive if there exists r: A —— R such that ar = br = id4;

3. we say (a, b) is symmetric if there exists s: R—— R such that as = b and
bs = a;

4. we say (a, b) is transitive if there exists t: P —— R , where P is the pullback

p—L R
_
p| |a

such that at = ap and bt = bgq;
5. we say that {a, b) is an equivalence relation if it has all four the above properties.

Remark 2.1.14. Note that if (a, b) is a relation, then the morphism r, s and ¢ which
verify the other three properties are unique if they exist.

Remark 2.1.15. The kernel pair of any morphism f: A —— B in a regular cate-
gory is an equivalence relation.

We say that an equivalence relation is effective if it occurs as a kernel-pair. There are
some regular categories in which some equivalence relation are not effective, such
as the category of torsion free abelian groups: it is regular, but not every equivalence
relation is effective. See [24].

Definition 2.1.16. A regular category C is said exact if every equivalence relation
is effective.

Example 2.1.17. The categories Gp and Set are exacts, and more generally, any
category which is monadic over a power of Set is exact.

The notion of regular category is precisely the one that allows to develop the calculus
of relations as an equational calculus over graphs.

We define a relation R from A to B as a suboject R— A X B, and the
existence of images in a regular category allows us to define the composite of two
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relations as follows: if $S——= B X C is another relation from B to C, then the
composite SB—— A X C is

SR :=1im Z (Priyss(R) N prigy ()

Praxc

where pr’s denote projections from A X B x C. The stability of covers under pullback
means that the above composition is associative, see [29], determining in this way the
category Rel(C) of relations of C, whose identity morphisms are given by diagonal
subobjects.

Notice that Rel(C) has extra structure:

1. alocal order preserved by composition, which has finite intersections;

2. an involution (-)°: Rel(C) —— Rel(C) which is the identity on objects and
which preserves the local order;

3. an embedding C —— Rel(C) given by the construction of the graph; it is the

identity on the objects and it sends a morphism f: X ——=Y to the relation
(idga, f): X — A X B . The graph of an arrow in Rel(C) is called function,

and sometime we use the notation f: A —— B to indicate such a relation.

This structure allows to give purely algebraic proofs about facts in C, by using the
following lemma.

Lemma 2.1.18. Let C be a regular category, then

1. the relation R: A—— B tabulated by {a,b) is a function if and only if
RR° <idjandidp < R°R;
2. a morphism f: A——= B in C is a monomorphism if and only if f°f = ida
and it is a regular epimorphism if and only if f f° = idp;
Proof.[Sketch] Let f: A—— B be a function. The relation f°f is tabulated by
the kernel pair of f, whence
idg < f°f.
In particular the equality holds if and only if f: A —— B is a mononomorphism.
Moreover the relation f f° is tabulated by im(f, f) = Agim f

A—L o p_ % pyB

im f

im(f,f)

and then
ff°<ida.
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In particular the equality holds if and only if im f is an isomorphism, which means
that f is a regular epimorphism. For the other implication we refer to [26} 7, 10]. O

One of the uses of the theory of relations is to describe the left-biadjoint to the
forgetful 2-functor from the 2-category of exact categories to the one of regular
categories. See [[L1}[10, (6] for all the details.

Definition 2.1.19. Let C be a regular category. The exact completion (C)ex/reg is
defined as follow:

* an object is a pair (A, E) where A is an object of C and E —— AX A is an
equivalence relations in C;
e amorphisms R: (A,E) —— (B,F) isarelation R: A—— B in C such that

RE=FR=R

and
E <R°R,RR°<F.

The composition is the relations composition, and the identity on (A, E) is E itself.
For the proof that the category (C)ex/reg i an exact category we refer to [11}[16].
Theorem 2.1.20 (Exact Completion). Let C be a regular category, and let ‘A be
an exact category. The category (C)ex/reg is exact and the embedding

C—— (C)ex/reg

induces an equivalence between the category Reg(C, A) of regular functors from C
to A and the category Xct((C)ex/reg, A) of regular functors from (C)ex/reg to A.

Remark 2.1.21. The embedding of 2-categories Xct —— Reg is full, and then
the exact completion is an idempotent process. Moreover a regular category C is
exact if and only if the unit 7: C —— (C)ex/reg is an equivalence.

Remark 2.1.22. A new description of the exact completion (C)ex/reg Of a regular
category C is given in [31] using a certain topos Sh(C) of sheaves on C. In this case
the exact completion is then constructed as the closure of C in Sh(C) under finite
limits and coequalizers of equivalence relations. A disadvantage of this approach is
that this completion can be applied only to small regular categories.

2.2 First-order categorical logic

Regular categories have exactly what we need for the interpretation of a fragment of
a first order language in a category.
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We describe the interpretation of the so called regular formulas, and for a general
description of this topic we refer to [24, 435l

In particular this part will make clear the relationship between category theory
and predicate logic, and it is a direct generalization of the traditional definition due
to A. Tasrki of satisfaction of first-order formulae in ordinary set-valued structures.

Definition 2.2.1. A first-order signature X consists of the following data:

1. a set Z-Sort of sorts;

2. a set X-Fun of function symbols, together with a map assigning to each function
symbol its fype, that is a finite non-empty list of sorts, where the last one is
separated from the others by an arrow:

f: Al,AQ,...,An ——B

and if n = 0 we will say that f is a constant;
3. a set X-Rel of relation symbols, together with a map assigning to each relation
symbol its fype, that is a finite list of sorts:

R — Al’ eeny An
and if n = 0, we will say that R is an atomic proposition.
For each sort A of a signature X we assume given a supply of variables of sort A.

Definition 2.2.2. The collection of ferms is defined recursively by the following
rules:

e x: Aisaterm for every variable x of sort A;

e f(t1,...,ty): Bforevery functionsymbol f: Aj,...,A, — B andt1: Aq,....t,:

We have use denoted 7: A to say that ¢ is a term of sort A.

Definition 2.2.3. The set of regular formulae is defined recursively by the following
clauses, together with, for every formula ¢, the finite set F'V(¢) of the free variables
of ¢:

1. Relations: R(t1,...,t,) is a formula, if #1: Aq,...,t,,: A, are terms and R —
A1,..., A, is a relation symbol. The free variable of this formula are all the
variables occurring in ¢;.

2. Equality: s =4 t is a formula, if s and ¢ are terms with the same sort A. FV(s =

1) =FV(s) UFV(s);

. Truth: T is a formula. FV(T) = 0;

4. Binary Conjunction: ¢ A W is a formula, if ¢ and ¢ are. FV(¢ A ) = FV(¢) U
FV(y);

w

5. Existential Quantification: (3x: A)¢ isaformula forevery formula ¢. FV((x: A)¢) =

FV(¢)\ {x}.
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Definition 2.2.4. A context is a finite list of distinct variables X := x1,...,x,. The
type of a context is the list of sorts of the variables appearing in it. We say that a
context X is suitable for a formula ¢ if all the free variables of ¢ occur in X; a regular
Jormula-in-context is an expression of the form X.¢, where ¢ is a regular formula
and X is a suitable contest for ¢. Similarly, a term-in-context is an expression of the
form X.t where ¢ is a term and X is a context containing all the variables appearing
in ¢.

Now we introduce the formal expressions which will serve as axioms for the logical
theories we wish to consider.

Definition 2.2.5. By a regular sequent over a signature ¥ we mean a formal expres-
sion

Prz ¥
where ¢ and ¢ are regular formulae over X and ¥ is a context suitable for both of
them.

Definition 2.2.6. By a regular theory over a signature £ we mean as set T of regular
sequents over £, whose elements are called axioms of T.

Since in the rest of this section we work always with regular sequents and regular
theories, we will called it simply sequents and theories.
We conclude this part with two examples of regular theories.

Example 2.2.7 (Elementary theory of abstract categories). A fundamental example
of regular theory is the elementary theory of abstract categories. It can be express
over a signature of two sort, see [24], but we present it following the notation of
Lawvere, see [35]]. The signature is given by the following data:

* one sort M, which represents the morphisms;
e two unary function symbols dom: M —— M and cod: M —— M ;
e one relation symbol I' — M, M, M.

The axioms of the theory are:

. Tk, cod(dom(x)) = dom(x) and T +, dom(cod(x)) = cod(x);

.T(x,y,u) bxy, dom(x) = dom(u) A cod(y) = cod(u);

L0y, u) AT, ) ey =15

. dom(y) = cod(x) Fyy (3u)I'(x,y,u);

. (FuI(x,y,u) Fy,y dom(y) = cod(x);

. identity axiom: T +, I'(dom(x), x, x) A I'(x,cod(x), x);

. associativity axiom: I'(x, y, u) AT (y, z,w) AL (x, w, f)AT(4,2,8) Fx,y zuw f = 8-

~N NN kW=

The meaning of the formula dom(x) = y is "the domain of x is y" (and similarly for
cod), and I'(x, y,u) means that "u is the composition x followed by y". Besides the
usual means of abbreviating formulas, the following (as well as. others) are special
to the elementary theory of abstract categories

f:x——=y means dom(f) =x Acod(f) =y
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and
fg = hmeans I'(g, f,h).

In this presentation with a signature of only one sort, the objects are identified with
the identity morphisms.

Example 2.2.8 (Theory of divisible abelian groups). Another example of regular
theory is the theory of divisible, abelian groups; the signature is defined by one

sort A, two function symbol +: A,A—— A, (=)' A—— A and a constant
symbol e. This theory is obtained from the theory of abelian groups, which has the
following axioms

¢ Thyy(X+Y)+z=x+(y+2);
s T () lT+x=e¢;

s Tryx+e=ux;

4 Tl—x,yx+y=y+x;

and for every n > 1 we add the axiom

T Fx (Fy)(ny = x).

2.2.1 Categorical semantic

Definition 2.2.9. Let C a category with finite products, and let X be a signature. A
X-structure M in C is given by the following data:

1. for every sort A of Z-sort, is given a object M A in C, and for every finite string
of sorts Ay, ..., A, we define

M(Al,...,An) = MA1 X ... X MAn.

If the string is the empty one, we define M ([]) as the terminal object of C;
2. for every function symbol f: A1,...,A, — B, is defined a morphism

Mf: M(A4,...,MA,) —— MB

in C;
3. for every relation symbol R — Aj,...A,, is define a subobject

MR—— M(As,...Ay)

in C.
Definition 2.2.10. The X-structures in C form a category X-Str(C) whose mor-
phisms are called X-structure homomorphisms: anhomomorphisms h: M —— N

consists in a collection of morphisms h4: MA —— NA in C, indexed by the sorts
of X, satisfying the following properties:
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1. for every function symbol f: Ai,...,A, — B the diagram

M
M(Ay, .. A) 2~ uB

hayx...xha, hp
N(Al, ...,An) T‘ NB

commutes:
2. for every relation symbol R — Aj,...A, of Z there is a commutative diagram in
C of the form:
MR——— M(Ay,....,Ay)

hA1><~~~><hAn

NR——> N(A1, ..., Ay).

Identities and compositions in X-Str(C) are defined component-wise from those in
C.

Remark 2.2.11. Observe that every functor 7: C —— D which preserves finite
products and monomorphisms induces a functor X-Str(7"): X-Str(C) —— X-Str(D)
in the natural way; any natural transformation «: Ty —— 7> between such func-

tors induces a natural transformation X-Str(a): X-Str(77) —— X-Str(7>) . Thus
the construction X-Str(—) is 2-functorial.

Definition 2.2.12. Let C be a category with finite products and let M be an object
of 2-Str(C). Consider a term-in-contest X.7, where the type of X is Ay, ..., Ay, and
t: B. We define the morphism

1Z.200 : M(Ay,.... Ay) —> MB

in C recursively by the following clauses:
1. if ¢ is a variable, then it must be of the for x;: A; for some i < n, and then we
define [|X.t]ps = pr;, where pr;: M(A4,...,A,) — MA; is the projection;

2. iftis f(t1,....tm), Wheret;: C;and f: Ci,...C,, — B , then [|X.t]]ps is defined
as the composition of

(B3N VY B JY) Mf

M(Cy,...Cp) —— MB.

M(Aq,...,A)

Lemma 2.2.13 (Substitution Property). Let ¥ be a suitable contest for t: C with
v;: B;. Let 5§ be a string of terms of the same length and type as y, and let X be a
suitable contest for 5 with x;: A;. Then | X.t[5/¥]l|sm is the composite
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Wx.s11pt5 s 0% -5 I ) [%.21nm

M(A1, ... A M(B1,..Bp) — > MC

Proof. Straightforward induction on the structure of the term ¢. See [24, Lemma
1.2.4]. O

Remark 2.2.14 (Weakening Property). Observe that if y is a suitable contest for a
term ¢, we can apply the previous lemma to the string § = ¥, and take as suitable
contest for 5 a contest X containing y. Then we obtain

IX.t0p = [5.2lam o pr
where pr is an opportune projection.

Lemma 2.2.15. Let h: M —— N be an homomorphism of Z-structures in a cat-
egory C with finite products, and let X.t be a term-in-contest, with x;: A; and t: B.
Then the diagram

(%21

M(Aq,...Ap) —=—~ MB
hAIX...XhAn hp

N(Ay,..,A) —— NB
[%.2]n

commautes.

Proof. The proof is again an induction on the structure of the term ¢. See [24, Lemma
1.2.5]. O

We turn next to the interpretation of regular formulae in a X-structure in a regu-
lar category, and it will be clear why one need this structure in order to interpret this
kind of formulae.

Definition 2.2.16. Let M be a X-structure in a regular category C. A formula in
contest X.¢, where x; : A;, is interpreted as a subobject

1X.600 — M(A1, ..., Ap)

according to the following recursive clauses:

1. if ¢ is of the form R(¢4,...,t,;), where R is a relation symbol of type Bj,..., By,
then [ X.4[as is the pullback
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[%.¢1m R
4

M(As, ... Ap) M(Bi,...,By)

[(ER0 FYSN E N YD)

2. if ¢ is of the form s =p 1, then [ X.4[ s is the equalizer

[X.s]

1X.¢la——— M(A4, ..., A,) MB
[%.7]

3. if ¢ is T then [ X.¢||5s is the top element of Sub(Ay,...,A,);
4. if ¢ is y A ¢ then [ X.¢[ s is the pullback
1%y & ¢lar [%.70am
_
1%.¢ M(Aq,...,A,)

5.if ¢ is (3y: B)y then [ X.¢]p is the image of the following composition

T

M(A, ... Ay).

I%, y.4 | sp— M(Aq, ..., Ay, B)

[%.60n

Lemma 2.2.17 (Substitution Property). Let y.¢ be a regular formula, with y; : B;,
and let M be a X-structure on a regular category C. Let s be a string a terms of the
same length and type of ¥, and let X be a suitable conntest for all the terms of s, with
xj: Aj. Then | X.¢[5/¥]a is the pullback of the following diagram:

1X.¢[5/ 512 15-¢la

M(Ay,...Ay) M(B,....By)

(ST VISR 0 FY )

Proof. One can prove the lemma using induction on the structure of the formula ¢.
See [24] Lemma 1.2.7]. O



42 2 Regular Categories and Factorization Systems

Lemma 2.2.18. Let C be a regular category, and let h: M —— N be an ho-
momorphism of X-structure. Then for every regular formula-in-context the X.¢ the
diagram

[

lappm—————— M(A4, ..., Ay)

)
L lhAlx...XhAn
X.¢

[X. ¢l N(A1,.... An)

commautes.

Proof. One can prove this lemma using induction on the structure of the formula ¢.
See [24] Lemma 1.2.9]. O

2.2.2 Structural rules

The definitions of the last two subsections provide a useful tool for constructing
objects and morphisms with prescribed properties in a given category C, but first-
order logic is more than a convenient shorthand for describing particular objects and
morphisms of a category; it is also a tool for proving things about them via suitable
deduction-system.

We develop such deduction system for the fragment of first order logic we have
considered and we prove that it is sound for the categorical semantic. This means
that anything is formally derivable in the deduction system is valid in any structure
for a given signature in a regular category.

Our deduction-system will be formulated as sequent calculi, following the nota-
tion of [24]. It provide rules for inferring the validity of certain sequents.

Given the axioms and inference rules below, the notion of proof (or derivation)
is the usual one: a chain of inference rules whose premises are the axioms in the
system and whose conclusion is the given sequent.

Allowing the axioms of theory T to be taken as premises yields the notion of
proof relative to a theory T.

Definition 2.2.19. 1. The structural rules consist of:
a. identity axiom
drz @
b. substitution rule

Pz
#[5/X] v5 y[5/%]
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where ¥ is a suitable contest for every term of the string s and s has the same

length and type of X;
c. cut rule
Prz ¥ Yz x
¢rz x
2. the equality rules are
Tre (x=1x)

and

(X =Y)Ao rz ¢[5/5]
where 7 is a suitable contest for ¢, and it contains X and ;

3. the rules for finite conjunction are

drz T
dAYFz @

dAY Fz Y
and the rule
Prz Y drz x
drz ¥y AN x
4. the rule for existential quantification consists of the double rule
¢ Fzy v
Fy: B)prz ¢

5. the Frobenius axiom consist of the following

¢ AQ@y: By rz (3y: B¢ AY)

Remark 2.2.20 (Weakening Rule). Observe that the substitution rule allows us to
derive form a sequent ¢ +z ¥, a sequent ¢ +5 i, where the context y contains the
context X.

Remark 2.2.21. Observe that the Frobenius axiom is provable in a full first order
logic, using the rules for implication.

Definition 2.2.22. We say that a regular sequent o is provable in a regular theory T,
if there exists a derivation relative to T (using the rules described previously), which
has o at the bottom line.

Definition 2.2.23. Let M be a Z-structure over a regular category C.
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1. If o = (¢ 3 ¥) is a sequent with x; : A;, we say o is satisfied in M if

1X.¢0 < [X.¢]

in Sub(M (A4, ..., A,)), and we will write M F o.

2. If T is a regular theory over X, we say M is a model of T if all the axioms of T
are satisfied in M, and we will write M = T.

3. We define T-Mod(C) the full subcategory of £-Str(C), whose objects are models
of T.

Example 2.2.24. 1. A topological group can be seen as a model of the theory of
groups in the category of topological spaces.

2. Similarly, an algebraic (resp. Lie) group is a model of the algebraic theory
of groups in the category of algebraic varieties (resp. the category of smooth
manifolds).

Lemma 2.2.25. Let T: C——= D be a regular functor between regular cate-
gories, let M be a Z-structure in C and let o be a sequent over . If M = o, then
2-Ste(T)(M) E o in D.

Proof. It is again an induction on the structure. See [24] Lemma 1.2.13]. O

Remark 2.2.26. Observe that by Lemma[2.2.25| we can restrict the functor defined in
Remark[2.2.11|to T-Mod(T): T-Mod(C) —— T-Mod(D) .

Theorem 2.2.27 (Soundness). Let T be a regular theory over a signature X, and let
M be a model of T in a cartesian category C. If o is a regular sequent which is
provable in'T, then M F o.

Proof. See (24, Proposition 1.3.2]. O

2.2.3 Internal language

Let C be a regular category, we can define a canonical signature X called internal
language as follow: the sorts of X are the objects of C, and for every non-empty
list of object of C A4, ..., A,,, B and every morphism f: A; X...X A, —— B, we

define a function symbol f: A4,...,A, — B inX¢.
Observe that every morphism of the form f: A; X... X A, —— B induces
more function symbols: the first one is the n-ary function symbol f: Aj,...., A, — B,

then there is the (n — 1)-ary function symbol f: Ay,...,Ay—2,(Ap-1 X Ay) — B
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and so on until the unary one f: A; X ... X A, —— B . In the same way for every
subobjects R — Aj,..., A, we define the relation symbols of the signature.
Moreover there is a canonical structure for ¢ in C, called tautological structure,
which assigns to every sort A the corresponding object A in C and to every function
symbol the corresponding morphism in C. The usefulness of this notion lies in the
fact that properties of C or constructions in it can often be formulated in terms
of satisfaction of certain formulae over X¢ in the canonical structure. The internal
language can thus be used for proving things about C. See [24}50] for all details.

2.2.4 Syntactic category

In Subsection [2.2.2] we have seen a Soundness Theorem, asserting that "anything is
provable is true". Now we look at the converse result, asserting that "anything is true
is provable"; this result is known to logicians as a Completeness Theorem.

Starting from a regular theory T over a signature £ we want to construct a category
Cr of the appropriate kind and a particular model Mt for this theory.

We call this category the syntactic category Cr, and the model M generic model.
As for the previous section we follow the notation of [24], and we suggest for further
reading [45]].

Definition 2.2.28. Let T be a regular theory over a signature X. We define the
syntactic category Cr as follow:

* objects: the objects of Ct are a-equivalence classes {x.¢} of regular-formula-in-
contest, where X.¢ and y.ys are said to be a-equivalent if X and y have the same
length and type, and if ¢[y/X] is exactly . Observe that by Lemma[2.2.17 if X.¢
and y.y are a-equivalent, then || X.¢||5s is equal to [y [las.

e morphisms: let {X.¢} and {y.y} be objects of Cr. A T-provably functional
proposition 6 from ¥.¢ to ¥.i is a regular formula whose free variables are in X, ¥
and such that the following sequents are provable in T:

1.6 kx5 dNAY;

2.0N0{Z/Yl rz5:2=Y:

3. P rz (E!y)@
We take the morphisms of Cr to be T-provable-equivalence classes of formulae-
in-contest which are T-provably functional, and we denote a class of this type by

[6].

Now consider the following diagram

G0y 2 Gy 2 .

The composition [y] o [6] is defined as [IY(6 A )]. It is direct to check that this
formula is T-provably functional, for example the first sequent is provable as follow
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OFz5zdNY YEi3z ¥ A X
ONyrzzz0 Orz5z ¢ ONYFrz5z2Y YFi5z X
OANYyrz52 9 ONY 52 X

ONYFz52 P A X
O AY) rzz O A x

Similarly we can verify the others sequents, and the associativity of the composition.
Moreover the identity morphism on {X.¢} is the equivalence class

[pA(x=z)]

{x.0} {Z.¢[z/X1}.

Theorem 2.2.29. Cr is a category, and it is regular.

Proof. See [24, Lemma 1.4.2 and Lemma 1.4.10]. O

Lemma 2.2.30. Any subobject of {X.¢} in Cr is isomorphic to one of the form

(X3 7]y — e (7.0)

where \ is a formula such that the sequent ¥ 3 ¢ is provable in T. Moreover for
two subobjects W and y we have {X.y} < {X.¢} in Subc({X.¢}) if and only if the
sequent Y +3 x is provable in T.

Proof. See [24, Lemma 1.4.4 (iv)]. U

Observe that we have a canonical X-structure Mt in Cr, which assigns to a sort
A the object {x.T}, where x: A, to every function symbol f: Aj,..,A, —— B
the morphism

{y.T}

and to a relation symbol R — Aj, ..., A, the suboject of {x1, ..., x,,. T} whose domain
is {x1, .0, X .R(x1, ..., Xp) }.

{x1,..,%,. T}

Lemma 2.2.31. Let T be a regular theory.

o For any term-in-contest X.t over %, the interpretation in Mt is the morphism
[1(x) = y]: {X.T} ——{».T}
o For every formula in contest X.¢ the interpretation in Mr is the subobject
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o A sequent ¢ vz VY is satisfied in My is and only if it is provable in T.

Proof. See [24, Lemma 1.4.5]. U

Theorem 2.2.32 (Completeness). Let T be a regular theory. If a sequent in T is
satisfied in all the models of T, then it is provable in T.

Proposition 2.2.33. Let T be a regular theory. Then for any regular category D the
functor
Reg(Cr, D) — T-Mod(D)

which sends a regular functor F: Cr ——= D to F(Mr) is an equivalence of
categories.

Remark 2.2.34. Observe that the previous theorem tell us that the functor T-Mod(-)
is in some sense representable. In other words, it states that studying models of a
regular theory is equivalent to study regular functors from the syntactic category to
the category on which we want to give an interpretation of the theory.

Definition 2.2.35. Let T and T” be regular theories. We said that T and T’ are
Morita-equivalent if Cr and Cr are equivalent.

2.3 Factorization systems

A number of author have observed that the regularity of category C is not necessary
for the existence of a "calculus of relations" in C with an associative composition of
relations.
In this section we will see that it is sufficient that the finitely complete category
C has a proper factorization system (&, M) whose class & is stable under pullbacks.
We begin with a review of factorization systems. For more details on the former
we refer to [[15]] and [26].

Definition 2.3.1. Let & and M be subclasses of the category C™ of arrows in an
arbitrary category C. We say that (&, M) is a factorization system for C if the
following hold:

1. Iso ¢ & N M, where Iso denotes the class of isomorphisms of C;

2. & and M are closed under composition;

3. & and M satisfy the diagonal fill-in property, namely, for every commutative
square
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where ¢ € & and m € M there is a unique f making the previous diagram
commutative;

4. every arrow f in C factors as f = me, where e € & and m € M, and we shall
call m the image of f;

Remark 2.3.2. Observe that the condition 3 in Definition [2.3.1]is equivalent to the
following: if fme = m’e’ f’, where e,e’ € & and m,m’ € M, there exists a unique
w such that the diagram

e m
o —>0o——>o0
|
f’t o jf
Y

commutes.

Definition 2.3.3. A factorization system (&, M) is said to be proper if every mor-
phism in & is an epimorphism, and every morphism in M is a monomorphism.

Remark 2.3.4. Suppose that (€, M) is a stable factorization system on a finitely
complete category C. When M is the class of all monomorphisms, & consists of the
strong epimorphisms, so that C is a regular category.

Definition 2.3.5. Assume that C has finite limits. A proper factorization system
(&, M) for C is said to be stable if the class & is stable under pulling back.

Remark 2.3.6. If C has finite limits and (&, M) is a factorization system, then by the
diagonal fill-in property, the class M is stable under pullbacks.

Example 2.3.7. The category Top of topological spaces is not regular, as it is ob-
served in Example[2.1.9] but it has a stable factorization system (&, M) where & is
the class of epimorphisms, and M is the class of strong monomorphisms.

Following the same idea used in Section the notion of relation can be gener-
alized in the context of factorization systems.

Definition 2.3.8. Let C be finitely complete category and let (&, M) be a proper
factorization system. A relation R from A to B is a subobject

(ri,r2): R——= AXB
such that the inclusion (r1,ro) lies in M.

For the rest of this section we fix a category with finite limits C and a stable
factorization system (&, M). As for the case of regular categories, we want to define
a category whose morphisms are relations. Therefore we shall define how one can
compose relations, and we prove that the composition is associative.

We can compose two relations R: A—— B and Q: B—— C by forming
the diagram
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P
R Q
A B C

Fig. 2.1: Composition of Relations

where the diamond is a pullback and taking for QR the image of
(rip1,qap2): P——=AXC.

To prove that the composition of relations is associative we need the following
lemma, and here we can see that it is fundamental that & is stable under pullbacks.
Lemma 2.3.9. A morphism g: A—— B of C factorizes through the image of
f: C—— B ifand only of if we have gh = ft for some h € & and some t.

Proof. Let f = me be the (&, M)-factorization. If & and ¢ as above exist, by the
diagonal fill-in property, see Definition[2.3.1] we have an s such that

et g

commutes, since 7 € & and m € M. Conversely if g = ml, then we consider the
pullback

_

]

e

and we have met = mlh. Thus ft = gh with h € & because the factorization system
is stable. (]

Given arelation R: A—— B ,wesaythataspan {a,b): X —— A X B belongs

to R, written b (R) a, if it factors through the inclusion (ri,ro): R——= AX B .
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Note that the graph (id, f): A —— A X B of amorphism f is a relation from
A to B since it is a coretraction and hence certainly lies in M, because M contains
isomorphisms. Following the notation of [26], we identify this relation with f, and
we call it a function. Note that b (f) a means b = fa. Apply Lemma we can
prove the following result.

Proposition 2.3.10. Let R: A—— B and Q: B—— C be two relations, and

let QR: A—— C be the composition. For a span {(a,c): X —= AXC we
have ¢ (QR) a if and only if, for some e € & and some b, we have ce(Q)b and
b(R) ae.

Proof.[Sketch] If ¢ (QR) a then (a, ¢) factors through QR, hence it factor through the
image of (r1p1,q2p2), where p; and po are the arrows of the pullback

PR

P p2 Q
_
Pl\ \42
R B.

PR
r2

By Lemma[2.3.9|there exist ¢ € & and ¢ such that

(a,c)e = (r1p1,q2p2)t

and then ae = ripit and ce = gapat. We define b := rypyt, and by definition of
p1 and po we have b = gy pat. Therefore (ae,b) = (ri,r2)p1t, which means that
b(R)ae, and {b,ce) = {q1,q2)p2t, hence ce (Q) b. The converse is similar, and we
refer to [26] and [9]] for the proof. O

Corollary 2.3.11. The composition of relations is associative.

Proof. Consider aspan {(a,d): X — A X D and three relations P: A—— B,
Q: B——C and R: C —— D . We want to prove that d ((RQ)P) a if and only
if d (RQ)P) a.
By Proposition[2.3.10{d ((RQ)P) a holds if and only if there exist e1,e2 € & and
some morphisms b1, bs such that

1. by (P)ael;
2. b2 (Q) brea;
3. d€1€2 (R)bg.

Similarly d (R(QP)) a holds if and only if there exist €1, €2 € & and some morphisms
b1, bs such that

1. 1:72 (P) aejez;

2. b1e2(Q) ba;
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3. de1 (R) b1.

If we have d ((RQ)P)a then we have by (P)aey. By definition this means that
(ae1,b1) factors through P, and then (ae1, b1)es factors through P. Therefore we
have b1€2 (P) aeien. Deﬁning e| = ejeg, €9 = id, Bl = b2 and BQ = bleg we
obtain that

by (P)aey, bié2(Q) by, dejea (R) ba.

Thus we have that d (RQ)P)a implies d (R(QP))a. Similarly we can prove the
converse, and we can conclude that the composition of relations is associative. [

Remark 2.3.12. We have proved that if the factorization system is stable then the
composition in associative, but there is a strong result, see [29] and [26]], which is
that the composition is associative if and only if the factorization system (&, M) is
stable.

So the objects of C and the relations with respect a fixed stable, proper factoriza-
tion system (&, M), form the category Rel(C; &, M), or Rel(C) if the factorization
system is clear from the context. In particular this is a 2-category when we order the
relations from A to B in the usual way as subobjects.

By Remark every pullback along a morphism of M is in M, hence this
2-category has local finite infima, R A R’ being the usual intersection. Moreover the

top element of Rel(C)(A, B) is the relation idgxp: AXB—— AXB.
As in the case of regular categories, the 2-category Rel(C) has an anti-involution
sending R: A—— B to R°: B—— A givenby (ro,r;): R—— B X A ,and

there is an embedding C — Rel(C) sending morphisms of C to functions of
Rel(C).

Observe that when the relation R is a function f: A—— B we do not need to
pass to an image when we consider the composition Q f since (p1, gaps) is already
in M because it is the pullback of (q1,¢g2) along f X id¢c and M is stable under
pullbacks. Thus for functions f and g the composition g° f is the relation R tabulated

by (r1,r2) in the pullback
R
N
A Cc
B

In particular f° f is tabulated by the kernel pair of f, hence
ida < f°f (2.2)

and the equality holds if and only if f is a monomorphism.



52 2 Regular Categories and Factorization Systems

When, however, R is an arbitrary relation and Q is a function k: B——C
the pullback in the composition [2.1] is trivial, but we are obligated to take the
image of (rq, kre). Taking R to be h° with h: B—— A , the relation kh° is given
by the image of (h,k): B——— A X C . Thus we have that for a given relation
S: A—— C we have k (S)h if and only if kh° < S. This means that if S is

tabulated by s; and so then
S = 5957 (2.3)

Moreover taking k = h: B——— A we have that hh° is tabulated by the image
of (h,h): B——— AX A, which is Asi where i: I —— A is the image of h,
because Ag € M and M is closed under composition. Thus we have

hh® <ida 2.4)

with equality if and only if & € &E.

Recall that an arrow in a 2-category is often called a map if it has a right adjoint.
The origin of this name being the observation that the maps in Rel(C) for a regular
C are precisely the functions.

Remark 2.3.13. From [2.4] and [2.2] follows that every function f is a map in the 2-
category Rel(C), because it has f° as right adjoint. Observe that if C is a regular
category these are the only maps, as it is observed 2.1.18]

We denote by X the class of monomorphisms which are also morphisms of &.

Proposition 2.3.14. A relation R: A——— B tabulated by r1 and ry is a map if
and only if r1 € X. In this case we have R 4 R°.

Proof. If r; € ¥ we have R 4 R° since (2.3) and (2.4) give
RR° = rar{riry = rory <ida

and (2.3) and (2.2) give
R°R = rirgror] 2 rir] =idg.

Suppose conversely that R has a right adjoint Q: B——= A . Since id4 < OR by
Proposition there exists some ¢ € & and b such that b(R) e, hence pit = e
for some . So r; lies in &. It remains to show that r; is a monomorphism. Let
x,y: K—— R be two morphisms such that r1x = rey. If we prove that also
rox = roy then we can conclude that x = y because (r1,r2) is in M. So consider
(r1x,r1x), and since it factorizes through the identity relation id4 and id4 < QOR,
then we have r1x (QR) r1x. Using again Proposition [2.3.10] we get some e € & and
some b with r;xe (Q) b. Since trivially roxe (R) ry xe we have that

roxe (RQ) b.

Thus (b, roxe) factorizes through id g, since RQ < idp, and then roxe = b. Moreover
we also obtain that roye = b because r1x = r1y. Since e € & is an epimorphism we
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have rox = roy, and then we have the equality (ry,r2)x = (ri,re)y, which implies
X =y. O

Since an invertible arrow in a 2-category is in particular a map, then applying
Proposition [2.3.14] we have the following Corollary.

Corollary 2.3.15. A relation R: A—— B tabulated by r1 and ro is invertible in
Rel(C) if and only if r1,rs € Z. In particular a function f: A—— B is invertible
in Rel(C) if and only if f € %.

Let us now write 8 for the category Map Rel(C) of maps of Rel(C), with
J: C——= 8B for the inclusion. Recall that the objects of Map Rel(C) are the
objects of C, 1-cells are the maps of Rel(C) and 2-cells are defined as in Rel(C).
A morphism R: A —— B in 8 is tabulated by (r1,r2) where r; € Z by Propo-
sition , and if 0 < Rwith O: A—— B and Q is tabulated by (g1, g2), then
there exists a morphism /4 such that r1 & = g1 and roh = g2. Then A lies in Z because
r1,q1 € X, and h lies in M. In particular % is invertible and we can conclude that
Q = R. In other word 8B is a mere category; the 2-categorical structure it inherits
from Rel(C) is locally discrete.
We see that Corollary [2.3] means that the class X consists precisely in the arrows
inverted by the functor J: C —— 8, and in general this inclusion turn to be the

universal J: C —— C[Z7!] inverting the class X. See [26].

Theorem 2.3.16. The inclusion J: C —— B is the projection of C to its category
of fractions C[Z~1]. Moreover the category B is regular and the inclusion preserves
finite limits.

Proof. See [26]. U

We define LF'S the 2-category whose objects are finitely complete categories with
stable factorization system, a 1-cell F: C —— C’ is a left-exact functor such
that FE c & and FM c M'’, and 2-cells are natural transformations. It has a
full sub-2-category Reg given by the regular categories with M consisting of the
monomorphisms. A 1-cell in LFS between regular categories is just a left-exact
functor that preserves strong epimorphisms.

Theorem 2.3.17. The inclusion Reg —— LFS has a left biadjoint functor. In
particular J: C —— B is the reflection of the 2-category LF'S into Reg.

Proof.[Sketch] Let T: C ——= D be a 1-cell in LFS, and let D be a regular cat-
egory. Since T is left-exact it preserves monomorphisms, and since T& are strong
epimorphisms, then it inverts every element of X. By Theorem 2.3.16] T = SJ for
an unique S: B —— D , and S is a 1-cell of Reg. Then we have the universal
property of J also for 2-cells is classical, for any category of fractions. See [26] and
[17] for all the details. O
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Afunctor T: C —— C’ inLFSinduces a2-functor Rel(T): Rel(C) —— Rel(C’)
which sends an object AtoT A, and sends arelation R: A—— B to TR: TA——TB

tabulated by (Tr;,Tre): TR ——TA X TB . Moreover it preserves inequalities.
We refer to [26] for more details and for the proof of the following theorem.

Theorem 2.3.18. For 8 = Map Rel(C), the 2-functor Rel(J): Rel(C) —— Rel(B)

induced by J: C —— B is an isomorphism of 2-categories.



Chapter 3
Elementary Doctrines and Exact Completion

In this chapter we introduce the notion of primary, elementary and existential doc-
trine, and we presents some free completions which allow us to generalize both the
regular completion of a category with finite limits and the exact completion of a
regular category introduced in [6, |8, [LO] in the context of elementary existential
doctrines. We refer to the works of Maietti and Rosolini [41} 42, 43| |44]] for all the
details.

The construction of an exact category starting from an elementary existential
doctrine is not trivial, and we divide this construction in several intermediate steps.

The first result that we want to prove is that the 2-category of existential m-
variational doctrine Ex-mVar is 2-equivalent to the 2-category of stable factoriza-
tions systems LF'S.

The second is to prove that every elementary existential doctrine can be completed
to an existential m-variational doctrine.

In order to show the first equivalence we introduce the notion of fibrations, see
[S, 21], and we use the result proved by Hughes and Jacobs in [19], where they
show that factorizations systems are equivalent to bifibrations with full subset types,
strong coproducts and coproducts.

Then we show that m-variational existential doctrines are equivalent to this kind
of fibrations, and we give a complete description of the factorization systems con-
structed from this doctrines.

After that we analyse the regular category Efp constructed from an existential
m-variational doctrine P: C°? —— InfSL which is the result of the composition
of the following functors

Ex-mVar —= > LFS 2220 Reg

Itis shown in [42]/43]] that an elementary existential doctrine P: C°P —— InfSL
can be completed to an existential m-variational one (P).q4, applying two free con-
structions: the first which produces an elementary existential doctrine with full
comprehensions, and the second which enforces the comprehensive diagonals.

55
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Composing the previous free constructions together with the exact completion of
a regular category, we obtain a first instance of exact completion of an elementary
existential doctrine

e = Map Rel(— (“)ex/re
EED — % Ex-mVar LFS TP RO Reg ~ 28 Xt

Moreover Maietti and Rosolini observed that if the base category of an existential
m-variational doctrine P: C°P —— InfSL has quotients, stable and of effective
descents, then the category Ef p is exact.

In particular we have the following equivalence of exact categories

Ef(p).ya = (Ef(p), ,)ex/reg-

So the quotients completion provides a second way to complete an existential m-
variational doctrine to an exact category.

We conclude this chapter with a comparison between the previous exact comple-
tions and the tripos-to-topos construction. See [20, [51]].

We introduce a generalized tripos to topos construction for elementary existential
doctrine, which provides an exact category 7p starting from an elementary existential
doctrine P: C°P —— InfSL . See [41},/44] for all the details.

A direct calculation will show that the category 7p is equivalent to the category

Ef(P)(rqd N

3.1 Fibrations and factorization systems

It is a known fact that a factorization system on a category with sufficient pullbacks
give rise to a fibration.

In [19] the fibrations that arise in such a way are characterized, by making
precise the logical structure that is given by the factorization system. The original
motivation for this investigation comes from the Birkhoff’s result about definability
and deductibility for universal algebras [2]].

In this section we describe how factorization systems give rise to bifibration
with certain logical properties, and then we describe how one can go in the reverse
direction: from bifibrations with this structure to factorization systems.

We refer to [19] for all the details about these constructions, and to [21]] for a
complete description of fibrations and their relation with structural aspects of logic
and type theory.

Definition 3.1.1. Let p: G —— C be a functor, and f: X ——Y an arrow
in G, with pf =u: A—— B . We say that f is Cartesian over u if for every

morphism g: Z——=Y in G such that pg factors through u, pg = u o w, there
exists aunique h: Z —— X suchthatg = f o hand ph = u.
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Definition 3.1.2. A fibration is a functor p: G — C such that, for every Y in

G and every u: I —— pY , there exists a Cartesian f: X ——Y over u.

For a given fibration p: G —— C , and any A in C, let G4 be the fibre category
over A: the objects of G4 are the objects X of G such that pX = A, and the morphisms
of G4 are the morphisms f: X ——=Y of G such that pf = idy4, and they are
called vertical morphisms.

Let p: G —— C be a fibration, and let X be an object of G such that pX = A.

For every morphism u: B—— A we fix a Cartesian morphism uY above u and
we denote dom(uY) = u*(Y) the domain of the morphism %Y. Then we can define
the substitution functor

u': Ga—Gs

sending X to u*(X), and a morphism f: X ——=Y of G4 tou” f, which is defined
as the unique morphism such that the square

w(X) X~ x

|
uwf f
A
w(Y)——Y
uy

commutes.
Observe that this morphism exists because p(uX o f) = u = p(uY), and then there
is a unique vertical arrow making the previous diagram commutative.

Example 3.1.3 (Codomain fibration). For every category C with finite limits we de-
fine the codomain fibration cod: C” —— C , sending an object f: A—— B
of the arrows category C— to B. The Cartesian morphisms in C~ coincide with
pullback squares in C.

Example 3.1.4 (Subobjects fibration). We consider the category of subobjects
Sub(C) of C (with finite limits), whose objects are equivalence classes of monomor-
phisms, where the relation we are considering is the usual which identify two
monomorphisms m and n if m < n and n < m. Then the restriction of the codomain
functorto cod: Sub(C) —— C is afibration, and it is called subobjects fibration.
This fibration is used to describe the so called internal logic of C. See [21].

Example 3.1.5 (Equivalence Relations). Recall from Definition 2.1.13] that a rela-
tion on an object A of a category C with finite limits is just a monomorphism
R——= A X A . We can define a subcategory Rel(C) of Sub(C) whose objects

are relations, and then we define the fibration p: Rel(C) —— C which sends an
object R———= A X A to A. Moreover we can consider the subcategory ERel(C)
of Rel(C) whose objects are equivalence relations, and we can restrict the previous
functor to the fibration p: ERel(C) ——=C .
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Example 3.1.6. Let C be a category with finite limits, and let (&, M) be a factoriza-
tion system for C. Since M is stable under pullbacks, the functor

cod: M ——C

is a sub-fibration of the codomain fibration. Given A € C the fibre category M, over
A consists of M-morphisms with codomain A. Given a morphism f: A——B
in C the substitution functor

[ Mp——= My

is defined by pullback along f. Moreover the fibration is a fibred pre-order if and
only if (&, M) is a proper factorization.

Throughout what follows, we assume that C has finite limits.

Definition 3.1.7. Let p: G —— C be a fibration. We say that p is a op-fibration
if
pop . gop > COP

is a fibration. If p is both a fibration and a op-fibration, we say that p is a bifibration.

Let p: G —— C be a bifibration, let X be an object of G such that pX = A.
Consider a morphism u: A—— B of C. We denote by uX the op-morphism

above u and by [], X the codomain of this morphism. We recall an equivalent

characterization of bifibrations. See [21]] for the details.

Lemma 3.1.8. Let p: G —— C be a fibration. It is a bifibration if and only if for

every morphism u: A—— B we have [, 4 u".

A bifibration p: G — C is said to satisfy Beck-Chevalley just in case, for every
pullback square in C

_

A—Y s B

\J \

C D
1

u

the canonical natural transformation [[, r* —— s* [[,, is an isomorphism.
In this case we say that the fibration p has coproducts. As it is observed in [21,/19]],
not all bifibrations satisfy Beck-Chevalley.

Example 3.1.9. Given a factorization system (&, M) on C the codomain fibration
cod: M —— C defined in Example is a bifibration. Indeed for every
f:A——B inC let

im(fo-): Mgy —— Mp
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be the functor taking m: M —— A to the image of im(f o m). It is easy to check
that im(f o —) 4 f*. Moreover the induced bifibration satisfies Beck-Chevalley just
in the case the factorization system is stable. See [19]].

Lemma 3.1.10. The bifibration cod: M —— C induced by a factorization sys-
tem (&, M) has coproducts if and only if the class & is stable under pullbacks.

Proof.[Sketch] Suppose that cod: M —— C has coproducts and the arrow
u: I ——J is an &-morphism, and consider the following pullback

_

A 4 B
_
I )

_—
u

We want to prove that im(v) = idg. Thus
im(v) = im(v o —)idag = im(v o =)r*id; = s" im(u o —) id;

where the last isomorphism holds by Beck-Chevalley. Since u is an &-morphism, we
have im(u) = id; and then

im(v) = s"im(u o —)id; = s*id; = idpg .

Therefore we can conclude that & is stable under pullbacks. For the other implication
we refer to [[19]. O

Definition 3.1.11. Let p: G —— C be a fibration. We say that p has subset type,
if p has aright adjoint T: C —— G , where po T = id¢, and T has a further right
adjoint {-}: G——C.
The logical interpretation of the Definition [3.1.T1]is the following: given a fibration
p: G — C we view the category G as providing predicates over the types in C,
and the functor p takes a predicate to the type of its free variable. If p has a right
adjoint T: C —— G such that pT = id¢, then this adjoint picks out the maximal
or "true" predicate for each type.

A right adjoint {-}: G —— C to T is interpreted as mapping a predicate to
its extension in C.

Definition 3.1.12. For X in G, define the projection nyx: {X} —— pX , to be
pEex, where

e: T{-}=idg
is the counit of the adjunction between T and {-}. If the functor X + nx from G
and C~ is full and faithful, we say that p has full subset types.
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Example 3.1.13. The subobject fibration defined in Example has full sub-
set type. The associate functor {-}: Sub(C) —— C takes a representation

( X—— A) of a subobject to its codomain A € C.

Example 3.1.14. Given a factorization system (&, M), the codomain fibration
cod: M —— C defined in Example has full subset types. The functor
T:C—— M isgiven by T(A) = idg: A—— A, and the right adjoint is the

domain functor dom: M —— C which sends a morphism to its domain.

The following definition basically says that the subset projections are closed under
composition. We use the same terminology of [21}[19], but the original name "strong
coproducts" comes from dependent type theory, see [49].

Definition 3.1.15. Let p: G ——— C be a bifibration with full subset type. We say
that p admits strong coproducts along subset projections just in the case, for every
X in G and Y in G(x,, the canonical arrow {r, Y} is an isomorphism.

oy —=0 gy
{X} ,,X pX

Example 3.1.16. For any factorization system (&, M) the bifibration cod: M ——C
admits strong coproducts with respect to projections. Indeed for every M-morphisms
m: M —— B and n: B—— C , we have the following diagram

M ——=>im(n o m)
Mm=7y, T

B C

n=mp
where the top arrow is an isomorphism because M is closed under compositions.

Thus we have proved the following result.

Theorem 3.1.17. Let C have a factorization system {(E, M). Then the bifibration
cod: M —— C has full subset types and admits strong coproducts along subset

projections. Moreover & is stable under pullbacks if and only if cod: M ——C
has coproducts.

We have shown that factorization systems induce bifibration with full subset types
and strong coproducts along subset projections. Now we see how to construct a
factorization system from such bifibration.
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Definition 3.1.18. Consider a fibration p: G —— C which satisfies the following
conditions:

1. p is a bifibration;
2. p has full subset type;
3. p has strong coproducts along subset projections.

We call such p a factorization fibration.

Lemma 3.1.19. Let p: G — C be a factorization fibration. Any morphism

f: A—— B in C can be factored as

X

A L > (X} B

where u is of the form u = {f TA} o na and n is the unit of the adjunction T 4 {—}.

Proof. We take the factorization

77A {fra

fTA} Ty TaA
A {TA} {UyTA} ——B

and we see that this works since
w1, a{lf TAMma = per, TAPTUSTAMA) = plerr, TaTH{STAIA))
and since ¢ is a natural transformation, we have el T AaT{ i TA} = i TAera. Thus
m1, Ta{fTAA = p(fTA(eTaTna)) = p(fTA) = f.

O

Observe that Lemma [3.1.19| suggests to define the factorization system (&, M)
associated to a factorization fibration in the following way: the abstract epis & will
consist of composites

A—* > {X}———B (3.1)

where u is of the form defined in Lemma[3.1.19] The abstract monos M will consist
of composites

113

X

B (X} pX. (3.2)

Theorem 3.1.20. Let p: G — C be a factorization fibration. The fibration p
induces a factorization system (&, M) on C where the arrows of & are of the form

(.1) and the arrows of M are of the form (3.2).

Proof. We refer to [19] Theorem 3.6] for the complete proof of this result. (]
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The next two theorems show that this construction is coherent, in the following
sense: if we consider a factorization system (&, M), and we construct the system
associated with the codomain fibration cod: M —— C , we get (&, M) again.

On the other hand, if we consider a factorization fibration p: G —— C , and
we construct the associated factorization system (&, M) and the codomain fibration
cod: M ——C ,wedonotget p: G —— C again, but an equivalent fibration.
As corollary we see that this construction is idempotent.

For the proof of the following results see [19, Theorem 3.7] and [19, Theorem
3.8].

Theorem 3.1.21. Let (E, M) be a factorization system on C. Let (E', M) be the
factorization system constructed via the codomain fibration cod: M —— C, as

in Theorem Then & = & and M’ = M.

Theorem 3.1.22. Let p: G — C be a factorization fibration and let (E, M) be
the corresponding factorization system, constructed via Theorem |3.1.201 Then we
have the following equivalence

Q/N\XM
(&

Corollary 3.1.23. Let p: G — M be a factorization fibration. The the class &
of the induced factorization system (&, M) is stable under pullbacks if and only if
the factorization system has coproducts. Moreover the factorization system (&, M)
is stable in the sense of Definition [2.3.3]if and only if p is a fibred pre-order and it
has coproducts.

3.2 Doctrines

In Section 2.1 we have seen one of the common development of the categorical
approach to predicate logic, in which formulas in context are interpreted as subobjects
in categories. See for example the classic text by Makkai and Reyes [45].

In this section we review the notion of primary, elementary and existential doctrine
from [43] 42| 44], which is appropriate to analyse the notion of quotient of an
equivalence relation and comprehensions. For more details we refer to the previous
articles and [41]].

The notion of primary doctrine is an obvious generalization of that of a hyper-
doctrine. Hyperdoctrines were introduced, in a series of seminal papers, by F.W.
Lawvere to synthesize the structural properties of logical systems, see [36, 137} 38]].
His intuition was to consider logical languages and theories as indexed categories
and to study their 2-categorical properties.
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Recall from [36] that a hyperdoctrine is a functor F: C°? —— Heyt from
a cartesian closed category C to the category of Heyting algebras satisfying
some further conditions: for every morphism f: A—— B in C, the morphism

Fr: FB—— FA of Heyting algebras, where F denotes the action of the functor
F on the morphism f, has a left adjoint Hy and a right adjoint V; satisfying the
Beck—Chevalley condition.

The intuition is that a hyperdoctrine determines an appropriate categorical struc-
ture to abstract both notions of first order theory and of interpretation.

Finally there are also some hyperdoctrines, called triposes, which provide a notion
of model for higher order logic, see [51]].

These were introduced under the name formal topos by J. Bénabou already
beginning of the 1970ies and later reinvented by Hyland, Johnstone and Pitts around

1980.

Definition 3.2.1. Let C be a category with finite products. A primary doctrine is a

functor P: C°P —— InfSL from the opposite of the category C to the category
of inf-semilattices.

The structure of a primary doctrine is just what is needed to handle a many-sorted
logic with binary conjunctions and a true constant, as seen in the following example.

Example 3.2.2. Let T be a theory in a first order language Sg. We define the
Lindenbaum-Tarski primary doctrine

LT: C{;p —— InfSL

where Cr is the category of lists of variables and term substitutions:

* objects of Cr are finite lists of variables X := (x1,...,x,), and we include the
empty list ();

e amorphisms from (x1,. . .,x,)into (y1,...,y,)isasubstitution [t1 /y1,. . ., i/ Vm]
where the terms #; are built in Sg on the variable x1,. .., x,;

* the composition of two morphisms [f/y]: ¥ — 7 and [§/Z]: ¥y ——=7 is
given by the substitution

[s1[7/5) ) zks - - - sklT/F) 2] : ¥ ——Z .

The functor LT: C;* —— InfSL sendsalist (x1,. . .,x,)intheclass LT(x1,. .., X,)

of all well formed formulas in the context (x,...,x,). We say that ¢ < ¢ where
¢, € LT(x1,...,x,) if ¥ Fr ¢, and then we quotient in the usual way to obtain a
partial order on LT (x1,. .., X,). Given a morphism of Cr

(11/Y1 st/ Ym]: (X1, X)) ——= (Y1, -+, Ym)
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then the functor LT/ acts as the substitution LT[;/y](zﬁ(yl, o ym) = W[/
For all the detail we refer to [43]], and for the case of a many sorted first order theory
we refer to [50].

Example 3.2.3. Let C be a category with finite limits. The functor
Sub¢: C°P —— InfSL

assigns to an object A in C the poset Sub¢(A) of subobjects of A in C and,
for an arrow f: B—— A, the functor Sub¢(f): Subg(A) —— Sub¢(B) is
given by pulling a subobject back along f. We denote the objects of Subc(A) by

[B—L> A1

Example 3.2.4. Consider a category D with finite products and weak pullbacks: the
doctrine is given by the functor of weak subobjects

Yo : DP —— InfSL
where Wp(A) is the poset reflection of the slice category D /A, and for an arrow

f: B——= A, the functor Yo (f): Yp(A) ——= ¥Yp(B) is given by a weak
pullback of an arrow g: X —— A with f.

Example 3.2.5. The following example of primary doctrine S: Set°? —— InfSL
is the set-theoretic hyperdoctrine and it can be considered in any axiomatic set theory
such as ZF. We briefly recall its definition:

¢ the category Set is the category of sets and functions;

¢ S(A) is is the poset category of subsets of the set A whose morphisms are
inclusions;

« afunctor Sy: S(B) — S(A) acts as the inverse image f~!(U) for every subset

U of B.

For the rest of the section let C be a category with binary products. An elementary
doctrine on C is a primary doctrine P: C°? —— InfSL such that for every A in
C there is an object 64 in P(A X A) such that

1. the assignment
Hidy,iday(@) := Ppr (@) Ada

for @ in PA determines a left adjoint to Piq, id,): P(AX A) —— PA ;

2. for every morphism e of the form (pr{,pro,prg): X XA ——=XXAXA in
C, the assignment

He(@) := Ppr, pry)(@) A Pipry prg)(0a)

for @ in P(XxA) determines a left adjointto P,: P(X X AX A) ——= P(X X A) .
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Remark 3.2.6. We make a few comments about this definition, recalling [42, Remark
2.2]:

1. the first condition of the previous definition implies the uniqueness of d4;
2. since {prq,pry) o (ida,ida) = (id,id4), the first condition of the definition of
elementary doctrine implies
Hidyiday (@) := Ppr, (@) Ada
3. if C has a terminal object, the second condition implies the first one.
Example 3.2.7. Let T be afirst order theory. The primary doctrine LT: C.” — InfSL ,
as defined in Example [3.2.2] is elementary when T has an equality predicate.

Example 3.2.8. The subobject doctrine and the weak subobject doctrine defined in
Example [3.2.3] and [3.2.4] are elementary, and the structure is given by the post-
composition with an equalizer, see [43]].

Definition 3.2.9. A primary doctrine P: C°® —— InfSL is existential if, for
every Ay and As in C, for any projection pr;: A; X Ap ——A; , i = 1,2, the
functor

Ppy, 0 P(A;) — P(A1 X Ag)

has a left adjoint Hy,;,, and these satisfy:

1. Beck-Chevalley condition: for any pullback diagram

with pr and pr’ projections, for any 3 in P(X) the canonical arrow

E[pr’Pf’(:B) < Pfapr(ﬂ)

is an isomorphism;
2. Frobenius reciprocity: for any projection pr: X —— A, a in P(A) and 8 in
P(X), the canonical arrow

Hpr(Ppr(@) A B) < @ A Upr(B)

in P(A) is an isomorphism.

Remark 3.2.10. In the definition of elementary doctrine Back-Chevalley condition
and Frobenius reciprocity are not required because they follow from the explicit form
of the left adjoints. See [43].
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Remark 3.2.11. Given an existential elementary doctrine P: C°P —— InfSL , for

every map f: A——= B in C the functor Py has a left adjoint H; that can be
computes as:
E[pr2(Pf><id3 (53) A Pprl(a'))

for @ in P(A), where pr; and pry are the projections from A X B.

Example 3.2.12. The primary doctrine LT: C%p — InfSL , as defined in Ex-
ample [3.2.7] for a first order theory T, is existential. An existential left ad-
joint to P, is computed by quantifying existentially the variables that are not
involved in the substitution given by the projection: if we consider a projec-
tion pr=[x/z]: (x,y) ——(2) and a formula ¢ € LT(x,y), then Hp(¢) =
3y(¢[z/x]). In this case the meaning of the Beck-Chevalley condition is clear:
consider the following pullback

Wiye e Wi, y)

[t/x,y/y] [t/2]

(x,y) — (2)

Then Beck—Chevalley condition rewrites the fact that substitution commutes with
quantification as

3y(olt/x]) = Gy(olz/xD)t/z]

since the declaration (w1, . .., w,) ensures that y does not appear in .

Example 3.2.13. For a cartesian category 9 with weak pullbacks, the doctrine of

weak subobjects Yo : D°P —— InfSL defined in Example is existential.
Existential left adjoints are given by post-composition.

Example 3.2.14. The doctrine S: Set°? —— InfSL defined in Example
is existential: on a subset P of a set A, the left adjoint ., for any projection

pr: A—— B, must be evaluated as A, (P) = {b € B|3a € Ala € pr~*{b} N P]}.

Example 3.2.15. The doctrine Sub¢: C°P —— InfSL defined in Example
is elementary, but it is not existential in general. We will see in Section [3.3]that this
doctrine is existential if and only if C is regular.

The category of elementary doctrines EID is a 2-category, where:

e al-cell is a pair (F,b)
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cop

DoP

suchthat F: C —— D isafunctor preserving products,and b: P —— R o F°P
is a natural transformation preserving the structures. More explicitly, for every
object A in C, the function b4 preserves finite infima and

bAXA(dA) = R(F pri,.F pr2)(6FA)

e a2-cell is a natural transformation 6: F —— G such that for every A in C and
every a in PA, we have
ba(a) < Rg, (cal)

Consider the 2-subcategory ExD of EID whose objects are elementary existential
doctrines. The 1-cells of this category are those pair (F,b) in EID such that b
preserves the left adjoints along projections.

The notion of structure for a given signature seen in Subsection [2.2.1] can be
generalized in the context of doctrines, see for example [50] or [45]. In particu-
lar the requirement that the functor F in a 1-cells (F,b) preserves products, and
the conditions on the natural transformation b, guarantee that 1-cells preserve the
structures.

Let us recall briefly how is defined the semantic for first order logic on a
primary doctrine. Given a first order signature X of sorts A, function symbols

f:Aq,...,A, — B ,andrelation symbols R — Aj,...,A,, astructure | - | for

the signature in a primary doctrine P: C°P —— InfSL assigns an object [ A[] of

C to each sort A, a morphism [ f]: [A1] X --- X [A,] —— [B] to each function
symbol, and an object R[] of P(JA1]l X - -- X [[A,]]) to each relation symbol.

Then each term in context + : B [I'] can be interpreted as a morphism

lt:B [T]]: [T]——=1[B] in C. Each formula ¢ [I'] can be interpreted as an
object [l [T']]] of P(IT]).

The definitions of [z : B [I']] and [y [I']] proceed by induction on the structure
of those expressions. As in the case of Section[2.1] we consider only regular formulas.
For example, the formula #; = 5 [I'], where #; and # are terms of sort A, is mapped
in P, [r)).0e (111 (64), and we see that to interpret formulas of this kind we need
the elementary structure. A formula of the form 3x : A.y [I'] is interpreted as
Hjx:a (¥ [I']), and in this case we need the existential structure.

We say that a structure satisfies a sequent ¥ + ¢ [I'] if

Iy [T < [ [T]].
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This notion of satisfaction is sound for an opportune fragment of first order intuition-
istic logic, in the sense that all provable sentences are satisfied. It is also complete,
in the sense that a sequent is provable if it is satisfied by all structures in first order
doctrine. This completeness result is not very informative because the collection
of such structures includes one (in a Lindenbaum-Tarski doctrine constructed from
syntax) in which satisfaction coincides with provability. See Example[3.2.2]

A more useful consequence of this connection between first order logic and
doctrines is the ability to use the familiar language of first order logic to give
constructions in a doctrine that would otherwise involve complicated, order-enriched
commutative diagrams. To do this one uses the following language, which is called
the internal language of a doctrine. The idea is to generalize the construction seen
in Subsection 2.2.3]

In particular one can associate to a doctrine P: C°P —— InfSL a signature

having a sort for every object of C, an n-ary function symbol f: Ai,...,A, — B

for each finite list of objects Ay, . . ., A,, Band every morphism f: Ay X---X A, —— B
of C, and an n-ary relation symbol R — Aj,..., A, for every list Ay,..., A, of ob-
jects of C and every object of P(A;1 X- - -XA,). The terms and first order formulas over

this signature form the internal language of the doctrine P: C°? —— InfSL . We
refer to [S0], [51] for a detailed description of the internal language of a doctrine and

an hyperdoctrine.

3.2.1 Elementary quotients completion

The structure of elementary doctrine is suitable to describe the notion of an equiva-
lence relation and that of a quotient for such a relation.

Given an elementary doctrine P: C°P —— InfSL , an object A in C, and an
object p in P(A X A), we say that p is a P-equivalence relation on A if it satisfies:

o reflexivity: 64 < p;

» symmetry: p < Py, pr,y(p), for pry,pro: AXA——=A the first and the
second projection, respectively;

* transitivity: Pipe) pry)(0) A Pipry pra)(0) < Pipry pry) (p) for

pri,pro,prg: AXAXA——A
the first, the second, and the third projection, respectively.

Remark 3.2.16. The P-equivalence relations are exactly the equivalence relations in
the internal language of P. So an object p € P(A X A) is an P-equivalence relation
if the following sequents are provable in the internal language:

e aj =z ast plar,az) [ay : A as : Al;

o plai,as) v plas,ar) [a1 : A,as : A];
o plai,as) A plas,as) v plai,as) [a1 : A,as : A,as : Al.
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Remark 3.2.17. For an elementary doctrine P: C°P —— InfSL , the object §4 is
a P-equivalence relation, and for every morphism f: A —— B, the functor

PfoS P(B X B) e P(A X A)

takes a P-equivalence relation o on B to a P-equivalence relation on A.

The P-kernel of amorphism f: A —— B, is the object Prxr(dp), and by Remark
it is a P-equivalence relation on A. An equivalence relation is said effective
if it is the P-kernel of a morphism..

Remark 3.2.18. The P-kernel of f: A—— B in the internal language is the for-
mula f(a1) =g f(az) [a1 : A,az : A].

Definition 3.2.19. Let P: C°® —— InfSL be an elementary doctrine, and let p be
an P-equivalence relation on A. A P-quotient of p is a morphism ¢g: A —— A/p

in C such that Py, (04 v ) > p and for every morphism f: A—— Z such that
P
Pryf(67) = p, there exists a unique morphism g: A/p — Z suchthatgog = f.

Remark 3.2.20. In the internal language a quotient of p € P(A X A) is a term
q(a) : 4/, [a: A] such that

plav,az) v glar) =a, qlaz)[a1: Aaz : A]
and for every term f(a) : Z [a : A] such that

pla,az) v flar) =z f(az) [a1 : A,az : A]

there exists a unique term g(a’) : Z [a’ : A/p] such that f(a) = g(g(a)).

We say that such a P-quotient is stable if in every pullback

AT

v f

A

A,

in C, the morphism ¢’: A” —— C’ is a P-quotient.
In the following example we see that the notion of P-equivalence relation, quo-
tients and effective morphism coincide with usual notion seen in Section 2.1}

Example 3.2.21. Consider the subobjects doctrine Subg: C°P —— InfSL ob-
tained form a category with finite limits as defined in Example[3.2.3] A quotient of

a Sub¢-equivalence relation | R>ﬂ>2>A X A ] is the coequalizer
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since Subgxq(da/r) = [ BM A ] is the kernel pair of g: A —— A/R

p (p1,p2) Ax A

|

qxq
A/R*—AA/>A/R><A/R-
R

Thus we have that | P><p—1>’p2 24 X A ]is an effective equivalence relation. In partic-

ular, all the Sub¢-equivalence relations have stable, effective quotients if and only
if the C category is exact. See [43]] for more details.

The abstract theory that captures the essential action of a quotient is that of
descent. We recall some basic concepts from that in our particular case of interest of
an elementary doctrine. See [22,|23] for a survey on descent theory.

Definition 3.2.22. Given an elementary doctrine P: C°P —— InfSL and a P-
equivalence relation p on an object A in C, the partial order of descent data Des,, is
the sub-order of P(A) on those a such that

Pprl(a) Ap < Pprg(a)
where pri,pro: AX A—— A are the projections.

Remark 3.2.23. Again we translate in the internal language the previous definition:
W(a) [a : A]is a descent data for a relation p(ay,as) [ay : A,as : A]if

Y(ar) A plar,az) F (az2) [ar : A,az @ A]

Remark 3.2.24. Given an elementary doctrine P: C°® —— InfSL , consider a
morphism f: A—— B in C and let p be the P-kernel Pyys(d4). The functor

Py: P(B) — P(A) takes values in Des,, C P(A).

Definition 3.2.25. Given an elementary doctrine P: C°? —— InfSL , consider

a morphism f: A——= B in C, let p be its P-kernel. The arrow is of effective

descent if the functor Py: P(B) —— Des,, is an isomorphism.

Example 3.2.26. Inthe Exampleof the doctrine S: Set®® —— InfSL , every
canonical surjection f: A —— A/~ in the quotient of an equivalence relation ~
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on A, is of effective descent. The condition in Definition [3.2.25| recognizes the fact
that the subsets of the A/~ are in bijection with those subsets U of A which are
closed with respect to the equivalence relation, in the sense that for a;,a2 € A such
a1 ~ asg and a; € U one has also that as € U.

Consider the 2-full 2-subcategory QED of EID whose object are elementary doctrine
P: C°P —— InfSL with stable effective quotients of P-equivalence relations and
of effective descent.

The 1-cells of the category QED are those 1-cells of EID

cep
P
Fop b\ InfSL
R
per

such that F preserves quotients.

In [43] 42| 44] Maietti and Rosolini present a construction that produces an
elementary doctrine with quotients. We shall present it in the following, and we see
that this is a generalization of the exact completion seen in Section[2.T]in the contest
of elementary doctrines.

Let P: C°°? —— InfSL be an elementary doctrine. We define the elementary

quotient completion of P the doctrine P, : Q7 — InfSL where:

* an object of Qp is a pair (A, p) such that p is a P-equivalence relation on A;
e an arrow of Qp f:(A,p)— (B,0) is a morphism f: A—— B of C
such that p < Ppxr(o).
Compositions and identities are given by C.
The indexed partial inf-semilattice P, : Q(I’Jp — InfSL on Qp is given by the
categories of descent data:
Py(A,p) := Des,

and the following lemma is instrumental to give the assignment on morphisms using
the action of P on morphisms. See [42, Lemma 4.1] for the proof.

Lemma 3.2.27. Let (A, p) and (B, o) be objects in Qp, and let 8 be in Des,. Then
if f: (A p)——(B,o) isanarrow of Qp then Pr(B) is in Des,,.

The previous construction gives a well defined elementary doctrine as it is proved
in [42, Lemma 4.2], and this doctrine has descent quotients of P,-equivalence
relations. See [42, Lemma 4.4].

Lemma 3.2.28. With the notation used above, the functor Pg: Qgp —— InfSL

is an elementary doctrine. Moreover it has descent quotients of P,-equivalence
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relations and quotients are stable and effective descent, and P -equivalence relations
are effective.

There is an obvious 1-morphism (J,j): P—— P, in EID, where the functor
J: C —— Qp sends an object A in C to (A,04) and a morphism f: A——B

to f:(A,64) — (B,6p) since 64 < Pfxf((SB), and ja: P(A) —— Pq(A,(SA)
is the identity because
Pq(A,éA) = DeS(;A = P(A)

It is immediate to see that J is full and faithful and that (J, j) is just a change of base.
In [42] 43] the authors show that the quotient completion is a free completion in
the sense that there is a left biadjoint to the forgetful 2-functor

U: QED ——EID .
We refer to [42, Theorem 4.5] for the proof of the following theorem.

Theorem 3.2.29. For every elementary doctrine P: C°P —— InfSL the pre-
composition with the 1-morphism

cep
P
JoP j\ InfSL
P,
Qp°P

in EID gives an essential equivalence of categories
—o(J,j): QED(Py,Z) — EID(P, Z)
for every Z in QED.

Proposition 3.2.30. Ler P: C°P —— InfSL be an elementary existential doc-

trine, and let C be a finitely complete category. Then P : Q;p —— InfSL s

elementary and existential and the category Qp is regular.

Proof.[Sketch] Let & be class of quotients, and let M be the class of monomorphisms.
These two class are a proper, stable factorization system for Qp since quotients are
stable. O
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3.2.2 Set-like doctrines

In [43] 142} [44]] Maietti and Rosolini intend to develop doctrines that may interpret
constructive theories for mathematics. They observe that there are two crucial proper-
ties that an elementary doctrine should verify in order to sustain such interpretations.
One relates to the axiom of comprehension and to equality.

Let P: C°°? ——InfSL be an elementary doctrine and let @ an object of
P(A). A comprehension of « is an arrow {al: X —— A such that Py} = Tx
and, for every f:Z—— A such that Pr(a) = Tz, there exists a unique map
g: Z—— X suchthat f = {afog.

One says that P has comprehensions if every a has a comprehension, and that P
has full comprehensions if, moreover, @ < in P(A) whenever {a} factors through

{8}

Intuitively, the comprehension morphism represents the subsets of elements in
the object A obtained by comprehension with the predicate .

Remark 3.2.31. Inthe internal language of an elementary doctrine P: C°P —— InfSL ,
a comprehension of a formula ¢(a) [a : A]isaterm {a : A | ¢(a)}(x) : A [x : X]
such that

T r¢({a: Al¢p(a)}(x)) [x : X]

and any other term which this property can be obtained from {a : A | ¢(a)}(x) by
an unique substitution.

Example 3.2.32. The doctrine S: Set°® —— InfSL defined in Example
has comprehensions given by the trivial remark that a subset determines an actual
function by inclusion.

Example 3.2.33. The doctrine Sub¢: C°P —— InfSL defined in Example
In this case for every object A and every @ = [ B—— A ] in Subg(A), the
comprehension {a} is the arrow in C B—>> A . Moreover the comprehensions
are full.

Remark 3.2.34. For every f: A’ —— A in C then the mediating arrow between

the comprehensions {a}: X —— A and {P;(a)}: X’ —— A’ produces a pull-

back
P.
1% {Pr(@)} A
_
f f
X—A.

{a}

Thus comprehensions are stable under pullbacks.
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Remark 3.2.35. If {al}: B—— A is a comprehension of «, then {a}] is monic.

Given an elementary doctrine P: C°P —— InfSL , and an object @ in P(A),
a weak comprehension of « is an arrow {a}: X ——= A in C such that Tx <
Pio}(@) and for every g: Z—— A such that Tz < Pg(), there is an arrow

g: Z—— A suchthat f = {af} o g.

We say that an elementary doctrine has weak comprehensions if every « has
a weak comprehension, and that the doctrine has full weak comprehensions if,
moreover, @ < fin P(A) if {a} factors through {8}.

Example 3.2.36. Following the Example [3.2.33] one can see that the doctrine
Yo : D°P —— InfSL of weak subobjects defined in has full weak compre-
hensions.

Recall from [21]] that the fibration of vertical maps on the category of points
freely adds comprehensions to a given fibration producing an indexed poset in case
the given fibration is such. For a doctrine P: C°P —— InfSL the indexed poset
consists of the base category Gp of points where
* an object is a pair (A,a) where A is in C and « is in P(A);

e an arrow f:(A,a)—— (B,) is an arrow f: A——= B of C such that

a < Pr(B).

The indexed functor extends to P.: Gp° — InfSL by setting

* Po(Aa):={yePA)|y<a}l
e P.(f): (B,B)—(A,a) sendsy < Bto Pr(y) Aa.

Moreover the comprehensions of P, : g;’,p —— InfSL are full, as is observed
in [43] 144} 42].

As for the case of quotient completion, there is a natural embedding (1,i): P —— P,
in EID which maps and object A in C to (A, T 4).

Let CE be the 2-category of elementary doctrines with full comprehension.

Then the previous construction give the following result. For the proof we refer
to [44, Theorem 3.1], [43]], and [42].

Theorem 3.2.37. The association to an elementary doctrine P: C°P —— InfSL

of the doctrine P.: g;’,p —— InfSL determines a left bi-adjoint to the inclusion
of CE into EID. If the doctrine P is existential, then P is also existential.

Proposition 3.2.38. If P: C°P —— InfSL has comprehensions then its quotient
completion Pg: Q;p —— InfSL also has comprehensions.
A special case of comprehensions are the diagonal morphisms and the following

definition considers just that possibility.
An elementary doctrine P: C°°P —— InfSL has comprehensive diagonals it

every diagonal arrow (ida,id4): A —— A X A is the comprehension of §4.
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Example 3.2.39. An elementary doctrine P: C°P —— InfSL has comprehensive

f
diagonals if and only if for every pair of morphisms A ~ B in C we have
g

f=ginCifandonlyif T+ f(a) =p g(a) [a : A]

For elementary doctrine we have the following useful characterization. See [41)
Proposition 2.12].

Proposition 3.2.40. Ler P: C°°P —— InfSL be an elementary doctrine. The fol-
lowing are equivalent:

1. P has comprehensive diagonals;
2. for any two arrows f,g: A——B inCitis

f=gifand only if Ty < P(s ¢y(dB).

Thanks to Proposition[3.2.40} there is a 2- reflection of elementary doctrines from
EID to its full 2-subcategory CED of elementary doctrines with comprehensive
diagonals once one notices that the condition

Ta £ Py gy(0B)

ensures that Py = Pg. So the reflection takes an elementary doctrine P: C°P —— InfSL
to the elementary doctrine

P;: Xf,p — InfSL

induced by P on the quotient category Xp of C with respect to the equivalence
relation where f ~ g when
Ta < P gy(0B).

Following the notation of [43} 42, 44] we refer to the doctrine P, as the extensional
reflection of P.

Remark 3.2.41. If an elementary doctrine P: C°P —— InfSL has comprehen-

sions then Pg;: Xgp —— InfSL has also comprehensions. Moreover if P has

quotients then Py: Xp” — InfSL has also quotients. See [42, 41] for all the
details.

Let P: C°°® —— InfSL be an elementary doctrine. We say that P is a vari-
ational doctrine if it has weak full comprehensions and comprehensive diagonals.
We say that P is an m-variational doctrine if it has full comprehensions and com-
prehensive diagonals. The category of m-variational doctrines is denoted by mVar.

As for the case of the quotient completion, the construction of an m-variational
doctrine can be extended to a bi-adjunction as it is proved in [42] and [41].
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Theorem 3.2.42. The association to an elementary doctrine P: C°P —— InfSL
of the doctrine (P).q determines a left bi-adjoint to the inclusion of mVar into EID.
If P is existential, then (P).4 is also existential.

Remark 3.2.43. Let P: C°P —— InfSL be an existential m-variational doctrine.
For every element « in P(A) we have

a = E‘[{a}(TA) 3.3)

because the comprehension {a} factorizes on {Hd,}(T )}, and since the com-
prehensions in P are full, then @ < H,(T 4). Moreover we have that Hy,}(T4) < @
if and only if T4 < P{e}(a), and then the equality (3.3 holds.

Remark 3.2.44. 1f an elementary doctrine P: C°P —— InfSL is m-variational the

base category C has equalizers. In particular for every pair of arrows A ~ B

g
in C, the equalizer is

P oy (6 f
E{ (.2)( B)}A—>B
g

because comprehensions are stable under pullbacks and Ap: B—— B X B is
Ap = {6p}. Hence the square

{P.¢)(0B)}

R

E A

_
al I(f,g>
B X

—BXB
Ap
F
is a pullback and then {P(s ¢)(6p)}: E —— A is anequalizer for A ”B.

g
Thus the category C has finite limits, and pullbacks can be computed as follows

X A
{Pgxr(6B)}
pra

YxX S

pry

Y B.
g

Proposition 3.2.45. Let P: C°°P —— InfSL be an existential m-variational doc-

trine. Then the left adjoint functors Uy satisfy the Beck-Chevalley condition with
respect to pullbacks.
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Proof. See [41, Proposition 2.19]. U

The assignment of comprehensions extends to a 1-arrow

cep
P
idg? {—}‘ InfSL
%C"
ceop

from P to the doctrine of the subobjects in EID. Moreover the functor
{-1: P(A) —— Sub¢(A)

is fully faithful.

By Remark [3.2.44] one can think that comprehensions and comprehensive diag-
onals force an elementary doctrine P: C°? —— InfSL to "look like" a poset of
subobjects of C.

The previous observation can be extended in the case of an elementary doctrine
with weak comprehensions, and the result is that if an elementary doctrine is vari-
ational then it can be seen as a "subdoctrine" of the weak subjobject doctrine. See
[41].

Remark 3.2.46. Let P: C°P —— InfSL be an existential variational doctrine.
Consider @ and 8 in P(A). We can observe that {@ A B} = {a} A {8} in Pc(A)

l\ |

— .}

{a}

This means that {—}: P(A) —— Y¢(A) is a natural homomorphism. In par-
ticular, since the doctrine has weak comprehensive diagonals, it preserves fibered
equalities, and then it is a 1-arrow in ExD

Cep
\
idg°P {}‘ InfSL
i

cop
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Now we define another functor

Observe that it extends to a morphism in the category InfSL, and this is a left adjoint
to {—]: P(A) —— Y¢(A) . Moreover we have that

H TaA([AA: A——=AXA]) =0d4.
Hence it provides a 1-arrow in ExD

cer

idc°P H_T‘ InfSL

P
cer

In [41] Maietti, Rosolini and Pasquali show that for an existential variational
doctrine P: C°® —— InfSL , the adjunction of Remark is an equivalence
if and only if the doctrine satisfies the Rule of Choice, which means that for every
¢ € P(A X B) such that

Ta< CE[prl (¢)

there is an arrow f: A —— B suchin C that

Ta < Pidy,r)(9).

A similar characterization can be given for an existential m-variational doctrine
P: C°? —— InfSL , in particular C is a regular category and P is the doctrine of
subobjects if and only if P satisfies the Rule of Unique Choice, which means that
for every pair of objects A and B and every entire functional relation ¢ from A to B
there is an arrow f: A—— B in C such that

Ta < Pidy 5y (9).

Finally, given elementary existential doctrine P: C°P —— InfSL , the com-
pletion P, satisfies the Rule of Choice, if and only if the doctrine P is equipped
with g-operators by [41, Theorem 51.5].

We refer to [41, 21] for all the details about this final results.
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3.3 Existential m-variation doctrines, factorization systems and
exact completion

In Section 3.1 we have seen the connection between fibrations and factorization sys-
tem, and recall that starting from a factorization fibration, the resulting factorization
system is not necessary proper or stable. Again we refer to [19] for all the details.
In this section we show what kind of fibration we can construct starting from
an existential m-variational doctrine, and we see that the resulting fibration is a
factorization fibration with coproducts and it is a fibred pre-order.
Therefore we can use Theorem[3.1.20]and [3.1.23]to construct a stable, proper fac-
torization system (M, &) from an existential m-variational doctrine P: C°® —— InfSL .
Moreover we see that every existential m-variational doctrine P: C°? —— InfSL
is equivalent to the doctrine of M-subobject

Subp: C°P —— InfSL

where (&, M) is the stable, proper factorization system induced by the doctrine.
It is a known fact that primary doctrine P: C°P —— InfSL determines a
faithful fibration
pp:Gp—>C
by Grothendieck construction, see [21} 43]]. We recall very briefly that construction

in the present situation.
The data for the fotal category Gp are:

¢ an object is a pair (A, @), where A is in C and « is in P(A)
e an arrow f:(A,a)——(B,B) is an arrow f: A—— B of C such that
a < Pr(B).

The projection on the first component extends to a functor pp: Gp — C which
is faithful, with a right inverse right adjoint.

Remark 3.3.1. Let A be an object of C. Observe that in our case the objects of the
fibre category (Gp)a are of the form (A, @), and for every pair (A, @) and (A, B) there
is at most one morphism in (Gp)a, thatis id4: (A,a@) — (A, B) . Therefore the
category (Gp)4 is an inf-semilattice, since P(A) is.

Let (A, @) be an object of Gp. For every morphism u: B—— A in C, we

can fix a Cartesian morphism u: (B, P, (o)) — (A, @) above u. This morphism
induces a functor

u*: (Gp)a — (Gp)B

where u*(A,a) := (B, P,(«)). It is direct to check that it preserves the order since
(A,@) < (A,y) implies (B, P, (@)) < (B, Py(y)).

Using Remark [3.2.T1| we can prove that every elementary existential doctrine
induces a bifibration. In particular we can see that we need both the existential and
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the elementary structure, because we need left adjoint to every functor of the form
Py with f morphism in C.

Proposition 3.3.2. Let P: C°P —— InfSL be an existential elementary doctrine,
then it induces a bifibration pp: Gp —C .

Proof. Consider an object (A,@) of Gp, and let f: A—— B be an arrow in
C. By Remark [3.2.11] the functor Py has a left adjoint functor Hy, and then

f: (A @) —— (B,ds(a)) is amorphism in Gp because
a < PfE[f(a').

Let g: (Z,y) — (B,4s(a)) be a morphism in Gp, and consider the following
diagram

Since @ < Pg(y), we have @ < Ppr(y), and then a < Pr(Pu(y)). Applying the
functor Hy to both the element, we have

dy(a) < Pu(y)

because Hy Py < idp(p). Thus the diagram

(Z.y)
h
X\

(A@) — (B dy(a))

commutes in Gp. Therefore we can conclude that p is an op-fibration, and then it is
a bifibration. O

Let pp: Gp — C be a fibration coming from an existential elementary

doctrine. Since it is a bifibration, for every morphism #: A—— B in C, the
functor u*: Gg — G4 has a left adjoint [[,, 4 u* by Lemma In this case

the left adjoint [[,,: Ga —— G sends (A, @) in (B, d,(«a)).

Remark 3.3.3. If the doctrine P: C°P —— InfSL is existential and m-variational,
then by Proposition [3.2.45] every functor Hy satisfies Back-Chevalley condition.

Therefore the bifibration pp: Gp —— C has coproducts, since for every pullback
inC
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L
|s
J

[ [0 =] ]&Pw) = LaPrw

u

K———

r
[ ——
u

we have

and this is equal to

s* | [0 = 5° (0 8 @) = (L. PEL0)

because the doctrine P: C°P —— InfSL satisfies Beck-Chevalley for any pul-
laback.

Proposition 3.3.4. Let P: C°® —— InfSL be an existential elementary doctrine

with comprehensions, then it induces a fibration pp: Gp — C with subset type.

Proof. We define T: C —— Gp the functor which sends an object A to (A, T 4)

and amorphism f: A—— B tothearrow f: (A, T4) —— (B, Tp) .lItisdirect
to prove that it is a right adjoint to p, and clearly p o T = id¢. Now we construct a
right adjoint to T. For every (A, ) we choose a comprehension of a:

{a}: Ay —— A.

We define {(A,@)} := Aq, and observe that Gp(T(A),(B,8)) = C(A, Bg) because
every morphism

[:(ATa) —(B.B)

is such that T4 = Pg(f8), and then f factors in a unique way through {g}.

Therefore Gp(T(-),(B,B)) is representable for every (B,B) in Gp, and then
we can conclude that there exists a right adjoint T 4 {-}. Moreover for every
morphism f: (B,8) — (A, @) the arrow {f}: Bg —— A, is defined as the
unique morphism such that the diagram

8} f

Bg——>B——=A

N
AN
TN {a}

Aa

commutes. O
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In the previous proposition we have proved that T 4 {—}, and we can observe that
the counit &: T o {-} =>idg, of this adjunction is defined as:

&B,p): (B, Tpy) — (B,p)

where g g) := {B}. Using the same notation of Definition [3.1.12} we have that for
every (A, @) in Gp, the arrow 74 o): {(A,@)} — A is a comprehension of a.

Remark 3.3.5. We define a functor from Gp to C—, sending (A, @) into 74 o). In
particular if the existential elementary doctrine has full comprehension, this functor
is full and faithful, since for every commutative diagram

{a} A

Ay —2 o

By ——
B iy

we have that
Piay(Pg(B)) = Pr(Pgy(B)) = Ta,

and then @ < P, () because the doctrine has full comprehensions.

The following observation will allows us to conclude that a fibration induced by
an existential elementary doctrine with full comprehensions has strong coproduct.

Proposition 3.3.6. Ler P: C°® —— InfSL be an existential m-variational doc-
trine. Then every composition of comprehensions is again a comprehension.

Proof. Let {B8}: C —— B and {a}: B—— A be comprehensions and consider
the comprehension
{[E[{a,}(ﬂ)]} D ——A.

It is direct to verify that
Pip} Playda}(B) = Tc-

Therefore there exists a unique g: C —— D such that the following commutes
C B} B {a} A
x /Hl(a){(/j)}
D.
Observe that for every y in P(B) we have that y < Tp = P4} (@) implies

E‘[{a}()/) < E‘[{Q}P{a}(a) <.
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In particular we have d,}(8) < @, and then
P(@pn(@ = To-

Hence there exists a unique &#: D —— B such that the following diagram com-
mutes
p— 4
\ /E:Ka)\(ﬁ)}
D.

Pp(Piay (e} (B) = Tp

implies P,(8) = Tp because we have P,}d(o}(8) = B by Proposition [3.2.45
Therefore there is a unique /: D —— C such that the diagram

Now we can observe that

CLB}B{Q}A

h
\ T /{;M%’)}
D

commutes. Then we can conclude that g o/ = idp, and since g is a monomorphism,
it is an isomorphism. O

The previous proposition has the following consequence.

Proposition 3.3.7. Let P: C°P —— InfSL be an existential m-variational doc-
trine. Then the fibration pp: Gp — C has strong coproducts.

By Proposition[3:3:2} [3.3:4} [3.3.7)and Remark [3.3.5| we have the following corollary.

Corollary 3.3.8. Every existential m-variational doctrine P: C°® —— InfSL in-
duces a factorization fibration with coproducts

pp: Gp —>C.
Moreover this fibration is a fibred pre-order.
Combining Corollary [3.1.23]and Corollary [3.3.8] we obtain the following result.

Theorem 3.3.9. Every existential m-variational doctrine induces a stable factoriza-
tion system (&, M) where M is the class of comprehensions, and the morphisms of
& are those arrows u: A —— B such that 4,,(T 4) = Tp.
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Remark 3.3.10. If P: C°P —— InfSL is an existential m-variational doctrine ev-
ery arrow f: A —— B admits the following factorization

A— T . p
x /Hfm)}
I.

Moreover we have that g satisfies Hg (T 4) = T; since
Ho(Ta) = P, oy (@ ran Te(Ta) = Py o) (A (Ta) = T

Observe that P , aand At = idp(r) because comprehensions are monomor-
phisms and in an existential m-variational doctrine the Beck-Chevalley condition
holds for every morphism. In particular it holds for the following pullback

idy {He(ta)}

idy
_—
_
B

~——~
e ——

{Hy(ra)}

Remark 3.3.11. Consider a stable, proper factorization system (&, M) for a category
C with finite limits. The codomain fibration induces an existential m-variational
doctrine

Subq: C°P —— InfSL

which sends an object A into the category of M-subobjects of A.

Proposition 3.3.12. Ler P: C°P —— InfSL be an existential m-variational doc-
trine, and let (E, M) be the factorization system induced by Corollary[3.3.8 Then
the doctrine P: C°P —— InfSL is equivalent to Sub pq: C°P —— InfSL .

Recall that LFS is the 2-category whose objects are (C, (&, M)), where (&, M)
is a stable, proper factorization system for a category C with finite limits, and whose
morphisms are functors preserving the factorizations.

Theorem 3.3.13. The 2-category LFS is 2-equivalent to the 2-category Ex-mVar
of existential m-variational doctrines.

We can combine now the three free completions we have studied in the previous
section, and we obtain the exact completion for existential m-variational doctrines:

>~ M Rel(— _)ex re
Ex-mVar — LFS —2 l )Reg Oexireg Xct.
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One can give a more concrete description of the regular category given by the
composition of the firsts two previous functors.

Let P: C°? —— InfSL be an m-variational existential doctrine, and let (&, M)
be the stable, proper factorization system on C defined in Theorem [3.3.9

We shall understand how we can characterize the relations and the maps in this
particular factorization system.

Recall that a relation R = (r1,r2): A———= B in Rel(C, (&, M)) from A to B is
amap if and only if 1 € £ = & N mono by Proposition [2.3.74]

In our case we have that R is a relation if and only if R = {a} for some a €
P(A X B).

In particular R is a map if and only if pr;{a} € X. Observe that pr;{a} € &
implies that H},; {o}(Ta) = Ta, and by Remark [3.2.43| we have

Hpr, (o} (Ta) = T4 if and only if Hp,y (@) = Ta

An a in P(A X B) such that H,,, (@) = T4 is said entire from Ato B.

The condition r; € mono means that « is functional from A to B, which implies

that
P(Pr1,Pr2>(a’) A P<p1"1vprs>(a) < P(prz,pr3>(53)
in P(A X B X B).

Therefore we can give a direct description of the category Map Rel(C) of maps
of Rel(E, M, C), and we denote this category Ef p. Objects of Ef p are the objects
of C, and morphisms are entire functional relations.

As results we have that the category Ef p is regular, it is called regular completion
of the m-variational existential doctrine P: C°P —— InfSL .

Example 3.3.14. The regular completion (D);cq/1ex Of a category D with finite limit
in [6] is equivalent to the regular completion Ef(s,1,,)., of the doctrine

Subg: D — > InfSL

of subobjects of D.

The exact completion of a m-variational doctrine P: C°P —— InfSL is given
by (EfP)ex/reg'

Moreover we can generalize the regular and the exact completion to an arbi-
trary elementary existential doctrine P: C°P —— InfSL , obtaining the regular
category Ef p)_, and the exact category (Ef p)_, )ex/reg-

We can summarize the exact completion of an elementary existential doctrine as
the composition of the followings

—)e ~ M R 1(— (7)ex re
EED — °“ Ex-mVar LFS 2P RI0) peg s ot

Now we look at the quotient completion and we denote by QD the 2-category of
existential m-variational doctrines with stable, effective quotients.



86 3 Elementary Doctrines and Exact Completion

In this case, a doctrine P: C°P —— InfSL of QD provides two stable proper
factorization systems for the base category C: the first one comes from the m-
variational structure as above, and we denote it by (&1, M1), and the second one
(E2, M2) is given by the quotients.

The class &2 consists of all the morphisms which are quotients, and the class M
consists of arrows f: A—— B of C such that Pyy;(dg) = da.

In particular My is the class of monomorphisms of C, because if a morphism
f of C is mono then Pyxs(0p) = 64 by [43] Corollary 4.8], while if a morphism
f: A—— B satisfies Prxs(0p) = 04, then we can construct the kernel pair as

follows
X A
{Psxr(68)}
Nl

AXA f

pry

A

f

By Remark [3.2.44] we can conclude that f is mono because the doctrine P is m-
variational and then {Prxr(6g)} = {04} = Aa.
Moreover if we consider a commutative square

]

- D
where g € E2 and m € Ms, then we have

q
B

m

0B < Pyxy(0p)
and then
quq((SB) < Pqu(vav(6D)) = Puxu(mem((SD)) = Puxu((sC)~

Thus there exists a unique s: B—— C such that u = sq, since ¢ is a quotient of
P,x4(6p). Hence we have
msq = mu = vq

and then ms = v because g is an epimorphism.

Therefore (E2, M) is a factorization system, proper and it is stable because
quotients are stable in every doctrine of QD.

Thus the factorizations system (&, M2) has as class M all the monomorphisms,
and then the category C is regular. See [9]].
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Note that (&1, M1) and (Eo, Ms) are not equal in general: they are the same
factorization system if and only if the doctrine P satisfies the rules of unique choice,
see [41]].

As it is observed in [41]], the construction of the category Ef p for a doctrine P of
QD forces the rule of unique choice, in the sense that the category Ef p is an exact
category.

3.3.1 Tripos to topos

We conclude this chapter comparing the three different exact completions of an
elementary existential doctrine.

Recall from [51] the construction of a topos from a tripos. In [41] it is shown
that this construction can be stated in the case of an elementary existential doctrine
P: C°°? —— InfSL . We refer to [41] 144] for a complete analysis of that.

Given an elementary existential doctrine P: C°P? —— InfSL the category 7p
consists of

e objects: pair (A, p) such that p is in P(AX A)and satisfies symmetry and transitivity
properties as in Subsection [3.2.1}
e arrows: an arrow ¢: (A,p) — (A,0) is an object ¢ in P(A X B) such that

L. ¢ = P(Pruprﬂ(p) A P(DYQ,PT2>(O-);

2. Pipry,pra)(0) A Pipry.prs)(9) < Pior, prg)(¢) in P(A X A X B) where the pr;’s
are the projections from A X A X B;

3. Piprypra) (@) A Pipry prs)(0) < Ppr, pry) (@) in P(A X B X B) where the pr;’s
are the projections from A X B X B;

4. Porypro) (@) A Pipry prs) (@) < Pipor,y,pry)(07) in P(A X B X B) where the pr;’s
are the projections from A X B X B;

5. Pp,(p) < Hpr, (@) in P(A) where the pr;’s are the projections from A x B.

The composition of ¢: (A,p) —— (B,o) and ¢ : (B,0) —— (C,7) is de-
fined as
E{(prl,pr3)(P(pr1,pr2)(¢) A P<pr2’Pr3>(W))

and the identity on (A4, p) is the arrow p: (A,p) — (A, p) .
This construction in called in [41} |44] the exact completion of an elementary
existential doctrine P: C°P —— InfSL .

Example 3.3.15. The main examples of this construction are localic toposes and
realizability toposes obtained from a tripos, see [20, 51].

In [44] 41] it is proved that the category 7p obtained from the tripos to topos
construction for an elementary existential doctrine P: C°® —— InfSL is exact
and it is equivalent to the category (Ef p)_, )ex/reg-
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Moreover this construction can be extended to a 2-functor EED —— Xct
which sends and elementary existential doctrine to the category 7p, and this 2-functor
is biadjoint to the 2-functor Xct —— EED which sends an exact category X to

the doctrine Suby: X°P —— InfSL . See [41, Theorem 4.9] for all the details.

Theorem 3.3.16. Let P: C°P —— InfSL be an elementary existential doctrine.

Then the category Tp is exact and the 2-functor Xct —— EED that takes an exact
category to the elementary existential doctrine of its subobjects has a left biadjoint
which associates the exact category Tp to an elementary existential doctrine P.

We conclude this section comparing the tripos-to-topos construction

Theorem 3.3.17. Let P: C°? —— InfSL be an elementary existential doctrine.
Then the category Tp is equivalent to (Ef p)_,)ex/reg-

Theorem 3.3.18. Let P: C°P —— InfSL be an elementary existential doctrine.
Then the category Tp is equivalent to Ef p)__,.



Chapter 4

Completions of Elementary Doctrines and
Pseudo-Distributive Laws

Abstract In this paper we construct three pseudo-monads related to the completion
with quotients, the completion with comprehension and the completion with compre-
hensive diagonals, and prove that they all are pseudo-property-like. This produces an
algebraic description of the the 2-categories of elementary doctrines with each of the
previous structures. In particular, we prove that each such 2-category is equivalent
to the 2-category of pseudo-algebras of the pseudo-monad related to the appropriate
completion. Finally we show that there are pseudo-distributive laws between certain
pairs among the three pseudo-monads, hence we obtain that the composition of such
a pair is again a pseudo-monad.

4.1 Introduction

Category theory provides a language to study at the same time the syntax and the
semantics of formal systems and to compare different theories even if they are in
different logical languages.

F.W. Lawvere introduced this approach to logic in [36,137,138]]. He had the intuition
that it is possible to study the properties of logical theories using indexed categories,
introducing what he called hyperdoctrines.

It is emphasized in several works, see for instance [24,142,151,150], how every first
order theory corresponds (up to isomorphism) to a unique syntactic hyperdoctrine,
which contains all the information about the syntax and the semantics of the theory.
In the same way one can study higher order theories, see [S1]].

In recent work [43] 42| 44| 41]], Maietti and Rosolini studied a more general
notion than hyperdoctrines, namely primary and elementary doctrines, and they
generalized the exact completion of Carboni, see [8l |6], by relativizing the basic
data to a doctrine equipped with just enough structure to talk about the notion of an
equivalence relation.

In category theory, in order to give a precise meaning to the notion of “comple-
tion”, one can take the notion of a left adjoint functor to the forgetful functor between

89
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2-categories. A possible counterpart of this in logic can be seen in the extension of
a first order theory with new constructors and new axioms.

It is known that starting from an adjunction one can construct a monad, and more
generally, starting from a pseudo-adjunction one can construct a pseudo-monad.
This allows to give an algebraic interpretation of the completion one considers, and
to understand if the structure added by completing is just a new property.

In order to understand the previous distinction, as explained in [27], one may
look at the 2-monad coming from the completion, and study the 2-category of its
algebras.

In the present paper we study the following pseudo-monads together with the cat-
egories of pseudo-algebras coming from three completions of elementary doctrines:
the completion with comprehensions, the completion with comprehensive diago-
nals, and the completion with quotients. We prove that all these pseudo-monads are
property-like in the sense of [27]. Moreover we present how these pseudo-monads
can be composed, in other words we find pseudo-distributive laws between certain
pairs of them.

In sections [4.2] #.3] and [4.4] we construct the pseudo-functors and the pseudo-
monads coming from the three completions mentioned before, and we prove that all
three pseudo-monads are pseudo-property like. The first completion we present is
the completion with comprehensive diagonals, because it is the easiest and the other
two are done following similar arguments.

In section [4.5] we present the pseudo-distributive laws, and explain what one
obtains composing the pseudo-monads.

4.2 Elementary doctrines with comprehensive diagonals

In this section we consider the biadjunction determined by the completion to force
diagonals to be comprehensive for elementary doctrines. We show that in this case,
the biadjunction is a 2-adjunction, and we shall explain how every elementary
doctrine with comprehensive diagonals can be seen as an algebra for the 2-monad.
In order to compute such 2-monad we first compute explicitly the 2-functor left
adjoint to the forgetful 2-functor.

Consider the full 2-subcategory CED of EID, whose objects are elementary
doctrines with comprehensive diagonals. With the same notation used in [42]], we
want to verify the existence of the left adjoint to the forgetful 2-functor:

D: EID —— CED

Let P: C°? —— InfSL be an elementary doctrine, we define Xp the exten-
sional collapse of P:

 the objects of Xp are the objects of C;
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¢ amorphism [f]: A—— B isanequivalence class of morphisms f: A—— B
such that §4 <axa Pyxs(dp) with respect to the equivalence f ~ f’ when
84 <axa Prxs/(B).

The indexed inf-semilattice Py : Xp” —— InfSL will be given by P itself: indeed

for every A in C, Px(A) = P(A) and for every [f]: A——= B, P([f]) = P(f) as
one shows that P(f) = P(f’) when f ~ f’. See [42, Lemma 5.5].

The idea is that the assignment D(P) = P, can be extend to a 2-functor. We need
to describe how it acts one the 1-cells and 2-cells. Let P: C°P —— InfSL and

R: D°P —— InfSL be elementary doctrines, and consider a 1-cell (F, b):

cop
P
For b\ InfSL
R
DOP

Let (F, b) be the pair where

. F:(A) is F(A) for every A € Xp;
e F([f])is[F(f)] forevery [f]: A——=B.

Proposition 4.2.1. (F,b) is a I-morphism in CED.

Proof. Firstwe prove that F: Xp — Xy is awell-defined functor. If f: A — B

and g: A—— B are a morphism in C, such that 64 < Pgxs(6p), then we have
baxa(04) < baxa(Pgxr(0B))
Since b is a natural transformation, the following diagram commutes
P(B x B)—=_» p(Ax A)
bpxB baxa

RF(BXx B)———= RF(AX A)
RE(gxf)

Hence we have
baxa(04) < Rr(gxr)(bxB(0B))

By definition, baxa(d4) = R<F(pr1),p(pr2)>(6F(B)); thus

R(F(pry),Fpr))(OF(4)) < R(F(pr,),F(pry)oF(gxf)(OF(B))
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where pr;: AXA——=A and pr;: BXx B——= B are the projections. Finally

F(g X f) o (F(pry), F(pra)) ™! = (F(pr}), F(pry)) o F(g) X F(f),

S0
04 < Rr(g)xr(r)(0B).

It is now easy to check that F is a functor from Xp to Xg. Next we have that (F, b)
is a 1-cell observing that

baxa(64) = (Re) (F(pr, ), Flpr, 1) OFs)
because F([pr;]) = [F(pr;)], F(B) = F(B) by definition of F, and

(F(Ipry]) F([pral)) = [(F(pry), F(pr2))]
by [42} Lemma 5.4], and

(Re) (o, . E(pra)y = ROUF ey, FEra)] = REEr),Fors)
0

As fora2-cell 8: (F,b) =>(G,c) , where (F,b) and (G, c¢) are 1-cells in EID(P, R),

define §: F —= G as the natural transformation with 4 = [64]. Since it is a
2-cell in EID,
ba(@) <r(a) Ro,(ca(@)).

By definition of R, and F,

Rg,(ca(@)) = (Re)joa)(cal@)) = (Ry)g, (ca(a)),

SO
ba(@) <gi) (RV)g, (ca(@)).

Proposition 4.2.2. Let P: C°? —— InfSL and R: D°P —— InfSL be ele-
mentary doctrines. The map

Dp.gr: EID(P,R) — CED(Py,R;)
such that Dp r(F,b) = (F,b) and Dpr(6) = 6 is a functor and
D: EID —— CED

is a 2-functor with the assignment D(P) = Py.



4.2 Elementary doctrines with comprehensive diagonals 93

We prove that the 2-functor D: EID —— CED is left adjoint to the forgetful
2-functor. Recall from [42] the equivalence

—o(K,k): CED(P,,Z) = EID(P,Z)

where K: C —— Xp is the quotient functor and k4 is the identity. For more
details see [42, Theorem 5.5].
For an elementary doctrine P € EID, let

np: P——=UoD(P)
be the image of the identity on D(P), under the equivalence
— o (Kp,kp): CED(D(P),D(P)) = EID(P,U o D(P))

which means that np is the 1-morphism (Kp,kp). It is direct to check that the
assignment

n: idElD ——=UoD
is a 2-natural transformation.

Remark 4.2.3. In the case P is of the form P, we have that
CED(D(Py), Py) = EID(Py, Py)

because CED is a full 2-subcategory of EID. Then n7p, is isomorphic to the identity
on P,.

Remark 4.2.4. Let P: C°? —— InfSL be an elementary doctrine with compre-
hensive diagonals, and let f: A—— B and g: A—— B be morphisms such
that 64 < Prxg(dp). Wehavethat T4 < Prygon, (08) = P(r,4)(6p). Thus there exists
a unique morphism h: A —— B such that the following diagram commutes:

B——2 . BxB

»
AN
h> %;

A

By Remark 4.2.4] if P € CED then f ~ g if and only if f = g. For this reason we
can define a 1-cell (Tp,tp): P, — P such that

e Tpsends Ain Aand [f]in f;
* tp is the identity.

Moreover it is easy to see that (Tp,tp)o(Kp,kp) = 1p and (Kp, kp)o(Tp,tp) = 1p,.
Thus we denote ep := (Tp,tp) and the a 2-natural transformation

E: DOUﬁ-idCED
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Remark 4.2.5. If P: C°? —— InfSL is an elementary doctrine of CED we have
D(Tp,tp) = (Tp,.tp,)

Proposition 4.2.6. For every elementary doctrine P: C°P —— InfSL with com-
prehensive diagonals, the following equalities hold:

gponp=1p

and
npoep=1p..

Proof. The first is a consequence of the definition of p end p, and the second by
Remark 4.2.4] O

Proposition 4.2.7. For every elementary doctrine P: C°P —— InfSL we have

ep(p) © D(np) = 1p(p).

Proof- 1t follows from[4.2.3] O

We are now in the position to compute the 2-monad:

e let T;: EID —— EID be the 2-functor T = U o D;
e let n: idggp —— T be the unit of the 2-adjunction;

o let u: Tz —— T4 be the 2-natural transformation u := UgD;

Remark 4.2.8. Observe up: TZP —— T 4P is an isomorphism.

Proposition 4.2.9. The triple (T 4, u,n) is a 2-monad.
Proof. The following diagram commutes by Remark [4.2.3]

T

3 __ Hid 2

Td Td
Tap H

T3 — Ty

Moreover, we have np_ = T(np), and then the following diagram commutes
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. n'Ta Tan .
idgp 0Ty T?l T, o idgD
u
id id
Ty
Therefore T is a 2-monad. t

Proposition 4.2.10. Let P: C°® —— InfSL be an elementary doctrine. If it ad-
mits an action a: TygP —— P such that (P,a) is a pseudo-T j-algebra, then

P: C°° —— InfSL has comprehensive diagonals, and the action preserves them.

Proof. Let (P, a) be a pseudo-T z-algebra, so in particular the identity axiom holds

np

P T,P

Ya

1p

n

p.

Let f: C —— A X A be amorphism of C such that Pr(64) > T¢. Since Py has
comprehensive diagonals, there exists a unique [g] such that the following diagram

commutes

A
Al aa

So
alA
ah — AL LA x A
ale] alf]
aC

also commutes. Now we use the fact that a,,: anp => idp is a natural transforma-

tion, where all the components are isomorphisms. So the upper triangle and all the
squares of the following diagram commute
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A
A @84l a(Ax A)
k %
aC

anc

a

ana An(AxA)

A AXA
Aa

Thus the bottom triangle commutes. Moreover g is certainly unique. (]

Remark 4.2.11. Let P: C°°? —— InfSL be an elementary doctrine with compre-
hensive diagonals. The diagram

T y(Tp,
T2p 2400 p

HP (Tp,tp)

TP —P
(Tp,tp)

commutes by Remark[4.2.5] since up = epp) = (Tp,.tp,) = D(Tp,tp) = T(Tp,1p)
in EID. Thus every elementary doctrine of CED can be regarded with an action
a: TyP —— P which makes the previous diagram commutes. This means that
an elementary doctrine with comprehensive diagonals can be seen as a T-algebra,
endowed with the action a = (Tp, tp).

Remark 4.2.12. Let P: C°® ——InfSL and R: D°P —— InfSL be elemen-
tary doctrines with comprehensive diagonals, and let (F, f): P —— R bea l-cell
in CED. By Remark [#.2.4] and definition of T4, we conclude that the following
diagram commutes

Ty(F,
TdP—>d( /) T R

(Tp,tp) (Tr,tR)

T.P T4R
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commutes. By the same argument as in Remark 4.2.TT| we conclude that every 2-
cell in CED induces a 2-cell in T4-Alg, and we have the following inclusion of
2-categories

CED“———— T4-Alg——— Ty4-Alg;—— EID
Theorem 4.2.13. The 2-monad T4: EID —— EID is pseudo-idempotent. In par-
ticular it is fully property-like.

Proof. The proof of the previous theorem is a direct consequence of [27, Proposition
9.6]. In fact we can see that the condition (i7) here is satisfied by Propositions|4.2.6] O

Combining Proposition{4.2.10[and Theorem4.2.13|we obtain the following corollary.

Corollary 4.2.14. We have the following equivalence of categories

T4-Alg = CED

4.3 Elementary doctrines with comprehensions

In this section we consider the completion with comprehensions of an elementary
doctrines. We prove that in this case, the biadjunction is a pseudo-adjunction, and
explain how every elementary doctrine with comprehensions can be seen as an
algebra for the pseudo-monad constructed from the pseudo-adjunction.

Let CE be the 2-category of elementary doctrines with full comprehension. We re-
call the construction used in [42]): given an elementary doctrine P: C°P —— InfSL
we define a new category Gp.

* an object of Gp is a pair (A, @), where A is in C and « is in P(A);
e amorphism f: (A,a) —— (B,) is a morphism f: A—— B in C such
that @ < Pr(B);

The indexed functor extends to P.: Gp° — InfSL by setting

* Pc(Aa)={y € P(A)|y <ak;
e P.Af): P.(B,B) — P.(A,@) sendsy < Binto P(f)(y) A a.

Remark 4.3.1. We can observe that for every object (A, @) of Gp we have
6(A,a) =osahNaXa
where @ X« := Py, (@) A Ppr, ().

Following the structure of Sectiond.2] we prove that the assignment C(P) = P, can
be extended to 2-functor
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C: EID —— CE

and we start defining how it acts on the 1-cells and 2-cells in EID.

Let P: C°P —— InfSL and R: D°P —— InfSL be elementary doctrines,
and consider a 1-cell (F, b) in EID:

cop
P
For bJ InfSL
/
DOP

We want to prove that the pair (f " B) where:

. F(A, ) is (FA,ba(a)) for every (A, @) € Gp;

e F(f)is F(f) forevery f: (A,a)—— (B,B);
o Dis the restriction of b on P.;

is a 1-cell in CE:

op
Gp
P,
For b ‘ InfSL
R,
op
R

Proposition 4.3.2. (F,b) is a I-cell in CE.

Proof. First we prove that F: Gp — Gr is a functor.
If f: (A, ) —— (B,B) is a morphism in Gp then
a < Pf(ﬁ).
Therefore
ba(a) < ba(Pr(B)) = Rr(r)(ba(B)).
Now observe that
(Re) (F(pry), F(pra)) (O(F Aba()) = R(F(pry),F(pry)) (PA(@)XRDA(@)ASF A)AD Axa(aXR)

which is equal to

R(F(prl),F(prz))(Rplr’1 (bA(a')) A Rpr’2 (bA(a'))) A bAXA((SA) A beA(a' X a’)
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where pr;: FAX FA—— FA . Moreover we know that b, is a natural transfor-
mation, hence the diagram

Py
PA P(Ax A)
bA baxa
RFA RF(A X A).
RE(pr;)

commutes. This implies that

(Rc)<F(pr1),F(pr2))(6(FA,bA(a/))) = bAXA(Pprl(a')/\PprQ (a'))/\bAXA((SA)/\bAXA(a'Xa')

and
bAXA(Ppr1 (@) A Py, (@) = baxala M a).

Hence we conclude that (17 , Z) is a 1-cell since
bia.axam)(Gam) = baxa(@a Aa R a) = (Re) (F(pr1),F(pr2)) OF (4 a))-

Finally we must prove that (17 , Z) preserves comprehensions. We start observing that
every comprehension in Gp is of the form

{rk: (Ay) —=(A.0)

where v € P.(A, @), and {y} is the identity on A. Then
F({yD): (FA,ba(y)) — (FA,ba())

and F({y}) is idr 4 by definition of F,soitisa comprehension of b(y). O

Proposition 4.3.3. Let (F,b) and (G,c) be two objects in EID(P,R) and let
0: (F,b) —— (G,c) be a 2-cell in EID. We define
0: (F,b)— (G,0)
where
O(a.a): (FAba(a)) — (GA,ca(a))
is 0a. Then it is a 2-cell in CE.
Proof. Let (A, @) be an object of Gp. We have that

ba(a@) < Ro,(ca(a))
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because 6 is a 2-morphism. Therefore

Oa: (FA,ba(@)) —— (GA,ca(@))
is a morphism in Gg. Let y be an object in P.(A, ). Then

(Re)o,(€a(y)) = Ro,(ca(y)) A ba(a)

by definition of R.. Finally observe that bs(y) < ba(a) since y € P.(A, ), and
ba(y) < Rg,(ca(y)), and then we can conclude that

ba(y) = ba(y) < Ra,(ca(y)) A ba(@) = (Re)g, (Caly)).

Proposition 4.3.4. The assignment
Cp r: EID(P,R) — CE(P.,R.)
which maps (F, b) into (I?, E) anda2-cell 6: (F,b)—— (G,c) into 9: (f, Z) — (5, 0)

is a functor and

C: EID—— CE

is a 2-functor with the assignment C(P) = P..

We prove that the 2-functor C: EID —— CE is left adjoint to the forgetful
2-functor. Recall from [42] the equivalence

—o(l,i): CE(P.,Z) = EID(P, Z)

where I: C — Rp sends an object A into (A, T 4), amorphism f: A —— B

to f: (A, Ta)—— (B, Tp) and iy is the identity. For more details see [42] Theo-
rem 4.8]. For an elementary doctrine P € EID, let

np: P——=Uo C(P)
be the image of the identity on C(P), under the equivalence
—o (Ip,ip): CE(C(P),C(P)) = EID(P,U o C(P))
which means that np is the 1-cell (Ip,ip). It is direct to check that the assignment
n: idgpp —=Uo C

is a 2-natural transformation.
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Remark 4.3.5. For every P € CE the equivalence
—o(Ip,ip): CE(C o U(P),P) = EID(U(P), U(P))
is essentially surjective by definition, and then there exists a 1-cell (Tp, 7p) such that
(Tp,tp) o (Ip,ip) = 1p.

Let : (Tp,tp)o (Ip,ip) => 1p be the invertible 2-cell and let ep := (Tp,tp) be
the previous 1-cell.

Remark 4.3.6. For every morphism f: A—— B in C, the following diagram
commutes

T,
Tp(A, Ta) L Tp(B,Tg)
or of

A—— B

where 6F: Tp o Jp = 1p is the isomorphism defined in Remark

Remark 4.3.7. Let P: C°P —— InfSL be an elementary doctrine with compre-
hensions, and consider the 1-cells (F,b),(G,c): P. — P

cep

TP

InfSL

G°P

Ccep,

Consider an invertible 2-cell 6: (F,b) o (Ip,ip) => (G, ¢) o (Ip,ip) . Then for every
f: A—— B the diagram
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Ef
F(A, Ta) —— F(B,Tp)
9 A 93
G(ATA) —5;— G(B.Tp)

commutes. We want to prove that this isomorphism can be extended to every object
of Gp. Observe that every (A, @) can be seen as a comprehension of @ in Gp

(Aa) —2h (AT 4)

and
G
F(A.a) =L F(A.T ) G(Aa) L G(A.T4)
are comprehensions of b4 (@) and ca(a). Moreover we have ba(a) = Py, (ca(a)) for
every a in PA because 0 is invertible. Using [43, Remark 4.2] we have the following
pullback square

{

FAa) — s Fa, )

0A.a) 0

In order to prove the naturality we can consider a morphism f: (A,a) — (B, B)
in Gp, and we observe that the following diagram

F(Aa) — s FAT )
\ \

\ \
Ff \ Ff N\
\ \\

F(B,B) a\ﬁ- F(B,Tg)
\ \

F{& \\
\ \ \ \
\ \ \ \
\ \ \\ \
\ \
VGl —X Gea Ty
\\ N
\ Gf \\ Gf
\ \
\ N\

G(B.p) e G(B,Tg)
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commutes, where the diagonals arrows are components of . Then we have proved
that (F,b) o (Ip,ip) = (G,c) o (Ip,ip) implies (F,b) = (G,c).

Proposition 4.3.8. The assignment
g:ColU—— idCE
where ep is defined as in is a pseudo-natural transformation.

Proof. Let P: C°P —— InfSL and R: D°P —— InfSL be two elementary
doctrine with comprehensions, we define

7pr: CE(ep,1g) — CE(lp,,eg) 0o CoU
where the 2-morphisms
TPRr.p - CE(ep, Lr )(F,b) => CE(lp_,egr) o C(F,b)
are defined as

(PR A Ta) = (08 )7 0 F(OF).

We can define 7p Rr.p)juston the elements of the form (A, T 4) because this definition
can be extended to every object (A,y) by Remark since both P and P, have
comprehensions, and the 1-cells in CE preserve them. Now we must prove the

naturality of Tpg. Consider a 2-morphism ¢: (F,b) => (G, c) and observe that

CE(IP(-’SR) 0Co U(¢)(A,a/) = TR(‘;(A,Q))

and
CE(ep, 1R)(®)(A.a) = bTp(A.a)-
The diagram

PTp(A,a)

FTp(A, Tp) —— > GTp(A, Ta)
F(H/‘;)j lG(a};)
F(A) G(A)
(H}SA)ll l(egArl

TrF(A,Ta) ————TrG(A, T 4)
Tr(bA,74)

da

commutes since the following commutes by Remark [4.3.6]
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TR((;;(A,TA))

TRF(A, T a) TrG(A, T 4)
(Hf-A)l L(H(’;A)
F(A) G(A).
[}
So
F(0F)
FTp(A, Tp) ———— F(A)

¢TP(A,TA)L l%\

Tp(A, T A
GTp(A, A)WG()

A
commutes since ¢: (F,b) => (G, c) isanatural transformation. Itis straightforward
to prove that the coherence axioms of the definition of lax-natural transformation are
satisfied. t

Remark 4.3.9. Let P: C°P —— InfSL be an elementary doctrine, and consider
the following 1-cell

ceop
P
IpoP ip‘ InfSL
PC
op
P

Applying the functor C to it we obtain the 1-cell

[¢]
Gy’

p°° ir InfSL

(Pe)e
op
P(,‘

We can observe that (i;),?p) = (Ip,,ip_), because
Ip(A0) = (A@)@) = (Aa) T = Ir.(Aa).

Moreover we have that, for every morphism f: (A,a) — (B, ) in Gp,



4.3 Elementary doctrines with comprehensions 105

Ip(f) = Ip(f) = f = Ip.(f)
Thusip,. = ip since they are both the identity.

Remark 4.3.10. Let P: C°® —— InfSL be an elementary doctrine in CE. By
definition of £p, we have

(Tp,jp)o (Ip,ip) = idp.

Hence we have
C(Tp, jp) o C(Jp, jp) = idcoep)

and by Remark [£.3.9| we have
C(Tp,jp) o (Ip,.ip.) = idcep) -
So we can assume that ep. = (Tp_,tp.) = C(Tp,tp).

Remark 4.3.11. Combining Remark and Remark we can assume that
C(87) = 6P for every elementary doctrine in CE. This choice is going to simplify
many calculations in the following. In particular this implies that Ce = &C as
pseudo-natural transformation.

Proposition 4.3.12. For every elementary doctrine P: C°P —— InfSL we have
ecp) © Clnp) = 1oep)
Proof. By Remark [.3.9|and Remark [4.3.T1] we have
ec(p) © Cnp) = ec(py © (Ip,.ip,)

and the conclusion follows by definition of ec(p). O

Proposition 4.3.13. For every elementary doctrine P: C°? —— InfSL in CE,
the following isomorphism holds:

eponp =1p

Proof. It follows directly from the definitions of ep and np. O

Remark 4.3.14. The isomorphism in Proposition f.3.13] can be extended to an in-
vertible modification between the pseudo-natural transformation (¢ o, 7’) and 1¢cg,
where 7, is given by icg(;p,1)-TPR- We define A: (g,7) o (,id) = 1cg where
Ap = Op. Next we prove that it satisfies the following equation
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P P
(F.b) epnp idp epnp

4,

R \U/T(/F,b)P = P - P
ldp

idg SRR\ (F by (F.b) (F.b)
Ay

R - R R——R

idg idg

and this means that the following equality must holds

(/lR-i(F,b)) o T(/F,b) = i(F,b)./lp.
It is straightforward to verify the following identities

o (AR-i(F,p))a = 0% 1
. (l:CE(np,lk)-TPR)A = (TPR(F,b}))(A,TA) = (6% )t o F(0Y);
* (iF.b)-AP)a = F(Ara) = F(0,);

Therefore we can conclude that A: (g,7) o (n,id) => 1¢g is an invertible modifi-
cation.

Remark 4.3.15. Using the same argument of 4.3.14] we can prove that the isomor-
phism
ecp)© Cnp) = 1c(p)

can be extended to an invertible modification p: (¢,7)C o C(n,id) => 1¢cg -

We are now in the position to compute the pseudo-monad:

e let T.: EID —— EID be the 2-functor T, = U o C;

e let n: idgp —— T be the unit of the pseudo-adjunction;

e let u: T2 —— T, be the pseudo-natural transformation u = UeC.

Proposition 4.3.16. The triple (T, u,n) is a pseudo-monad, the following diagram

commutes and the modifications
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Ten n'Te

T, T? T. T2
% | <l

id id
Te T,

satisfy the coherence axioms for pseudo-monads.

Proof. By Remark

HT.(P) = gcp.) = C(Tp,,tp,).
So we have
Tc(/J)P = TC(SC(P)) = C(TPC’IPC)

Moreover the pseudo-natural transformations 7u and u7 have the same isomor-
phisms 7 by Remark [4.3.1T]and by definition of 7 in Proposition4.3.8]
The axiom is satisfied since we have the following equality

new) = Up.,ip.) = (Ip, jp) = Te(np)

by Remark 4.3.9] and then we have that A and p are the same modification.

Remark 4.3.17. Consider an elementary doctrine P: C°P —— InfSL in CE. By
Remark [#.3.10] the following diagram commutes

T.(Tp,
TCQP (PtP) TCP

T.Pp —P.
(Tp.tp)

In other words we can regard every elementary doctrine in CE with an action
such that (P,(Tp,tp)) is a pseudo-T.-algebra. Moreover since ¢ is a pseudo-natural
transformation, every 1-cell in CE induces a pseudo-morphism in Ps-T.-Alg, and
the same holds for every 2-cell. So we have the following inclusions of 2-categories

CE——— Ps-T.-Alg—— EID

Using the same argument of Proposition[4.2.10] we can prove the following propo-
sition.

Proposition 4.3.18. Let (P, a) be a pseudo-T-algebra. Then the elementary doctrine
P: C°P —— InfSL has comprehensions.
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Theorem 4.3.19. Let (P, a) and (R, b) be two pseudo-T .-algebras, andlet f: P——— R
be a 1-cell in CE. Then there exists a unique invertible 2-cell such that

Tof
T.P—T_.R

a \U b

P———R

is a pseudo-morphism of pseudo-T . -algebras.

Proof. The pseudo-T .-algebra (P, a) has comprehensions by Proposition|4.3.18} and
we have the following isomorphism

epnp = 1p = anp.

So for every object A of C we have a(A, T 4) = €p(A, T ), and by Remark we
can conclude that ep = a. The isomorphism gives a pseudo-morphism of pseudo-

algebras

T, id
T.P —L~ TP

a \U, Ep
P— P
idp

By the second coherence condition of pseudo-morphisms such isomorphism is
unique. Since ¢ is a pseudo-natural transformation, we have the following com-
mutative diagram

~v
~
=
=

idp f idr

for the pseudo-T.-algebras (P, a) and (R, b), and forevery 1-cellinCE f: P——R..
Therefore for every 1-cell in CE there exists an invertible 2-cell

T.f
T.P— - T.R

a U, b

P———R
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such that the previous diagram is a 1-cell in Ps-T.-Alg. The uniqueness follows from
the second coherence condition of pseudo-morphism and the fact that the doctrines
P and R have comprehension by Proposition #.3.18] O

Remark 4.3.20. Observe that if (P,a) and (R,b) are pseudo-T -algebras, and the
following square is a pseudo-morphism of pseudo-algebras

T(‘f
T.P— - T.R

a \U/ b

P——R

then f: P —— R preserves comprehensions.
Corollary 4.3.21. There is an equivalence of 2-categories
CE = Ps-T.-Alg

Proof. By Remark [4.3.17] Proposition 4.3.18]and Theorem [4.3.19] we need only to
prove that every 2-cell 0: (F,b) => (G,¢) in CE is a 2-cell in Ps-T-Alg, which
means that § must satisfy the coherence conditions. This follows directly from the
pseudo-naturality of €. O

4.4 Elementary doctrines with quotients

In this section we consider the completion with quotients of an elementary doctrines.
Consider the 2-full 2-subcategory QED of EID whose objects are the elementary
doctrines P: C°P —— InfSL in which every P-equivalence relation has a P-
quotient that is a stable effective descent morphism.
Let P: C°P —— InfSL be an elementary doctrine, and consider the category
Rp of P-equivalence relation:

* an object of Rp is a pair (A, p) such that p is a P-equivalence relation on A;
e a morphism f: (A,p)—— (B,o) is a morphism f: A——= B such that
p < Pryr(o).

The indexed poset P, : R(;,p —— InfSL will be given by the categories of descent
data:
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P,(A, p) = Des,

and for every morphism f: (A, p) — (B,0) we define

Py(f) = P(f)

This is a well defined elementary doctrine, see [42, Lemma 4.2], and it has descent
quotients of P-equivalence relations, see [42, Lemma 4.4].

Following the structure of sections [.2] and [4.3] we prove that the assignment
Q(P) = P, can be extended to 2-functor

Q: EID — > QED

and we start defining how it acts on the 1-cells and 2-cells in EID.
Let P: C°P —— InfSL and R: D°P —— InfSL be elementary doctrines,
and consider a 1-cell (F, b):

cop
P
Fop bJ InfSL
/
DoP

We want to prove that the pair (F, b) where:

o F(Ap)is (FA,R(F(pry),F(pry))-1 (Paxa(p))) for every A € Rp;
o F(f)is F(f)forevery f: (A, p)— (B,0);

e bis b restricted to the categories of descent data;

is a 2-morphism in QED:

op
Rp

Lemma 4.4.1. Let (A, p) be an object in Rp and let pri,pro: AXA——A be

the two projections. Then R (g (pr,), F(pry))y-1 (PAxa(p)) is a P-equivalence relation on
FA.
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Proof. Reflexivity: p is an equivalence relation on A implies baxa(54) < baxa(p)

and by definition of bsxs we have R(F(prl)’p(prz»((SFA) < baxa(p) . Since F
preserves products (F(pry), F(pry)) is an isomorphism. So

OFa < Rip(pr)).Fpry) 1 (Daxa(p)-

Symmetry and transitivity are proved similarly. U

Lemma 4.4.2. Let f: (A, p) —— (B,0) beamorphisminRp, andlet pr;: AXA—— A
and pr;: BX B—— B, i = 1,2 be the projections. Then

F(f): (FAR(F(pr,),F(pry))-1 (Daxa(p))) —— (FB, R(r(pr,) F(pry))-1 (bBxB(0)))
is a morphism in Rg.
Proof. Since f: (A,p) —— (B,0) isal-cell, p < Pyyyr(0). Thus
baxa(p) < baxa(Prxf(0)) = Re(rxf)(bxp(0)).
Hence

R (F(pry),F(pra))-1 (baxa(P)) < Rippr)), Fpry)y-1 (RE(rxf)(DBxB(0))).
Since

F(f X f) o (F(pry), F(pry)) ™! = (F(pr}), F(pry)) ™" o F(f) X F(f)
itis

R(F(pr)).F(pra)y-1 (baxa(P)) < Re(ryxr(r)(R(Fpr,). F(pry)y-1 (PBxB(0))).

Remark 4.4.3. Consider (A, p) € Rp, if @ € Des,, then

ba(e) € DeSR 1 1) (pray-1 baxalo))-

Corollary 4.4.4. Given (F,b) € EID(P,R) then (F,b) € QED(P,,R,) .
Proof. By Remark [4.4.3]and [42, Lemma 4.2]

baxa(p) = Rir(pr)).F(prs)) (R(F(pr,), F(pry))-1 (Paxa(p)))
So
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bia,pyx(a.p)(6(ap) = (Rq)<f(pr1),f(pr2)>(5f(A,p))'

By Lemma and Lemma we can conclude that (F,b) € EID(P,,R,). It
remains to verify that F preserves all the quotients.
Consider a P,-equivalence relation 7 on (4, p). A P,-quotient of 7 is

ida: (A, p) —— (A, 1)
and

idra: (FAR(F@pr,),Fpry))-1 (Daxa(p)) —— (FA, R(p(pr)), F(pry))-t (DAxa(T))

is a R;-quotient of R (pr ), F(pr,)y-1 (Daxa(T)). So F preserves quotients, and (F, b)
is a 1-cell in QED. t

Proposition 4.4.5. Let 6 be a morphism in EID(P, R)
0: (F,b)— (G,c) .
Then 0 is also a morphism in QED(Py, R;)
0: (F,b) — (G,¢) .
Proof. We must prove that for every (4, p) € Rp
Oa: (FA R (Fpry),F(pry))-! (Paxa(p)) — = (GA, R(G(pr,),G(pr))-1 (Caxa(p)))

is a morphism in Rg. Indeed, by definition of 2-morphism we have baxa(p) <
Roua (caxa(p)) then

R(F(pry),Fpry))y 1 (0axA(0)) < RiF(pry),F(pry))-t (Roaa (Caxa(p)))

and, since 6 is a natural transformation,

R(F(pry),Fpry))-1 (Daxa(0)) < Rosxo, (R(G(pr,),G(pry))-1 ((caxa(p))))-

Finally for every a € Desg \-1(baxa(p) W€ have

(F(pr1).F(pra)

ba(@) < (Ry)g,(Cala))

because ba(a) = ba(a), a(@) = ca(@) and Ry(84) = R(64). g

Proposition 4.4.6. The assignment
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Qp,r: EID(P,R) — QED(P,,R,)

which maps (F, b) into (F, 5) anda2-cell 0: (F,b) — (G,c) into 0: (F, b) ——> (G,0)
is a functor and
Q: EID—— QED

is a 2-functor with the assignment Q(P) = P,.

We prove that the 2-functor Q: EID —— QED is left adjoint to the forgetful
2-functor. Recall from [42] the crucial equivalence

-o(J,j): QED(P,,Z) = EID(P, Z)

where J: C —— Rp sends anobject Ato (A,54) and amorphism f: A—— B

to f:(A,64) — (B,0p) and j4 is the identity. For more details, see [42] Theo-
rem 4.5].
Let P be an elementary doctrine in QED. We define

np: P——UoQ(P)
the image of the identity on Q(P), under the equivalence
—o(Jp.jp): QED(Q(P),Q(P)) = EID(P,U o Q(P)).
It means that n7p is the 1-morphism (Jp, jp). It is direct to check that the assignment
n: idgp ——=Uo Q
is a 2-natural transformation.
Remark 4.4.7. For every P € QED the equivalence
—o(Jp.jp): QED(Q o U(P), P) = EID(U(P), U(P))

is essentially surjective by definition. Then there exists a 1-morphism (Tp,7p) such
that

(Tp,tp)o (Jp,jp) = 1p.

Let 0: (Tp,tp)o (Ip,ip) => 1p be the invertible 2-cell and let ep := (Tp,tp) be
the previous 1-cell.

Remark 4.4.8. For every morphism f: A—— B in C, the following diagram
commutes
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T,
Tp(A,54) LN Tp(B,dpB)

9P oF

A B

A—— B

where 6F: Tp o Jp =>1p isthe isomorphism in Remarkm
Proposition 4.4.9. The assignment

g: Qo U——idqrp
where ep is defined as in is a pseudo-natural transformation.

Proof. We can use the same argument of Proposition [4.3.8] observing that we can
restrict our attention to the elements of the form (A,d4). O

Remark 4.4.10. Let P: C°P —— InfSL be an elementary doctrine, and consider
the following 1-cell

ceP
\
JpoP jP\ InfSL
e
ROP

Applying the functor Q we obtain the 1-cell

ROP
X
7p°P ip InfSL
(Pq )q
op
R P,

Itis (Jp,jp) = (Jp,.jp,) because
Tp(A ) = (A, ), (Pg) (1 (pry).p (or)y-1 (TP) axa(P)) = (A, p).6(ap) = Tp, (A, p)

and, for f: (A,p) ——(B,0) in Rp,
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Jp(f) = Jp(f) = [ = Jp,(f).
Also jp, = j p since they are both the identity.

Remark 4.4.11. Let P: C°? —— InfSL be an elementary doctrine in QED. Then
by definition of £p, we have

(Tp,jp)o (Jp,jp) =idp.

Hence
Q(Tp,jp) o Q(Jp, jp) = idq(p)

and by Remark {.4.10|
Q(Tp,jr) o (Jp,.jpr,) = idgp) -
So we can assume that ep, = (Tp,,tp,) = Q(Tp,1p).
Proposition 4.4.12. For every elementary doctrine P: C°P —— InfSL we have
eq(p) © Qnp) = 1g(p)-
Proof. By Remark 4.4.10] we have
eqp) © Qnp) = eqpy © (Jp,»jpr,)

and the conclusion follows by definition of eq(p). (]

Proposition 4.4.13. For every elementary doctrine P: C°P —— InfSL in QED,
it is
eponp = 1p.

Proof. Immediate by definition of €p and 7p. O

Remark 4.4.14. Using the same argument as in and we can conclude
that there are two invertible modifications p: éC o Cp => 1gip and A: e o => 1qgp -

We use the same argument of Sections {£.3] and [4.2] to introduce the following
pseudo-monad:

e let Ty: EID —— EID be the 2-functor T, = U o Q;
* let n: idgp — T, be the unit of the pseudo-adjunction;

o let u: Tg —— T, is the pseudo-natural transformation u := UeQ.



116 4 Completions of Elementary Doctrines and Pseudo-Distributive Laws

Proposition 4.4.15. The triple (T, u,n) is a pseudo-monad, the following diagram
commutes

uT
T3 e T2
q q
Tqu H

and the modifications

Tyn n'Tq
2 7 2
Tq Tq Tq _— Tq
Y, ¥,
NP |u N1 |nm
id id
Tq Tq

satisfy the coherence axiom for pseudo-monad.

Proof. By Remark .4.TT| we have

Hr,p) = qQ(p,) = Q(Tp,.tp,)

and
Tq(,u)P = Tq(SQ(P)) = Q(TPq,th)-

Moreover the pseudo-natural transformations uT,; and T, u have the same isomor-
phism 7, since the action of the 2-functor T, on a 2-cell gives essentially the same
2-cell by Proposition [#.4.5]

The axiom is satisfied since we have the following equality

uapy = (Ip,.ir,) = (Tp.jp) = Tq(up)

by Remark [#.4.10] which means that p and A are the same modifications. O

Remark 4.4.16. Consider an elementary doctrine P: C°? —— InfSL in QED.
By Remark .4.T1] the diagram

T,(Tp,tp)
T2p - T, P

M (Tp,tp)

(Tp.tp)
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commutes. Then we can regard every elementary doctrine in QED with an action
(Tp,tp) such that (P,(Tp,tp)) is an object in Ps-T,-Alg. Since ¢ is a pseudo-natural
transformation, every 1-cell in QED induces a 1-cell in Ps-Ty-Alg, and the same
for every 2-cells. So we have the following inclusions of 2-categories

QED“— Ps-T,-Alg— EID

Remark 4.4.17. We can use the same argument of Proposition to prove that
every pseudo-T,-algebra (P,a) consists of an elementary doctrine with quotients

and an action which preserves them, and every morphism f: P —— R in QED
can be regarded as a pseudo-morphism of pseudo-T-algebras.

The same arguments used in the proof of Theorem{.3.79|can be adapted to the case
of elementary doctrine with quotients. Thus we have the following result.

Theorem 4.4.18. Let (P, a) and (R, b) be two pseudo-T ;-algebras, and let f: P—— R
be a 1-cell in QED. Then there exists a unique invertible 2-cell such that

Tof
T.P— ~T.R

a U, b

P———R

is a pseudo-morphism of pseudo-T ;-algebras.
Corollary 4.4.19. We have the following equivalence of 2-categories

QED = Ps-T4-Alg.

4.5 Pseudo-distributive laws

In this section we study the pseudo-distributive laws between the pseudo-monads
T¢, Tgand T,,.

First we consider the pseudo-monads T, and T, and in order to prove that there
exists a pseudo-distributive law 6: T.T, —— T, T , we shall construct a lifting
of T, in the sense of [55,156].

Proposition 4.5.1. The assignment

Tq(P’a)(R,C) : PS_TC_Alg((Ps Cl), (Ra C)) > PS'TC-Alg((Pq, SPq ), (Rq, SRq ))

mapping a 1-cell (f, f) to
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(Tgfitr,r)

and a 2-cell 0: (f,f)=>(g.3) o

TqQ: (qu,Tqu) ESa (qu, Tqu)
is a functor.

Proof. We recall that since (P,a) is a pseudo-T.-algebra, by Remark [4.3.17| P has
comprehensions, and we know that P, has comprehensions by [43, Lemma 5.3].
Moreover we can observe that

TqH: (qu,Tqu) == (qu, Tqu)

is a morphism of pseudo-T'.-algebras because ¢ is a pseudo natural transformation,
and since Ty, is a 2-functor we can conclude that the composition and the identity
axioms holds. Therefore we conclude that Tq( P.a)R.c) is a functor. ]

Proposition 4.5.2. The functor defined in can be extended to a 2-functor
T,: Ps-T.-Alg — Ps-T-Alg

where 'IF‘;(P, a) :=(Pg,ep,)-

Proof. We prove the compatibility with composition. Consider the following 1-cells

T.f Tcg

~
=
|95

then (g,3) o (f,f) = (g o f, (iT.r-8) o (ig .f)). Next consider the following diagram

T Ty f T T,
TPy —2> T R, —> T, 5,

£p, U‘r_f £Ry UTg £sq

P, R, Sy-

Tof Tyg

Since ¢ is a pseudo-natural transformation, we have that (it ¢.7r) o (tg.iT. T, f) =
Tgor. Moreover we have the compatibility with the composition of 2-cells since T,
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is a 2-functor. Finally one can check that also the unit axion is satisfied. Then we can
conclude that 7, is a 2-functor. O

Remark 4.5.3. The multiplication and the identity of the pseudo-monad T, can be

extended to a multiplication and identity on the functor 'f:,. Therefore 'f; is a
pseudo-monad. Moreover we can observe that, if we consider the forgetful 2-functor
Ur,: Ps-T.-Alg —— EID , we have the equality T,Ur_ = U, Ty.

Theorem 4.5.4. There exists a distributive law ¢: T Ty ——T,T. .

Proof. Remark tells us that ’f; is alifting of T;. Apply Theorem [55, Theorem
1] to conclude the proof. U

Corollary 4.5.5. The 2-functor T, T is a pseudo-monad.
Proof. Tt follows by [54} Proposition 7.8 and Theorem 7.9]. U

We can use the same arguments of Proposition [4.5.2] and [4.5.1] to prove that the
2-monad Ty can be lifted to a pseudo-monad on Ps-T4-Alg, since T4 preserves
quotients by [42, Lemma 5.8]. Therefore we have the following results.

Theorem 4.5.6. The 2-functor T4qT, is a pseudo-monad, and since Ty preserves
comprehensions, also 2-functor TyT T, is a pseudo-monad.

It is easy to observe that every pseudo-monad that we have described admits a
trivial pseudo-distributive law, which is the identity since they have the property that
Tu = uT. Then we can conclude with the following propositions.

Proposition 4.5.7. For every natural number n, T¢, T and T are pseudo-monads.

Applying [54, Proposition 7.8 and Theorem 7.9] we obtain the following result.
Theorem 4.5.8. We have the following isomorphisms

e Ps-T,T.-Alg = Ps- T -Alg, where T is the lifting of T, on Ps-T.-Alg;

o Ps-TyT.-Alg = Ps- Td Alg, where Td is the lifting of T4 on Ps-T.-Alg;
o Ps-TyTgy-Alg = Ps-Tqy- Alg, where Ty is the llftmg of Tgq on Ps-Ty-Alg;

o Ps-TqT T.-Alg = Ps- TdT -Alg, where Tqu is the lifting of T4qTy on
Ps-T.-Alg; . .
o Ps-TyT T.-Alg = Ps-Ty-Alg, where Ty is the lifting of T4 on tPs-T{T.-Alg;

e Ps-TU-Alg = Ps-T2'-Alg, where T?! is the lifting of T"~! on Ps-T.-Alg;
e Ps-Tg-Alg = Ps—Tg‘l—Alg, where TZ’I is the lifting of Tg_l on Ps-Ty-Alg;
e Ps-Ti-Alg = Ps—Tg‘l—Alg, where TZ’I is the lifting ofTZ_1 on Ps-Ty-Alg.







Chapter 5
The Existential Completion

Abstract We determine the existential completion of a primary doctrine, and we
prove that the 2-monad obtained from it is lax-idempotent, and that the 2-category
of existential doctrines is isomorphic to the 2-category of algebras for this 2-monad.
We also show that the existential completion of an elementary doctrine is again
elementary. Finally we extend the notion of exact completion of an elementary
existential doctrine to an arbitrary elementary doctrine.

5.1 Introduction

In recent years, many relevant logical completions have been extensively studied in
category theory. The main instance is the exact completion, see [6, |8, [10], which
is the universal extension of a category with finite limits to an exact category. In
[42] 43| 44], Maietti and Rosolini introduce a categorical version of quotient for
an equivalence relation, and they study that in a doctrine equipped with a sufficient
logical structure to describe the notion of an equivalence relation. In [44] they show
that both the exact completion of a regular category and the exact completion of
a category with binary products, a weak terminal object and weak pullbacks can
be seen as instances of a more general completion with respect to an elementary
existential doctrine.

In this paper we present the existential completion of a primary doctrine, and we
give an explicit description of the 2-monad T.: PD ——= PD constructed from
the 2-adjunction, where PD is the 2-category of primary doctrines.

It is well known that pseudo-monads can express uniformly and elegantly many
algebraic structure; we refer the reader to [56, 155, 127]] for a detailed description of
these topics. We show that every existential doctrine P: C°P —— InfSL admits
an action a: T,P —— P such that (P,a) is a T.-algebra, and that if (R,b) is
T,.-algebra then the doctrine is existential, and this gives an equivalence between the
2-category T.-Alg and the 2-category ExD whose objects are existential doctrines.

121
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Here the action encodes the existential structure for a doctrine, and we prove that
this structure is uniquely determined up to an appropriate isomorphism and that the
2-monad T, is property-like and lax-idempotent in the sense of Kelly and Lack [27].

We also prove that the existential completion preserves elementary doctrines,
and then we generalize the bi-adjunction EED — Xct presented in [44, |41] to a
bi-adjunction from the 2-category EID of elementary doctrines to the 2-category of
exact categories Xct.

In the first two sections we recall definitions and results on pseudo-monads, and
on primary and existential doctrines as needed for the rest of the paper.

In section 3 we describe the existential completion. We introduce a functor

E: PD —— ExD from the 2-category of primary doctrines to the 2-category
of existential doctrines, and we prove that it is a left 2-adjoint to the forgetful functor
U: ExD——PD.

In sections 4 we prove that the 2-monad T, constructed from the 2-adjunction
is lax-idempotent and, in section 5, that the category T,.-Alg is 2-equivalent to the
2-category of existential doctrine.

In section 6 we show that the existential completion of an elementary doctrine
is elementary, and we use this fact to extend the notion of exact completion to
elementary doctrines.

5.2 A brief recap of two-dimensional monad theory

This section is devoted to the formal definition of 2-monad on a 2-category and
a characterization of the definitions. We use 2-categorical pasting notation freely,
following the usual convention of the topic as used extensively in 3], [S5] and [S6].

You can find all the details of the main results of this section in the works of Kelly
and Lack [27]. For a more general and complete description of these topics, and a
generalization for the case of pseudo-monad, you can see the Ph.D thesis of Tanaka
[154]], the articles of Marmolejo [47], [46] and the work of Kelly [28]. Moreover we
refer to [4] and [39] for all the standard results and notions about 2-category theory.

A 2-monad (T, y,n) on a 2-category A is a 2-functor T: A —— A together

2-natural transformations u: T? — T and 7: 14 — T such that the fol-
lowing diagrams

T3L>T2

uT H

TQT“T
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T T
T—T .2 " 7

commute. Let (T, u,77) be a 2-monad on a 2-category A. A T-algebra is a pair (A, a)
where, A is an object of A and a: TA —— A is a 1-cell such that the following
diagrams commute

T24 —T9 . TAp

TA——A

A—T4 A

A.

A lax T-morphism from a T-algebra (A,a) to a T-algebra (B,b) is a pair ( f,?)
where fisal-cell f: A—— B and f is a2-cell

Tf
TA—TB

a \Uf b

A——B

which satisfies the following coherence conditions

T2A T TB T2A _T TB
HA mB Ta V17 |Tb
TaA— . Tp = TA—' -~ TB
a U7 b a 7 b
A — B A — B

and
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A ;- B A ;- B
na nB
Tf
TA—=TB = 1a 1p

A———8B A——B.
f !

The regions in which no 2-cell is written always commute by the naturality of n and
u, and are deemed to contain the identity 2-cell.

A lax morphism (f, f) in which f is invertible is said T-morphism. And it is
strict when 7 is the identity.

The category of T-algebras and lax T-morphisms becomes a 2-category T-Alg;,
when provided with 2-cells the T-transformations. Recall from [27] that a T-

transformation from (f, f): (A,a) — (B,b) to (g,3): (A,a) — (B,b) isa

2-cell a: f => g in A which satisfies the following coherence condition

— | T .
TA xU/T(z TB TA TB
V
Tg
a ug b = a \Uf b
f
/\
A______B A Yo B
\_/
8 g

expressing compatibility of @ with f and 3.

It is observed in [27] that using this notion of T-morphism, one can express
more precisely what it may mean that an action of a monad T on an object A
is unique to within a unique isomorphism. In our case it means that, given two
action a,a’: TA —— A there is a unique invertible 2-cell @: a => a’ such that
(1a,@): (A,a) —— (A,a’) is a morphism of T-algebras (in particular it is an
isomorphism of T-algebras). In this case we will say that the T-algebra structure
is essentially unique. More precisely a 2-monad (T, u,n) is said property-like, if it
satisfies the following conditions:

o forevery T-algebra (A, a)and (B, b), and for every invertible 1-cell f: A—— B

there exists a unique invertible 2-cell Vi
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such that (f, f): (A,a) — (B,b) is a morphism of T-algebras;
e for every T-algebra (A, a) and (B, b), and for every 1-cell f: A—— B if there
exists a 2-cell ?

Tf
TA——=TB

a \U,f b

A——B

such that (f,f): (A,a) — (B,b) is a lax morphism of T-algebras, then it is
the unique 2-cell with such property.
We conclude this section recalling a stronger property on a 2-monads (T, &, 77) on
A which implies that T is property-like: a 2-monad (T, u,n7) is said lax-idempotent,
if for every T-algebras (A, a) and (B, b), and for every 1-cell f: A—— B there

exists a unique 2-cell 7

Tf
TA—TB
a U? b

A———B

such that (f, ?): (A,a) —— (B, b) is alax morphism of T-algebras. In particular
every lax-idempotent monad is property like. See [27, Proposition 6.1].

5.3 Primary and existential doctrines

The notion of hyperdoctrine was introduced by F.W. Lawvere in a series of seminal
papers [36} 38]. 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
existential doctrine also in [43] 42} 44].
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Definition 5.3.1. Let C be a category with finite products. A primary doctrine is a
functor P: C°P —— InfSL from the opposite of the category C to the category
of inf-semilattices.

Definition 5.3.2. A primary doctrine P: C°P —— InfSL is elementary if for
every A in C there exists an object d4 in P(A X A) such that

1. the assignment
Hida,iday(@) := Ppr, (@) A da

for @ in PA determines a left adjoint to Piq, id,): P(AX A) —— PA ;

2. for every morphism e of the form (pr;,pro,pra): X XA ——= XX AX A in
C, the assignment

E[e(a) = P(prl,prQ)(a) A P(prQ,pr3)(6A)
for & in P(X X A) determines a left adjointto P,: P(X X AX A) —— P(X X A) .

Definition 5.3.3. A primary doctrine P: C°® —— InfSL is existential if, for
every A; and As in C, for any projection pr;: Ay X Ap ——A; , i = 1,2, the

functor
Ppy, 0 P(A;) — P(A1 X Ag)

has a left adjoint Hy,;,, and these satisfy:

1. Beck-Chevalley condition: for any pullback diagram

with pr and pr’ projections, for any g in P(X) the canonical arrow
E[pr’Pf’(,B) < Rf'apr(ﬂ)

is an isomorphism;
2. Frobenius reciprocity: for any projection pr: X —— A, @ in P(A) and 8 in
P(X), the canonical arrow

E{pr(Ppr(a') AB) S an E[pr(ﬁ)
in P(A) is an isomorphism.

Remark 5.3.4. In an existential elementary doctrine, for every map f: A—— B
in C the functor Py has a left adjoint Hy that can be computed as
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Hpr, (Prxidg (08) A Ppr, (@)
for @ in P(A), where pr; and pry are the projections from A X B.

Example 5.3.5. The following examples are discussed in [36].

1. Let C be a category with finite limits. The functor
Subg: C°P —— InfSL

assigns to an object A in C the poset Sub¢(A) of subobjects of A in C and, for an

arrow B I, A the morphism Sub¢(f): Subg(A) —— Sube(B) is given
by pulling a subobject back along f. The fiber equalities are the diagonal arrows.
This is an existential elementary doctrine if and only if the category C has a
stable, proper factorization system (&, M). See [19].

2. Consider a category D with finite products and weak pullbacks: the doctrine is
given by the functor of weak subobjects

Yy : DP —— InfSL

where W (A) is the poset reflection of the slice category 9 /A, and for an arrow
B ;> A , the homomorphism Yo (f): Yp(A) —— ¥Yp(B) is given by a

weak pullback of an arrow X —5% - A with f- This doctrine is elementary and
existential, and the existential left adjoint are given by the post-composition.
3. Let T be a theory in a first order language Sg. We define a primary doctrine
LT: C{;p —— InfSL

where Cr is the category of lists of variables and term substitutions:

* objects of Cr are finite lists of variables X := (x1,...,x,), and we include the
empty list ();

e amorphisms from (x1,. .., x,)into (y1,. .., y,)isasubstitution [¢t1 /y1,. . ., tm/Vm]
where the terms ¢; are built in Sg on the variable x1,.. ., x,;

+ the composition of two morphisms [7/¥]: ¥ —= 3 and [5/Z]: y —=7
is given by the substitution

[s1[7/5)) zks - - - sklT/F) 2] : ¥ ——Z .

The functor LT: C;* —— InfSL sendsalist (x1,. . .,x,)intheclass LT(x1,. .., X,)

of all well formed formulas in the context (x1,. .., x;). We say that y < ¢ where
¢, € LT(x1,...,x,) if ¥ Fr @, and then we quotient in the usual way to obtain
a partial order on LT (x1,. .., Xx,). Given a morphism of Cr

[l‘l/YL-u,fm/Ym]i (x17""xn)_>(y17"'7ym)
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the functor LT};/5) acts as the substitution LT[;/y](z//(yl,. Coym) = U/

The doctrine LT: C;p —— InfSL is elementary exactly when T has an equal-

ity predicate and it is existential. For all the detail we refer to [43]], and for the
case of a many sorted first order theory we refer to [S0].

5.4 Existential completion

In this section we construct an existential doctrine P**: C°P —— InfSL , starting
from a primary doctrine P: C°P —— InfSL .

Let P: C°°? —— InfSL be a fixed primary doctrine for the rest of the section,
and let @ ¢ C; be a subclass of morphisms closed under pullbacks, compositions
and such that it contains the identity morphisms. In our case closed under pullbacks
means that for every f € a and for every morphism g in C the pullback

B
|f
D
exists and f*g € a.
For every object A of C consider the following preorder:

°f

_

A8
_I
C

_

¢ the objects are pairs ( B S A , @ € PB);

hea fea

e (B——=A,aePB)<(D——= A, yePD)ifthereexists w: B——=D

such that
B
w \
h
A

D ——

f
commutes and @ < P, (y).

It is easy to see that the previous data give a preorder. Let P°*(A) be the partial order
obtained by identifying two objects when

(B A, aePB)Z (DL 4, yePD)

in the usual way. With abuse of notation we denote the equivalence class of an
element in the same way.
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Given a morphism f: A—— B in C, let Pjﬁx( c-4 p , B € PC) be the
object
(D21 A, Pry(B) € PD)
where
g'f

D———A

|
frg S
C — B
is a pullback because g € a. Note that P]‘EX is well defined, because isomorphisms
are stable under pullbacks.

Proposition 5.4.1. Let P: C°? —— InfSL be a primary doctrine. Then P*: C°P —— InfSL
is a primary doctrine, in particular:

(i) for every object A in C, P**(A) is a inf-semilattice;
(ii) for every morphism f: A——B in C, P]‘EX is an homomorphism of inf-
semilattices.

Proof. (i) For every A we have the top element ( A ﬂ>A, Ta). Consider

h h
(A —1>A, a1 € PAp) and ( Ag —2>A, ay € PAs). In order to define
the greatest lower bound of the two objects consider a pullback

R ha
A1 NAy —— Aoy

hyhy ho

Al — A
h1

which exists because n1 € a (and ho € a). We claim that

hi(h3hy)
(A1 ANA2 —— A, Ppypy (1) A Py (@2))

is such an infimum. It is easy to check that

hi(hhy) hi
(A1 ANA2 ——= A, Pusiy (@1) A Priny(@2)) < (A ——= A, a; € PA;)

o hi
fori = 1,2. Next consider(B—‘g>A, B e PB)< (A ——=A, a; € PA;) for

i =1,2and g = h;w;. Then there is a morphism w: C —— A; A A2 such that
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w2

N R ha
A1 NAy —— Aoy

I’l;hl ho

Al — A
h1

commutes and Py (Pryn, (@1) A Priny(@2)) = Py (@1) A Pyy(@2) 2 B.
(if) We first prove that for every morphism f: A—— B the P]‘ix preserves

the order. Consider ( Cy £ B , a1 € PCy) < (G £ B , a2 € PCs) with
gow = g1 and Py, (a2) > a1. We want to prove that

g f gxf
( Dy — oA, Pfig,(a1) € PD1) < (Do —Z-A, Pgeg,(a2) € PDy)

We can observe that gaw(f*g1) = g1(f"g1) = f(g]f). Then there exists a unique
w: D; —— Dy such that the following diagram commutes

Cy ———B.
82

Moreover Py Preg,(@2)) = Prrg, (Pw(a2)) = Pr+g, (1), and it is easy to see that
P]‘ZX preserves top elements. Finally it is straightforward to prove that Pj?x(a AB) =
Pj‘i"(a) A P}‘?X(ﬁ). It is straightforward to prove that Pj‘?x(a AB) = P;X(a/) A Pj‘ix(ﬁ).

O

Proposition 5.4.2. Given a morphism f: A—— B of a, let
ex h fh
EIf(C—>A,a/€PC):=(C—>B,a€PC)

when ( C oA ,a € PC) is in P*(A). Then CE[?X is left adjoint to Pji’x.
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Proof Leta := (C1 -S> B, a1 € PCy) and B := ( Dy —2—> A, By € PDy).
Now we assume that 8 < PJ‘ZX(a). This means that

Dy
iy o
81f
D ———> A
_
g1 f

T

and Py, (Pr+g, (a1)) = B2. Then we have

and Py, f+g, (@1) > B. Then E[;X(,B) <a.
Now assume H}?"(ﬂ) <a

Dy
I

Ci,—B
81

with Py(ay) > B2. Then there exists w: Dy —— D; such that the following
diagram commutes
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and P,,(Py+g, (a1) = Py(@1) 2> B1. Then we can conclude that g < P]‘i"(a). O

Theorem 5.4.3. Forevery primary doctrine P: C°? —— InfSL, P**: C°P —— InfSL
satisfies:

(i) Beck-Chevalley Condition: for any pullback

with g € a (hence also g’ € a), for any € P*(X) the following equality holds
g PEE(B) = PFHG(B).

(ii)Frobenius Reciprocity: for every morphism f: X —— A of a, for every
a € P(A) and B € P**(X), the following equality holds

AP (@) A ) = @ A TX(P).

Proof. (i) Consider the following pullback square

h
where g,g’ € a, and let 8 := (C; —— X, B1 € PC;) € P*(X). Consider the
following diagram

W f :
D —Y o x % _u
_ _
£ Vi f
C1 X A
hy g

Since the two square are pullbacks, then the big square is a pullback, and then

g'(hif") (gh1)*f
(D1 = A, Ppp, (1) = ( Dy~ A, Pt (gn)(B1))



5.4 Existential completion 133
and these are by definition
E{Z,’,‘chcf‘(ﬂ) = PJ?XHEX(B).
Therefore the Beck-Chevalley Condition is satisfied.
(it) Consider amorphism f: X —— A ofa,anelementa := ( C; L— A, a €

PCy)in P**(A), and an element 8 = ( Do k2 X, By € PDs)in P**(X). Observe
that the following diagram is a pullback

hy(hif) *h
Do N Dy 2 D4 S C1
| |
(h1f)"h2 hif h1
Do X A
ha f

and this means that
H;X(P;X(a) AB)=aA E[;}X(ﬁ).

Therefore the Frobenius Reciprocity is satisfied. O

Remark 5.4.4. In the case that a is the class of the product projections, then from
primary doctrine P: C°® —— InfSL it can be constructed an existential doctrine

P C°P ——InfSL in the sense of Definition Therefore the notion of
existential doctrine can be generalized in the sense that an existential doctrine can
be defined as a pair

(P: C° ——InfSL ,a)

where P: C°P —— InfSL is a primary doctrine and a is a class of morphisms of
C closed by pullbacks, composition and identities, such that Py has a left adjoint for
every f in a, and these satisfy Beck-Chevalley condition and Frobenius Reciprocity
as in Theorem[5.4.3]

Remark 5.4.5. Let P: C —— Post be a functor where Pos+ is the category of
posets with top element. We can apply the existential completion since we have not
used the hypothesis that PA has infimum during the proofs; we have proved that
if it has a infimum it is preserved by the completion. Moreover we can express the
Frobenius condition without using infima, and also this condition is preserved by
completion.

Since a poset of the category Pos+ has a top element, one has an injection from
the doctrine P: C —— Pos+ into P®*: C —— Pos+ . From a logical point of
view, one can think of extending a theory without existential quantification to one
with that quantifier, requiring that the theorems of the previous theory are preserved.
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In the rest of the section we assume that the morphisms of a are all the pro-
jections. We define a 2-functor E: PD —— ExD sending a primary doctrine

P: C°°? —— InfSL into the existential doctrine P**: C°P —— InfSL . For all
the standard notions about 2-category theory we refer to [4} [39]].

Proposition 5.4.6. Consider the category PD(P, R). We define
Ep r: PD(P,R) —— ExD(P*, R%¥)

as follow:
e for every I-cell (F,b), Ep r(F,b) := (F,b%™), where bS‘: P**A ——— R**FA
F

sends an object ( C 2. , @) in the object ( FC 5. FA , be(@));
e forevery 2-cell 0: (F,b)=>(G,c), Ep rO is essentially the same.
With the previous assignment E is a 2-functor.
Proof. We prove that (F,b%*): P —— R is a 1-cell of ExD(P®*, R°*). We
first prove that for every A € C, b* preserves the order.

If( ¢y LG A, a) <(Cy LA, as), we have amorphism w: C; —— C»

such that the following diagram commutes

C

Co—A
82

and @; < P,(a2). Since b is a natural transformation, we have that bc, P, =

Fg Fo
RFwbc,. Then we can conclude that ( FCy B FA , be, (1)) < (FCqo 5 FA , bey(a2))
because FgoF'w = Fgy and Ry, (bc,@2) = be, Pw(a2) = b, (@1). Moreover, since
F preserves products, we can conclude that b* preserves inf.

One can prove that b®*: P —— R®*F°P is a natural transformation using
the facts that F preserves products. Moreover we can easily see that b preserves
the left adjoints along projections. Then (F, 5%) is a 1-cell of ExD.

Now consider a 2-cell 8: (F,b) => (G,c), and let @ := ( C; oA , a1) be
an object of P°*(A). Then
ex Fg1
b (a)=(FCi ——FA, bc, (1))
and
eX ex GgiHA
Rgica(@) =( D1 ——FA, Ry Gg cc,(@1))

where
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Ggi6a
1 ———FA
_

HZGgl 2

GCi — GA.
Gg1

Now observe that since §: F —— G is a natural transformation, there exists a
unique w: FC; —— D; such that the diagram

Fgi1
\ Gg’i(-)A
D —=FA
_
HZGgl O
GC;——GA
Gg1

commutes and then RwRg Ggi cCy () = Roc, cc, (a1) = bc,(a1). Therefore we

can conclude that 65 (a) < jocix(a), and then §: F —— G can is a 2-cell

0: (F,b) =>(G,c®) ,and Ep r(0y) = Ep r(O)Ep r(¥).
Finally one can prove that the following diagram commutes observing that for
every (F,b) € PD(P,R) and (G,¢) € PD(R, D), (GF,c*™*b**) = (GF, (cb)™).

CPRD

PD(P,R) x PD(R, D) PD(P, D)
EprXERrp Epp
ExD(P®, R) x ExD(R, D) ————— ExD(P, D*)

and the same for the unit diagram. Therefore we can conclude that E is a 2-functor. [

Now we prove the 2-functor E: PD —— ExD is left adjoint to the forgetful
functor U: ExD ——PD .

Proposition 5.4.7. Let P: C°P —— InfSL be an elementary doctrine. Then

(idg,tp): P —— P&

id
where tps: PA—— P*A sends a into (A —2= A , a) is a 1-cell. Moreover
the assignment
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n: idgxp — UE
where np := (ide,tp), is a 2-natural transformation.

Proof. 1t is easy to prove that (p,: PA —— P®*A preserves all the structures.

For every morphism f: A—— B of C, it one can see that the following diagram
commutes

Py
PB——= PA

LPB LPA

PexB T‘ PeXA.
Py

Then we can conclude that (id¢,tp): P —— P°* is a 1-cell of ExD and it is a
direct verification the proof the 7 is a 2-natural transformation. (]

Proposition 5.4.8. Let P: C°P —— InfSL be an existential doctrine. Then

(ide,¢p): P — P

where {p: P*A —— PA sends( C ;>- A, a)inly(a)isal-cell. Moreover
the assignment
g: EU —— idgxp

where ep = (id¢, {p), is a 2-natural transformation.

Proof. Suppose ( Cq Boa ,a1) < (Co LY , @), with w: C; ——=Co ,
gow = g1 and Py, (a2) = a1. Then by Beck-Chevalley we have the equality

E[ngng*ng (a2) = Pg1 HgQ(Q'Q)

and
Pglﬂgz(a?) = Png2EIg2((L'2) > Py(a2) 2 ay.

Then

He,(@1) < E{glﬂg*gglpg;gQ (a2) = E[gzﬂg’ngPgigz(QQ) < Hgp(a2)

id
andds = a( A AL A, T 4). Now we prove the naturality of /p.Let f: A—— B
be a morphism of C. Then the following diagram commutes
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pex
P*B—L > pexp

{B la

PB——> PA
Py

because for every ( C L B, p € PC) we have g rPrig(B) = Prig(B) by
Beck-Chevalley. Moreover it is easy to see that {p preserves left-adjoints. Then we
an conclude that for every existential doctrine P: C°P —— InfSL , {p is a 1-cell
of ExD.

The proof of the naturality of & is a routine verification. One must use the fact
that we are working in ExD, and then for every 1-cell (F, b), b preserves left-adjoints
along the projections. (]

Proposition 5.4.9. For every primary doctrine P: C°P —— InfSL we have
Epex O T]pex = idP .

Proof. Consider the following diagram

cep
ex
idsP r
LeX l
cor InfSL
(PCX)SX
{pex
id2” e
C

and let ( C _f.oA , @ € PA) be an element of P°*A. Then
P(C—E= A, aePO) = (A—2= A, (C—5= A, aePC)e P™A)
and
id
lposa( A—2= A, (C— A, a e PC)e PZA) =X (C—S=A, a € PO).
By definition of H** we have

g%, (C—5>A, aePC)=(C—2~A, acPO)
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Then we can conclude that for every P: C°P —— InfSL , we have gpex o np™

idPOx . ‘:l

Corollary 5.4.10. ¢E o En = idE.
Proposition 5.4.11. For every existential doctrine P: C°P —— InfSL we have
Eponp = idp .

Proof. 1t is a direct verification. U

Corollary 5.4.12. Ue o U = idy.

By Corollary [5.4.10] and Corollary [5.4.12] we can conclude this section with the
following theorem.

Theorem 5.4.13. The 2-functor E is 2-adjoint to the 2-functor U.

5.5 The 2-monad T,

In this section we construct a 2-monad T,: PD —— PD , and we prove that
every existential doctrine can be seen as an algebra for this 2-monad. Finally we
show that the 2-monad T, is lax-idempotent.

We define:

e T,: ExD ——= ExD the 2-functor T = U o E;
e 7n: idgxp — T, isthe 2-natural transformation defined in Propositionm

e u: T2 ——=T, is the 2-natural transformation u = UgE.

Proposition 5.5.1. T, is a 2-monad.

Proof. One can easily check that the following diagrams commute
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. nT Ten .
ldEXD oTe - Tz -~ Te o ldExD

T,.

Remark 5.5.2. Observe that up : T2 = T, is an isomorphism.

Proposition 5.5.3. Let P: C°? —— InfSL be an existential doctrine. Then (P, ep)
is a T-algebra.

Proof. It is a direct verification. O

Proposition 5.5.4. Let P: C°° —— InfSL be an primary doctrine, and let

(P,(F,a)) be a T,.-algebra. Then P: C°° —— InfSL is existential, F = id¢
and a = p.

Proof. By the unit axiom for T,-algebras, we know that F must be the identity
functor, and aats = idpa.

For every morphism f: A—— B of C, where f is a projection, we claim that
Hy(a) := apd5 a(a)
is left adjoint to Py. Let @ € PA and 8 € PB, and suppose that @ < P(8). Then we

have that
(A—L~B. o)< (BB, p

id
in P*Band ( A S B, a)= H}X( A —2> A, a). Therefore, by definition of ¢,
we have
A 0a(a) < (B).
Hence
apdy*ia(@) < apip(B) = B.

Now suppose that H¢(a)) < 8. Then
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ap(A—L=B a)<p
SO
PfaB( AL B, a)< Pf(ﬁ)
By the naturality of a, we have

PfaB(A—f>B, @) :aAP;X( A—f>B, ).

id
Now observe that Pfex( A —f> B,a)>(A Al A , @) = ta(a). Therefore we

can conclude that

a = aata(a) < Prag( A —f> B, a) < Pr(pB).

Now we prove that Bech-Chevalley holds. Consider the following pullback

and @ € PX. Then we have

By P (@) = an T 00 (Pra) = an( X' —= A’ Py ().
Observe that
(X' == A Pp(a) = P'(X ——>A. a)
and since a is a natural transformation, we have
aA/PfeX( X—25-4 , @) = Praa( X 5.4 , Q).

Finally we can conclude that Bech-Chevalley holds because

PfE[g(a') = Pf(lAEIEXLx(a') = PfaA( X L- A ) (l).

Hence
He Prr(a) = Prig(a).

Now consider a projection f: A—— B, and two elements S € PB and a € PA.
We want to prove that the Frobenius reciprocity holds.
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Ar(Pr(B) A @) = apBF0a(Pr(B) A @) = an( A——= B, P(B) A a)

and
BAUs(a) =aptp(B) Aap( A L B, a)
and

idp

apts(B) Aag( A—=B ., a) = ap(B—2=B ., B)A (A—L= B, a)).

We can observe that

ap(B—2- B, BYA(A—L= B, )= ag( A—L=B, Py(B) A a)

and conclude that
He(Pr(B) A @) = B A Hp(a).

Therefore the primary doctrine P: C°® —— InfSL is existential. Finally we can
observe that

. id
aa( C oA @) = aady*( C —5.C,a)= asdytic(a) = He(a).

Proposition 5.5.5. Let (P,ep) and (R, eg) be two T-algebras. If (F,b): (P,ep) — (R, &R)
is a morphism of T.-algebras, then (F,b) is a 1-cell of ExD. Moreover every I-cell
of ExD induces a morphism of T, algebras.

Proof. By definition of morphism of T,-algebras, the following diagram commutes

Pex (F’bex)E Rex

(F.b)

then for every object ( C %A, ae PC) of P°*A we have

AR be(@) = baly (@)

and this means that for every projection g: C —— A the following diagram
commutes
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RFC —— RFA.

Fg

We can prove the converse using the same arguments. (]

Corollary 5.5.6. We have the following isomorphism of 2-categories
T.-Alg = ExD.

Proof. 1t follows from Proposition [5.5.5]and Proposition[5.5.4] O

Proposition 5.5.7. Let P: C°? —— InfSL be a primary doctrine, and let (P,(F,a))
be a pseudo-T-algebra. Then P: C°P —— InfSL is existential.

Proof. Let (P, (F,a)) be a pseudo-algebra, then there exists an invertible 2-cell

nA

P Pex

Y

7
idp (Fsa)
P

and by definition, it is a natural transformation a,: F ——id¢ , and for every
A € C and @ € PA we have aaua(@) = Py, , ().

Now consider a morphism f: A—— B in C and @ € PA. We define
He(a) := PQT]A—IGBH?XLA(G,’).

Using the same argument of Proposition [5.5.4] we can conclude that the elementary
doctrine P: C°P —— InfSL is existential. O

Proposition 5.5.8. The family Ap: idpexex => npexup defined as Ap :=id¢ is a
2-cell in ExD.

Proof. 1t is clearly a natural transformation. We must check that for every o €
( Pex)eX A
a < LPexAé’PexA((l).
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Let @ :=(C—g>A, (DL>C, B € PD)). Then we have

8f ida 8f
LPexAé/PexA(Q)ZLPexA(DﬁA, HEPD)Z(AﬁA,(DﬁA, BEPD))
Now we want to prove that

PEX(DLA,ﬁePD)Z(D—f>C,,86PD).

To see this inequality we can observe that the following diagram commutes

since every square is a pullback, hence P,, (P, (8)) = 5. O

Corollary 5.5.9. The 2-cell A: idyz ——nTep is a modification.

Theorem 5.5.10. The 2-cell u is left adjoint to n'T,, where the unit of the adjunction
is A and the counit is the identity.

Proof. Tt follows from the fact that for every P: C°P —— InfSL , the first com-
ponent of the 1-cells up, T, are the identity functor, and since Ap is the identity
natural transformation, when we look at the conditions of adjoint 1-cell in the 2-
category Cat, we can observe that all the components are identities. O

Corollary 5.5.11. The 2-monad T,: PD —— PD is lax-idempotent.
Proof. 1t is a direct consequence of [27, Theorem 6.2] and Theorem [5.5.10] O

Observe that we can prove that the 2-monad T is lax-idempotent directly.

Proposition 5.5.12. Let (P,ep) and (R, eg) be T, algebras, andlet (F,b): P —— R

bea I-cell of PD. Then ((F, b),id ) is lax-morphism of algebras, and idf : egr(F,b"*) => (F,b)ep
is the unique 2-cell making (idg, (F, b)) a lax-morphism.
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Proof. Consider the following diagram

Pex (F’bex)E Rex

Ep l}id,: €R
(F,b)

We must prove that for every object A of C and every ( C —f> A, @)in P*A
E[llgfbc((l) < bAE[Jf((Y)
but the previous property holds if and only if
be(@) < Repbadf (@) = be PrAf ()

and this holds since a < PfHJIf ().

Finally it is easy to see that idg: egr(F,b%*) => (F,b)ep satisfies the coherence
conditions for lax-7,-morphisms.

Now suppose there exists another 2-cell 0: eg(F,b°*) => (F,b)ep such that
((F,b),0) is a lax-morphism

Pex (F’bex)E Rex

Ep U/ [ €R

R.
(F.b)

Then it must satisfy the following condition

(F,b) (F,b)
P—————R P———R
na nB
Pex —>(F,b 0 R = 1p 1p
Ep l}e €R

—— R P———
(F,b) (F,b)
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and this means that § = idf. U

5.6 Exact completion for elementary doctrine

It is proved in [44] that there is a biadjunction between the categories EED — Xct
given by the composition of the following 2-functors: the first is the left biadjoint
to the inclusion of Ex-mVar into EED, see [44, Theorem 3.1]. The second is the
biequivalence between Ex-mVar and the 2-category LFS of categories with finite
limits and a proper stable factorization system, see [[19]]. The third is provided in [26]],
where it is proved that the inclusion of the 2-category Reg of regular categories (with
exact functors) into LFS has a left biadjoint. The last functor is the biadjoint to the
forgetful functor from the 2-category Xct into Reg, see [10].

In this section we combine these results with the existential completion for el-
ementary doctrine, proving that the completion presented in Section [5.4] preserves
the elementary structure, in the sense that if P: C°P —— InfSL is an elementary
doctrine, then P°*: C°P —— InfSL is an elementary existential doctrine.

Let P: C°P —— InfSL be an elementary doctrine, and consider its existential

completion P*: C°P —— InfSL . Given two objects A and C of C we define

HE : PPX(AXC)——= P*(AXx AxC)

AA Xidc
ona:=(AXCxD—2=AxC, @€ P(AxC xD))as

A (@)= (AXAXCXD > AXAXC, Hp,xideyy (@) € P(AXAXCXD)).

Aa Xidc

Remark 5.6.1. We can prove that E[Zixi ac is a well defined functor for every A and
C: consider two elements of P**(A X C)

@:=(AXCXxD -2 AxC, acP(AxCxD))

and

B=(AXCxB-—2AxC,pePAxCXxB))

and suppose that@ < 8. By definition there exists amorphism f: Ax C x D — B
such that the following diagram commutes
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AXCXD

(Praxcsf)
Praxc

AXCXB———AXC
PTaxc

and P, .1y (B) = . Since the doctrine P: C°P —— InfSL is elementary we
have

B< PAAXidCxB E[AAXidCxB (ﬁ)
and then
a < P<prA><Csf>(PAA><idC><B E{AAXidch (B))

Now observe that (Ax X idexs)((Praxcsf)) = ((Praxaxcst Praxcxp?)(Ba X
idexp ), and this implies

@ < Ppysidesp (Piprayave of Prarexn ) Aaaxidexs (8))-

Therefore we conclude
anxidexn (@) < Plorguace f praseen ) Taaxidexs (B)-
It is easy to observe that the last inequality implies

Proposition 5.6.2. With the notation used before the functor

HEX : P*(AXC)——= P*¥(AX AXC)

AAXidC
is left adjoint to the functor

P P(AXAXC)—> P<(AXC).

Aa Xidc

Proof. Consider an element a@ € P**(A X C),

T:=(AXCXB—>AXC, a€P(AxCXxB))

and an element 8 € P*(A x A x C),

B:=(AXAXCXxD -2 AxAXxC, B eP(AxAXxCXxD))
and suppose that _
JY . (@) < B

Aa Xidc

which means that there exists f: AXAXCXB——D
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AXAXCXB
(Praxaxcsf
Praxaxc
AXAXCXD AXAXC
PraxaAxc

such that Ha  xideys (@) < Pipry,4nc.r)(B)- Therefore we have

@ < Pp,xidexs P(prAxAxc»f>(IB)
and since
({PT axcaxcs II(Aa X idexp) = (Aa Xidexp) Praxexp ({PT axaxcs J))(Aa X idexp)

we can conclude that

@ = PprAxCxD(<prA><A><Csf>)(AAXidCXB)(PAAXidCxD (B)).

Then _
@ < PP iac (B)
because
— Prax
Pz),:xidc(ﬁ):(AXCXD ass AXC, Payxidexp (B))
In the same way we can prove that @ < PZ);xi de (B) implies C g de (@<p. 0O

Proposition 5.6.3. For every A and C in C, 3y ; d. Satisfies the Frobenius condi-
tion.

Proof. Consider @ € P**(Ax Ax (),

PraxAxc

a:=(AXAXCXxXD AXAXC,aeP(AXAXCXxD))

and 8 € P*¥(A x O),

Praxc

B:=(AXCxB AXC, BeP(AxC xB)).

We can observe that

P (@) =(AxCxD—22

A Xidc

AXC, PAAXidch (CL’))

and

Praxc

P (@AB=(AXCxDXB

Aaxide AXC, P(DrA,prc,prmPAAxidcw (Q)Ap(prmprc,prg)(ﬁ))'
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Moreover we can observe that (Ag X idcxp ){Pra, PTcsPIp) = Praxaxcxp(Da X
idexpxg). Therefore we have
A5 e (P iae (@ A B)

Aa Xidc Aa Xidc

is equal to

(AXAXCxDXxB - AxAXC, Haxxidexpxs (Pdaxidexn ) (pra.pre prp ) (@AP @, pre,prg)(B)))-
Now we can observe that
Haaxidexpxs (Pdaxidexp) (pra.pre.prp) (@) A Pipry pre.pry) (B))
is by definition
Hapxidexpss (Paaxidexpxs Poracaxcxn (@) A Pipry.pre.pry) (B))-
which, in turn, is equal to
Pt pearcxn (@) A By xidewpxs Pipra.pre.prp) (B)

since the Frobenius Reciprocity holds for H in the elementary doctrine P: C°P —— InfSL
is elementary. Thus .

Y xide (Phyxide (@) A B)
is equal to

PraxAxc

(AXAXCXDXB AXAXC, Ppryonn (@OANAA  xideypys Pipra.pre.prp) (8)-

Now we look for @ A EIZ); wide (B). It is straightforward to prove that the previous is
equal to

PraxAxc

(AXAXCxDxXB AXAXC, Porypicen (a)AP@TA»PTA»PTC’PTB>HAA><idC><B (B)).
Since P: C°? —— InfSL is elementary we know that

L’T—{A,e,xidcxl!; (ﬁ) = P(pr;‘,prc,prlg)(ﬁ) A P(prA,pr;‘)((sA)

where pr/y: AX AXCXB——A is the projection on the second component.
By a direct computation we have

P<prA,prA,Prc,prB>(P<pr’A,Prc,prB>(:3)/\P<prA,pr’A>(5A)) = P<prg»prc,pr3>(:3)AP<prA,pr/A>(5A)

and

HAAxidCprg(P(prA,prc,prB)(:B)) = P(pr'A,prCXDXB)(P<prA,prc,prB)(ﬂ))/\P<prA,pr;\)(6A))-
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It is easy to see that

Por, presoxs Y (Porapre,prs) BIAP o, prr1(04)) = Pipr pre,prg) BIAP(pr . prr, y(04)-

Therefore the Frobenius condition is satisfied. O

Corollary 5.6.4. For every elementary doctrine P: C°P —— InfSL , the doctrine

P C°P —— InfSL is elementary and existential.

We combine the existential completion for elementary doctrines with the completions
stated at the begin of this section, obtaining a general version of the exact completion
described in [41}44]. We can summarise this operation with the following diagram

EID EED Ex-mVar LFS Reg Xct.

Itis proved in [41,42.143]] that given an elementary existential doctrine P: C°P —— InfSL
the completion EED — Xct produces an exact category denoted by Tp and this
category is defined following the same idea used to define a topos from a tripos. See
[20, 51].

We conclude giving a complete description of the exact category T pex obtained
from an elementary doctrine P: C°® —— InfSL .

Given an elementary doctrine P: C°P —— InfSL , consider the category T pex,
called exact completion of the elementary doctrine P, whose
objects are pair (A, p) such that p is in P(A X A X C) for some C and satisfies:

1. there exists a morphism f: A X A X C —— C such that
p= P(Prz’PY1vf>(p)

in P(AX Ax C) where pry,prg: AXAXC ——A;

2. there exists a morphism g: A X A X AX C —— C such that

P ory,pry,pr)(P) A Pipry pry,pry)(0) < Pipry pra,e)(0)
where prq,prg,prg: AXAXAXC——A;

amorphism ¢: (A, p) — (B,0) ,where p € P(AXAXC)and o € P(BXBXD),
is an object ¢ of P(A x B x E) for some E such that

1. there exists a morphism {fi, fo): AX BX E —— C X D such that

¢ < Pprypri.f1)(0) A Plpry,pry. f)(0)

where the pr;’s are the projections from A X B X E;
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2. there exists a morphism h: AX AX B x C X E—— E such that

Pory pra.pra) (0) A Pipry pra,ors) () < Piprypry, i) (9)
where the pr;’s are the projections from AX A X BX C X E;
3. there exists a morphism k: AX B X Bx D X E—— E such that
P(Prz,Prs,PM)(O-) A P(Prlsprzyp%)(‘p) < P(prl,prg,k>(¢)
where the pr;’s are the projections from A X Bx Bx D X E;
4. there exists a morphism /: A X B X B X E —— D such that
P(PrlsPYQvPr4>(¢) A P(prl,pr3,pr4)(¢) = P<PT2,P1”3J>(O-)
where the pr;’s are the projections from A X B X B X E;
5. there exists a morphism (gi,g2): A X C —— B X E such that
Pipry pry.pra)(0) < Ppryg1.82)(9)
where the pr;’s are the projections from A X C.

The composition of two morphisms is defined following the same structure of the
tripos to topos.

Therefore we conclude with the following theorem which generalized the exact
completion for an elementary existential doctrine to an arbitrary elementary doctrine.

Theorem 5.6.5. The 2-functor Xct — ExD that takes an exact category to the
elementary doctrine of its subobjects has a left biadjoint which associates the exact
category T pex to an elementary doctrine P: C°P —— InfSL .



Chapter 6

Unification in the Syntactic Category and
Elementary Completion

Abstract We present the elementary completion for a primary doctrine whose base
category has finite limits. In particular we prove that, using a general results about
unification for first order languages, we can easily add finite limits to a syntactic
category, and then apply the elementary completion for syntactic doctrines. We
conclude with a complete description of elementary completion for primary doctrine
whose base category is the free product completion of a discrete category, and we
show that the 2-monad constructed from the 2-adjunction is lax-idempotent.

6.1 Introduction

The topic of completing a given structure with quotient to get a richer one and in
particular the exact completion has been widely employed in category theory and
logic, see [121} 16} 18]].

In particular one of the main relevant free construction discussed by Carboni
in [6] is the exact completion of a left exact category, and in the recent works
[44, 142]], Maietti and Rosolini generalized this notion by relativizing the basic data
to a doctrine equipped with just the structure sufficient to present the notion of
equivalence relation. The exact completion of a regular category R is the exact
completion of the doctrine of subobjects on R. The exact completion of a category
with finite limits C is the exact completion of the doctrine of week subobjects on C.

The exact completion of an elementary existential doctrine can be seen a gen-
eralization to the tripos-to-topos construction of Hyland, Johnstone and Pitts, see
[20L 51]. In [57] we present the existential completion of a primary doctrine, and
we show that this construction preserves the elementary structure of a doctrine. This
allows to generalize the exact completion for an arbitrary elementary doctrine, and
a general version of tripos-to-topos is presented.

In this work we analyse the elementary completion, and we show that the con-
struction presented in [57]] can be generalized and applying to obtain the elementary
completion for every primary doctrine P: C°? —— InfSL whose base catand

151
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applaying toegory C has finite limits. The key point of the existential completion is
that we add left adjoint to the class of the projections, but what is really necessary
is the fact that this class is closed for pullbacks, compositions, and it contains units.
Therefore given a doctrine P: C°P —— InfSL and a class a of morphisms with
these properties, we can generalized the existential completion adding left adjoint
obtaining a doctrine P°: C°P —— InfSL such that all the functor of the form P]‘i
for f € a.

An interesting example of primary doctrine on which this construction can be
applied is the syntactic primary doctrine, in the sense that we are considering the doc-

trine L: G;p —— InfSL associated to a first order theory T. Syntactic doctrine

and syntactic categories appears in many works in categorical logic, see [42] 43]]
for the case of syntactic doctrine, [21), 24] for a general description of syntactic
categories, and for the case of syntactic hyperdoctrine see [36} 137,38, 50].

A syntactic category Cr has an interesting property coming from the underlying
logic which allows the elementary completion. It is known that in a first order
language if two formulas admit a unifier then there exists a most general one, and
it is essentially unique, see [48}|52]]. This fact implies that in the syntactic category
associated to a first order language, if two morphisms have a morphism which
equalizes them, then there exists an equalizer for such pair of arrows. Therefore we
show that syntactic category Ct can be easily completed to a category Cq? with finite
limits, simply adding an initial object.

Using this property we can complete a primary doctrine L : C{;p —— InfSL

to a primary doctrine £°: (C2)°P —— InfSL where the base category C is ob-
taining from Cr adding an initial object, and L is the natural extension of the functor
L on CP]?. Then in the new doctrine £°: (C,](r? )°P — InfSL we can consider the

closure for pullbacks, compositions, and identities of the class of morphisms of the

form id4 XAy, and we denote it by a.). Now we are in the condition to apply the

general existential completion on the class ae], obtaining an elementary doctrine.
We combine this results with the exact completion for primary doctrine proved

in [57]], and we show that every primary doctrine L : C{;p — InfSL can be

completed to an exact category. See also [45] for the construction of an exact
category starting from a first order theory.

We conclude this work with a complete description of the elementary completion
for a primary doctrine whose base category is discrete with free product, and we
analyse the 2-monad obtained from the completion, proving that it is property-like in
the sense of [27]. We conclude with some considerations on the pseudo-distributive
law which can be constructed between the pseudo-monads obtained from various
completions.

In the first section we recall the unification problem, and we explain how it can
be translated in categorical terms, in particular we shows that most general unifier
means equalizer in the syntactic category of a first order language. We conclude the
section proving that adding an initial object to a syntactic category Cr we obtain a
category with finite limits.
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In the second section we introduce the notion of primary, elementary and existential
doctrine following the notation of Maietti and Rosolini in [42} 43} 44]].

In section 3 we present the general version of the existential completion defined
in [57], and we prove that every syntactic primary doctrine can be completed to an
exact category.

The last section is dedicated to an explicit description of the elementary comple-
tion for a primary doctrine whose base category is discrete with free products and
to the study of the 2-monads constructed from the completion.

6.2 Unification in the syntactic category

The unification problem was introduced by J. A. Robinson, see [52], and in the first
order logic can be expressed as follows: given two terms find, if it exists, the simplest
substitution which makes the two terms equal. Such a substitution is called most
general unifier, and it is unique up to variable renaming.

In this section we introduce the problem of unification following Martelli and
Montanari, see [48]], and we explain how it can be stated in categorical terms using
syntactic categories. In particular we see that the notion of most general unifier
corresponds to a particular equalizer. For all the details about syntactic category we
refer to 20} 43} 50} 51]).

The problem of unification can be considered in the general context of equational
theories, and in this case it is not required that the two terms coincide syntactically,
but they are provably equal in the given equational theory. In this context the problem
is called E-unification, and the unifiers are called E-unifiers.

An important difference between unification and E-unification is that in the first
case is proved that if an unifier exists then there exists a most general unifier, see
[48]], while in the second case this would not hold.

There are some known example of equational theory which admits E-unifiers,
but not a most general one. For a complete description of E-unification problem we
refer to [[18]].

Let Sg be a one-sorted signature, consisting of a countably finite set of Var of
variables and a ranked alphabet

a=Ja

i=0...

where A; contains the i-adic function symbols and the elements of Ay are called
constant symbols. The terms are defined recursively as usual:

* constant symbols and variables are terms;
e ifty,...,t, areterms, n > 1, and f € A, then f(¢1,...,t,) is a term.

We denote the set of terms as Terms.
A substitution is a function o : Var —— Terms between the set of the vari-
ables into the set of terms, with at most a finite number of variables which are not
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fixed by o~. We represent a substitution as a list

o= [t1/x1,. .t/ Xn]

where the variables x; are distinct for i = 1,...,n and the variables which do not

appear in the previous list are assumed to be fixed by the substitution. Sometimes

we use the notation o = [7/X] when the length of the list is clear from the context.
The standard unification problem can be written as an equation

— t//
and a solution of this equation, if it exists, is a substitution o making the the two
terms identical. Such a substitution is called unifier of ¢’ and ¢”’. Moreover we can
generalize the previous problem and consider a finite set of equations
ro_ .
t=t, forj=1,...,m.
In this case a unifier is a substitution o making all the terms identical simultaneously.
Recall from [48] two transformations which given a set S of equations, produce
an equivalent set of equation S’, where equivalent means that they have the same
unifiers:

e Term Reduction. Let
fl,.. . tw) = f(t],. ... 1)

be an equation where both therms are not variables and where the two function
symbols are identical. Then the new set of equations is obtained by replacing that
equation with the following:
=1, .0 =1,
So in case n = 0 the equation is erased.
* Variable Elimination. Let x = ¢ be an equation and x is a variable and ¢ is any
term. The new set of equations is obtained by applying the substitution [¢/x] to
both terms of all other equations in the set (without erasing x = 7).

Theorem 6.2.1. Let S be a set of equations, and let f(t1,...,t,) = f'(t],...,t,) be
an equation of S. If f # f' then S has no unifier, otherwise the system of equations
S’ obtained applying Term Reduction is equivalent to S.

Proof. See [48| Theorem 2.1]. O

Theorem 6.2.2. Let S be a set of equations, and let x = t be an equation of S. If
the variable x occurs in t and t is not x then S has not unifier. Otherwise applying
Variable Elimination we obtain a set of equations S’ which is equivalent to the set S.
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Proof. See [48l Theorem 2.2]. U

A set of equations S is in solved form if it satisfies the following conditions:

 the equations are of the form x; = ¢; fori = 1,...,n;
* avariable which is the left member of some equation occurs only there.

Lemma 6.2.3. Let S be a set of equations in solved form. Then it has a canonical
solution:

o =[t1/x1,. .. tw/Xn].
Every other unifier can be obtained as
[1[6 /X)) x1s -« st )] Xy 0 7]

where the variables x]'. are all different from the variables of the form x;.

Proof. See 18, Lemma 3.4]. U

The substitution o~ in Lemma(6.2.3]is called most general unifier.

Example 6.2.4. 1f we consider a set S = {x; = f1(x3,x4), x2 = fo(x4, x5)} then

o = [fi/x1, fa/x2]

and

o’ = [fi(xs, f3(x4))/x1, fo(f3(x4), fa(x6))/ X2, f3(x4)/ X4, fa(x6)/X5]

are solutions for S. We denote a = [ f3(x4)/x4, fa(x6)/x5] and we observe that

o’ =[fia/x1, fra/x2,a]

since o is the most general unifier.

Now recall from [48] a non-deterministic algorithm which shows that every set of
equations S can be transformed into an equivalent system of equations in solved
form.

Given a set of equations S repeatedly perform the following transformation. If no
transformation applies you can stop with success:

¢ select any equation of the form
r=x

where ¢ is not a variable and rewrite it as
xX=t

* select any equation of the form

and erase it;



156 6 Unification in the Syntactic Category and Elementary Completion

* select any equation of the form
t=t

where # and ¢’ are not variables. If the root function symbols of the two terms are
different then stop with failure, otherwise apply Term Reduction;
* select any equation of the form
X =t

and if x is a variable occurring in ¢ then stop with failure, otherwise apply Variable
Elimination.

Theorem 6.2.5. Given a set S of equations the previous algorithm always terminates.
If the algorithm terminates with failure, then S has no unifier. Otherwise the set S is
transformed into an equivalent set in solved form.

Proof. See [48| Theorem 2.3]. O

Consider now the syntactic category Csg associated to a first order signature Sg:

* objects: the objects are finite lists of distinct variables X := (x1,...,x,), and we
include the empty list ();
e morphisms: a morphism from (x1,...,x,) into (y1,...,ys) is a substitution

[tl/yl’- ~-’tm/ym]

where the terms #; are built in Sg on the variable x1,. .., x,;
* composition: consider two morphisms [f/y]: ¥ —— ¥ and [5/Z]: § —— 7,
then their composition is given by

[s107/3)/ 2 - o si (7)) 2a]: ¥ —— 7.
The category Csg has finite products, where the product of X x y is the list

(xl""’xn’ylv""ym)

as long as the variables are all distinct, see [43],150] for more details.

Therefore given a set of equation S = {¢; = s1,...,t;, = s, }, it has a most general
unifier if and only if the morphisms [#1/y1,. .., /yn] and [s1/y1,-..,52/yn] have
equalizer in the syntactic category corresponding to the signature.

This means that if the syntactic category of a signature is finitely complete then
every finite set of equations has a most general unifier.

Proposition 6.2.6. Let Sg be a first order signature. In the syntactic category Csg
given two morphisms f,g: B—— C if there is a morphism h
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such that fh = gh, then f and g have an equalizer.

Proof. It is a direct consequence from the fact that if a finite set of terms equations
have a unifier, then there exists a most general unifier. See Lemmal6.2.3] O

Theorem 6.2.7. Let Sg be afirst order signature, and let Csg be its syntactic category.
If ng is Csg with the addition of an initial object, then it is finitely complete.

f
Proof. Consider the diagram B C . If B is the initial object O then f = g
8

and idg: B —— B is the obvious equalizer. If B is not the initial object, there are

two cases: if there exists a morphism h: A —— B of Csg such that fh = gh, then
by Proposition there exists an equalizer in Csg, which is an equalizer in ng.
Otherwise there is no morphism of Csg which equalizes the diagram, hence

f

is an equalizer. O

Recall the general definition of E-unification, see [[18] for further detail. Let
E C Terms X Terms

be a set of pairs of terms, and let =g the smallest reflexive, symmetric and transitive
binary relation containing E. A substitution o is an E-unifier of the pair (s,t) € E
if (o (t),0(s)) e=g. We will denote (o (t),0(s)) €=g as o (t) =g o(s).

Observe that the problem of unification is a particular case of E-unification where
E = (.If we want to translate the problem of E-unification in a syntactic category, we
must require that =g is closed for substitutions and it is monotonic, which means that
if t =g s then o(t) =g o(s) and f(...,t,...) =g f(...,s,...) for every function
symbols.

We can construct a syntactic category denoted by Cg as done before, but in this
case we identify two morphisms if all their components are E-provably equal: we
say that two morphisms

o=[t/yt,- . tm/Yml: (X1, X0) —= (V1s- - s Ym)

and
o' =[s1/y1,- - »Sm/Yml: (1, %) ——= (V1,+ - > Ym)
are E-provably equal, and denoted by o =g o, if t; =g s; fori =1,...,m.

Morphisms in Cg are equivalence classes of morphisms of Csg, and the reason
why we require that =g is monotonic and closed for substitutions, is that we want
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composition to be well defined. Indeed monotonicity and closure for substitution
imply that

’ - -

c=p 0’ X—>5 Y=V :y—>2

'yoo‘:E’y’oa":)_f—>z

Moreover, starting from a category C with finite products, one can construct a
signature Sg. taking the internal language of C, and a class E¢ consisting of the
equation which are satisfied by the canonical structure in C. The reader can find all
the details in [50, Section 4.3]. The main result is that every category with finite
products is equivalent of a syntactic category of this kind. See [50, Section 4.3]. In
particular if C is finitely complete, then corresponding signature Sg. and class E¢
have the property that every finite set S of terms equations admits a most general
E-unifier.

By Theorem [6.2.7} given a syntactic category Csg corresponding to a first order
signature, we can make it finitely complete simply adding an initial object. This
means that, given such a signature, we can construct a signature Sg” and a set E of
equations such that every finite set of terms equations in the new signature admits a
most general E-unifier.

6.3 Doctrines

The notion of hyperdoctrine was introduced by F.W. Lawvere in a series of sem-
inal papers, see [36, 37, 38], together with the more general notion of existential
elementary doctrine.

This section is devoted to introduce the definitions of primary, elementary and
existential doctrines following the recent works on the topics of M. E. Maietti and
G. Rosolini [41} 142} 143 144].

Definition 6.3.1. Let C be a category with finite products. A primary doctrine is a
functor P: C°P —— InfSL from the opposite of the category C to the category
of inf-semilattices.

Definition 6.3.2. A primary doctrine P: C°P —— InfSL is elementary if for
every A in C there exists an object 64 in P(A x A) such that

1. the assignment
iy, ida)(@) 1= Ppr (@) A da

for @ in PA determines a left adjoint to Piq, id.): P(AX A) ——= PA;

2. for every morphism e of the form (pry,pro,pra): X X A ——= XX AX A in
C, the assignment

He(a) := P(pr1spr2>(a,) A P<pr2’pr3>(6A)
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for @ in P(XxXA) determines a left adjointto P,: P(X X AX A) —— P(X X A) .

Definition 6.3.3. A primary doctrine P: C°° —— InfSL is existential if, for
every A; and Az in C, for any projection pr;: A; X Ap ——A; ,i = 1,2, the
functor

Ppri : P(A[) —_— P(A1 X Ag)

has a left adjoint H,,,,, and these satisfy:

1. Beck-Chevalley condition: for any pullback diagram

4 pr 4
X ——A

1 f

X——A
pr

with pr and pr’ projections, for any g in P(X) the canonical arrow

o Ppr(B) < Prpe(B)

is an isomorphism;
2. Frobenius reciprocity: for any projection pr: X —— A, @ in P(A) and § in
P(X), the canonical arrow

Hpe(Ppr(@) A B) < @ A Hpe(B)
in P(A) is an isomorphism.

As observed in [43l, Remark 2.4] there is a well known connection between doctrine
and fibrations, and all the previous definition can be given in that contest. We refer
to [19, 121] for all the details.

We refer to [21}138],41]] for a complete characterization of existential elementary
doctrines, and we recall the following result which will be useful later.

Proposition 6.3.4. Let P: C°°® —— InfSL be an existential elementary doctrine,

then for everymap f: A—— B in C the functor Py has a left adjoint dy that can
be computes as:

E[pr2 (Pfxidg (63) A Pprl(a'))
for a in P(A), where pry and pry are the projection from A X B.

Observe that primary doctrines, elementary doctrines, and existential doctrines have
a 2-categorical structure given in following way.

Definition 6.3.5. The class of primary doctrines PD is a 2-category, where:

* 0-cells are primary doctrines;
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e I-cells are pairs of the form (F, b)

cop
P
Fop bJ InfSL
R
DoP

suchthat F: C —— D isafunctor preserving products,and b: P —— R o F°P
is a natural transformation preserving the structures;
e 2-cells are natural transformations 8: ' —— G such that for every A in C and
every a in PA, we have
ba(a) < Rg,(ca(@))
and [41].
Similarly we can define two subcategories of PD: the 2-category of elementary
doctrine EID, and the 2-category of existential doctrine ExD.

In this case one should require that the 1-cells preserve the appropriate structure.
We refer to [41), 142, 143]] for all the details.

Example 6.3.6. The following examples are discussed in [36} 41} 42} 43} 44].

Let T be a first order theory over a signature Sg. We define a primary doctrine
L: Cq?p —— InfSL

where the base category is the syntactic category of signature Sg and L (x1, . . ., xy)
is the class of all well formed formulas in the context (x1,...,x,). We say that
W < ¢ where ¢, € L(x1,...,x,) if ¥ Fr ¢, and then we quotient in the usual
way to obtain a partial order on L(x1,. . .,x,). Now consider a morphism of Cr

(11/Y15- s tm/Ym]: (X1,~--,Xn)—>(Y1,~--,)’m)

then Liz51(W (.- . ym)) = wT/51.
2. Let C be a category with finite limits. The functor

Subg: C°P —— InfSL

assigns to an object A in C the poset Sub¢(A) of subobjects of A in C. Given

an arrow B N A of C, the functor Sub¢(f): Subg(A) —— Sub¢(B) is
given by pulling a subobject back along f. The fibre equalities are the diagonal
arrows. This is an elementary doctrine, and it is existential if the category C is
regular, see [19].
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3. Consider a category D with finite products and weak pullbacks: the doctrine is
given by the functor of weak subobjects

Yo : DP —— InfSL

where Wy (A) is the poset reflection of the slice category D/A, and for an
arrow B N A, the functor Yo (f): Yp(A) —— ¥Yp(B) is given by a

g . . L
weak pullback of an arrow X ——— A with f. This doctrine is elementary and
existential, and the existential left adjoints are given by the post-composition.

6.4 Existential and elementary completions

In [57]] we have seen that starting, from a primary doctrine P: C°P —— InfSL and

the class of projections a C Cy, we can construct a doctrine P°*: C°P —— InfSL
in which every arrow of the form P¢* for f € a has a left adjoint.

This construction can be generalized to an arbitrary class of morphisms closed
under pullbacks, compositions, and which contains units morphisms. In particular
we want to use it to construct the elementary completion of a primary doctrine

P: C°°? —— InfSL . In general the class of arrows of the form id4 XAx is not
closed under pullbacks and compositions, therefore we consider the case in which C
is finitely complete, and then we can close the class of morphisms of that form for
compositions and pullbacks in order to apply the completion.

In this section we present the existential completion from [57]] for an arbitrary
class of morphisms a closed for pullbacks, compositions, and with units, which adds
the left adjoints to all the images of morphisms of a and we explain how it can be
applied to get the elementary and existential completions.

Consider a primary doctrine P: C°® —— InfSL and for every object A of C
consider the following preorder:

* the objects are pairs ( B A A, a € PB);

. (Bﬂ)A, (L’EPB)S(Dﬂ)A, vy € PD)ifthere exists w: B—— D

such that
B
A

D—s

f
commutes and @ < P,,(y).

It is easy to see that the previous data give a preorder.
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Let P*(A) be the partial order obtained by identifying two objects as usual when

(B Ny , @ € PB) E (D e A, v € PD). With abuse of notation we will
denote the equivalence class of an element in the same way.

Given a morphism f: A—— B in C, let P*s( C £ B , B € PC) be the
object
(D21 A, Ppy(B) € PD)
where
D81 _4
|

frg f
C — B
is a pullback because g € a. Note that P;‘. is well defined, because isomorphisms are

stable under pullback.

Proposition 6.4.1. Let P: C°P —— InfSL be a primary doctrine, and let a be
a class of morphisms of C closed for pullback, compositions, and which contains
the identity morphisms. Then P°: C°P —— InfSL is a primary doctrine, which
means that:

1. for every object A of C, P*(A) is a inf-semilattice;
2. forevery f: A—— B, P; is an homomorphism of inf-semilattices.

Proof. It is easy to see that the proof in [S7] can be generalized for an arbitrary class
of morphisms of C with the previous properties. O

Proposition 6.4.2. Given a morphism f: A—— B of a, we define

E[}(C—h>A,a€PC):=(Ci>B,aEPC)

a

where ( C oA ,a € PC)isin P*(A). Then E[;’c is left adjoint to Pf

Proof. Let a := ( Cy LB, a1 € PCy)and B := (DQLA, B2 € PDs).
Now we assume that 8 < P%¢(a). This means that
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Ci———8B
81

and P,,(Pf+g, (a1)) = B2. Then we have

and Py, p+g, (a1) = 8. Then EI}(ﬁ) < «. Now assume H;(,B) <a
Dy
I
Ci——8B

81

with Py(a1) = B2 Then there exists w: Dy — Dj such that the following
diagram commutes

and Py, (Py+g, (a1) = Py(@1) = B1. Then we can conclude that 8 < P;(a). O

Theorem 6.4.3. Forevery primary doctrine P: C°P —— InfSL, P®: C°P —— InfSL
satisfies:
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(i) Beck-Chevalley Condition: for every pullback

with g € a (hence also g’ € a), for any 8 € P*(X) the following equality holds
2, PS(B) = PES ()

(ii)Frobenius Reciprocity: for every morphism f: X —— A of a, for every
a € PY(A) and B € PY(X), the following equality holds:

TPY@) A B) = a ATY(B)

Proof. (i) Consider the following pullback square

h
where g,g’ € a,and let 8 := ( C —sX, B1 € PCy) € P*(X). Now consider the
following diagram

h*f/ ’
D —Y o x & _u
_ _
a I f
o) X A
hy g

Since the two square are pullbacks, then the big square is a pullback, and then

o f gh'f
(D1 == A, Ppy, (B1) = ( Dy = A, Pregn, (B1))

and these are exactly
Hy P (B) = PJ‘}CE{;(ﬁ).
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h
(if) Consideramorphism f: X —— A ofa,anelementa := ( C; — A, €

PCy) in P%(A), and an element 8 = ( Do L X, By € PD5) in P%(X). Observe
that the following diagram is a pullback
h;(h1f) fhy

Do A Dy D1 C1
_ _

(h1f) h2 hif h1

Dy P’ X 7 A
2

and this means that
H(Pj(a) A ) = a A TP
O

The first example is the special case of existential completion, presented in [S7]. In
this case a is the class of product projections and we can apply directly the previ-
ous construction, and one has that given a primary doctrine P: C°? —— InfSL ,
the doctrine P°*: C°P —— InfSL is existential and this construction extends
to a 2-functor E: PD —— ExD from the 2-category of primary doctrines into
the category of existential doctrines, and it is left 2-adjoint to the forgetful func-
tor. See [57]. Moreover, if P: C°P —— InfSL is elementary, then the doctrine
P C°P —— InfSL is elementary and existential, see [S7]] for all the details.

When the base category of a primary doctrine P: D°P —— InfSL has finite
limits, we can apply the previous completion to obtain an elementary doctrine. In
this case we speak of an elementary completion.

Theorem 6.4.4. Let D be a category finitely complete, and let ag be the closure
for pullback and compositions of the class of morphisms of the form idj XAx.
Then a primary doctrine P: D°P —— InfSL can be completed to an elementary

doctrine P°': D°P —— InfSL . Moreover this construction extends to a 2-functor
from the 2-category of primary doctrines with base category finitely complete into
the category of elementary doctrines, and it is left 2-adjoint to the forgetful functor.

Proof. The proof that P: D°P —— InfSL is elementary is a direct consequence
of the Proposition [6.4.2] Moreover this construction can be extended to a 2-functor
since the morphisms between primary doctrines are pairs (F, b) where F is a functor
preserving products. Therefore all the results about the 2-adjunction and about the
characterization of the 2-monads proved in [57] can be extended for the elementary
completion. O
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Corollary 6.4.5. Let D be a category finitely complete, and let P: D°P —— InfSL

be a primary doctrine. Then (P®)*: D°P —— InfSL is a primary existential
doctrine.

Proof. It follows from Theorem and from the fact that the existential comple-
tions preserves the elementary structure, see [S7]. O

Next consider a first order theory T and the primary doctrine £: C;* — InfSL
defined in Example[6.3.6]

Theorem 6.4.6. The primary doctrine L: C{;p —— InfSL can be completed to

a primary doctrine LV: (CP]? )°P — InfSL where CTQ has finite limits. Moreover

the doctrine
(L9 (CTQ)op —— InfSL

is elementary, and the doctrine
(L)) (CQ)°P —— InfSL

is elementary existential.

Proof. 1t is a direct consequence of Theorem[6.2.7|and Theorem[6.4.4and Corollary
6.4.3] O

We conclude this section with a comparison between the exact completion pre-
sented by Carboni in [6} [10] and a review on the general version presented in [57].

In [41}144] it is proved that various notions of completing a category to an exact
category can be seen as an instance of the exact completion for elementary existential
doctrine. In [57]] we generalize this result proving that every elementary doctrine can
be complete to an exact category.

By Theorem [6.4.4] and Corollary [6.4.5] we can extend the exact completion pre-
sented in [57] for a primary doctrine P: C°P —— InfSL such that there exists a
class of morphisms a containing all the morphisms of the form id4 XAx and closed
for pullbacks, compositions, and containing units arrows. A primary doctrine of this
kind can be completed to an exact category T(petyex.

In particular by Theorem[6.4.6] given first order theory T in which formulas are
only atomic formulas or finite conjunction of atomic formulas, and the symbols T,

the primary doctrine £L: C;¥ —— InfSL can be completed to a exact category

T(([O)el)ex .
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6.5 Applications

In this section we present a detailed description of the elementary completion for
a primary doctrine P: C°? —— InfSL whose base category C is the free finite
product completion of a discrete category A.

From a logical point of view we are looking at a first order theory in a language
in which no function symbols are considered.

We give a compact description of the doctrine P°': C°P — InfSL with
respect to the one used in Section @ Recall that in this case the class a is
the closure for pullbacks and compositions of the class of morphisms of the form
idg XAx.

Let A be an object of C, then we have that by definition the elements of the poset
P°(A) are of the form

(C—h>~A,0/€PC)

where h € ag.

If the object A is not of the form B X X X X, where X is a non-terminal object
of C, then the only morphisms of a.; with codomain A are the identities, so we can
define for this kind of objects

P°l(A) = P(A).

Otherwise, for the case of objects of the form A X X X X, we can give an equivalent
and more synthetic description of the poset P°'(A x X x X): it is a class where the
objects are pairs of the form (a, L) or (@, T) where @ € P(A X X X X).

Now we define the partial order on P°'(A x X x X). We say that (@, k1) < (53, k2)
if one of the following possibilities holds

* ki =Land Pig, xax (@) < Pid, xax (B);
e kiy=ky=Tanda <.

It is direct to check that this is a preorder, and we identify as usual two objects if
(@, k1) < (B, ko) and (a, k1) > (B, k2) to obtain a partial order.

Observe that the meet of two elements in P°'(A x X x X) is

(a, k1) A (B, ko) = (a A B, k1 A ko)

and the top element of P (A x X x X) is (T axxxx, T). Therefore the poset PY(A x
X x X) is an inf-semilattice.
Consider a projection pr;: A X X X X —— A . We define

Pg s PPY(A) — P AX X X X)

as
Pgil(a') = (Pprl(a')’ T)

and the same for the other projections.
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Now consider Aq: A —— A X A . We define
Pg Pl (A X A) — PY(4)
as
P (k) = Py, ()
fork =T, L.

Theorem 6.5.1. Let P: C°P —— InfSL be an elementary doctrine. Then, with

the previous assignments, P°': C°P —— InfSL is an elementary doctrine.

Proof. It is easy to check that P°': C°P — InfSL is a primary doctrine. Let

)

ldA XAx

i PPYAX X) — PN AX X x X)

be defined as
E[?cllA xAx (@) := (P<pr’1,pr’2)(a')7 1)

where (pri,pr5): Ax X x X —— A x X . To check that

4 P

ida XAx

Gy

id A XAx

let @ € P°Y(A x X). So

1 1 _ 1 _ D _
Piy sas i, xay (@) = Py, siay (Peprypry) (@), L) = Pidy xax Py pryy(@) = @

Thus
a)

: el
ldAxC S P ldA XAX'

ida XAx

Now consider (e, k) € P?Y(A x X x X). By definition we have
E{%A XAx PieciA XAx (a,k) = E[?cliA XAx (PidA xAx (@) = (P<13r/1 ,pr’2>PidA xAx (@), 1)

and
(P(pr/l,pr’z)PidA XAx (@), 1) = (P(pr’l,pr/z,pr’2>(a)’ 1).

By definition again we have that
(P<pr'1,pr'2,pr'2)(a)’ 1) < (a,k)

if and only if
Pid s xax (P(pr, pry,priy) (@) < Pidy xax (@)

but these are equal. This prove that the doctrine is elementary. O

Remark 6.5.2. Following the notation of [42]43]], we can define 6x = (Txxx,L)-
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The previous construction induces a 2-functor which is left-adjoint to the forgetful
functor.

Consider the 2-category PdD of primary doctrines whose base category is the free
products completion of a discrete category, and its 2-subcategory EdD of elementary
doctrines. We define

El: PdD ——= EdD

on the objects as
EI(P) := P!

for a given primary doctrine P: C°P —— InfSL .

Consider two primary doctrines P: C°? —— InfSL and R: D°P —— InfSL
of PdD. We define

Elp r: PdD(P,R) — EdD(P, R°")

as
EI(F,b) = (F, b

where b°': Pel = RelFOP ig the natural transformation defined as follow:

e forevery A € A,the 1-cell b‘j\lz PlA — s RIFA is exactly by: PA—— RFA;
» forevery A, X € C, the 1-cell

b sy PPAX X X X) — RYFA X FX x FX)

sends an element (a, k) into (baxxxx (@), k).

It is direct to verify that this is a 1-cell of elementary doctrines. Moreover observe
that the functor El does not change the first component of a 1-cell. Then for every
2-cell 6: (F,b)=> (G,c) we can define E1(0) := 6. Therefore we can summarize
the previous results into the following proposition.

Proposition 6.5.3. El: PdD —— EdD is a 2-functor.

Let P: C°P —— InfSL be a doctrine of PdD we define the 1-cell
(id¢,7): P — P°!
where 74: PA—— P°A is the identity for every A € A, and
Naxxxx: P(AX X x X) — P{ (A x X x X)

is defined as paxxxx(@) = (@, T). It is direct to check that n: P —— P! is a
natural transformation.
Let P: C°P —— InfSL be a doctrine of EAD we define the 1-cell
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(id¢,&): P! ——=P
where g4: P®'A — PA is the identity for every A and

Eaxxxx: PAXX X X) —> P(Ax X x X)

is defined as eaxxxx (@, T) = @ and axxxx (@, L) = @ A P(pry, prg)(0x). Again one

can check directly that &: P —— P is a natural transformation and that (id¢, &)
is a 1-cell of EdD.

Proposition 6.5.4. The previous families of 1-cells define two 2-natural transforma-
tions
n: ideD —— UEI

and
g: EIlU ——idgap

Moreover El 4 U and the unit and counit of this 2-adjunction are n and €.

Proof. 1t is a straightforward verification. (]
We construct a 2-monad Tej: PdD —— PdD from the 2-adjunction of Propo-
sition[6.5.4], and we prove that every elementary doctrine can be seen as an algebra
for this 2-monad.

Finally we will show that the 2-monad T is lax-idempotent. For all the details
about the theory of 2-monads we refer to 27, 28, 154, 55| 56].

Definition 6.5.5. We define:

e Tg: PAD —— PdD the 2-functor T} = U o El;
e 7n: idpgp — T isthe 2-natural transformation defined in Propositionm;

o u: Tzl — T is the 2-natural transformation y = UgEL
Proposition 6.5.6. T, is a 2-monad.
Proof. One can easily check that the following diagrams commute

T
3 Hlel 2
Tel Tel

Toip H

T2 — > Ty
el u €
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. 17 Tel 9 Tean .
idpap 0Te —— T2, =<—— T 0 idpap

Tel

Proposition 6.5.7. Let P: C°P —— InfSL be adoctrine of EdD. Then (P, (id¢, &p))
is an object of the category To-Alg of T -algebras.

Proof. We prove that the following diagram commutes
2 €pel
TP ———TaP
Spel ep
Te]P 8—> P
P

By definition of £p, we need only to check the element of the form (a, ko) €
(P“'l)el(A X X x X), since on the other elements, ep acts as the identity. Consider an
element a = (a1, k1), then

epeper(a, ka)
is:
e aqifko=Tandky = T;
* a1 A Ppr,,pr,)(0x) otherwise.

On the other side we have
SPSPel(a’, k2)

and this is:
e aqifko=Tandky = T;
* a1 A Ppr,,pr,)(0x) otherwise.
Therefore the diagram commutes. Now we consider the condition on the unit. It is
easy to observe that
epnp = idp

since

epnp(@) = ep(a,T) = a
for every @ € P(A X X X X), and both p and np are the identity on the other objects.
Therefore we have that (P,ep) is a mT,j-algebra. O
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Proposition 6.5.8. Let P: C°° —— InfSL be a doctrine of PdD, and consider
al-cell (F,a): P —— P such that (P,(F,a)) is a Tei-algebra. Then the doctrine

P: C°° — InfSL iselementary. Moreover F = id¢ and (id¢,a): P®' — P
is exactly ep.

Proof. By definition of algebra for a monad we have that the following diagram

commutes:

1
p__" _ pel

(F,a)

P.
Thus F: C —— C must be the identity functor. Now consider two objects A, X
of C and the arrow idg XAx: AX X ——= A X X X X . We define
Hiq, xax (@) = anXxXE[ﬁliA wAx TAxx (@)

Suppose @ € P(Ax X), 8 € P(AX X x X) and @ < Piq, xay (8)- Then since naxx
preserves the order we have

Naxx (@) < Maxx Pid, xax (B)

and by the naturality of naxx we have
Naxx(a@) < Pie(iA xAx Naxxxx(B).
Now we use the fact that P°! is primary, and then

]
E['iadA «XxXAXX (@) < naxxxx(B)

and then

1

aaxxxxdiy , wxxxaxx (@) < aaxxxxNaxxxx(B)-
Then we can conclude that
el
HidA XAx (a) S ﬁ

because aaxxxxNaxxxx is the identity by hypothesis.
Now we prove the convers. Suppose that @ < Piq, xax (8). Then by definition of
Hig, xax We have
anXxXE[féA XXXXUAXX(CY) <B

then we have

1
Pid, xax @axxxxig , wxxxMaxx (@) < Pidy xax (B).

Using the naturality of a we have
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1 1
anXPiedA XAXE[idA XXXXUAXX(Q’) < Piq, XAX(ﬁ)

as)

i q xxxx> We have

i 3 el
and since id < PidA Ay

@ = aaxxNaxx(@) < Pid, xax (B)

and we can conclude that H;q, xa, 4 Pid, xay - Finally observe that if we consider
(T axa, L) € P°Y(A x A) we have

aaxa(Taxa L) = aaxady na(Ta) = Jp,(Ta) = 6a.
Now we can observe that for every (e, L) € P?/(A x X x X) we have
(@ 1) = (@ T) A (Taxoxe L) = (@ T) AT x (Taxx).
Therefore
a(a, 1) = (@, T)A(T axxxx> L) = al@, T)AGHS o (Taxx) = @A, xax (Taxx)

and, since P is elementary, we have Hiq, xay (T axx) = P(pr,,prs)(0x). Hence we
have
a(a, L) = @ A P(pry,pry) (0x)

and we can conclude that a = ¢p. O

Proposition 6.5.9. The 2-category T -Alg is isomorphic as 2-category to the cat-
egory EdD.

Proof- 1t follows from Proposition[6.5.8|and Proposition and from the fact that
if we consider a 1-cell (F,a): (P,ep) — (R,er) of Tgj-algebras then it is a
1-cell of EdD. t

Following the notation of [27]] we prove that the 2-monad T, : PdD —— PdD
pseudo-idempotent.

Theorem 6.5.10. Let (P,ep) and (R, eg) be Te) algebras, and let (F,b): P —— R
be a I-cell of PD. Then ((F,b),idg) is lax-morphism of algebras, and the 2-
cell idp: egr(F,b®") => (F,b)ep is the unique 2-cell making (idr,(F,b)) a lax-
morphism. Moreover, we have that idr is invertible as 2-cell, and then the 2-monad
Te1 is pseudo-idempotent.

Proof. Consider the following diagram
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(F,beh)
_—

Pel Rel

ep UidF ER

(F.b)

Let (a, k) € P91(A X X x X). We have that (eg(F, bel))AxxXx(a, k) is equal to

o baxxxx(@)ifk =T;

* baxxxx(@) A Rpr,.pry)(0Fx) if k = L, with the usual notation for the functor
Ripry,pry): R(FAX FX) — R(FAX FX X FX) ;

One can check that we obtain the same results if we consider ((F, b)ep) axxxx (@, k).

Finally it is easy to see that idg: eg(F,b®") => (F,b)ep trivially satisfies the
coherence conditions for lax-T¢-morphisms, because they are equal.

Now suppose there exists another 2-cell 6: eg(F, bel) => (F,b)ep such that
((F,b),0) is a lax-morphism

(FLD)_ pel

Pol
ep U/ 0 €R

P———R.
(F.b)

Then it must satisty the following condition

(F.b)
P————R
np 7R
el
Pel (F,b%) Rel — P (F.b) R
£p {o £R 1p | | 1r
——>R P———R
(F.,b) (F.,b)
and this means that 8 = idr. O

Corollary 6.5.11. The 2-monad T¢: PdAD —— PdD is lax-idempotent and co-
lax idempotent.
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Proof. It follows from [27, Proposition 6.9]. U

Corollary 6.5.12. The 2-monad T¢: PAD —— PdD is fully property-like.
Proof. 1t follows from Corollary [6.5.1T] and [27, Proposition 6.7]. O

Remark 6.5.13. The considerations on the 2-monad T¢; on PdD can be extended
for the general case of elementary completion, and the fact that the existential
completion preserves the elementary structure suggests that there exists a distributive
law 0: T Tex — TexTe - Moreover we can compose these 2-monads with the
pseudo-monads adding comprehensive diagonals, comprehensions and quotients.
The key point is that every completions preserves the previous structure, and therefore
we can define at every step a pseudo-distributive laws between the compositions of
the pseudo-monads.
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