UTRECHT UNIVERSITY UNIVERSITY OF TRENTO

MASTER’S DEGREE IN MATHEMATICS

Generalised Gluing and Exact Completion
of Path Categories

Supervisor Candidate
Dr. Jaap van Oosten Matteo Spadetto

ACADEMIC YEAR 2018-2019






Contents

Mntroduction| 5
[1 Exact Completion of a Path Category| 7
[1.1  Exact Completion of a Finitely Complete Category| . . . . . . ... ... ... 7
[1.2  Exact Completion of a Path Category| . . . ... ... ... ... ....... 13
[T.37About the Exact Categories Obtained through these Procedures| . . . . . . . 25
2 Homotopy Natural Numbers in a Path Category| 35
|3 Generalised Gluing for Path Categories| 41
3.1 Grothendieck Fibrations and Fibred Path Categories| . . . . . . .. .. . ... 42
[3.2 Generalised Gluing and its Notion of Homotopy|. . . . . . . . ... ... ... 47
3.3 omotopy Natural Numbers in the Generalise WNG . . . v oo 62
A Appendix 73
|[A.1 Basic Properties of Path Categories|. . . . . .. ... ... .. ......... 73
(A2 Some Needed Temmas and Remarks . . . . .. ... .............. 77
[References| 81






Introduction

This thesis is mostly about the notions of path category, exact completion (of finitely com-
plete categories and of path categories) and generalised gluing (of path categories). A path
category is basically a category with a notion of fibration and a notion of weak equivalence
satisfying a particular list of axioms. Through these two classes of arrows one can always
define a relation of homotopy between arrows (on a given path category) such that the homo-
topy equivalences w.r.t. to this relation are precisely the weak equivalences. Moreover, this
relation between parallel arrows of a given path category C happens to be an equivalence
relation and agrees with the composition, hence there is a category Ho(C) (the so-called
homotopy category of €) whose objects are the ones of € and whose arrows are the classes of
homotopic parallel arrows of €. Essentially, the definition of path category is motivated by
the fact that it provides models of an intensional type theory having propositional identity
types. A typical feature usually enjoyed by categorical models of homotopy type theory is
the existence of a weak factorisation system. However, in general a path category does not
verify this property, as the factorisation of an arrow into a weak equivalence followed by a
fibration is not unique, but it is just unique up to a stronger notion of homotopy, called
fibred homotopy. Moreover, the particular exhibition, that is, the particular representative,
of this homotopically unique factorization of a given arrow really matters. In other words,
we really care about the explicit construction that we present of the factorisation of an
arrow in a path category. The appendix contains many basic results about this and other
concepts related to the theory of path categories.

The work is made of two parts. The first one corresponds to Chapter 1, which is devoted
to the notion of exact completion. The first section is about the exact completion of a
finitely complete category, while the second one regards the analogous version for path
categories, showing how the former can be understood as an instance of the latter. Indeed
every finitely complete category € admits a trivial structure of path category (where every
arrow is a fibration and the class of isomorphism is the class of weak equivalences) such that
the exact completion, according to the second section, of C, together with this structure, is
precisely its exact completion according to the first section.

We exhibit the construction of the free exact completion Ex(C) of a finitely complete
category C as it is presented in [2]. Here the objects of Ex(€) are the pseudo equivalence
relations in € on objects of € and the arrows between two pseudo equivalence relations
are the equivalence classes (modulo the equivalence relation given by the pointwise pseudo
equivalence relation) of arrows of € (between the supports of the given pseudo equivalence
relations) which preserve the pseudo equivalence relation-structure. Instead, if € is a path
category, its exact completion Hex(C) is obtained through the same procedure, with the only
difference that the pseudo equivalence relations, constituting the objects of Hex(C), are also
required to be fibrations of €. We call them homotopy equivalence relations. Alternatively,
given a path category €, one can consider the category Ex’(C) whose objects are again the
homotopy equivalence relations and whose arrows are simply the ones of € which agree
with the homotopy equivalence relations defined on the source and the target, without the
imposition that two pointwise equivalent arrows of € represent the same arrow of Ex’(€).
It happens that there is a natural structure of path category over Ex’(€) such that the
categories Hex(€) and Ho(Ex'(C)) are equivalent.

In the third section of the first chapter we present a characterisation of the exact cate-
gories obtained by applying to a finitely complete category the procedure discussed in the
first section. In particular we show that an exact category is the exact completion of a given



finitely complete full subcategory if and only if the objects of latter are essentially the regu-
lar projective objects of the former and the former has enough projectives. In the remaining
part of the section we study the analogous results for the exact categories obtained through
the procedure of the second section and we conclude that, whenever C is a path category,
then Ho(C) is a weakly finitely complete category whose exact completion, according to the
first section, is precisely Hex(C).

The second part of the thesis consists of Chapter 2 and Chapter 3 and it regards the
notion of generalised gluing for path categories. In Chapter 2 we give two definitions of
homotopy natural numbers object in a path category (the second is a strengthening of the
first) and we observe that it constitutes a natural numbers object up to homotopy, that is,
an object which becomes a natural numbers object in the corresponding homotopy category.
We also state and prove some criteria and characterization that we need in order to get the
results of the last chapter.

In the first section of Chapter 3 we define the notion of fibred path category, which is
essentially a Grothendieck fibration between two path categories agreeing with their struc-
ture. We observe that such a fibred path category enjoys some nice properties. For instance,
it reflects the relation of (fibred) homotopy between parallel arrows (homotopy lifting prop-
erty) and it preserves the (strong) homotopy natural numbers objects. In the second section
we present the notion of generalised gluing for path categories. If we consider two functors
between path categories (agreeing with their structure) sharing their codomain D and we
assume that one of them is a fibred path category, then their generalised gluing is the full
subcategory of their comma category spanned by those arrows that are fibrations in D.
We generalize some of the results contained in [I2] by showing that the generalised gluing
of such a pair of functors has a natural structure of path category and characterizing its
notion of homotopy between parallel arrows. Finally, in the last section, we prove that,
if the domains of this pair of functors have both the (strong) homotopy natural numbers
objects, then their gluing has the (strong) homotopy natural numbers objects as well. This
list of problems was proposed by Benno van den Berg in order to get a generalisation of the
corresponding results stated in [12].

Certainly, the most important tool we make use of in the last chapter is the so-called

transport structure of a fibration Y L Xina given path category, as it allows several crucial
constructions. This notion models the concept of transport in homotopy type theory and
informally, if p is a path in X from f(y) to 2’ for some points y of Y and 2z’ of X, then the
transport structure produces a point ' of Y lying in the fiber of 2’. We briefly discuss the
notion of transport structure in the appendix.

Brief acknowledgements. From a personal point of view, many thanks to everyone with
whom I have had a sincere contact during these authentic years of mathematics student.
From the academic point of view, many thanks to Menno de Boer, since my thesis is directly
based on his one; many thanks to Benno van den Berg for having suggested a concrete
problem to work on; many thanks to Taichi Uemura for our discussion, and for his wise
remarks, on his notion of fibred path category; many thanks to Jaap van QOosten for his
supervision, for having introduced me to this subject and for having taught me a lot of
beautiful things; many thanks to Prof. Stefano Baratella for having supervised me for three
years and for having wisely suggested me every single choice I took.



1 Exact Completion of a Path Category

As we anticipated in the introduction, this chapter is about the concept of exact completion.
In detail, we discuss it for finitely complete categories (first section) and path categories
(second section), looking at the latter as a generalised version of the former.

1.1 Exact Completion of a Finitely Complete Category

In this section we summarize the proof contained in [2] that every category with finite limits
has the free exact completion.

Remark 1.1 (Some recalls). We remind that a regular category is a finitely complete
category whose kernel pairs have coequalizers and whose regular epimorphisms are stable
under pullback. Equivalently, a regular category is a finitely complete category whose
regular epimorphisms are stable under pullback and whose arrows have a regular epi-mono
factorization.

If € is a regular category, we remind that an equivalence relation of € is a monomorphism
(r1,r2)

R — X x X such that, for every object A of €, the subset of C(A4, X) x C(A, X) whose
elements are the couples (f,g) such that (f,g) factors through (ri,r3) is an equivalence
relation of the set C(4, X). Anyway, one can prove that a monomorphism (ry,r9) is an
equivalence relation if and only if: (r) the arrows 1 and 72 have a common section X 2 R;
(s) there is an arrow X % X such that 710 = ro and ro0 = 71; (t) if the following square:

B—24R

R—25 X

is a pullback, then there is an arrow B I R such that riqu = 7 and roqe = 7ro7. In

this case, observe that the arrows p, 0 and 7 are unique. We also remind that a pseudo

equivalence relation of € is an arrow R M) X x X satisfying the same property that, in

case it is a monomorphism, it is required to satisfy in order to be an equivalence relation.
That is, for every object A of €, the image of the map:

C(A,R) — C(A,X) x C(4,X)
f=(riof,raof)

is an equivalence relation of the set C(A, X). Of course every equivalence relation is a pseudo

. . (ri,r2) . .
equivalence relation. Moreover, as before an arrow R ——— X x X is a pseudo equivalence

relation if and only if conditions (r), (s) and (¢) hold. In this case, observe that the arrows
p, 0 and 7 are not necessarily unique.

Let C be a regular category. Then, we remind that € is an ezxact category if and only
if every equivalence relation is effective (i.e. a kernel pair) or, equivalently, if and only
if the image of every pseudo equivalence relation is effective (i.e. a kernel pair). In fact,
the equivalence relations of C are precisely the monomorphisms of the regular epi-mono
factorization of its pseudo equivalence relations.

Let € be a finitely complete category. Let Ex(C) be the category defined as follows:



1. An object of Ex(C) is a couple (X, R Srura), X xX), being (r1,r2) a pseudo equivalence

relation of C.

2. Whenever (X, (r1,r2)) and (Y, (s1, $2)) are couples as in 1., let us consider the arrows

X L5 ¥ of @ such that: whenever A is an object of € and x,y are arrows A — X such
that (z,y) factors through (rq,r2), then (fx, fy) factors through (si, s2). Observe that

an arrow X 2 Y satisfies this property if and only if there is an arrow R EiN S such
that (f x f)(r1,7m2) = (s1,52)f’. We say that two parallel arrows f and g satisfying
this property are equivalent if and only if, for every object A of € and every arrow
A% X it is the case that (fx, gz) factors through (s, ss). Equivalently, if and only
if there is an arrow X — S such that (X - S 25 V)= fand (X -5 2 Y)=g¢g
An arrow of Ex(C) with source (X, (ry,r2)) and target (Y, (s1, s2)) is an equivalence

class (modulo this equivalence relation) of arrows X Lyofe satisfying the property
of before.

3. The equivalence relation defined in 2. is clearly a congruence: if f and g are arrows
X — Y of € representing arrows (X, R) — (Y, S) of Ex(C), and ¥ is an arrow X — S
witnessing that f and g are pointwise equivalent, then, whenever h and k represent
arrows to (X, R) and from (Y, .S) respectively, it is the case that the arrows Xh and
k'Y witness that fh and gh are pointwise equivalent and that kf and kg are pointwise
equivalent, respectively (where k' is an arrow from S witnessing that k agrees with the
pseudo equivalence relations of the domain and the codomain). Then the composition
is well-defined if we stipulate that the composition of two arrows of Ex(C) is represented
by the composition in € of two representatives of them.

Let us consider the functor I': € — Ex(C) sending every object X of € to the couple

(X, (1x,1x)) and every arrow X 1. ¥ into the arrow (X, (1x,1x)) — (Y, {1y, 1y)) repre-
sented by itself. This is clearly an embedding. We can state the following:

Theorem 1.2. Let C be a finitely complete category. Then the functor I': € — Ex(C)
is the free exact completion of C. That is, the category Ex(C) is exact and the functor T
preserves finite limits and, whenever D is an exact category and A: C — Ex(C) is a finite
limit preserving functor, there is essentially unique an exact functor A: Ex(C) — D (that
is, N preserves finite limits and the regular epi-mono factorization of every arrow) such that
the triangle:

e—2 9
| A
Ex(C)
commutes.

Proof. Firstly let us show that Ex(C) is finitely complete and that I preserves finite limits.

If 1 is the terminal object of € then, for every object (X, R Srorady X x X) of Ex(C), the

couple (X — 1,R — 1) represents the unique arrow (X, (ri,72)) — (1,(11,11)). Hence
(1,(11,1;)) is terminal object of Ex(C) and I' preserves the terminal object.
Let [f] and [g] be arrows:

(r1,r2) (t1,t2) (s1,82)

(X,R———= XxX)—= (Z,T ——5 ZxZ) and (Y,S ——= YY) = (Z,T (t1,t2)

ZxZ)



of Ex(C) respectively. Let T* Y, X x Y be the pullback of the arrow T RNy N along

Fxgandlet U % T*xT* be the pullback of the arrow Rx S 21272y (x o vy« (X xY)
along t* x t*. Then:

(T*,U 5 T* x T")
is an object of Ex(€) and the arrows mxt* and 7y t* represent arrows (T*,u) — (X*, (r1, r2))
and (T, u) = (Y™*, (s1, $2)) of Ex(C) respectively. Moreover the following square:

(T, u) 5L (v, (51, 5))

[m*]l J[g

(X, (ra,m2)) —> (Z {11, 82)
is a pullback in Ex(C). If (ri,72) = (1x,1x), (s1,82) = (ly,1ly) and (t1,t2) = (1z,1z)
then (T*,u) = (X xzY,0xx,v), 7yt* = ¢*f and wxt* = f*g, where the following square:

Xx, v 25y

S

XﬁZ

is a pullback in C. Hence I' preserves the pullbacks.
Secondly, in order to show that Ex(C) is regular, we observe that every arrow:

T17T2

1,
(

(X, R xoo x) Yy (v 5 o2y y sy

of Ex(C) factors as:

(r1,m2)

(fXf)"(s1,82) y 4, [f] ( (s1,52)

X R 2 xow x) B (x (p x e D) v x Y,s L1y sy

Tl,Tz

(f"s1,f"s2)
[f

and that (X, R % x x x) 2 (x,(f x f)*s

morphism of Ex(C) while (X, (f x f)*S f51—f52>) XxX)—
monomorphism:

X x X) is a regular epi-
YV,§ —=Y xY)isa

51 52

1. [f] is a monomorphism {(f*s1, f*sa) — (s1,s2). Let us assume that [h] and [g] are
ta) g X Z) = (f*s1, f*s2) such that [f][g] = [f][h]. Then there is an
arrow Z = S such that:

arrows (T

(f x f)g, h) = (fg. fh) = (s1,51)%
and then, being the following square:
(fxf)r§ —— 5

<f*51af*s2>J/ J{<51,52>
XxXx Y yxy

a pullback, there is an arrow Z z, (f x f)*S such that (g, h)X" = (f*s1, f*s2)%’
that is, [g] = [h].



2. [1x] is an epimorphism (ri,ro) — (f*s1, f*s2). Of course, an arrow R — (f X
f)*S witnessing that 1x agrees with the equivalence relations exists by the universal
property of the pullback:

(fxfyrs——m>5

<f*51;f*82>J/ J{(Sl,SQ)

XxXx 2 yxy

in € applied to the couple ((r1,72), '), where f’ is an arrow R — S witnessing that f
agrees with the equivalence relations.

We need to show that there is a parallel pair of arrows of Ex(C) whose coequalizer

exists and is [1x]. Let us consider the kernel pair of the arrow (r1,r2) v, (81, 52).
Following the given construction of the pullbacks in Ex(C), we get that it consists of
the following pair of arrows:

T e To®

U R U R
“J/ l(h;m) "J/ l(ﬁyrz)
8 x frs LT v oo x Fo8 % frg L v o x

being the couple (u, e) the pullback of the couple ({f*s1, f*sa) X (f*s1, f*s2), {r1,72))
in C. By definition of kernel pair, it is the case that [f][f*s1] = [f][f*s2], that is,
(A xDIf*s1) = ([fILx])[f*sz2] (here ([f][1x]) denotes the factorization of [f]). As
[f] is monic, it is the case that [1x]| coequalizes [f*s1] and [f*ss].

Let [g] be an arrow (rq,re) — (T Wt2) g Z) coequalizing the pair ([f*s1], [f*s2]).

We need to prove that it factors through [1x], that is, that g also represents an arrow
(f*s1, f*s2) — (t1,t2). But this is true: as [g] coequalizes [f*s1] and [f*s2], there is
an arrow (f x f)*S = T such that (t1,to)x = (g(f*s1),9(f*s2)) = (g% g){f*s1, f*52),
that is, the following:

(fxf)'S ——T

(f*shf*SQ)l i(t1,t2>

XxX 2 ZxZz
commutes, and [g] represents an arrow (f*sy, f*sa) — (t1,ta).

We explicitly constructed the regular epi-mono factorization of an arrow of Ex(C). As
(ri,r2) [

X x X) 2oy, 220 v s v s a regular

epimorphism if and only if the arrow (X, (f x f)*S ) bonea) X) ul, (Y, S ALLON
Y X Y) is an isomorphism. We can use this fact and the description that we gave of
a pullback in Ex(C) in order to show that every regular epimorphism of € is stable under
pullback. Indeed, up to postcomposing to an isomorphism, a regular epimorphism is nothing
but an arrow represented by an identity arrow of €. Let (X, S) — (X, R) be such an arrow

a consequence, the arrow (X, R

10



and let (Y, T) v, (X, R) be an arrow of Ex(C). Let us consider the following pullbacks:

(f x1x)*R ——— R U T xS
aJ{ J,<T1’T2> Ul i{tl X 81,t2 X 82)
v x X 2 x x x (f x 1x)*R x (f x 1x)*R X% (Y x X) x (Y x X)

then the arrow ((f x 1x)*R,U) Imel, (Y, T) is the pullback of the arrow (X,S) — (X, R)

along [f]. With respect to the first pullback, let us consider the arrow Y M) Y x X and an

arrow Y — R whose postcomposition by (r1, ) is (f, f) (it exists as (r1, r2) is an equivalence

relation). Then there is an arrow Y’ LA (fx1x)*Rsuch that ab = {1y, f), hence (m1a)b = 1y.
We need to verify that 71a represents a regular epimorphism ((f x 1x)*R,U) — (Y, T). Let
us observe that the diagram:

1r

T /WX—ML)T\<‘ T
(t1 ,tz)l J{ l(thtz)

Y xY —2% L (fx1x)*Rx (f x1x)*R 2%,y x Y

commutes, hence there is an arrow T" — (716 X ma)*T making it commute. Therefore g
represents a section (Y,T) — ((f x 1x)*R,U) of the image ((f x 1x)*R,U) — (Y, T) of
[r1a], that is, the image of [m1a] is an isomorphism (see Lemma and hence [ma] is
a regular epimorphism. We conclude that in Ex(C) regular epimorphisms are stable under
pullback.

Moreover, one can use the characterization that we saw of the notion of pseudo equiva-
lence relation in order to construct a coequalizer ¢ in Ex(C) of a given pseudo equivalence
relation of Ex(€). Then the image of the given pseudo equivalence relation turns out to be
the kernel pair of ¢. Hence Ex(C) is exact.

Finally, suppose that A is a functor as in the statement. We just define A as the unique

functor Ex(€) — D sending every object (X, R MALCING ' X) of Ex(C) to the coequalizer
in D of the kernel pair (Ary, Aro) and verify that it is exact and essentially unique (the
verification that this functor is well-defined is identical to the one contained in the proof
of Proposition . For instance, let us verify that A preserves the regular epi-mono
factorization, that is, that it preserves monomorphisms and regular epimorphisms:

1. A preserves monomorphisms. Up to precomposing by an isomorphism, a monomor-

phism of Ex(C) is of the form (f*s1, f*s2) 1, (s1,82) for some arrow X Lyofe.
In particular, the following diagram:

(fxfs —m>5

(f*817f*82>l J(Sl,sﬂ

11



is a pullback and hence the following diagram:

(Af x Af)*S ——— AS
((Af)*(A81)7(Af)*(ASz)>l f/\w\sﬁ
AfxAf
AX x A X ——5 AY x AY

is a pullback as well, because A preserves finite limits.

With respect to the commutative diagram:

(Af x Af)*S —— AS

(Af)*(Asl)u(Af)* (As2) Aﬂuma

A X —— AY

[
A

A(f x f)*s —= &S

we only need to prove that Af is a monomorphism. Here ¢ and q' are coequalizers
of the parallel pairs in the diagram, by definition of A. These parallel pairs are still
pseudo equivalence relations because A preserves finite limits.

Now, let (Af x Af)*S S im ™% AX x AX and AS s im’ ™y AY x AY be regular
epi-mono factorizations of the pseudo equivalence relations ((Af)*(Asy), (Af)*(As2))
and (Asy, Asa) respectively. Then m = (mj, ms) and m’ = (m/, m}) are equivalence
relations in D, hence kernel pairs, since D is exact. Moreover, being e and ¢’ epi-
morphisms, it is the case that ¢ and ¢’ are coequalizers of the couples (mq,ms) and
(mf,mb) respectively. Hence (mq,ms) and (mf,m}) are the kernel pairs of ¢ and
¢’ respectively, by Lemma Finally, since in a regular category every pullback
preserves the regular epi-mono factorization, it is the case that the following square:

im ———— im’

<m17m2>J{ J{(m/lvm/2>

AX x AX 2P Ay« AY

is a pullback.

Let us consider the following diagram:

. !
m ———— > 1IN

AX —— AY

T
i)

Afxf)*S —L &S

and let A(f x f)*S 5 im” £ AS be a regular epi-mono factorization of Af in D. We
are done if we prove that ¢ is an isomorphism. In order to prove this, it is enough to

12



prove that g is a coequalizer of the pair (m1,mg). Clearly eq is a coequalizer, as it
is the composition of two regular epimorphisms. Hence, by Lemma we are done
if we prove that (mq,ms) is the kernel pair of eq. Clearly eq coequalizes m; and ms.
Let us assume that eq coequalizes a pair («, 8) of parallel arrows A — AX. Then it
is the case that ¢'(Af)a = ¢'(Af)B and, being (m/, m}) the kernel pair of ¢’, there is
unique an arrow A = im’ such that:

(Af x Af){a, B) = (Af)e, (Af)B) = (mia, moa) = (m}, ms)a.

Hence, by the universal property of the pullback, there is an arrow A —— im such that
(mq1,ma)a’ = {(a, B). Tt is unique as (mq, m2) is a monomorphism. We conclude that
(mq,m2) is the kernel pair of egq.

2. A preserves regular epimorphisms. Up to postcomposing by an isomorphism, a regular
epimorphism of Ex(C) is an arrow (X, (s1,s2)) — (X, (r1,72)) represented by the
identity arrow 1x of C, and its kernel pair is the pair of arrows:

ul,ug 51752

(RRU—/SRxR)— (X, —=> X xX)

represented by 1 and ry respectively, where u; = (ry,72)*s; and ug = (ry,r2)*s2.

With respect to the following diagram:

AU:;AS%AR

AT2
AuluAug ASlU/ASQ TlU/ATQ
AT‘l

AR —/———t AX ——— AX

Ars
l(h A[T l(h) lqg.
AX,U) —= &(x,5) 2L K(x, R)

Alrz]

we are done if we prove that A[1x] is the coequalizer of the pair (A[r1], A[rs]). Clearly
A[1x] coequalizes the pair (A[r1], A[rz]), because A is a functor and [1 x| coequalizes the
pair ([r1],[r2]). Let a be an arrow A(X,S) — A coequalizing the pair (A[r], A[rz]).
We are done if we prove that a factors uniquely through A[lx]. We observe that
agy coequalizes both the pairs (Ary, Are) and (Asy, Ase). Hence, being (14,14) an
equivalence relation, there is an arrow AS — A witnessing that ago represents an arrow
(AX, (As1,As2)) = (A, (14,14)) coequalizing the pair ([Ar1], [Ar2]). Therefore there

is an arrow (AX, AR) 1, (A, (14,14)) such that [h][1x] = [agz]. In other words, there

is an arrow AX h—/> A such that (14,14)h" = (hlx,age), which implies that h = aga.
Moreover, as [h] is an arrow (AX,AS) — (A4,(1a,14)), it is the case that aga = h

coequalizes the couple (Ary, Ary). Then there is unique an arrow A(X,R) 2 A such

that aga = bgs = bA[1x]qz, which implies that a = bA[1x]. Clearly, if there is another

arrow b’ such that a = b’A[lx], then b'gs = bgs, hence b’ = b. We are done.  Q.E.D.
1.2 Exact Completion of a Path Category

In this section we present the notion of exact completion of a so-called path category, as
defined in [9], trying to mimic the one discussed in Section 1.1 for finitely complete categories.

13



Moreover, we are going to see that this new notion actually generalises the previous one.
We recall the following:

Definition 1.3. Let C be a category with a terminal object. Let us assume that there
are two classes of arrow of € (the elements of the first one will be called fibrations and the
elements of the second one will be called weak equivalences; moreover the elements of the
intersection of these two classes will be called acyclic fibrations) such that the following
properties are satisfied:

The composition of two fibrations is a fibration as well.
Every pullback of a fibration exists and is a fibration as well.

Every pullback of an acyclic fibration is an acyclic fibration as well.

Ll

For every choice of arrows f, g and h, if the compositions gf and hg exist and are
weak equivalences, then f, g, h and hgf are weak equivalences as well.

ot

Every isomorphism is an acyclic fibration and every acyclic fibration has a section.

6. For every object X of € there is an object PX, called path object on X, together with

a weak equivalence X - PX and a fibration PX fi)% X x X such that:

(X 5 px 20 x o x) = (x 2RI, v x),

7. Every arrow of target a terminal object 1 is a fibration.

Then we say that € together with the given classes of fibrations and weak equivalences is a
path category.

Remark 1.4. Let C be a path category and let X and Y be objects of C. As their product
(X xY, X xY 25 X, X xY 25 Y) is such that the square:

XxYy 2, X

1]

Yy — 1

is a pullback and as this pullback exists by 2. and 7. of Definition [L.3] it is the case that the

product of X and Y exists, hence € has finite products. Moreover, by 2. of Definition

it is the case that wx and 7y are fibrations. Therefore, whenever an arrow X M> Y x Z

is a fibration, by 1. it is the case that f and g are fibrations as well.

Example 1.5. Any category C with finite limits together with the class of its arrows as
class of fibrations and the class of its isomorphisms as class of weak equivalences is a path
category.

Points 1., 2., 3., 5. and 7. of Definition are clear. Now, let us assume that A EN

B, B Y% C and C 2y D are arrows of € such that gf and hg are isomorphisms. Let
a and b be their inverses respectively. We observe that (ag)f = a(gf) = 14 and that
flag) = b(hg)f(ag) = bh((gf)a)g = bhg = b(hg) = 1p, hence f is an isomorphism. Then
g = (gf)f~ ! is also an isomorphism and hence h = (hg)g~! is an isomorphism as well.
Finally hgf is an isomorphism and point 4. holds. Moreover, if X is an object of C, then
the object X together with the arrows 1x and (1x,1x) provides a path object on X, hence
point 6. holds.
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We remind that in a path category C the class of the weak equivalences and the class
of the fibrations almost form a weak factorization system of € (see Proposition and
Theorem . Moreover we recall that, even if C is not necessarily finitely complete, it is
closed under the notion of homotopy pullback (see Definition [A.7]) and that every arrow of €
has a transport structure and a connection (see Definition nd Theorem . Consult
Appendix A.1 for more details. Let us give the following:

Definition 1.6. Let C be a path category and let X be an object of €. We say that an

arrow R M X x X is a homotopy equivalence relation on X if and only if it is a fibration

and a pseudo equivalence relation (see Section 1.1).
A weaker version of Theorem can be used to get a proof of the following:

Proposition 1.7. Let C be a path category and let X be an object of C. Let (PX,r,(s,t))

be a triple satisfying 6. of Definition . Then the fibration PX ﬂ X x X is a homotopy

. . T1,T . .
equivalence relation on X. Moreover, whenever R M) Y XY is a homotopy equivalence

relation on'Y and f is an arrow X =Y, there is an arrow PX 2 R such that (ri,ra)h =
(f x f)(s,t). In particular, whenever R M X x X 1is a homotopy equivalence relation
on X, there is an arrow PX 2 R such that (ri,ma)h = (s,t).

Proof. The reflexivity of (s, t) is clear, as there is a common section r of s and ¢ by definition
of path object. Moreover, let us observe that the diagram:

rPx U x w X

commutes. Then, by Theorem (actually a weaker version is enough) we get the sym-
metry of the pseudo relation (s, t).
For the transitivity, let us consider the diagram:

X/\
PX xx PX — 4 PX

oA

PX —= s X

which is commutative. Therefore, by the universal property of the pullback, there is unique
an arrow X — PX xx PX making it commute, that is, the following diagram:

(st’ ts’)

PX xx PX —~ X x X
commutes and hence we get the transitivity of (s,t) again by applying Theorem (or a

weaker version) to this square. Observe indeed that X — PX x x PX is a weak equivalence
by 3. and 4. of Definition [I.3]
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Finally, if p witnesses the reflexivity of a given homotopy equivalence relation (rq,rs)
and f is an arrow X — Y, then the diagram:

x—Jt sy _* ,R

rl lm,m

px =0 x Py oy

commutes and again we get the arrow h we were looking for by Theorem Q.E.D.

(r1,m2)

If R—— X x X is a homotopy equivalence relation of a path category C and Y i> X
is an arrow of €, then we denote as f*R T41T2>> Y x Y the pullback of the fibration (ry,rs)
along f x f.

Let C be a path category. Let Hex(€) be the category defined as follows:

<T1 T2)

1. An object of Hex(C) is a couple (X,R ——
equivalence relation of C.

X x X)), being (r1,r2) a homotopy

2. Whenever (X, (r1,r2)) and (Y, (s1, s2)) are couples as in 1., let us consider the arrows

X L5V of @ such that there is an arrow R 2 S such that (f x H{r1,me) = (s1,82) f".
We say that two parallel arrows f and g satisfying this property are equivalent if and
only if there is an arrow X — Ssuch that (X - S 25 Y) = fand (X - S 23 Y)=g4

e. (X—=S RLELING Y) = (f,g). An arrow of Hex(C) with source (X, (r1,72)) and
target (Y, (s1, s2)) is an equivalence class (modulo this equivalence relation) of arrows

xLyote satisfying the property of before.

3. The equivalence relation defined in 2. is a congruence. Then the composition is well-
defined if we stipulate that the composition of two arrows of Hex(€) is represented by
the composition in € of two representatives of them.

We are going to prove that the cateogory Hex(C) is left exact. As its definition is almost
the definition of Ex(D) for a finitely complete category D, we expect this proof to be almost
the one of Theorem [[.2}

Proposition 1.8. Let C be a path category. Then Hex(C) is reqular.

Proof. By Proposition 1.7, the object (X, PX —= (.8} X x X) is a terminal object of Hex(C)
whenever X is a terminal object of € and € has a terminal object. Let [f] be an arrow

(v, 22 v vy o (X, R T X % X)) of Hex(€) and let ¢ be an arrow (Z, T 22,
Zx7Z) = (X,R ) X % X) of Hex(€). Let R* 5 Y x Z be the pullback in €

(r1,72)

51 52

of the arrow R ——

(mys1,m] s2)

X x X (it exists because (r1,r9) is a fibration) along f X g. Let
(m x 7)*S (Y x Z) x (Y x Z) be the pullback of (s1,s2) along the arrow

moxm: (Y X Z)x (Y x Z) = Y x Y and let (ma x m0)*T 20220 oy 0 7y 5 (Y % Z) be
the pullback of (t1,t2) along the arrow mo X a: (Y X Z) x (Y X Z) — Z x Z. Let us consider
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their intersection, i.e. the unique arrow arrow (m x m1)*SN (e X m2)*T — (Y x Z)x (Y X Z),
which is a homotopy equivalence relation as well, given by the following pullback:

(7‘(’1 X 7T1>*Sﬂ (71'2 X 7T2)*T _— (7‘(‘2 X 7T2>*T

l l(”%tlvﬁh)

(m1 % m)*S — T2y 7y (Y % Z)

and U % R* x R* be the pullback of the arrow (7 x m1)* SN (mg X m2)*T — (Y x Z) x (Y x Z)
along 7* x r*. Then (R*,U % R* x R*) is an object of Ex(C) and the arrows myr* and 71"
represent arrows (R*,u) — (Y*, (s1, $2)) and (R.,u) — (Z*, (t1,t2)) of Hex(€) respectively.
Moreover the following square:

(R*,u) —2"" s (Z, (t1, 1))

| Js

(Y7 <317 82>) T> (X7 <T‘177’2>)

is a pullback in Hex(€). Hence Hex(C) is finitely complete.
Observe that for a given arrow (X, R RALCING SN X) ul, (Y, S Sove2) y Y') of Hex(C)
it is the case that the following diagram:

1]

(X, (f x f)*(s1,52))

(Xa <T1,7’2>) (Ya <81732>)

commutes in Hex(C), where (X, (r1,72)) 1x, (X, f*(s1,82)) is a regular epimorphism and

(X, f*(s1,82)) R (Y, (s1, $2)) is a monomorphism:

1. [f] is a monomorphism {(f*s1, f*sa) — (s1,s2). Let us assume that [h] and [g] are

arrows (T St g Z) = (f*s1, [*s2) such that [f][g] = [f][h]. Then there is an

arrow Z E> S such that:
(f x f){g,h) = (fg, fh) = (s1,51)%

and then, being the following square:

(f>xfyrs§—m—>5

<f*511f*52>J/ i<51,52)

XxXx 2 yxy

a pullback, there is an arrow Z x, (f x f)*S such that (g,h)¥" = (f*s1, f*s2)¥,
that is, [g] = [h].
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2. [1x] is an epimorphism (ri,ra) — (f*s1, f*s2). Of course, an arrow R — (f x f)*S
witnessing that 1x represents an arrow of Hex(C) exists by the universal property of
the pullback:

(fx s ——m>5S

<f*517f*52>l l<51’82>

XxXx I yxy

in C applied to the couple ({ry,r2), f'), where f’ is an arrow R — S witnessing that f
represents an arrow of Hex(C).

We need to show that there is a parallel pair of arrows of Hex(€) whose coequalizer

exists and is [1x]. Let us consider the kernel pair of the arrow (r1,7s) ul, (s1, s2),
which consists of the following pair of arrows:

U ae R U be R
Ul l(’“oﬂ“ﬁ "l l(roﬂ‘l)
RS x frg LT v x RS x frg e v x

being the couple (u, e) the pullback of the couple:
(<f*81,f*82> X <f*81,f*82>, (’/T1 X ’/Tl)*R N (7T2 X 7T2)*R — (X X X) X (X X X))

in € and being a and b the arrows (m x 71)*RN (72 X m2)*R — (m1 X m1)*R — R and
(m1 X m)*RN (w9 X ma)*R — (w2 X m2)*R — R respectively. By definition of kernel
pair, it is the case that [f][f*s1] = [f][f*s2], that is, ([f][1x])[/*s1] = ([f][1x])[f*s2]
(here ([f][1x]) denotes the factorization of [f]). As [f] is monic, it is the case that
[1x] coequalizes [f*s1] and [f*s2].

Let [g] be an arrow (rq,r2) — (T RLECING/ 7Z) coequalizing the pair ([f*s1], [f*s2]).

The arrow g of C also represents an arrow (f*sq, f*sa) — (t1,t2), because [g] co-
equalizes [f*s1] and [f*ss] and hence there is an arrow (f x f)*S < T such that
(t1,t2)x = (g(f*s1),9([*s2)) = (g x 9){f*s1, [*s2), that is, the following:

(fx S ———T

(f*slaf*sz)l J(h,b)

XxX 29, 747

commutes. We conclude that (ry,r3) ﬂ (t1,ta) factors through [1x].
We explicitly constructed the regular epi-mono factorization of the arrow (X, (rq, r2)) ﬂ)
(Y, (s1, 82)), hence it is the case that [f] is a monomorphism if and only if the regular

epimorphism in its factorization is an isomorphism, that is, if and only if there is an arrow
(f x £)*S I R of € such that ((f x £)*S 2 R T2 X w X) = (f x f)*(s1,5) and it is a
regular epimorphism if and only if its image is an isomorphism, that is, if and only if there
are arrows Y % X and Y 2 S of € such that (Y hy g L)y Y) = (1y, fg) (here
we used Lemma [A.16]). We can use this last characterization in order to get that a regular
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epimorphism of Hex(C€) is stable under pullback. Up to postcomposing by an isomorphism
of Hex(€), an epimorphism of Hex(C) is represented by an identity. Let (X, R) — (X, S)

be such an arrow and let (Y,T) ul, (X,S) be an arrow of Hex(C). Then the pullback of

(X, R) i, (X, S) along [f] is the arrow (U % (f x 1x)*S x (f x 1x)*S) = (T =Y xY)
of Hex(C) represented by the arrow:

(fx1x)*'S 3 Y x X Y
of C, where s is given by the following pullback:

(f X 1)()*5 — S

SJ, J{<81182>

Y x X X0 v« x.

Let us consider the arrow Y M Y x X of C and let » be an arrow Y — S such

that (f x 1x){(1ly,f) = (f, f) = (s1,s2)r, which exists since . By the universal property
of the pullback, there is an arrow ¥ 2 (f x 1x)*S such that sg = (1y, f) and then
(m18)g = ly. Being T a homotopy equivalence relation, there is an arrow h: Y — T such
that (1y, (m18)g) = (t1,t2)h. By the previous characterization of regular epimorphisms, we
conclude that [ms] is a regular epimorphism. Hence regular epimorphisms are stable under
pullback and Hex(@) is regular. Q.E.D.

Remark 1.9. Let € be a finitely complete category and let D be a path category. We
observe that the constructions of the pullback of a couple of arrows in Ex(C) and Hex(D)

(see Theorem and Proposition respectively) are formally different. If (X, R frur2)

(t1,t2) (51,52 (t1,t2)

XxX)— (Z,T — ZxZ) and (Y,S—>>Y><Y) — (Z,T —— Zx Z) are arrows of
Ex(€) and W 2% X xY is the pullback of T'— Z x Z along the arrow X xY — Z x Z, then

we consider the pullback along w x w of the pseudo equivalence relation R x S rxonyeaxra)

(X xY)x (X xY), in order to get a pseudo equivalence relation over W. Instead, if (X, R) —
(Z,T) and (Y,S) — (Z,T) are arrows of Hex(D), then we consider the pullback along w x w
of the homotopy equivalence realtion (m X m1)*R N (me X m)*S — (X xY) x (X xY),
where 71 and 7o are the projections X x Y — X and X X Y — Y respectively.

Actually, the pseudo relations R x S < (X XY) x (X xY) and (m x
m)*R N (g X m2)*S — (X xY) x (X xY) informally (set-theoretically) represent “the
same equivalence relation”. Indeed, let us assume that the regular images im(R) and im(S)
(which are equivalence relations) of R and S exist in both € and D, so that there exist
formulas p(z1 : X, 22 : X) and ¢¥(y1 : Y,y2 : Y) (here we use the same symbols for € and
D) in both the internal languages of € and D, such that the subobject im(R) of X x X
is the subobject {(z1,22) : X X X |p(x1,22)} and the subobject im(S) of Y x Y is the
subobject {(y1,¥y2) : Y x Y |¥(y1,y2)}. Then we could verify that the regular images of

Rx S - (X XY)x (X xY)and (m xm)*RN(mg xm2)*S = (X xY) x (X xY)
exist as well (in € and D) respectively, and that they are both the subobject {(z1,y1,z2, y2) :
X XY x X xY|o(x1,22) ANb(y1,y2)}, hence they are equal. In particular, as both the
constructions exist and define pseudo equivalence relations in €, we conclude that they
would define the same equivalence relation over (X xY) x (X xY).

71 X81,82 ><T'2>

T1 X81,6‘2><T2)
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The reason why in Hex(C) we compute the pullback through a formally different pro-
cedure is that here the objects are required to be homotopy equivalence relation, that is,
pseudo equivalence relations represented by fibrations.

The following couple of results are needed in order to conclude that Hex(€) is exact,
whenever C is a path category.

Lemma 1.10. If C is a path category, then, up to precomposing by an isomorphism of
Hex(C), every arrow of Hex(C) is represented by a fibration of C.

Proof. Let [f] be an arrow (X, R) — (Y, S), being R and S homotopy equivalence relations.

Let us factor f as X BN Py LEN Y, where wy is a section of an acyclic fibration [ and py is
a fibration (see Proposition [A.5)). Let us consider the diagram:

1r

1 e

Xx XM x,xx; 2 X x X

which commutes, hence (by the universal property of (I x [)*R) there is unique an arrow
R — (I x I)*R making it commute and w; represents an arrow (X, R) — (Xy, (I x [)*R).
Now, we know that lwy = 1x. Moreover, as 1x, >~ wyl, there is an arrow Xy — PXjy

such that (X; — PXy Eﬁ% Xy x Xy) = (lx,,wyl). By Proposition the homotopy

equivalence relation PXy ﬂ) X5 x Xy factors through the homotopy equivalence relation

(I x )*R — Xy x Xy, that is, there is an arrow PX; — (I x [)*R such that (PX; —
(Ix )*R — Xy x X;) = (s,t). In particular the arrow (X; — (I x [)*R) := (X; &
PXy — (Ix1)*R) is such that (X; — (I x[)*R — X x Xy) = (1x,,wyl). We proved that
[wy][l] = [1x,], hence [wy] is an isomorphism.

Observe that the arrow R — (I x [)*R is a weak equivalence by 4. of Definition and
being (I x 1)*R — R a weak equivalence, as it is the pullback of a weak equivalence along a
fibration (see Proposition . Moreover, the following diagram:

R I S

PfXpf

(ixi)*R — X x X —= Y xY

commutes up to homotopy and the bottom arrow is a fibration. Hence we can replace the
weak equivalence R — (i X 4)* R’ with an homotopic one such that the diagram commutes
(see Theorem . Hence, being S — Y x Y a fibration and by Theorem there is
an arrow (i X ¢)*R’ — S such that the following:

(ixi)'R — §

XxX 2y xy
commutes and py represents an arrow (X, (i x )*R) — (Y,S5). As [psllws] = [f] we are
done. Q.E.D.
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Remark 1.11. Let C be a path category and let (X, R) and (Y,.5) be objects of Hex(C).
Then their product is the pullback of the unique arrows (X, R) — (1, (11,11)) and (Y, S) —
(1,(11,11)). Let us compute it. The pullback of (11,11) along X x Y — 1 x 1 is the identity
arrow over X X Y, because (11,11) is an isomorphism. Moreover the pullback of the arrow
(m X m1)* RN (m2 X m2)*S = (X xY) x (X xY) along the identity over X x Y is the arrow
(m xm)*RN (me X m2)*S = (X xY) x (X xY) itself. Hence the product of (X, R) and
(Y, S) in Hex(C) is the object:

(X xY,(m xm)"RN (me X m2)*S = (X X Y) x (X xY))

together with the arrows (X XY, (m1 X m1)*RN(me x m2)*S = (X xY) x (X xY)) = (X, R)
and (X XY, (m x 71)*RN (13 X m3)*S = (X xY) x (X xY)) = (Y, 5) represented by the
arrows X x Y ™5 X and X x Y 2% Y respectively.

Let us assume that f; and fy represent arrows (Z,7) — (X, S5) and (Z,T) — (Y, 5)
respectively. Observe that the diagram:

f1

T

T (71'1 ><7T1)*R R

| ! |

7 x 2 IR (e vy (X y) T X ox X

commutes, being fi an arrow witnessing that fi preserves the equivalence relation. Hence
there is unique an arrow T' — (1 X 71)* R making the diagram commute. Analogously there
is an arrow T' — (w1 x 71)* R making the diagram:

T (772 Xﬂg)*s

| !

7 x Z PR Ly s (X x Y

commute. Moreover, since the equality:
(T—=(mxm)'R=> (X xY)x (X xY)=(T— (m2xm)"'S = (X xY)x (X xY))

holds (both the sides equal the arrow T' — Z x Z RUNDLITRLIN (X xY)x (X xY)) and

since the following square:

(71'1 X Wl)*Rﬂ (7‘(’2 X 7'('2)*5 EE—— (7‘(’2 X 7'('2)*5

| |

(M Xm)*R ——— (X xY)x (X xY)

is a pullback, there is unique an arrow T — (71 X m1)* RN (72 X m2)*S that, postcomposed
by the arrows (m; X m1)*R N (g X 72)*S — (w1 X m1)*R and (71 X 71)*R N (72 X m2)*S —
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(g X m2)*S respectively, yelds the arrows T — (71 x 7m1)*R and T — (7o X m2)*S of before
respectively. Therefore the diagram:

T —-o——— (7T1 X ﬂl)*Rﬂ (’/TQ X ’/TQ)*S

| !

7 x z RPN vy (X x Y

commutes and (f, f2) represents an arrow (Z,T) — (X x Y, (m x m1)*R N (w2 X m2)*S9).

Finally, as [m][(f1, f2)] = [m1(f1, f2)] = [fi] and [m2][(f1, f2)] = [m2(f1, f2)] = [fe], we

conclude that:
[(f1: f2)] = ([f1], [f2])-
Proposition 1.12. Let C be a path category. Then Hex(C) is exact.

Proof. We need to prove that every equivalence relation is a kernel pair. By Lemma|l.10] up
to precomposing by an isomorphism of Hex(C), we can assume that an equivalence relation
of Hex(Q@) is represented by a fibration of €, hence it is of the form:

) 1= f2)1=(f1].[f2]) (

Y, s X x X, (m xm)"RN (72 X m3)*R)

for some fibration Y M X x X of € and some homotopy equivalence relations S over

Y and R over X (here we used Remark . Because of the form of the regular epi-mono
factorization of an arrow in Hex(C) (see the proof of Proposition , up to precomposing
by an isomorphism, every monomorphism of Hex(€) is of the form (A, (a x a)*T) % (B, T)
for some arrow A = B of C. As every equivalence relation is a monomorphism, without
loss of generality, we can assume that:

S = (f X f)*((ﬂ'l X Wl)*Rm (7T2 X 7T2)*R).

Let us consider the following diagram:

RxxYxyR=——=RxxYxyYxyR—23YxyxR—2 R
WlJ{ PIJ/ J{Tl
RxxY 1 Y X
f2
fhl J/fl
R X

T2

whose squares are pullbacks, and let us observe that an I-generalised element I % R x x

Y xx R, for some object I of € is given by a triple (I = R, T END R) such that
ror = f1y and foy = r17’, and viceversa. Indeed, the assignment:

. . . / .
ri=q17T1, Y = g7l = P17mat and r' = PaTal

defines the claimed bijection (which is indeed a bijection because of the universal properties
of the given pullbacks). Hence, for every object I of C, we can consider the map of sets:

C(I,RxxY xx R) £5 (I, X x X)
<7‘,y,7’l> = <<7", y>a <y’7,/>> — <T.17,.7 7/.27‘/>
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which is natural in I. Then, by Yoneda’s Lemma, there is unique an arrow Rxx Y Xx R LN
X x X such that, for every obiect I of € the map ¢; is the postcomposition through ¢.

Indeed, according to Remark|A.17| the arrow t is the unique arrow RxXxY Xx R 4 X xx
of C that in a better world would be such that d(i) = ¢1(i) for everyi € Rxx Y Xx R.
According to the assignment (in order to verify it, it suffices to apply the universal

properties of the pullbacks), if T 5 Rxx Y xx Ris an I-generalized element, then:

Q1711 G211 = P17Tai, PaTai)
(@11, gamid), (p172t, pamai))
(q1, q2)m11, (P1, p2)mai)

(q1, q2)71, (P1, P2)ma)i,

Z':

(
(
(
(

hence it is the case that ¢;(i) = (riqimii, ropemai) = (riqim, ropems)i, that is, ¢r(i) is
the postcomposition through (riqim1, ropems), which is a homotopy equivalence relation of
C. This implies that ¢ = (riqim1,repame). Hence (X,t) is an object of Hex(C) and 1x
represents an arrow (X, R) — (X t).

It is the case that the arrow (X, R) — (X,t) coequalizes [f1] and [f2], as clearly there
is an arrow Y 25 R xx Y Xx R of € such that (f1, fo) = th. Indeed h is the unique arrow
V5 RxyY xx R of € that in a better world would be such that k(y) = ¥1(y) for every
y €Y (see Remark, being ¢ the natural transformation C(—,Y) — C(—, RxxY x x R)
such that:

C(LY) S C(I,R xx Y xx R)

yr— <h1ya Y, h2y> = <<h1y’ y>7 <y7 h2y>>

for every object I of C, being h; and hs fixed arrows Y — R such that (fy, f1) = (r1,m2)h
and (fa, fo) = (r1,r2)h (they exist, since R is a pseudo equivalence relation over X). Indeed,
we observe that ro(h1y) = (reh1)y = fiy and foy = (r1h2)y = r1(h2y), hence (h1y,y, hoy)
is actually an I-generalized element of R X x Y X x R, for every I-generalized element y of
Y. Again, as for every y € C(I,Y) it is the case that:

Vr(y) = ((hy,y), (Y, hay)) = ((ha, 1y), (1y, ha))y,

we deduce that v is the postcomposition by ((h1,1ly), {1y, ha)) for every object I of C,
hence we must admit that h = ((h1,1ly), (1y, ha)). Finally, we observe that:

th = (riqim, rapama)((h1, 1y), (1y, ha))
(riqmi((ha, 1y ), (Ly, ha)), rapama((h, 1y ), {1y, ha2)))
(r1q1(h1, 1y), r2pa(ly, ha))
(
(

as we claimed. Finally applying the usual characterization of the pullback in Hex(C), we
could verify that the couple ([f1],[f2]) is the kernel pair of (X, R) — (X,t), hence Hex(C)
is exact. Q.E.D.

We illustrate two alternative presentations of the exact completion of a given path cat-
egory. The first one is a natural variation of the definition:
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Let C be a path category and let Hex'(C). We basically define the category Hex'(C) as

the Ex(€) would be if € was finitely complete. In other words, Hex'(€) is defined as follows:

1. An object of Hex'(C) is a couple (X, R Sromady x X), being (rq,r2) a pseudo equiv-
alence relation of C.

2. Whenever (X, (r1,r2)) and (Y, (s1, s2)) are couples as in 1., let us consider the arrows

X L5V of @ such that there is an arrow R 2= S such that (f x f){r1,re) =~ (s1,52) f".
We say that two parallel arrows f and ¢ satisfying this property are equivalent if and

only if there is an arrow X — S such that (X — S KBTS VN Y) ~ (f,g9). An
arrow of Hex'(C) with source (X, (ry,72)) and target (Y, (s1,s2)) is an equivalence

class (modulo this equivalence relation) of arrows X Loy ofe satisfying the property
of before.

3. The equivalence relation defined in 2. is a congruence. Then the composition is well-
defined if we stipulate that the composition of two arrows of Hex'(€) is represented
by the composition in € of two representatives of them.

Then the following holds:

Theorem 1.13. Let C be a path category. Then there is an equivalence of categories
Hex(C) ~ Hex'(C).

Proof. Of course every homotopy equivalence relation is a pseudo equivalence relation and
the arrows of Hex(C) between two homotopy equivalence relations are precisely the arrows
between them seen as pseudo equivalence relations. Hence the inclusion Hex(C) — Hex'(€)

is fully faithful. Moreover, if R M X x X is a pseudo equivalence relation and (R <>

R REEEING' GV e ) is his weak-fibre factorization, then R’ ) vy X isa pseudo equiv-

alence relation as well, hence it is a homotopy equivalence relation. Moreover 1x together
with w represents an arrow (X, (r1,72)) — (X, (r},75)) of Hex'(€C) and 1x together with a
pseudo inverse of w represents an arrow (X, (ri,r5)) — (X, (r1,7r2)). Of course their com-
positions are the unique arrows (X, (r1,r2)) — (X, (r1,72)) and (X, (r{,r5)) — (X, (r{,75))
represented by 1x. Both of them happen to be the identities of (X, (r1,72)) and (X, (r},r5)).
Hence there is an isomorphism of Hex'(€) between (X, (r1,72)) and (X, (r},75)). Therefore
Hex(C) — Hex'(€) is essentially surjective. Q.E.D.

A third presentation of the exact completion of a given path category proceeds as follows.
Let C be a path category and let Ex'(€) be the category defined as follows:
1. An object of Ex'(€) is a couple (X, R MLLCNS ' X), being (r1,r2) a homotopy
equivalence relation of C.

2. Whenever (X, (r1,r2)) and (Y, (s1,s2)) are couples as in 1., an arrow of Ex'(C) with
source (X, (ry,r2)) and target (Y, (s1,s2)) is just an arrow X I, ¥ of € such that
there is an arrow R L+ S of € such that (f % f)lry,ra) = (s1,82) f.
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We stipulate that an arrow (X, (r1,72)) ER (Y, (s1,52)) of Ex'(@) is a fibration of Ex'(C) if
and only if X i) Y is a fibration of € and, whenever the following square:

XXYSL)S

x 1L vy

is a pullback, there is an arrow X xy S Yy R of € such that (X xy S Yo RrRIN X) =
(X xy S5 X)and (X xy S B R X Ly)= (X xy § 2 525 7).

We say that two parallel arrows f and g of Ex'(€) of source (X, (r,72)) and target
(Y, (s1, s2)) are equivalent (and in this case we write f ~ g) if and only if there is an arrow
X — 8 such that (X — § 2220y v vy = (x L9y xv).

We stipulate that an arrow (X, (r1,r3)) ER (Y, (s1, 82)) is a weak equivalence of Ex’'(C)

X

if and only if there is an arrow (Y, (s1,52)) % (X, (r1,72)) such that fg ~ 1y and gf ~ 1x.
Then the following holds:

Proposition 1.14. Let C be a path category. Then Ex'(C) is a path category (with the
notions of fibration and weak equivalence introduced above). Moreover Ho(Ex'(€)) = Hex(C)
(see Appendiz A.1).

Sketch of proof. At first one verifies that the conditions of Definition 1.3 are verified. Then
one observes that any two parallel arrows of Ex'(€) are ~-equivalent if and only if they are
homotopic. Since Ho(Ex'(€)) is the category whose objects are the ones of Ex'(€) and whose
arrows are the equivalence classes of the ones of Ex'(€) modulo the notion of homotopy of
Ex'(€), it is the case that an arrow of Ho(Ex'(€)) is precisely an equivalence class modulo
the relation ~ of arrows of Ex'(€). But this is precisely an arrow of Hex(C). Q.E.D.

1.3 About the Exact Categories Obtained through these Proce-
dures

In this last section we show a characterisation of the exact categories obtained through the
procedure presented in Section 1.1. After that, we present the analogous results for the
exact categories obtained through the procedure presented in Section 1.2.

We start from the following:

Lemma 1.15. Let C be a finitely complete category. Then the objects of the image of the
embedding I': C — Ex(C) are projective.

Proof. Let X be an object of €. We know by the proof of Theorem that (up to
postcomposing by an isomorphism of Ex(C)) the regular epimorphisms of Ex(C) are the
arrows represented by the identities of C. Let us consider such a regular epimorphism

(Y, (r1,r2)) v, (Y, (s1,$2)) and let us assume that there is an arrow (X, (1x,1x)) v,

(Y, (s1, 82)). As (r1,72) is a pseudo-equivalence relation, there is an arrow X 2, R such that
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(r1,ro)h = (f, ), that is, the following diagram:

X —" 4R

<1X71X>l l(ThTz)

XxXx D ywy

commutes in € and f represents an arrow (X, (lx,1x)) — (Y,{r1,r2)). Moreover the
diagram:

(X7 <1X= 1X>) — (Y= <Sla 52>)

7] T“”

clearly commutes in Ex(€) and (X, (1x,1x)) is a projective object of Ex(C). Q.E.D.
We can state and prove the following;:

Proposition 1.16. Let C be a finitely complete category. Then:
1. The image of C in Ex(C) through the embedding T': € — Ex(C) is finitely complete;
2. The projective objects of Ex(C) are precisely the objects of the essential image of T';
3. The category Ex(C) has enough projectives.

Proof.
1. This follows since C is finitely complete and I' preserves finite limits.

2. By Lemma it suffices to prove that a given projective object (X, R) is isomorphic
to an object of the image of I'. By the proof of Lemma the identity 1x represents
a regular epimorphism (X, (1x,1x)) = (X, R). As (X, R) is projective, there is an arrow
X % X of C, representing an arrow (X, R) — (X, (1x, 1x)) such that the diagram:

(X,(1x,1x)) —— (X, R)
(X,R)

commutes. Let (E,S) 1, (X,(1x,1x)) be the equaliser of the couple ([s]c,[1x]) of ar-
rows (X, (1x,1x)) = (X,(1x,1x)). Then [e] is a monomorphism of Ex(C), hence, up to
precomposing by an isomorphism, we can assume (see the proof of that:

S = (6 X 6)*<1X71x> = <6*lx,6*lx> = <1E;1E>-

Observe that the arrow [s] equalises the pair ([s]c, [1x]). Hence, by the universal property
of the arrow [e], there is unique an arrow (X, R) = (E, (1p,1g)) such that [e]r = [s]. We
are done if r is an isomorphism. This is indeed true, since:

e it is the case that (cle])r = c[s] = [Lx] = 1(x,r);

e it is the case that [e]r(c[e]) = [s]c[e] = [e], hence r(cle]) = 1(g,(1,4,1));
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that is, c[e] is the inverse of .
3. Let (X, R) be an object of Ex(C). Being R a pseudo-equivalence relation, there is an
arrow X 2 R such that the diagram:

1X 1X

X—\M(T\X

commutes, hence 1y represents an arrow (X, (1x,1x)) — (X, R), which is an epimorphism
as it is represented by an identity. Moreover, by the previous lemma (X, (1x,1x)) is a
projective object of Ex(C). Q.E.D.

Viceversa, the following holds:

Proposition 1.17. Let & be an exact category with enough projectives such that the full
subcategory P of & spanned by its projective objects is closed under finite limits. Then there
is an equivalence of categories Ex(P) ~ €.

Proof. Let us define a functor F': Ex(P) — €. Let R o), X % X be an object of Ex(P),
that is, a pseudo equivalence relation in P. Let:
1)

(RS R0y ¥ o x)

be its regular-epi mono factorization in €. Then the image R’ M X x X is an equivalence
relation of €, that is, a kernel pair. Let X END'¢ /R be its quotient, which is also the quotient
of (rg,r1), being e an epimorphism Then we stipulate that F(rg,r1) is X/R.

r0,T1) (s0,51)

Now, let [f] be an arrow (R S, x X) - (S —/=> Y xY) of Ex(P). Let us
consider the commutative diagram:

R—/= X —% Flro,m)
1
fl lf
S0 /

Ss:; YL) F<So,81>

and observe that ¢’ f coequalizes 7y and 1. Being ¢ the initial arrow coequalizing ro and 71,
there is unique an arrow F(rg,r1) — F(so, s1) making the diagram commute. We stipulate

that F[f] is this arrow. Let us assume that X 2 Y is an other representative of [f], i.e.
[f] = [g]- Then there is an arrow X %, S such that:

(x g Loty vy = (x Y y vy,

Then we observe that ¢'g = ¢’soh = ¢’s1h = ¢'f, hence it is the case that (Fg])q = ¢'g =
q' f. Hence, being (F[f]) the unique arrow F{(rg,r1) — F(so, s1) such that (F[f])g = ¢'f, it
is the case that F[f] = F[g]. We conclude that F is well-defined and it is a functor because

of the universal property of the coequalizers. We are going to prove that it is an equivalence
of categories.
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Essential surjectivity. Let E be an object of €. Since € has enough projectives, there is

a projective object X of & and a regular epimorphism X % E. Hence e is the coequalizer

of its own kernel pair R M X x X by Lemma Again, let P be a projective object

(ro,m1)

of € and let P — R be a regular epimorphism. Then P -+ R —— X x X is an object of
Ex(P) such that F(rg,r1) = E.

Faithfulness. Let (ro,r1) and (sg,s1) be objects of Ex(P) and let [f],[g] be arrows
(ro,m1) — (80, s1) of Ex(P). Moreover, let us assume that F[f] = F[g]. Let us consider the
diagram:

Ré R :?;X 4(1) F<T07T1>

™
f'ug' / fug J{F[f]:F[g]
S~ 5 =Y~ Flso,s1)

1

and observe that ¢’ coequalizes f and g. As the couple (s, s}) is the kernel pair of ¢’ by
Lemma, there is unique an arrow X — S’ such that:

(X =5 Loy vy = (x Ly oy,
Moreover, as X is projective and ¢’ is a regular epimorphism, there is an arrow X 2y S such
that (X LN S) = (X — 5’), hence (sg, s1)h = (f,g), i.e. [f] =[g].
Fullness. Let I be an arrow F(rg,r1) — F(sg,s1) of &. Being X projective, there is an
arrow X L5V such that the square:

/
r

R— R —= X —" F(ro,n1)
' lf ll
S5 —=y T\ F(sy,s1)

’
51

commutes. Let (z,2;) be an arrow I — X x X of P such that there is an arrow I =+ R
such that (rg,r1)r = (xg,z1). Then it is the case that gxg = gqx1, hence ¢'(fxo) = ¢'(fx1).
Being (sg, s1) the kernel pair of ¢’ by Lemma there is unique an arrow I — S’ such
that:

(I = 8" 0y vy = (fag, f21).

Moreover, as I is projective and €’ is a regular epimorphism, there is an arrow I = S such
that ¢’s = (I — S). Therefore it is the case that (fzo, fz1) = (s0,s1)s. We conclude that

f preserves the pseudo equivalence relation, hence the arrow (rg,r1) ﬂ> (s0,81) exists and
Flf]=1. Q.E.D.

Hence, by Proposition [[.16] and Proposition [I.17] we get the following:

Corollary 1.18. Let D be an exzact category and let D’ be a finitely complete full subcategory
of D. Then Ex(D’) =~ D if and only if D’ is (up to equivalence) the full subcategory of the
projective objects of D and D has enough projectives.
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The aim of this section is to determine which of the previous properties valid for the exact
completion Ex(C) of a fintely complete category C are still true for the exact completion
Hex (D) of a path category D.

The natural way of generalising the inclusion functor € — Ex(€) to the general case of
a path category D is the following: we stipulate that every object X of D is sent to the
couple (X, PX). Indeed, if D is a finitely complete category with the usual path categorical
structure, then, for very object X of D, it is the case that:

(s,t)

(Px 21 ¥« x) = (x Lty

X x X)

(see Example . Moreover we stipulate that every arrow of D is sent to the arrow in
Hex(@) represented by itself (it agrees with the homotopy equivalence relation-structure by
Theorem [A.9)). This defines a functor I': D — Hex (D) which, assuming that D is a finitely
complete category with the usual path categorical structure, coincides with the embedding
of Proposition [I.2] and Lemma [I.16] However:

Remark 1.19. Let D be a path category. In general T' is not an embedding (as it happens
for instance when D is a finitely complete category with the usual path categorical structure):
it is clearly full, but, if f, g are arrows X — Y of € and there is a homotopy h: f ~ g, then
it is the case that T'f = [f] = [g] = T'g. This proves that the image of D through T is
isomorphic to Ho(D). Observe that, when D is a finitely complete category with the path
categorical structure of Example it is the case that D and Ho(D) are isomorphic (as it
should be, since in that case I' is an embedding and its image is then isomorphic to D).
The following remark illustrates why the the homotopy equivalence relation PX ﬂ>

X x X over X is the natural generalisation, in a general path category, of the (pseudo)

1x,1 .
equivalence relation X % X x X over X for a finitely complete category.

equivalence relation PX ﬂ> X x X is (weakly) universal in the sense of Proposition

whenever Y is an object of €, R is a homotopy equivalence relation over Y and f is an arrow
X — Y of C, then there is an arrow PX — S such that:

Remark 1.20. Let € be a path category and let X be an object of €. Then the homot

PX — R

Wl ]

Xxxx D yxy

commutes. In particular, if € is a finitely complete category and its path categorical structure
is the one of Example [[.5] then the homotopy equivalence relation are presisely the pseudo
equivalence relation and hence the same weakly universal property (which in this case is

1x,1
actually a strong one) is enjoyed by the equivalence relation X % X x X: whenever

Y is an object of €, R is a pseudo equivalence relation over Y and f is an arrow X — Y of
@, then there is an arrow X — S such that:

X —R

v |

XxXx I yxy

commutes, by the reflexivity of R.
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Let us observe that 2. and 3. of Proposition still hold in the general case:

Proposition 1.21. Let C be a path category. Then the projective objects of Hex(C) are
precisely the ones of the essential image of I' and Hex(€) has enough projectives.

Proof. Let X be an object of C. Let us consider an epimorphism (Y, R) Bvl, (Y, S) of

Hex(€) and an arrow (X, PX) ul, (Y, S). By Proposition there is an arrow PX — R

such that the diagram:
PX — R

@% i
XxX 2 vy

commutes. Hence f represents an arrow (X, PX) — (Y, R) such that the diagram:

x, Px) s (v, 5)

E?\ ﬂm
(Y, R)

commutes in Hex(C). This proves that (X, PX) is projective. Moreover, if T is a homotopy
equivalence relation over X, again by Proposition there is an arrow PX — T such that:

PX ——T

ol |

X x X 22X x o x

commutes. Hence the arrow 1x of € represents an arrow (X, PX) — (X,T) in Hex(C),
which is as usual an epimorphism. This proves that Hex(€C) has enough projectives.

Now, let us assume that (X, R) is a projective object of Hex(C) and let us consider the
arrow (X, PX) 5 (X, R) represented by 1x. As (X, R) is projective, there is an arrow
(X,R) 1, (X, PX) such that the diagram:

(X,PX) —— (X,R)

AN

(X, R)
commutes. Let (E,S) 19, (X, PX) be the equaliser of the couple ([s]c,[1x]) of arrows
(X,PX) = (X,PX). Up to precomposing by an isomorphism of Hex(C), we can assume

that e is a fibration of € by Lemma As [e] is a monomorphism of Ex(C), up to
precomposing by an isomorphism of Hex(C), we can assume that:

S=(exe)PX

hence, by Example [3.2 and Proposition [3.3] it is the case that S = PE.

Since that the arrow [s] equalises the pair ([s]c, [1x]), by the universal property of the
arrow [e], there is unique an arrow (X, R) - (FE, PE) such that [e]r = [s]. We are done
because r is an isomorphism, since (cle])r = c[s] = [1x] = 1(x,r) and [e]r(c[e]) = [s]c[e] = [e],
which implies that r(cle]) = 1(g pEg). Q.E.D.
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The natural generalisation of 1. of Proposition is the following (see Remark to
clarify this):

Proposition 1.22. Let C be a path category. Then T': € — Hex(C) preserves the terminal
object and sends homotopy pullbacks to pullbacks.

Proof. The object T'l is terminal in Hex(C) by Proposition being 1 a terminal object of
C. Let X £ Aand Y % A be arrows of € and let us consider the pullback:

Xhx,Y — PA
<””’2>l J“’”
X xY & Ax A

which exists because (s,t) is a fibration. Hence fp; ~ gps, that is, the following square:

Xhx,v 25y

n| Lq

x—L a4

commutes up to homotopy. By Definition this square constitutes, up to homotopy, the
homotopy pullback of the pair (f,g) in €. Moreover, by Proposition we know that
the corresponding quotient:

Xhx,v 22y

[m]l bgl

X (] A
in Ho(C) is a weak pullback square. By Remark and according to the isomorphism of
categories:
Ho(C) 2 T'(C) — Hex(€)

in order to prove that the corresponding square in Hex(C€) is a pullback square (see the proof
of Proposition [1.8]) and hence conclude the proof, it is enough to observe that:

e According to the usual presentation of the pullback in Hex(C), the domain of the
homotopy equivalence relation obtained by the pullback of [f] and [g] in Hex(C) is
precisely X "x4Y;

e According to the usual presentation of the pullback in Hex(€), the homotopy equiv-
alence relation obtained by the pullback of [f] and [g] in Hex(C), whose domain is
X "% 4Y is precisely a path object over X "x 4Y, because it is the result of a finite it-
eration of pullbacks of path objects and, by Proposition [3.3] pullbacks of path objects
are path objects. Q.E.D.

Remark 1.23. Let C be a finitely complete category with the usual path categorical struc-
ture of Example allowing us to see path categories as a natural generalisation of finitely
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complete categories. In this case, the homotopy pullback of two arrows of € is precisely
their pullback. In fact, if the square:

thAY —Z 3 A
<p1,p2>l l<1A71A>
XxY % Ax A

is a pullback of €, then the square:

X — A

actually commutes. Moreover, whenever « and 8 are arrows Z — X and Z — Y such
that fa = ¢S, then it is the case that (f x g){a,8) = (1a,14)fc, hence there is unique
an arrow Z 2% X "x 4Y such that (p1,p2)h = (@, B) and zh = fa. But, as the latter is a
consequence of the former, it is the case that there is unique an arrow Z Dy X hx AY such
that (p1, p2)h = (a, B). We conclude that (X "x 1Y, p1, p2) is a pullback of (£, g) in C.

Therefore, in this particular case, we observe that the statement of Proposition [1.22] is
indeed equivalent to 1. of Proposition [[.16] In other words, Proposition [[.22] is actually a
generalisation of 1. of Proposition [1.16] as we claimed.

We summarise what we know in the following:
Corollary 1.24. Let C be a path category. Then:

1. The functor T': € — Hex(C) preserves the terminal object and sends homotopy pull-
backs to pullbacks; moreover, the image of I" is isomorphic to Ho(C);

2. The projective objects of Hex(C) are precisely the objects of the essential image of T';
3. The category Hex(C) has enough projectives.

Moreover, if C is a finitely complete category together with the path categorical structure
of Example then this statement reduces to a statement equivalent to the statement of

Proposition [1.16

We conclude the section with a last remark. Actually, the notion of exact completion
of finitely complete categories also works for weakly finitely complete categories, that is, by
applying the procedure described in Section 1.1 to a weakly finitely complete category C,
we get an exact category Ex(C). Moreover, the following result, whose proof makes use of
the usual arguments, holds (see [6]):

Proposition 1.25. If € is an exact category with enough projectives and P is its full sub-
category spanned by its projective objects and P is weakly finitely complete, then there is an
equivalence of categories & ~ Ex(P).

The following holds as a consequence:

Corollary 1.26. Let C be a path category. Then there is an equivalence of categories
Hex(C) ~ Ex(Ho(@)).

32



Proof. The essential image of T is the full subcategory of projective objects of Hex(€) and

Hex(€) has enough projectives (Corollary [1.24)). By Remark or Corollary [1.24] the

essential image of I is equivalent to Ho(C), which is weakly finitely complete by
Hence we are done by Proposition [[.25 Q.E.D.

33



34



2 Homotopy Natural Numbers in a Path Category

In general, a path category does not admit a weak factorisation system, since the factori-
sation of an arrow as a weak equivalence followed by a fibration is just unique up to the
notion of homotopy of the given path category. As a consequence (see [I1]) path categories
model a homotopy type theory in which the elimination rule of the identity types does not
hold judgementally but propositionally.

Hence, it makes sense, for a path category, to redefine up to homotopy the usual uni-
versal constructions. In other words, a given structure that, in a usual category, satisfies
a universal property, corresponds to a structure, in a path category, satisfying the same
universal property, but only up to (fibred) homotopy. For instance in this brief chapter
we consider the path category-theoretic counterpart of the usual notion of natural numbers
object. The last section of Chapter 3 talks about it.

Definition 2.1. Let € be a path category. Let us consider a triple (N, z, S), where N is
an object of €, z is an arrow 1 — N and S is an arrow N — N. Moreover, let us assume
that for every triple (X, z, f) where X is an object of C, x is an arrow 1 — X and f is an
arrow X — X, the following property holds: whenever p is a fibration X — N preserving
their structure, i.e. making the diagram:

1—2*sN_—2,N
DNRE »
x . x

commute, there is a section N < X of p such that az ~ & and fa ~ aS. Then we say that
(N, z,5) is a homotopy natural numbers object of C.

The following strengthening of the previous definition was contemplated for the first
time in [12].

Definition 2.2. Let € be a path category. Let us consider a triple (N, z, S), where N is
an object of €, z is an arrow 1 — N and S is an arrow N — N. Moreover, let us assume
that for every triple (X, z, f) where X is an object of C, z is an arrow 1 — X and f is an
arrow X — X, the following property holds: whenever p is a fibration X — N preserving
their structure, i.e. making the diagram:

1—=2+N-—33N
N}» Tp
x o x

commute, there is a section N % X of p such that az ~y x and fa ~y aS. Then we say
that (N, z,.5) is a strong homotopy natural numbers object of C.

By Proposition every strong homotopy natural numbers object is a homotopy
natural numbers object. Moreover, observe that a more familiar definition of the notion of
homotopy natural numbers object is available:

Proposition 2.3. Let C be a path category and let (N, z,S) be a triple as in Definition .
Then (N, z, S) is a homotopy natural numbers object if and only if, for every triple (X, z, f),
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there is unique up to homotopy a map N Dy X such that hz ~ x and fh ~hS, i.e. making
the following diagram:

commute up to homotopy.
Proof.
Only if. Let (X, z, f) be a triple as in the statement. With respect to the diagrams:

X+ XxN-24 N X+ XxN-3N

1 [s \1/

X+ XxN-24 N

let us consider the unique arrows X x N IX5 X x N and 1 M X x N making them

commute respectively. In particular, the following diagram:

1 —* s N—5 N

<wx T’” T”

X xN -2, x xN

commutes and 79 is a fibration, hence there is a section a of w5 such that az ~y {(x, z) and
(f x S)a ~y aS. By Lemma it is the case that az ~ (z,z) and (f x S)a ~ aS, hence

(ma)z = mi{x,2z) =2 and f(ma) = m (f x S)a ~ (ma)S. Therefore (N LN X) :=ma does
the job.

If N 25 X does the job as well, then observe that (h,W)(Sz) = (f x f){h, W)z ~
(f X Nz, x2) = (s,t)rfx and (h,h)z ~ {(x,2) = (s,t)rz. By Theorem there are
1% PX and 1% PX such that (h,h')(Sz) = (s,tya and (h,h')z = (s,t)b. If the following
diagram:

(Sz,a) (z,b)

is a pullback, then the arrows o := (1 Q) and e := (1 Q) define over @ a
structure, so that p is a fibration from this to (N, z,S). Hence p has a section and h ~ h’.
If. Let us assume that the following diagram:

=
N

1 %
N

Sp—
Sp—
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commutes and that p is a fibration. Then there is, unique up to homotopy, an arrow N ox
such that the following;:

1—=23N—23N
X‘lh lh
x 1o x

commutes up to homotopy. As the following diagrams:

1—>N*>N 1 —2sN-23N
\J/ph ph xlll\; 1y
N—23 N N—24 N

commute up to homotopy, it is the case that ph ~ 1y. By Theorem and being p a
fibration, there is N = X such that a ~ h and pa = 1y. Moreover, the following:

1*>N*>N

Nk

x 1 X
commutes up to homotopy and we are done. Q.E.D.

The remaining part of the section is devoted to other characterisations and criteria for
the notion of (strong) homotopy natural numbers object. We need all of them in order to
prove the results of last section of Chapter 3.

Proposition 2.4. Let (N,0,5) be a homotopy natural numbers object of a given path cate-
gory C and let (X, z, f) be an ordinary triple. Then (X, x, f) is a homotopy natural numbers
object if and only if there is a weak equivalence N =5 X making the following diagram:

1—>N*>N

N

X*>X

commute up to homotopy.

Proof.
If. Let (Y,y,g) be an ordinary triple. Then there is, unique up to homotopy, an arrow
N % Y such that (&):

123 N-—24N
y 25 v

commutes up to homotopy. Hence the following diagram (#):

1*>X—>X

SNt e

Y—>Y
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commutes up to homotopy, being w™! a pseudo inverse of w. Moreover, if h is another
arrow X — Y making the diagram & commute up to homotopy, then hw is an arrow
N — Y making the diagram & commute up to homotopy. Therefore it is the case that
v ~ hw and hence h ~ hww™! ~ vw™!.

Only if. As usual, one applies the homotopy universal property twice and gets that
the unique arrow from (N,0,S5) to (X,z, f) preserving the structure is actually a weak

equivalence. Q.E.D.

Proposition 2.5. Let C be a path category and let (N, z,S) be a homotopy natural numbers
object. Moreover, let 2z’ and S’ be parallel arrows to z and S’ respectively such that z ~ 2’
and S ~S8'. Then (N, 2/, 5") is a homotopy natural numbers object.

Proof. Let us consider an object X of € together with an arrow 1 % X and an arrow
x L x. Being (N, z, S) a homotopy natural numbers object, there is unique up to homotopy
a map N 2y X such that hz ~ 2 and hS ~ fh. Hence it is the case that hz' ~ hz ~ z and
hS’ ~ hS ~ fh. Moreover, if b’ is an arrow N — X such that h'z’ ~ z and h'S' ~ fI/,
then it is the case that h'z ~ h'2’ ~ 2z and h'S ~ h'S" ~ fh'. Hence b’ ~ h. Q.E.D.

Proposition 2.6. Let C be a path category and let (N, z,S) be a strong homotopy natural
numbers object. Moreover, let 2 and S’ be parallel arrows to z and S’ respectively such that
2~z and S~ S'. Then (N,2/,5") is a strong homotopy natural numbers object.

Proof. Let h and I/ be homotopies 2’ ~ z and S’ ~ S and let us assume that there is a
commutative diagram:

7

- 2
»

S—

for a given fibration p. Then the diagram:

1

bk

2

2

. h '
commutes up to homotopy. In particular, pr = 2/ ~ z and pf = S'p = Sp. Hence the

following diagram:
1—»N—2 4N
Fp(m Tpr (f.h'p) Tp
X 2N X

commutes by Theorem Let a be a section of p such that [: az ~y I'y(z, h) and
U':aS ~yT,(f,h'p)a =Ty(fa,h'). Now, let o be a filler PX — PX of the square:

X ——— PX

rl l{s,t}

rPx U v x
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whose existence is ensured by Theorem Then we observe that:
az’ = ash = atoh ~y T'p(as, 1py)oh = Tp{ath,och) =T, {az, oh)

by Lemma Moreover, with respect to the pullbacks:

PuX xy PN -5 PN

ok el

PnX —2 N X 24N

by Theorem it is the case that I'y(snf1, B2) ~n T'p(tnf1, B2). We observe that ol =
psnl = paz = z = th = soh. Hence, with respect to the left pullback we can consider the
arrow (l,ch). Finally, we observe that:

T'p{az,oh) = Tp{snf, B2)(l,0h) ~n Tp(tnpb1, B2)(l,ch) = T (Tp(z, h),ch)
= Fp<rp<p1,p2>7 O'p2><.’17, h>
~npi1(z,h) =2
again by Theorem |A.21] hence we conclude that az’ ~y z. Following the same argument

with A" and I’ instead of h and [, one gets that aS’ ~y fa. We conclude that (N, 2/, 5") is a
strong homotopy natural numbers object. Q.E.D.

Proposition 2.7. Let C be a path category and let (N, z,S) be a strong homotopy natural

numbers object. Moreover, let N = X be a section of an acyclic fibration X L N. Then
(X, uz,uSl) is a strong homotopy natural numbers object as well.

Proof. Let us consider a commutative diagram:

1——»X4@5X

N

Y*>Y

in G, where p is a fibration, and let us consider the following pullback:

NxyV 25V

W]

N———— X

which exists because p is a fibration. If PxY — P is a fibreb path object of Y w.r.t. p, then
we can consider u*(PxY) — N as a fibred path object of N xx Y w.r.t. 7y (see Example

and Proposition .

Now, we observe that uz = py and that uSmy = uSlury = uSIlpmy = pfmy, hence the

arrowslMNXXYandeXYM)

following diagram:

exist (w.r.t. the previous pullback) and the

N

X T”N [

NxyV S/ ™ Ny Y
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commutes. Hence, being (N, z, .S) a strong homotopy natural numbers object and being my a
fibration, there is a section a of 7y such that az ~yx v (2,y) and aS ~yx v (ST, f7y)a.
As a consequence of the choice of fibred path objects, it is the case that myaz ~x y and
myaS ~x frya.

We can assume that the homotopy h: ul ~ 1x is such that hu ~x«x ru by Lemma
Let us consider the pullback:

-2, px
S

v

p1

<

L)X

(my al,h)

and let us observe that pry al = unyal = ul = sh, hence the arrow X P, exists. Let

P, L Ybea transport structure of p and let us observe that pI'(myal, h) = py(myal, h) =
tpe(myal,h) = th = 1x (see Theorem , that is, the arrow I'(myal, h) is a section of the
fibration p. Then we are done if we prove that I'(myal, h)uz ~y y and I'(myal, h)uSl ~
fT{mwyal, h). In fact:

o D(myal,hyuz = T{nyaz, huz) ~x T(y,ruz) = Iy, rpy) = T'{ly,rp)y ~x y, where
the last fibred homotopy holds by Theorem

e By Lemma and being u a weak equivalence, it is enough to prove that:
D(ryal, h)uSlu ~x fT{(nyal, h)u.

In fact it is the case that I'(wyal, h)uSlu = TI'(ryaS, huS) ~x T'(ryaS,rusS) =
[(ryaS, rurnaS) = I'{nyaS,rpryaS) = T'(ly,rp)ryaS ~x myaS ~x frya ~x
fT{ly,rp)rya = fT{nya,rprya) = fT{nya,rurna) = fT{nya,ru) ~x fT{mya,hu)
= fT{nyalu, hu) = fT{mwyal, h)u. Q.E.D.
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3 Generalised Gluing for Path Categories

As mentioned in the Introduction, the present chapter is mostly about the notions of
Grothendieck fibration and generalised gluing. We extend some of the results contained
in [I2] and involving the notion of gluing to the corresponding generalised notion. This idea
was proposed by Benno van den Berg.

At first we prove some basic results involving a path category-theoretic strengthening
of the notion of Grothendieck fibration, called fibred path category. This is precisely what
we need in order to present and discuss the notion of generalised gluing for path categories.
We also need the following:

Definition 3.1. Let C and D be path categories and let F' be a functor € — D. We say
that F'is exact if it preserves the terminal object, the fibrations, the weak equivalences and
the pullbacks of fibrations.

Example 3.2. Let C be a path category and let g be an arrow A — B of €. By Proposition
the restricted pullback functor €(B) £ C(A) is an exact functor.

Proposition 3.3. Ezact functors preserve (fibred) path objects and (fibred) homotopies.

Proof. Let € and D be path categories and let F be an exact functor € — D. Let X < A
be an object of € and let (P4 X — A,74,(s4,t4)) be a path object on X % A in C(A).
Asrg and (sa,ta) are a weak equivalence and a fibrations respectively and commute with
XS Aand PaX — A, it is the case that Frs and F(sa,ta) are again a weak equivalence
and a fibration respectively and commute with F.X P FAand F PsX — FA. As F
preserves pullbacks of fibrations, it is the case that F(X x4 X) = FX Xpa FX and, if p;
and po are the projections of X x 4 X, then F'p; and F'py are the projection of F(X x 4 X).
Since (F'p1)(F(sa,ta)) = F(p1(sa,ta)) = F'ss and analogously (F'p2)(F(sa,ta)) = Fta
and moreover (Fa)(Fta) = (Fa)(Fsa) (as atqa = asa), it is the case that F(sa,ta) =
(Fsp, Fty) with respect to the pullback:

F(X x4 X) 25 FX

| o

FX —% L FA
Finally, since:

((Fsa, Fta))(Fra) = ((Fsa)(Fra), (Fta)(Fra))
= (F(sara), F(tara)) = (F(1x), F(1x))
=(lpx,lpx) =drx

we conclude that (FPyX — FA,Fra,(Fsa, Ftya)) is a path object on Fa in C(F A).
Now, let us assume that f, g are parallel arrows Y — X such that af =ag and f ~4 ¢

and let h be fibred homotopy ¥ — P4 X. Then FY Fh, FP,X is a fibred homotopy
Ff~ps Fg. Q.E.D.
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3.1 Grothendieck Fibrations and Fibred Path Categories

We start this section by recollecting the notions of cartesian morphism and Grothendieck
fibration and some remarks about them.

Definition 3.4. Let D and € be categories and let Q be a functor & — D. Let X 5 Y
be an arrow of € and let us assume that, for every arrow Z — Y of € and every arrow

QZ LN QX of D such that the following diagram:

0z — % L v

NS
QX

commutes, there is unique an arrow 2 25 X of € such that the following diagram:

v

L ——Y

N

commutes and Q(Z LN X) = h. Then we say that the arrow X 5 Y is Q-cartesian.
Moreover we say that @ is a Grothendieck fibration if, for every object Y of € and every arrow

o+ +
JoJEN QY of D, there is a Q-cartesian arrow fTY 75 ¥ such that QfTY EARN Y)="Ff.

Remark 3.5. From now on, given a Grothendieck fibration @: &€ — D, we assume that

there is already a choice, for every object Y of & and every arrow D ER QY of D, of a
Q-cartesian arrow fTY My such that Q(f*Y L Y) = f. In other words, we assume
that there is a functional relation sending every couple (Y, f), where Y is an object of
€ and f is an arrow of D of target QY, to a Q-cartesian arrow fTY i> Y such that
Q(ftY L Y') = f. Such a choice is called cleavage. In particular, observe that, for every

object Y of €, the arrow Y 1Y, ¥ is a Q-cartesian arrow such that QY RN Y) = 1lov.
Hence we assume that our cleavage is such that 153/ = 1y for every Y in €.

Under this assumption, let X; and X5 be objects of & and let I; - QX; and I» - QX

be arrows of D. Then, for every arrow X, i> X, of & and every arrow I; — I of D such
that the following diagram:

Il L) QXl

|l

I, — QX

(vi,02)* f

commutes, there is unique an arrow v, X vy X such that the following diagram:

+
v
’Uerl *1> X1

(v1>v2)+fl lf
.

v
’USFXQ *2> X2
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(v1,v2)T f
1 7

commutes and Q (v X vy Xo) = u.

Remark 3.6. Let Q: € — D be a Grothendieck fibration (with a cleavage) and assume that
there is a choice, for every object X of €, of an arrow Iy —» QX of D. By Remarkthere

is a functor F sending every object X of € to v} X and every arrow (X EN Y,Ix % Iy) to

v v +
vEX (xvv)7 vy Y, with the property that QF(f,u) = u.
In particular, there is a functor F': D — D sending every object X of € to (1x)*X and

L
every arrow X Ly to (1x)*tX A d)T7, (1y)TY, with the property that QF = Q.

The following notion is due to Taichi Uemura.

Definition 3.7. Let € be a category with a terminal object. Let us assume that there are
in € a class of of arrows called fibrations and a class of arrows called weak equivalences. Let
D be a path category and let Q: &€ — D be a Grothendieck fibration preserving the terminal
object, the fibrations and the weak equivalences. Moreover let us assume that the following
properties are satisfied:

1. The composition of two fibrations of € is a fibration as well.
2. Every pullback of a fibration of € exists and is a fibration as well and @ preserves it.

3. Every pullback of an acyclic fibration (that is, an arrow being both a fibration and a
weak equivalence) of € is an acyclic fibration as well.

4. For every choice of arrows f, g and h of €, if the compositions gf and hg exist and
are weak equivalences, then f, g, h and hgf are weak equivalences as well.

5. Section lifting property. Every isomorphism of € is an acyclic fibration and, for every
acyclic fibration X %5 Y of & and every section QY % QX of QX <% Qv in D,
there is a section Y = X of X L5 ¥ such that QY % X) = 5. In particular, every
acyclic fibration of € has a section.

6. Path lifting property. For every fibration X — A of € and every path object (P(QX —
QA) = Poa(QX) — QA,rga, (sga,tga)) in D(QA) of QX — QA, there is a path
object (P(X — A) = PyX — A,r4,(sa,ta)) of X — A (that is, X = P4X is a
weak equivalence and PsX M X x4 X is a fibration and (X 4 PAX {earia)
X xaX)=(X ol x x 4 X) holds) whose image through @ is (Pga(QX) —
QA,1qa, (sQa,tqa)).

7. Every arrow of € of target a terminal object is a fibration.

8. Under the hypothesis of Remark if f and u are fibrations (weak equivalences),
then (v1,v)" f is a fibration (weak equivalence) as well.

In particular € is a path category. We say that @ is a fibred path category over D.

The remaining part of the section contains the main features enjoyed by a fibred path
category Q:

e The functor of Remark associated to @ preserves both the fibrations and the weak
equivalences.
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e Every fibration in the domain of @ (weak equivalence) factors as a fibration (weak
equivalence) whose image is an identity, followed by a Q-cartesian fibration (weak
equivalence).

e Acyclic fibrations are weakly cartesian.
e (Fibred) homotopies are reflected by Q.
e (Strong) homotopy natural numbers objects are preserved by Q.

Remark 3.8. Let Q: € — D be a fibred path category over D. Under the hypothesis of
Remark if f=1x, and vy = 1gx,, then the following diagrams:

’U+
Il L} QXl 'UfLXl *1> X1
ui lQ(lxl) (vl,v2)+fl lle
QX1 —ex, QX1 Xi N, X4

commute. Hence, if vy is a fibration (weak equivalence) then u = v; is a fibration (weak
equivalence). Then (v1,v)* f is a fibration (weak equivalence) by Definition [3.7] Therefore
it is the case that vy = (vy,v2)"f is a fibration (weak equivalence). This proves that,
whenever Y is an object of & and D ER QY is a fibration (weak equivalence) of D, then fT
is a fibration (weak equivalence) of €.

Remark 3.9. Let Q: € — D be a fibred path category over D. Under the hypothesis of
Remark if v1 = u = 1gx,, then the following diagrams:

1 1
QX, =4 QX, X, — X,
1@X1l le (Ul’U2)+fl if
1)+
QX1 L) QXQ ’U;_XQ 42> X2

commute. Observe that Q(vy) = v = Qf and that Q((v1,v2)*f) = 1gx,. Hence every
arrow f is the composition f = fof; of two arrows f; and fo such that Qf; is an identity,
Qfs = Qf and fy is cartesian.

If f is a fibration (weak equivalence) then Qf is a fibration (weak equivalence) by Def-
inition Hence vy = Qf is a fibration (weak equivalence) and vy is a fibration (weak
equivalence) by Remark Moreover (vq,v2)T f is a fibration (weak equivalenece) by Def-
inition Hence every fibration (weak equivalence) f is the composition f = fof1 of two
fibrations (weak equivalences) f1 and fo such that Qf; is an identity, Qf2 = Qf and fs is
cartesian.

Proposition 3.10 (Acyclic fibrations are weakly cartesian). Let Q: € — D be a fibred path

category over D and let f be an acyclic fibration X — Y of &. Then for every arrow Z % Y
and every commutative diagram:

0z — %, gy

NS
QX
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in D, there is an arrow Z h—/> X such that Qh' = h and the following diagram.:

z —2 5y

N S

commutes.

Proof. By Remark it is the case that f is the composition f = (X — X' = f2 Y') of two
acyclic fibrations f; and f> such that Qf1 = 1gx, @f: = Qf and f3 is cartesian. Suppose
that a diagram as in statament commutes. Hence, as the following diagram:

Q7 — % Loy

N /Qf2fo

QX = QX'
commutes as well and f5 is cartesian, there is unique an arrow Z 275 X' such that:

z—2 3y

N

commutes and Qh” = h. Let X’ 2 X be a section of f;. Since Qs needs to be a section of
Qf1 = 1gx, it is the case that s = 1gx. Finally, observe that the diagram:

zZ—2 5y

shx /f fof1

commutes and Q(sh”) = (Qs)(Qh") = Qh” = h. We are done. Q.E.D.

Corollary 3.11 (Homotopy lifting property). Let Q: & — D be a fibred path category over

D, let Y L X be an arrow of & and let a be a fibration X — A. Moreover, let h be a
homotopy Qf ~ga b, being b an arrow QY — QX. Then there are arrows h' and g of €
such that Qh = h, Qg =b and h': f ~4 g.

Proof. Let (PaX — A,ra,(sa,ta)) be a fibred path object w.r.t. the fibration . By
Proposition and since fibred homotopy does not depend on the choice of the path object,
without loss of generality it is the case that h is an arrow QY — QP4 X and the following
diagram:

(Qf,b)

QY QX XQA QX
hl /
(Qs4,Qta)
QPsX
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commutes. In particular, the following triangle:

Qv — ¢, ox

N

QPsX

commutes and, by Proposition and being s an acyclic fibration, there is Y h—/> Py X
such that Qh’ = h and the following triangle:

y — I . x

N S

PpaX

commutes. Let g := (¥ LN PAX 14 X). Then of = asah’ = atsh' = ag and hence
B f ~a g. Moreover Qg = (Qta)(Qh) = (Qta)h =b. Q.E.D.

Proposition 3.12. Let Q: &€ — D be a fibred path category over D and let (N, z,5) be a
(strong) homotopy natural numbers object of £. Then (QN, Qz,QS) is a (strong) homotopy
natural numbers object of D.

Proof. Let x and f be arrows 1 — X and X — X of D and let us assume the following
diagram:

Ql —— 1 2%, QN 2%, QN

N

X*>X

N
for some fibration p. By Remark there is unique an arrow p™N LAEN pTN such that the

square:

N—2 N

[
*ts
pTN LN pTN
commutes and Q(pTS) = f. By Remark it is the case that p* is a fibration and, as it
is cartesian, there is unique an arrow 1 EN p+N such that the following:

N

\ b

pTN *> ptN

commutes and Qy = z. Being (N, z, 5) a natural numbers object of €, there is a section a
of pT that makes this diagram:

N

\l J»

ptN *> ptN
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commutes up to (fibred - if we are considering a strong homotopy natural numbers object)
homotopy w.r.t. N. Hence Fa is a section of p = QpT and, by Proposition the following
diagram:

QN

\ lFa |

x 1 x

commutes up to (fibred - if we are considering a strong homotopy natural numbers object)
homotopy w.r.t. @N and we are done. Q.E.D.

3.2 Generalised Gluing and its Notion of Homotopy

We can finally define the notion of generalised gluing for path categories. As mentioned in
the introduction, this generalises the notion of gluing construction presented and studied in
[12], where @ is always assumed to be the identity functor. The gluing construction arises
in several areas of category theory, that is, for several classes of categories. The general idea
motivating it contemplation is that it may help to prove canonicity results for the deductive
system modeled by the corresponding class of categories.

Let € and D be path categories and let F' be an exact functor ¢ — D. Moreover, let
Q: & — D be a fibred path category over D. We define the category GL(F, Q) as follows:

e An object of GL(F, Q) is a triple (X, A, a) where X is an object of &, A is an object
of € and « is a fibration QX — F'A of D.

o If (X, A, «a) and (Y, B, 8) are objects of GL(F,Q), an arrow (X, A,«) — (Y, B, ) of
GL(F, Q) is a couple (fo, f1) where fy is an arrow X — Y of & and f; is an arrow
A — B of € such that the diagram:

QRX 2+ FA

Qfol lFfl

Qv L FB

commutes in D.

The composition of two arrows of GL(F, Q) is the couple of the compositions of their

components.

We say that an arrow (X, A, a) Yob), (Y, B, 5) of GL(F, g) is a weak equivalence if fy

is a weak equivalence of € and f; is a weak equivalence of C. Moreover we say that it is a
fibration if fj is a fibration of €, f; is a fibration of € and, whenever the following square:

QY XFBFA —— FA

U

Qv — % . FB

is a pullback (it exists because F'f; is a fibration, as F' preserves fibrations), the arrow
QX M) QY xpp FA is a fibration of D. Then the following holds:
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Theorem 3.13. Whenever F is an exact functor € — D between path categories and
Q: & — D is a fibred path category over D, then GL(F, Q) is a path category.

Proof. Observe that (1,1, 17) is a terminal object of GL(F, @), being the first component a
terminal object of €, the second one a terminal object of € and the third one the identity
arrow Q1 =1 — 1 = F1in & (of course 1; is a fibration by Deﬁnition. Indeed, whenever
(X, A, «) is an object of GL(F, @), the couple (!,!) is the unique arrow (X, 4, @) — (1,1,14),
being the first component the unique arrow X — 1 in € and being the second one the unique
arrow A — 1 in C. Let us verify the seven properties of Definition [1.3

1. Let (X, A, @) Uoofu), (Y, B, 8) and (Y, B, 8) (90.90), (Z,C,~) be fibrations of GL(F, Q).

Clearly gofo and g; f1 are fibration as fo, go, f1 and g; are fibrations.

Let us consider the following diagram:

QY XFBFA% QZXFcFB XFBFA4> FA

| | g

Qv — @%b 67« FB—— 5 FB

1 2

Q7 — 2 L FC

where three smallest squares are pullbacks. Hence the two biggest squares are pullback
as well. Let us call A the one of the couple:

(8= (Qy 2P 07 «rc FB = FB), Ff)

and B the one of the couple (v, F(g1f1)). Now observe that the arrow:

2= (QX &% Oy xpp FA = QZ xpe FB xpp FA)
verifies:

(a) (QX = QZ xpc FB xpp FA— QZ) = (Qg0)(Qfo) = Q(gofo)
(b) (QX & QZ xpc FB xpp FA — FA) = «

and therefore z = (Q(g0fo), @) w.r.t. the pullback B. But then, as (Qfp, ) is a
fibration of D (because (fo, f1) is a fibration of GL(F, Q)) and the arrow:

QY XFBFA%QZ chFB XFBFA
is also a fibration of D (it is a pullback of the fibration (Qgq, 5)), it is the case that
(Q(gofo), ) is a fibration as well.
Hence (9o, 91)(fo, f1) is a fibration (X, A, a) — (Z,C, 7).

2. Let (X,A,a) Y9I (v B 3) be an arrow of GL(F,Q) and let (Z,C,~) 422,
(Y, B, 3) be a fibration of GL(F, Q). Then gg and g; are fibrations, hence the following
pullbacks:

Xxy Z -2,z AxgC -2y

o b || b

X fo A f1
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exist and hg and h; are fibrations. Let us consider the diagram (#):

QX xqgy QZ sy FAxpg FC
Qho=:i \Qio::j 3FhNi1
QZ R FC
Qg0 ‘i, Fag
QX ----- e IRREEEEE s FA
Qfo Ffi >y
QY g FB

where the left and right squares are pullbacks (both F' and @ preserve pullbacks).
Hence, by the universal property of the right one there exist unique an arrow:

QX XQyQZiX—@—)FAXFBFC

such that this diagram commutes (that is, the arrow (i, ~vj) w.r.t. the right pullback).
Moreover, observe that in the following diagram (é):

QX XQY QZ
\
QZ
(Qgo,v)
QXXFBFC ******************** >FA><FBFC
QY xpp FC \ FC
\L Fg:
QX ------- s TR » FA
Qfo Ff\l\\\\\
QY FB

where all five smaller vertical squares are pullbacks, the arrow:
T = (QX XQy QZ—)QX XFBFC—>FA XFBFO)
is precisely a xg«y. In fact:

(a) (QX xqv QZ 5 FA xpp FC — FA) = (QX xgy QZ — QX xpp FC —
QX 5 FA) = (QX xgy QZ 5 QX 5 FA)

(b) (QX xgy QZ = FA xpp FC — FC) = (QX xqy QZ — QX xpp FC —
QY xpp FC — FC) = (QX xqy QZ 2 @z ‘90 QY xpp FC — FC) =
QX xqy QZ L Qz L FC)
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that shows that indeed = = (ai,7vj) = o xg . Now, observe that QX xgy QZ —
QX xpp FC is a fibration beacuse it is a pullback of (Qgo,~), which is a fibration
because (go,91) is a fibration. Moreover QX xpp FC — FA xpp FC is also a
fibration, because it is a pullback of the fibration a. This proves that o xgy =z is a
fibration and therefore (X xy Z, A xp C,a xg7) is an object of GL(F, Q). From the
commutativity of # it follows that (ho, k1) and (ig, 41) are arrows of GL(F, Q) and it’s
clear that they form a pullback of the pair ((fo, f1),(go,91)). Indeed, if (lo,l;) and
(mg,m1) are arrows of same source such that (fo, f1)(lo,11) = (g0, g1)(mo, m1) then
of course <(lo, ll), (mo, m1)> = (<lo7 m0>, <ll, m1>)

We are left to prove that:

(X xy Z,AxpC,axg~) AULECON (X, A, «)

is a fibration. Of course hg and h; are fibrations, as they are pullbacks of fibrations
(go and g1). Moreover we know that the pullback of the couple (o, Fhy) is the back
square of the diagram &. Observe that the arrow QX xqgy QZ — QX xpp FC, that
we already proved to be a fibration, is such that:

(a) (QX xqgy QZ — QX x FBFC — QX) = Qhy
(b) (QX %oy QZ — QX x FBFC — Fy xpp FC) = a x5

and hence it is (Qho,a Xg 7y), that is therefore a fibration. Hence we conclude that
(ho, h1) is a fibration.

. If (go, g1) is both a fibration and a weak equivalence, then in particular gy and g; are
both fibrations and weak equivalences, hence their pullbacks hg and hy are both fibra-
tions and weak equivalences. In particular (hg, h1) is a weak equivalence. Moreover
(ho, h1) is a fibration by 2.. Hence (hg, h1) is both a fibration and a weak equivalence.

. This is immediate, as a weak equivalence is a couple of weak equivalences and the
composition of two couples is the couple of the compositions.

. Let (X, A, ) M (Y, B,3) be an isomorphism of GL(F,Q). Then there exists

an arrow (Y, B, ) M) (X, A, «) such that fogo, f191, gofo and g1 f1 are identity

arrows. Then fy and f; are isomorphism and hence acyclic fibrations. In order to

conclude that (fo, f1) is an acyclic fibration, we observe that Qfy = (QX {Qfo.c

QY xpp FA — QY) and QY xXpp FA — QY is an isomorphism (it is a pullback of
F fy, an isomorphism). Therefore (Q fo, ) = (QX o, QY — QY xpp FA). Hence
(Qfo, ) is a fibration because @ fj is a fibration and QY — QY x pp F' A is a fibration
as well (it is an isomorphism).

Now, let us assume that (X, A, «) M (Y, B, 8) is an acyclic fibration. Then the

arrow (@ fo, «) is a fibration. Moreover in the following diagram:

QX o
>

QYXFBFA% FA

U




it is the case that @ fy is a weak equivalence (fy is a weak equivalence and ) preserves
the weak equivalences) and QY xpp FA — QY is a weak equivalence as well (it
is an acyclic fibration because it is a pullback of the acyclic fibration Ff1). Hence
(Qfo, ) is a weak equivalence by 4. of Definition and then an acyclic fibration.
Let QY xpp FA 3 QX be a section of (Qfy,a). Moreover let B 2% A be a section
of f1 (the latter is an acyclic fibration) and let us consider the arrow:

<1QY1(Fsl)ﬁ
_—

oY ), QY xpp FA

s(lqy,(F's1)B)
NN LA i

which exists because Slgy = (Ffi)(Fs1)B. Then (QY QX Qo,

Qv) = (Qv Lol gy oy P 5 Qx 120, Qv sy PA - QY) -
1 S1
(QY Sav,(Fo1)f), QY xpp FA — QY) = 1gy, that is, s(1gy, (Fs1)8) is a section of

Qfo. Being fo an fibration, by 5. of Definition there is a section Y 2% X of f
such that Qso = s(lgy, (Fs1)5).

Now, observe that the following diagram:

Qv L. FB

Qsol lF“"l

QX 2~ FA

commutes, as a(Qso) = (QY slov.(Fs)f), QX = FA) = (QY

QY xppFA S OX ‘Y2 0y ppFA = FA) = (Qy L2200 oy s ppFA -
FA) = (Fs1)B. Hence (sg,s1) is an arrow (Y, B, 8) — (X, A, ). Moreover, s is a

section of fy and sy is a section of f;. Hence (s, s1) is a section of (fo, f1).

(lqy,(Fs1)B)

6. Let (X, A, «) be an object of GL(F, Q) and let (PA,r, (s,t)) be a path object of A in
C. Then (FPA, Fr,(Fs,Ft)) is a path object of FFA in D. Hence, by Remark
and being « a fibration QX — F'A, we can build a path object (PQX,r’,{s',t')) of
QX as follows.

As QX % FA is an object of @(FA), it admits a path object:
(P(QX % FA) = (Pra(QX) = FA), rpa, (Spa,tra))

in G(FA). In particular observe that, since the following diagram:

Pra(QX) e
\<SFA,75FA)
~

QX xXpa QX — QX

| J»

QX — > FA

tra

commutes in D (being QX X pa QX a product in C(F'A)) it is the case that aspa =

o1



atpa. Now, if the following diagrams

P, -2 FPA Py xgx Pra(QX) —— Pra(QX)

P1J{ J,FS SFA
[e% J/ r J/

QX —*— FA Pp ———— QX

are pullbacks, P, LN X is a transport structure and:
(P, 225 FA) = (P, 225 FPA L4 FA)
QX M= P) = (QX 225 QX,QX & FA L FPA)
and we define:
PQX =P, xgx Pra(QX);
QX LN PQX) = (wa,rx) [as Twy = 1gx = Sparral;
(PQX 5 QX) = (Pa xox Pra(QX) = Po 25 QX);
(PQX 5 QX) := (P xqx Pra(QX) = Pra(@X) % QX).
then (PQX,r' (s',t')) is a path object of QX in C. Moreover, if:
(PQX L% FPA) := (P, xox Pra(QX) — P, 22 FPA)
(Po 5 PQX) = (1p,, (Pa = QX 5% Ppa(QX))) [as Tlp, = spa(rpal)]
then the triple (T, P,, V) verifies the thesis of Theorem In particular the following

diagram:
RX —*——~ FA

] Jre

PQX —L>  FpA
(s',t'}l J(F&Fw
QX x QX 2% FAx FA

comimutes.

By 6. of Definition there is a path object (PX,r,(s,t)) of X in & whose image
through @ is (PQX,r’,(s’,t'}). Hence (PX, PA, Pa) is an object of GL(F, Q). Since

X 5 PX and A 55 PA are weak equivalences and PX ﬂ X x X and PA ﬂ
A x A are fibrations, it is the case that:

(PX,PA, Pa), (r,1), ({(s,1),(s,1)))
is a path object of (X, A, ) as long as, with respect to the following pullback:

(QX x QX) Xpaxrpa FPA — FPA

l l{Fs,Ft)

axXo

QX xQX ——— FAX FA
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the induced arrow PQX m (RX X QX) Xpaxra FPA is a fibration.

Let us consider the commutative diagram:

Pa XQx PFA(QX) >Pa XFAQX
\ %F’h \FT
Pra(QX) Al QX
SFA \i{ [e3
1p
P, -------- R s B e LR > Py
\) \;D\a\\‘\\
QX _ CFA

where the left and the right squares are pullbacks. Hence there is unique an arrow

1py Xat .
P,xox Pra(QX) PoXalra, P, xpa@QX such that the diagram commutes. Moreover,
in the following commutative diagram:

P, xgx PpaX —— Pra(QX)
1pa><atFAJ/ l(SFA7tFA>
Py xpaQX —— QX xps QX —— QX

| | [

P, L QX a FA

\_/7

Pa

as the lower rectangle (that is, the right square of the previous diagram) and the
right lower square are pullbacks, the left lower square is a pullback as well. Therefore,
since the left rectangle is a pullback (it is the left square of the previous diagram)
the upper square is a pullback as well. Hence 1p, X, tpa is a fibration, because
(sFa,tra) is a fibration. Hence we are done, as (see [12]) there is an isomorphism
(QX x QX) Xpaxra FPA — P, xpa QX such that the following diagram:
PQX ——— P, xgx Pra(QX)
<<S/,t/>,POz>J/ J/lPaXatFA
(QX X QX) XFAXFA FPA ——» Pa XFA QX

comimutes.

. Let (X, A, a) be an object of GL(F, Q) and let us consider the unique arrow:
(XvAa a) - (17 1a 11)

Then clearly X — 1 and A — 1 are fibrations, as they are arrows of target terminal
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objects in path categories. Moreover, as the following diagram:

QX «
~
<m

> 1
Ix, FA=FAY$ FA

| !

1 —n 9

is commutative, it is the case that (QX — 1, a) = a is a fibration. Hence (X, A, o) —

(1,1,1;) is a fibration of GL(F, Q).

Q.E.D.

The remaining part of the section is devoted to the characterisation of the notions of
homotopy and fibred homotopy of the generalised gluing of a given exact functor and a
given fibred path category over its codomain. Again, these results provide a generalisation

of the ones contained in [12].

Lemma 3.14. Let F' be an exact functor € — D between path categories and let Q: € — D
be a fibred path category over D. Let (Y, B, ) and (X, A, «) be objects of GL(F,Q), let f;
and g1 be parallel arrows B — A in C and let ¢y and -y be parallel arrows QY — QX of €

such that the diagrams:

oy -2 FB ov —2 . FB
LPOJ/ J/Ffl ’YOJ, J,Fgl
QX %5 FA QX —2—> FA

commute.

Let us assume that there are homotopies hy: fi =~ g1 and h: Ty {po, (Fh1)B) ~Fa Yo.

Then the arrow:
{{¢0,(Fh1)B),h)

QY QPX
is a homotopy po =~ Yo-
Proof. Let us consider the pullbacks:
P, 2 FPA QPX = P, xox Pra(QX) ™3 Pra(QX)
e N
QX % FA p,— L L0x

and, with respect to the left one, observe that (Fs)(Fh1)8 = (Ff1)B = ago.
(0, (Fh1)B) is actually an arrow QY — P,. Secondly, observe that:

al'o (@0, (Fh1)B) = pa(po, (Fh1)B)
= (F't)p2(po, (Fh1)p)
= (Ft)(Fh1)B = (Fg1)8

= a7
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hence such a homotopy h can exist. Moreover, with respect to the right pullback, observe
that T (@0, (Fh1)B) = spah, because h is a homotopy I'y {0, (Fh1)8) ~ra Y. Hence the

arrow:
{{o,(Fh1)B),h)

QY QPX

actually exists.
Observe that:

({po,(Fh1)B),h) Qs=s
(QY

({#o,(Fh1)B),

OPX 0X) = (QY My QPX ™ P, 5 QX)

= (@Qv
= Qv #% QX)

(o,(Fh1)B) P, p—1>QX)

and that:

({o,(Fh1)B),h) QPX Qt=t’ QX) — (QY ({¢0,(Fh1)B),h) QPX tpaTa QX)

= (QY & Qrx 124 QX)
= (QY = QX).

QY

that is, the arrow ({po, (F'h1)8), h) is a homotopy ¢g =~ . Q.E.D.

Theorem 3.15. Let F be an exact functor C — D between path categories and let Q: € — D
be a fibred path category over D. Let (fo, f1) and (go,91) be parallel arrows (Y,B,[) —
(X, A, «) of GL(F,Q). Then (fo, f1) =~ (g0, 91) if and only if there are homotopies hy: f1 =~
g1 and h: Lo (Qfo, (Fh1)B) ~pa Qgo such that the arrow:

QY ({(Qfo,(Fh1)B),h)

is the image through Q of a homotopy fo =~ go-

QPX

Proof.
Only if. Let us assume that (fo.f1) =~ (go,91). Then there is (ho,h1): (Y, B,8) —
(PX,PA, Pa) such that:

(v, B,B) L2y (px PA, Pa) 2% (X, 4,0)) = (v, B, ) Y202 (X, 4,a))
(v, B, 8) 2 (px, PA, Pa) Y (X, 4,0)) = ((V, B, B) 2% (X, A,a))

and hence it is the case that:

v o px U X % X)) = (fo, g0)
(B2 AL A A) = (f1,01)

that iS, hol f() ~ go and hll fl ~0g1.
Let us consider the usual pullbacks:

P, 22 FpA QPX = P, xgx Pra(QX) ™3 Pra(QX)

p1l lFs T SFA
« l r J/

QX 2 FA Py ———— QX
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Fh
and, with respect to the left one, let us consider the arrow QY M P,, as it is the

case that (F's)(Fhy)p = (Ff1)8 = a(Qfy). Observe that:

Qv T, oy o pay gy QEERE, b pe, gy
— (Qy ‘M8 b ppa B pa)
— Qv P ppa It oy
= Qv % FB 2% Fa)
= (QY Q—> QX % FA).
Moreover:
QY 2% QPX ™2 Ppa(QX) 254 QX) = (QY 2% gpx ™ P, 5 0X)

D (@0 (Fhi)B)
= (QY ———— QX)

as p1(m1(Qho)) = s'(Qho) = (Qs)(Qho) = Qfo and pa(m1(Qho)) = (Pa)(Qho) = (Fh1)p,

and:
(QY 2% QPX 2 Ppa(QX) E5 QX) = (QV 222 @px L= gX)

= (QY 22 0x).

Hence it is the case that mo(Qho): T(Q fo, (Fh1)8) ~ra Qgo. Moreover, observe that the ar-
row ((Q fo, (Fh1)B), m2(Qho)) actually exists (w.r.t. the right pullback), as T(Q fo, (Fh1)8) =
spam2(Qho), and that:

w2 ((Q fo, (Fh1)B), m2(Qho)) = m2(Qho)
and that:
m1{(Q fo, (Fh1)B), m2(Qho)) = (Q fo, (Fh1)3)
= m1(Qho)

because p171(Qho) = s'(Qho) = (Qs)(Qho) = Q fo and pam1(Qho) = (Pa)(Qho) = (Fh1)p.
Hence it is the case that ((Qfo, (Fh1)B), m2(Qho)) = Qho is the image through @ of a

homotopy fo ~ gg-
If. Viceversa, let us assume that there are homotopies h: T'(Q fo, (Fh1)8) ~ra Qgo and
hy: f1 ~ g1 and that the arrow:

QY (Qfo,(Fh1)B),h)

which actually exists since T'(Q fo, (Fh1)8) = spah, equals Qhg for some homotopy hg: fo ~
go. By Lemma it is the case that ((Qfo, (Fhi)58),h) is a homotopy Qfy ~ Qgo.

Moreover, it is the case that:
(Par)(Qho) = (Pa){(Qfo, (Fh1)B), h)
= pam1 ({Qfo, (Fh1)B), h)
= p2(Qfo, (Fh1)B)
= (F'h1)p
hence (hg, h1) is an arrow (Y, B, 8) — (PX, PA, Pa). Q.E.D.

QPX
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Remark 3.16. Let F be an exact functor ¢ — D between path categories and let Q: € — D
(po.p1)

be a fibred path category over D. Let (X, A, ) ——= (Z, C,~) be a fibration of GL(F, Q).

We consider a fibred path object (PcA — C,re¢,(sc,tc)) of A over C through the
fibration p;. Hence, being the pullback along a given map an exact functor, with respect to
the diagram:

. QZ xpc FA =  FA
‘ -
rQZ ,/”/F Fre
Q7 /1 77777 LA > F'C : " l
QZ xpg FPcA —————— FP:A
b2 \
saz | [toz Fpl\\\ Fsc | |Ftc
Q1 N
QOZ xpc FA + FA

q2
whose left-hand side is the pullback through ~ of the right-hand side, it is the case that
(RZ xpc FPcA,rqz,(s0z,toz)) is a path object of QZ xpc FA — QZ in D(QZ).
As the following diagram:

QX 9 L 07 xpe FA — ~*(FA)

Q;)\J %
QZ

commutes and all the arrows are fibrations, it is the case that (Qpg, ) is an arrow of

T(0py.a
D(QZ) and hence we can consider a transport structure Pgp,,q) —{Qro, QX of (Qpo, @)
in D(QZ). Moreover, a path object:

(Pfy*(FA)QX = Y (FA), 1y (Fa), <5'y*(FA)7t'y*(FA)>)

of (Qpo, ) in D(v*(F A)) provides a fibred path object of the object (Qpo, ) of (D(QZ))(q1).

Therefore, we can apply Theorem and Remark in order to get a fibred path object

of QX over QZ, that is, a path object of QX Qro, QRZ in D(QZ). Indeed, if the following

square:

Plapy.ay XQx Pre(ra)@X —== Pype(p)QX

ﬂll J{S’y*(FA)

F(Qp o)
PiQpo.a) ° QX

is a pullback in D(QZ), then:

QPzX = PozQX = Piqpy,a) X@x Py (ra)Q@X
Qr
(QX == PozQX) = (w(@po.a): Tr+(Fa) [83 T(@po.c) W(@po.a) = 1@X = 84+ (PA)Ty+(Fa)]
(PozQX L% QX) = (PozQX ™ Pgpy ) 25 QX)

t T o *
(PozQX 22 QX) = (PzQX ™ Py.(pa)QX -2, QX)
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being the following diagram:

Piopo,a) 225 QZ xpc FPoA

ml JSQZ

QX (Qpo,a) *(FA)

a pullback in D(QZ), and for some (PzX — Z,rz,(sz,tz)) path object of X £% Z in &(Z)
(here we used that @ is a fibred path category).
Moreover the fibration:

P7(Qpo, ) = (QPzX ™ Pigpy.a) —> QZ xpc FPcA)

between the path objects (fibred over QZ) of QX and v*(F A) respectively, commutes with
their structure. Hence the fibration:

Poa = (QPzX 229 07 wpe FPeA 22 FPoA)

between the the fibred path objects QX over QZ and F'A over FC' respectively, again
commutes with their structure. We gave an explicit description of a fibred path object:

(PzX,PcA, Pa)
of (X, A,a) over (Z,C,v) in GL(F, Q), i.e. a path object of (pg,p1) in (GL(F,Q))(Z,C,~).

Lemma 3.17. Let F be an exact functor C — D between path categories and let Q: & — D
be a fibred path category over D. Let (Y, B, ) and (X, A, «) be objects of GL(F,Q), let fi
and g1 be parallel arrows B — A in C and let pg and 7y be parallel arrows QY — QX of €
such that the diagrams:

ov -2 FB Qv -2 FB
Wol JFfl ’Yol JFgl
QRX 2= FA QX 2+ FA

commute. Moreover let us assume that there (Qpo)po = (Qpo)yo and that p1fi = p1g1,
where (pg,p1) is a fibration (X, A, o) — (Z,C, 7).
Let us assume that there are homotopies:

hi: fi ~c g1 and h: T gpy.a) (@0, ((@Po)@o, (Fh1)B)) ~=(ra) Yo-

Then the arrow:
({©0,{(Qpo)wo,(Fh1)B)),

QY
s a homotopy vo ~gz Yo-

)y QP X

Proof. Let us consider the following pullbacks:

b ™
QZ XFC chA = chA P(on,oé> pj QZ XFC FPcA szX 3 Pfy*(FA)QX

bli i n| |#e2 mi R

« r PO,
07z — 1 s FC Qx ‘9P (g a) Popeay 225" QX
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and, with respect to the first one, observe that v(Qpo)po = e(Fhy)S, hence the arrow
((Qpo)wo, (Fh1)B) actually exists. Moreover, with respect to the second one, observe that:

{¢0, )0 = 5qz{(Qpo)po, (Fh1)B)

hence the arrow (g, ((@po)wo, (Fh1)B)) exists as well.
Finally, let us observe that the arrow ({®o, ((Qpo)po, (F'h1)B)), h) exists (w.r.t. the third
pullback), since:

Sy (Fayh = T (Qpo,a) (®0, ((@po)wo, (Fh1)B)),

being h a homotopy. Moreover we observe that:
(Qs2){(v0, ((Qpo)po, (Fh1)B)), h) = p1m1{{¢o, ((@po)po, (Fh1)B)), h)
= p1{po, ((Qpo)po, (Fh1)B)) = ¢o
and that:
(Qtz){(wo, ((Qpo)po, (Fh1)B)), h) = ty-(raym2((vo, ((Qpo)po, (Fh1)B)), h)
=t (rayh =%
hence ({40, ((@po)¢o, (F'h1)B)), k) is a homotopy o ~qz Yo- Q.E.D.

Theorem 3.18. Let F' be an exact functor C — D between path categories and let Q: € — D
be a fibred path category over D. Let (fo, f1) and (go,91) be arrows (Y, B, () — (X, A, a)

such that (po, p1)(fo, f1) = (Po,P1)(g0, g1), where (po,p1) is a fibration (X, A, o) — (Z,C, 7).
Then (fo, f1) ~(z,c,y) (90,91) if and only if there are homotopies:

hi: fi ~c g1 and h: T gpy.a)(Qfo, ((Qpo)(Qfo), (Fh1)B)) ~«(ra) Q9o

such that the arrow:
((Qf0,{(QPo)(Qfo),(Fh1)B)),h)

QY
is the image through Q of a homotopy fo ~z go-

QPzX

Proof.
Only if. Let us assume that (fo, f1) ~(z,c,y) (90, 91). Then there is (ho, h1): (Y, B, ) —
(PzX, PcA, Pyo) such that:
(ho,h1) (sz,sc) _ (fo,f1)
—— (PZX7 PCAaP’Ya) — (X,A,O()) - ((K Baﬂ) E— (X,A,Oé))

(tZ7tC)

(Y, B, B)
(Y, B,5)

being (PzX, PcA, Pya) a fibred path object of (X, A, «) over (Z,C,~) as built in Remark
[B.16l Hence it is the case that:

(ho,h1)
4

(PzX, PoA, Pyo) (X, 4,0)) = (Y, B, ) L2, (X, 4,0))

(v 2% ppx B2 X X) = (o, g0)
(B M5 poA B9 A Ay = (f1, 1)

that iS, ho: fo ~z go and ]’th f1 ~c g1-
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Let us consider the following pullbacks:

QZ xpo FPoA % FPcA  Popay 3 QZ xpo FPcA  QPzX B Pupa)QX

bli J | JSQZ ml [seom

r a
0z v FC ox {erow, (Qpo,a) +*(FA) P(on,a> (@po» >QX

and, with respect to the first one, let us observe that v(Qpo)(Q fo) = ¢(Fh1)S. Indeed:

o(Fhy)B = o(Pya)(Qho)
= vb1pam1(Qho)
= 7(Qpo)p1m1(Qho)
= 7(Qpo)(Qsz)(Qho)
= 7(Qpo)(Q fo)

where the third equality holds because the following diagram:

Piopo,a) s QZ xpc FPcA

n| SQZJ

QX (Qpo,) FA) by

\l

QZ

commutes. Therefore we can consider the arrow QY ((Qro) (@ o) {Fh1)B)

Now, with respect to the second pullback, observe that:

(Qpo, ) (Qfo) = 50z ((Qpo)(Qfo), (Fh1)5)

as it is the case that q15qz((Qpo)(Qfo), (F'h1)B) = bi1((Qpo)(Qfo), (Fh1)B) = (Qpo)(Q fo)
and that ¢250z((Qpo)(Qfo), (Fh1)B) = (Fsc)ba((Qpo)(Qfo), (Fh1)B) = (Fsc)(Fhi)B =

(Ffl),@ _ O[(Qfo) Hence the arrow QY (Qf0,{(Qpo)(Qfo),(Fh1)B))

QZ XFC F.PcA.

Piopy,a) exists.
Let us consider the arrow:

Qh n
QY - P< Qpo,a) XQX P’y*(FA)QX —= P’y*(FA)QX

and let us observe that the equality:

S'y*(FA)T"Q(QhO) L (@po,a) (@ f0, ((Qpo)(Qfo), (Fh1)B))

holds. Indeed, as it is the case that s,«(paym2 = I'(Qpy,a)71, it is enough to see that

m1(Qho) = (Qfo, ((Qpo)(Qfo), (Fh1)B)), that is: pim1(Qho) = Qfo and pami(Qho) =
((@po)(Qfo), (Fh1)B). The former is true because pym = Qs,. The latter holds if and

only if: bypami(Qho) = (Qpo)(Qfo) and bapami (Qhg) = (Fhy)B. Again, the latter is true
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because bapami = Py, while, for the former, we observe that pam = Pz(Qpo, o) and that
the following diagram commutes:

o QX QZ xpc FA == v*(FA)
Po .
/ Qrz - ’ql rQz
QZ e Q

\ a Tl b\1

e
szX P Qo) QZ XFC FPcA
Qpo Qsz||Qtz a \\\ 5Qz | |tqz
0x QOZ xpe FA —— ~*(FA)

(Qpo,a)

by construction of Pz(Qpo,a) in D(QZ) (see Theorem and Remark [A.10). Hence
we deduce that bypem = b1 Pz{(Qpo, ) = (QPzX — QZ) = (Qpo)(Qsz). Therefore we

conclude that bymem (Qho) = (Qpo)(Qsz)(Qho) = (Qpo)(Q fo). The equality & holds.
Secondly, we observe that the equality:

tye(raym2(Qho) 2 Qg

holds as well, as .« (payT2 = Qtz (see Remark [3.16|). By & and & we conclude that m(Qho)
is a homotopy I'(gp,,qa) (@ fo, ((Qpo)(Qfo), (Fh1)B)) ~-(ra) Q9o

With respect to the third pullback, observe that T'gp,.q) (@.fo, ((Qpo)(Qfo), (Fh1)B)) =
S,Y*(FA)’/TQ(QhO), because 72 (Qhg) is a homotopy, hence the arrow:

({Qf0,{(Qp0)(Qf0),(Fh1)B)),m2(Qho))

QY

exists and it is equal to Qhg, as we proved that 71 (Qho) = (Q fo, {((Qpo)(Q fo), (Fh1)B)).

If. Viceversa, let us assume that there are homotopies:

hi: fi ~c g1 and h: T'(qpy,a) (@ fo, ((Qpo)(Qfo), (Fh1)B)) ~=+(ra)y Qo

such that the arrow:

QPzX

((Qf0,{(Qpo)(Qfo),(Fh1)B))

QY

is the image through @ of a homotopy fyo ~z go. At first, let us observe that the arrow
((Qfo, ((Qpo)(Qfo), (Fh1)B)), h) actually exists, as h is required to be a homotopy. More-
over we observe that:

(Qsz){(Qfo, ((Qpo)(Qfo), (Fh1)B)), h) = p1m1{(Q fo, ((Qpo)(Qfo), (F'h1)B)), h)
= p1(Q fo, {((Qpo)(Qfo), (Fh1)B)) = Q fo

) QP X

and that:

(Qt2){(Qfo, ((Qpo)(Qfo), (Fh1)B)), h) = t=(raym2((Q fo, (({po)(Qfo), (Fh1)B)), h)
=ty rayh = Qgo
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hence ((Q fo, ((Qpo)(Qfo), (Fh1)B)),h) is a homotopy Qfo ~gz Qgo. Finally:

Pya(Qho) = Pya((Qfo, (Qpo)(Qfo), (Fh1)B)), h)
= bapam1 ((Q fo, ((Qpo)(Qfo), (Fh1)B)), h)
= bap2(Q fo, {((Qpo)(Qfo), (F'h1)B))
= b2((@po)(Qfo), (Fh1)B) = (Fh1)p3

hence (ho, h1) is an arrow (Y, B, ) — (Pz X, Pc A, Pya) and we are done. Q.E.D.

3.3 Homotopy Natural Numbers in the Generalised Gluing

As mentioned in the Introduction and in Chapter 2, this last section is about (strong) homo-
topy natural numbers. We prove that, if both the domain of a given exact functor between
path category and the domain of a given fibred path category over its codomain have the
(strong) homotopy natural numbers, then the generalised gluing has the (strong) homotopy
natural numbers as well. The second result, together with its proof, is a generalisation of
the corresponding one contained in [12].

Theorem 3.19. Let F be an exact functor © — D between path categories and let Q: € — D
be a fibred path category over D. If C and € have the homotopy natural numbers object, then
GL(F, Q) has the homotopy natural numbers object as well.

Proof. Let (N,0,5) be a homotopy natural numbers object in & and let (N';0’,5") be a
homotopy natural numbers object in €. By Proposition it is the case that (QN, Q0, QS)
is a homotopy natural numbers object in D. By Proposition there is, unique up to

homotopy, an arrow QN s PN such that the following:
9, QN -5, QN
& lf lf

FN' —— FN

1

commutes up to homotopy. By Proposition it is the case that f = (QN DX S FN)

for some section w of an acyclic fibration X 4 QN and some fibration « (of D). Hence the

following diagram:
QN @5, QN
o

w(QO) w(QS)l X

\\ b
FN £S5, pN

commutes up to homotopy. By Theorem and being [ a fibration, there are arrows
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1 I—l> X and X f—l> X such that the diagram:
/ @QN L5, QN

commutes and 2’ ~ w(Q0) and f' ~ w(QS)l. By Remark there is unique an arrow
+
"N 15 |+N such that the diagram:

N—° 4N

e

N 58, 4N

commutes and Q(I*S) = f’. Moreover, as [T is cartesian, there is unique an arrow 1 2y ItN

such that the following:

N—5 3N

e T

1 Y- "N 25 TN
commutes and Qy’ = 2’. By Remark [3.§ and being [ a weak equivalence, it is the case that
IT is a weak equivalence as well. Hence, by Proposition it holds that (ITN,y’,ITS) is
a homotopy natural numbers object of € and (X,2’, f') = Q(ITN,y’,ITS) is a homotopy
natural numbers object by Proposition Now, as &' ~ w(Q0) and f' ~ w(QS)!, it is
the case that the diagram:

X

\\ b
FN' £S5, pN

still commutes up to homotopy. Hence, again, by Theorem and being « a fibration,

there are arrows 1 = X and X i) X such that:

X

\\ b
FN 5, pN

commutes and homotopies h: Qy' = 2’ ~ x and k: QITS = f' ~ f. By Corollary
there are homotopies y' =~ u and [*S ~ ¥ for some arrows 1 — [*N and /TN =, I*N such
that Qu = x and QX = f. In particular, by Proposition it is the case that (N, z, f)
and (ITN, u,Y) are homotopy natural numbers objects and Q(ITN,u,Y) = (N,z, f). We
conclude that there is a commutative diagram:

19" QN -9%, QItN

| L,k J»

O N —ESL, PN
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where « is a fibration.

We are going to prove that the object (ITN,NT, «) of GL(F, Q) together with the arrows
(u,0") and (X, S’) is a homotopy natural numbers object of GL(F, Q). Let us consider a
diagram:

1,1,11) 0% N, N, a) S N, N @)

(Y B ,8) (SI’SZ)

(Y, B, )

in GL(F, Q). Being (I*N,u,%) and (N',(0/,S’) there are arrows [*N 2% YV and N %% B,
unique up to homotopy, such that:

1 —% 5 [N —Z, |+N JRELNG \ (I
y - Ly B->.pB

commute up to homotopy. Hence the following homotopies follow:
1. (QI'N 2% QI*N & PN 22, pB) ~ (QI*N % FN' 222, pB £, pB). Indeed:
(Faz)a(QY) = (Faz)(FS)a
~ (FS2)(Faz)o
because (X, 5’) is an arrow of GL(F, Q).

2. (QI'N 2% QI*N 2% Qv 2 FB) ~ (QI'N 2% Qv 2 FB £ FB). Indeed:

A(Qa1)(Q%) =~ B(QS51)(Qar)
= (Q52)8(Qa1)
because (S7,.52) is an arrow of GL(F, Q).
Qu. iy Qi 8 Qu 8 . Fb .
3. 1= QI"N=—= QY = FB)~ (1 = QY — FB) = (1 — FB), because (y,b) is
an arrow of GL(F, Q).
412 QN 2 PN 2, Py = 1 £ PN £, FB) ~ (1 £% FB), because
(u,0") is an arrow of GL(F, Q).

In other words, the following diagrams:

1 -2 QItN -2, QItN 12 QItN —2%, QItN
k J{/B(Qal) J,ﬁ(Qal) M J/(Fag)a J/(Fag)a
FB ——— FB FB ——— FB

commute up to homotopy and, since (QI*TN, @3, Qu) is homotopy natural numbers object,
we deduce that the following diagram:

QI*N —% FN

le iF‘IZ

ov — 5 FB
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needs to commute up to homotopy. Hence, being g a fibration and by Theorem there
is QITN % QY such that:
QTN 2% FN

| JF

v — . FB
commutes and a homotopy Qa; =~ ¢. Again, by the homotopy lifting property (Corol-

lary , there is ITN % Y such that a; ~ a and Qa = ¢. Hence (a,ay) is an arrow
(I"N,N', o) — (Y, B, 8) and the diagrams:

+N 1*/>N’*/>N’
\l a \la e
y -2,y B—>,B

still commute up to homotopy. Let hg : au ~ y and let hy : as0’ ~ b. Hence it is the
case that (Pa)(Qhg) ~ (Fh1)(11): 1 — FPN'. Therefore, being Pa a fibration and by
Theorem and Corollary there is an arrow h{, such that (Pa)(Qhy) = (Fhy)(11)
together with an arrow h{: 1 — P(PITN) such that h{: hg ~ h{. Now, we observe that

P(PI*N) is still a path object over [TN together with the arrows I*N = PI*N Y PPI*N

(ss’,ts")

and PPITN &80 14N « Z+N where (PPITN, 7', (s',')) a path object over PITN. In-
deed, (ss',tsyr'r = (ss'r'r,ts'r'r) = (sr,tr) = (1;+n, Lj+n). Moreover, as (Qs',Qt') is a

fibration, it is the case that QPPI™N w) FPN is still a path object over
over (I"N,N', o) in GL(F, Q). Finally, we observe that (ss’,ts')hy = (s,t)ho = (au,y) and
moreover (Pa’)(Qhy) = (Pa)(Qt)(Qhy) = (Pa)(Qhy) = (Fhy)(11). This concludes that
(h{j, h1) is an arrow of GL(F, Q) and a homotopy (au,as0’) ~ (y,b). The exact same argu-
ment allows us to conclude that (a3, a2S") ~ (Sia, Saaz) in GL(F, Q). Hence (a,a3) is an
arrow (ITN, N’ «) such that:

1, 1,15) % NN, @) S hN N o)
m J{(a az) . J{(a,m)
1,02
(Y,B,B) (Y,B,B)
commutes up to homotopy. Q.E.D.

Conjecture 3.20. Let F' be an exact functor € — D between path categories and let
Q: & = D be a fibred path category over D. If C and & have the strong homotopy natural
numbers object, then GL(F, Q) has the strong homotopy natural numbers object as well.

Proof - Work in progress. Let (N,0,S) be a strong homotopy natural numbers object in
& and let (N,0/,5’) be a strong homotopy natural numbers object in €. By Proposition
3.12| it is the case that (QN, Q0,QS) is a strong homotopy natural numbers object in D.

By Proposition there is, unique up to homotopy, an arrow QN 1 PN such that the
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following:

Qo0 Qs

1 QN QN
b
FN 225 N

commutes up to homotopy. By Proposition it is the case that f = (QN % X X FN)

for some section w of an acyclic fibration X 4 QN and some fibration 7 (of D). Hence the

following diagram:
QN 99, QN
T I

w(QO) w(QS)l X

\\ b
FN' -5, py

commutes up to homotopy. By Theorem [AT1] and being ! a fibration, there are arrows
1% X and X £ X such that the diagram:

ﬁQN%QN

commutes and z' ~ w(Q0) and f' ~ w(QS)l. By Remark there is unique an arrow
1N 55 17N such that the diagram:

N—° 4N

e e

N £S5, N

’
commutes and Q(ITS) = f’. Moreover, as [T is cartesian, there is unique an arrow 1 YL ItN

such that the following:

N—° 4N

% % %

125 N 55 TN
commutes and Qy’ = z’. By Remark and being [ an acyclic fibration, it is the case that
IT is an acyclic fibration as well. Hence, being (N, 0, S) a strong homotopy natural numbers
object, there is a section N =% I*N of I such that u0 ~y ¢’ and uS ~y (I*S)u. In particular,
it is the case that ¥’ ~ u0 and IS ~ (ITS)ul™ ~ uSIT. Therefore (I"N,y,ITS) is a strong
natural numbers object, by Proposition and being (ITN,u0,uSI") a strong homotopy
natural numbers object by Proposition Moreover (X,a', f') = Q(ITN,y/,IT8) is a
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homotopy natural numbers object by Proposition Now, as 2’ ~ w(QO0) and f’ ~
w(@QS), it is the case that the diagram:

X

\\ b
FN —— FN

still commutes up to homotopy. Hence, again, by Theorem [A:11] and being v a fibration,
there are arrows 1 =% X and X 2 X such that:

X
\\ b
FN — FN

commutes and homotopies h: Qy' = 2’ ~ x and k: QITS = f' ~ f. By Corollary there
are homotopies y' ~ u and I+ S ~ 3 for some arrows 1 - I*N and I*N = [*N such that
Qu = x and QX = f. In particular, by Proposition it is the case that (N,z, f) and
(I"N,u, X)) are strong homotopy natural numbers objects and Q(ITN,u,¥) = (N, z, f). We
conclude that there is a commutative diagram:

Qu QX

1 QZ QZ
H y y
RRAVN o) \ (AN )

where « is a fibration and (Z := ITN,u, %) and (N’,8’,0') are strong homotopy natural
numbers objects.

We are going to prove that the object (Z,N',~v) of GL(F, Q) together with the arrows
(u,0") and (X,5”) is a homotopy natural numbers object of GL(F, Q). Let us consider a
commutative diagram:

(uO) (ES)

(1,1,1,) —= (Z,N',v) —/— (Z,N'}~)

m T Po,P1) T(po p1)

(v, B,8) % (v, B, p)

in GL(F,Q), where (po,p1) is a fibration. Being (N’,0’,S’) a strong homotopy natural
numbers object there is unique up to homotopy a section N’ % B of p; such that there are
homotopies hy: b ~n a10" and h}: Seay ~n a1 5.

Let us consider the following diagram:

p— ™ QY
”Zi J{(onﬁ)
QZ 1QX,F(11)’)/> *(FB) q2 FB
lhl lFZH
Qz —2X 4 FN
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whose two squares are pullbacks and observe that 7z = lox7z = (Qpo)my. Let (PyvB —
N, ry, (sn, tr)) be a fibred path object of B over N'. Hence, as usual, we get a fibred path
object of v*(FB) over QZ, as in the following commutative diagram:

v*(FB) z FB
q1 | T
Q7 {,,,T,Qzﬁﬁl,,,,é N o T
< j A
b1 \ o T~
QZ X PN/ FPN/B b \\\ FPN/B
2 \
SQz tQz Fpl\\\\ Fsyyr Fity
a1 AN
~*(FB) 5 FB

q2

(see Remark [3.16]).
Observe that the arrow QY M ~v*(FB) is fibred over over QZ, being (Qpo, 5) and

r
q1 fibrations of D. Hence we can consider a transport structure Piqgp, ) Qv QY in
D(QZ) for the arrow (Qpg, B) of D(QZ).

We observe that the following square:

1—9% L gy

" e,

0z (Fai)y

commutes up to the homotopy Fhy: 8(Qy) = Fb ~py (Fap)(F0') = (Fap)y(Qu). Let us
observe that, with respect to the pullback:

QZ X FN/ FPN/B L} FPN/B

| I

Q7 — 5 FN

it is the case that: ¢(Fhy) = (Fp1)(Fty)(Fhy) = (Fp1)(Fa1)(F0') = FO' = v(Qu). Hence

JFh . . -
M QZ x pr F Py B exists. We claim that it is a homotopy:

(Qpo, B)(Qu) ~qz (lox, (Fai)7)(Qu).

the arrow 1

At first we verify that:
SQZ<QU7 Fh1> = <Qp0a /B>(Qy)7

that is, g1sQz(Qu, Fhi) = (Qpo)(Qy) and g250z(Qu, Fhi) = B(Qy). The former is true
because ¢15gz = b1 and Qu = (Qpo)(Qy), while the latter holds because ga259z = (Fsn)ba

and (Fsy)(Fhi) = B(Qy).
Secondly, we need to verify that:

tQZ<Qu7Fh1> = <1QX7 (Fa1)7>(Qu)7
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that is, q1tgz{(Qu, Fh1) = Qu and ¢otgz{(Qu, Fh1) = (Fa1)y(Qu). The former is true
because ¢1tgz = b1. For the latter, observe that gotgz = (Fitn)ba, hence gtz (Qu, Fhy) =
(Fise) (Fhn) = (Fax)r(Qu).

We proved that the following square:

Qul l(QPoﬁ)

0z (lgz,(Fai)y) v (FB)

commutes up to fibrewise homotopy (Qu, Fhy1) over QZ. Therefore, by Theorem
applied to D(QZ) and being (Qpo, ) a fibration of D(QZ), the following diagram:

Qul l{QPoﬁ)

0z (lgz,(Fa1)y) v (FB)

T(Qp,, Qy,(Qu,Fh . ’
strictly commutes, being Qy’ = (1 (@ro. 2 (Qu:{ 2l QY) and being 1 <5 Y such that

y' ~z y (we used Corollary [3.11)). Therefore, there is an arrow (#):

1 (Qu,Qy") P

such that 7z (Qu, Qy') = Qu and 7y (Qu, Qy') = QY = T (gp,.5) (QY, (Qu, Fhy)).

We observe that the following square:

P (QS1)Ty QY
(QE)WZ\L LB
(Fa1)y

Q7 —“, FB

commutes up to fibred homotopy:

(Fhy)ymz: B(QS1)my = (FSs)pBmy
= (FSy)(Fay)ymyz
~pn (Fai)(FS")yrz
= (Fa1)v(QX)7z.

Moreover, with respect to the pullback:

QZ Xy FPwB —2 FPyB

| I

QZ —X L FN

it is the case that (Fh))ymz = (Fp1)(Fin ) (Fh))ymz = (Fp1)(Fa)y(QX)mz = v(QX) 7.
Hence the arrow:

(Q%,(Fhl)y)nz

(0] QZ X PN/ FPN/B
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exists and we are going to prove that it is a homotopy:

(@po, B)(QS1)my ~pn (1gz, (Fa))(QX)rz.

At first we need to verify that it is the case that q150z(QX, (Fhi)y)mz = (Qpo)(QS1)7y
and that ¢2s0z(QX, (Fhy)y)nz = B(QS1)my. The former is true, since ¢g1sgz = b1 and
(Q@E)mz = (QX)(Qpo)my = (Qpo)(QS1)my. The latter is true as well, as ¢g2sgz = F'snyba
and (Fsy)(Fhy)yrz = B(QS1)my. Secondly, we verify that ¢itgz(QX, (Fhy)y)mz =
(QY)mz and gotoz(QX, (Fh))y)mz = (Fa1)y(QX)mz. The first is true because ¢15gz = by
and the second is true because gatgz = Ftnbs and (Fty )(Fh))yrz = (Fa)y(QX)nz. We
proved that the diagram:

(QS1)my

o QY
(szl yon,m
o7 BazFan) . o

commutes up to fibrewise homotopy (Q¥, (Fh})y)mz over QZ. Therefore, by Theorem [A.11]
applied to D(QZ) and being (Qpo, ) a fibration of D(QZ), the following diagram:

»—F Qv

@ |(@mm
Q7 <1QZ,(Fa1)WZ +*(FB)
commutes, being k := T, 3)((QS1)7y, (QX, (Fh})y)7z). Then there is an arrow (d):

(QX)7z,k)

P d

such that 7z ((QX) 7z, k) = (QX)7z and 7y ((QX)7z, k) = k.

Now, let us consider the commutative triangle:

N\
Qz

whose arrows are fibrations. Hence, as in Remark a path object:
(P'y*(FB)QY — ¥ (FB), T'y*(FB)» <S'y*(FB)7 t'y*(FB)>)

of (@Qpo, B) in D(y*(FB)) provides a fibred path object of the object (Qpg, 8) of the path
category (D(QZ))(q1). As usual, we can apply Theorem and Remark in order to

get a fibred path object of QY over QZ (w.r.t. Qpg), that is, a path object of QY Qro, QZ
in D(QZ). Indeed, if the following square (#):

Papo.py XQv Poyr(rp) QY —"= Py (r3)QY

7r1l J/S’y*(FB)

T'(@pg.8)
Pipo.p) = QY
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is a pullback in D(QZ), then:
QPzY = PozQY = Pigp,,5) X Qv Py (rp)QY
(QY 2 PgzQY) = (wiapo,)T+-(v3) 85 Tpo,8)Wi@po.) = 1@v = Sy-(r Ty (r)
(PozQY L4 QY) = (PezQY ™ Py 2 QY)
(PozQY Qtz, QY) = (PzQY = P (rp)QY L), QY)

being the following diagram:

Pgpo,p) 2 QZ xpw FPyB

n| JSQZ

a pullback in D(QZ), and for some (PzY — Z, 7y, (sz,tz)) path object of Y 2% Z in &(Z),
being @ a fibred path category.
Moreover, let us consider the following diagram:

Tz @ o~ - QY
| (Qpo,B) -~ ‘
rQz - Ty*(FB)
Q7 e j fffff » v (FB) l
~ el
Poz® —— Py rp)QY
ez |tz <onﬂ;\\\ Sy*(FB) | |ty (FB)
Tz \\\\\\
P — > QY

where the left-hand side is the pullback of right-hand side w.r.t. the arrow QZ M

y*(FB) (the dotted one in the diagram). We get a path object Poz® 2 QZ of the arrow
® ™4 QZ in D(QZ).

By & and & the following diagram:

(Qu,ny [ [

(QX)mz k) @

commutes and, being 7z a fibration and (QZ, Qu, @X) a strong homotopy natural numbers
object, there is a section QZ % ® of w5 such that there are homotopies:

’
hg

(12% Poy®): (Qu,Qy') ~oz a(Qu) and (QZ =% Puz®): (QS)72, k)a ~oz a(QX).

Let (QZ Lo, QY) := mya and let us observe that 8by = Srya = (Fay)yrza = (Fay)y and
that by is a section of Qpo, as (Qpo)my = wz. Moreover, let us observe that:
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—_

. tfy*(FB)p2h0 = ﬂ'thzhO = wYa(Qu) = b()(Q’LL)

[\

. Sy=(rB)P2ho = Ty sqQzho = Ty (Qu, Q') = QY = T (qgp,.5) (QY, (Qu, Fhy))

3. t,y*(FB)pghf) = mytgzhl = Ty a(QX) = bo(QX)

4. sy-(rp)p2hy = Ty sQzhy = my (Q¥)7z, k)a = ka = T'gp, 5 ((QS1)bo, (Q%, (Fhy)7y))
that is, the arrows:

p2hy

1 ﬁ) P’y*(FB)QY and QZ E— P’y*(FB)QY

are -fibred over v*(F B)- homotopies I'(qp,. ) (QYy, ((Qpo)(Qy), Fh1)) ~-rp)y bo(Qu) and
T (Qpo,5) ((QS1)bo, ((Qpo)(QS1)bo, (Fh1)Y)) ~q+(rp) bo(QE) respectively (observe that Qu =
(Qpo)(Qy) and QX = (Qpo)(QS1)bo, as it is the case that (QX)(Qpo) = (Qpo)(QS1))-

This last argument has to be fized. By Lemma the arrow 1 Qv ((@ro)(Qw). Fhs))pzho)
QPzY exists with respect to the pullback # and is a homotopy Qy ~gz bo(Qu) which agrees
with h;. Hence by Corollary there is a homotopy y ~z ¥’ such that Qy’ = by(Qu) and

whose image is ((Qy, ((Qpo)(Qy), Fh1)), p2ho). In particular poy’ = poy = u. Analogously,
there is a homotopy (QS1)bo ~¢z bo(QX) which agrees with A} and we can apply the same

S/
argument in order to get an arrow (Y — Y) ~5 S; such that the diagram:

1%z 247

\ TPO Po
Y s/
Y

*1>Y

commutes. Being (Z,u,¥) a strong homotopy natural numbers object, there is a section
7 2% Y of po such that ' ~z agu and Sjag ~z agX. In particular there are homo-
topies ko: y ~z aou and ki: apX ~z Siap whose images are the homotopies Qy ~q
Zb—(Qu) and (QS1)bo ~¢z bo(QX) which agree with hq and hf respectively and Qag = bo.
By Theorem we conclude that (ag,aq) is an arrow (Z,N',v) — (Y, B, ) such that
(ao,a1)(u,0") ~zw ) (y,b) and (ag,a1)(X,S") ~z w4 (S1,52)(a0,a1) and (ag,a;) is a
section of (pg, p1). Q.E.D.
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A Appendix

A.1 Basic Properties of Path Categories

This appendix contains every basic notion and property (without proof - they can be found
in [9]) about path categories that we use in Chapter 1. Let us start with the fundamental:

Definition A.1. Let C be a path category and let f,g be arrows ¥ — X. A homotopy

from f to g (relative to a given path object PX) is an arrow Y %y PX such that (Y LN
Px % X x) = (v 2, X x X) (see 4. of Definition [L.3).
Definition does not depend on the choice of the path object PX, because of the

following:

Proposition A.2. Let C be a path category and let (PX,r,(s,t)) and (P'X,r',(s',t')) be
triples verifing 6. of Definition|1.3. Then there is an arrow PX — P'X commuting with 7
and v’ and with (s,t) and (s',t').

Hence, if f and g are parallel arrows of a path category € and there is a homotopy from
f to g (relative to some path object), then we say that f and g are homotopic and we write
f =~ g. Moreover the following holds:

Proposition A.3. Let C be a path category. Then the relation ~ between parallel arrows
of C defines a congruence on C, that is: whenever Y and X are objects of C, the relation
~ C C(Y, X) x C(Y,X) is an equivalence relation on C(Y,X) and, whenever f and g are
parallel arrows Y — X such that f ~ g and k and | are parallel arrows Z — 'Y such that
k ~ 1, then it is the case that fk ~ gl.

By Proposition whenever C is a path category, there is a category Ho(C€), called
homotopy category of C, whose objects are the ones of C and whose arrows are the equivalence
classes of parallel arrows of € modulo the relation ~. In particular, one can prove that:

Theorem A.4. If C is a path category, then an arrow of C represents an isomorphism of
Ho(C€) (an arrow of C with this property will be called homotopy equivalence) if and only if
it is a weak equivalence.

Now, let us state the following two basic facts:

Proposition A.5. Let C be a path category. Then for every arrow Y Ix of C there are

a fibration Pf 2y X and a section Y L Ps of an acyclic fibration such that f = prwy.
This factorization is obtained as follows. Let us consider the pullback:

Py 2 PX
P1J J{S
!

Yy — X

of s along f, being (PX,r,(s,t)) a triple satisfying 6. of Definition [1.5 (it ewists because of
2. of Definition . Then one defines (Py 2 X)) = (P; 2 PX 4 X) and Y 2L P as
the unique arrow Y — Py such that (Y — Py 25 Y) =1y and (Y — Py 22 PX) = (Y ER

X 5 Px).
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In particular, if f is a weak equivalence then such a py is also an acyclic fibration (by 5.
of Definition . We will call the couple (w¢,ps) a weak-fibre factorization of f.

Proposition A.6. Let C be a path category and let A be an object of C. Then the full
subcategory C(A) of C/A whose objects are the fibrations of C of target A is a path category
as well if: the class of fibrations is the class of the arrows (X — A) ER (Y — A) such
that X L v is a fibration of C; the class of weak equivalences is the class of the arrows
(X = A ER (Y — A) such that X LY is a weak equivalence of C. Moreover, whenever

A% B is an arrow of @, then (by 2. of Deﬁm’tion the pullback functor C/B i) C/A

restricts to a functor @(B) £ C(A) and the latter preserves both, the fibrations and the weak

equivalences.

Let € be a path category and let X o Aand Y % A be arrows of €. Then there exists
the pullback:

X%, Y —— PA
<”1’”>l J“’t)
X xY & Ax A

of the arrow (s, t) along the arrow f x g (by 2. of Definition [L.3). Hence fp; ~ gpo, that is,
the following square (#):

Xhx, v 25y

N

x —1 4

commutes up to homotopy. We can give the following:

Definition A.7. Let C be a path category and let X Ly Aand Y % A be arrows of €. We
q*> Y

say that a diagram:
C 2
o s
!

X —A

commuting up to homotopy is a homotopy pullback square if there is a homotopy equivalence
(that is, a weak equivalence) C' — X "x Y such that (C — X "x,¥ 24 X) = (C 5 X)
and (C' — X "x, v 2 X) = (C & X).

Observe that every pair of arrows with the same target has a homotopy pullback since
the square # is always a homotopy pullback. Moreover one can prove that the homotopy
pullback of a homotopy equivalence along any arrow is a homotopy equivalence as well and
that, if such a diagram:

A— B——C

1

D—F ——F

commutes up to homotopy and the right square is a homotopy pullback, then it is a homotopy
pullback if and only if the left square is a homotopy pullback.

74



Definition A.8. Suppose that g and ¢’ are parallel arrows Y — X of a given path category
€ and suppose that there is a fibration X — A such that (Y & X — A) = (VY £ X — A).
Let (P(X — A) = (Pa(X) — A),r,(s,t)) be a triple in the path category C(A) satisfying 6.
of Definition 1.0.1. for the object X — A of C(A) and let us assume that there is an arrow

v P4(X) such that (g,¢’) = (s,t)h in € (observe that, if ¥ £ X — A is a fibration,
then this means that g ~ ¢’ in €(A) and viceversa). Then we say that g and ¢’ are fibrewise
homotopic (w.r.t. A) and we write g ~4 ¢'.

Suppose that Y’ 45 X is a fibration of € with weak-fibre factorization Y 5x )= 2L
P 27 X) as in Proposition (observe that wy is an arrow (Y ER X) — (P 2 X) in
C(X)). Let I' be an arrow Py — Y such that (Py Ly 4 X) =py and (V RN Py LN
X) ~x 1y (the latter makes sense, since f(I'wy) = f(1y) and f is a fibration). Then we
say that I is a transport structure on f.

Let PY and PX be path objects of Y and X respectively with the structure verifying
6. of Definition Let Pf be a fibration PY — PX commuting with this structure

and let V be an arrow Py — PY such that (P; - PY 24 PX) = (P; 22 PX) and
(Py Y Py & Y) = (P; 2% Y) (see Proposition . Then we say that (Pf,V) is a
connection on f.

As mentioned in the Introduction, the transport structure of a fibration is the categorical
counterpart to the concept of transport in Homotopy Type Theory. One can prove that:

Theorem A.9. IfY I xisa fibration of a given path category C, then there is a transport
structure Py Ly on f and any two tmnsport structures on f are fibrewise homotopic over
X. Moreover there is a connection (PY — PX, Py Y, PY') on f such that (Py Y py 4
Y)=(P; 5 Y).

In other words, if Y I X isa fibration of C, then there is a triple:

Py Sy, py 2 px, Py Y PY)

such that Pf is a fibration, commutes with the structure of PY and PX and the following:

P Sy Lox)= (P 25 X)
v 2P Dy)~x (YI—Y>Y)
Py % Py 2L px) = (P; 22 PX)
(P; L PY 5Y) = (P 25 Y)
P L Py Ly)=(P; 5Y)

are satisfied, where (as in Proposition the following square:

Py 2 PX
P1J{ J{S
f

Yy — X
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is a pullback and:
(Pr 25 X)) .= (P 22 PX 5 X)

V2L Py = 2y Yy L x5 opy).

Remark A.10. Whenever Y %5 X is a fibration of C, (PX,r,(s,t)) is a path object of

X and I': Py — Y is a transport structure of f, then a couple (PY RN PX, P v, PY)
verifying the thesis of Theorem can be obtained as follows.

As f is a fibration, it is the case that Y 1 X is an object of C(X), a path category,

and then it admits a path object (P(Y ER X)=(PxY — X),rx, (sx,tx)) in C(X). If the
following square:
P; xy PxY —= PxY

m| JSX

pp—Lr Yy
is a pullback, let PY := P; xy PxY and let:
(Y 5 PY) = (wy,rx) [as Twy = 1y = sxrx]
(PY 5 Y):= (P; xy PxY ™5 P; 5 Y)
(PY 5 Y):= (P xy PxY ™ PxY 25 Y)

then (PY,r, (s,t)) is a path object. Moreover, let:

(PY £L, PX) = (P; xy PxY =5 P; 22 PX)
(P 35 PY) = (1p,, (P; & Y 25 PY)) [as T1p, = sx(rxTD)]
Then the so-defined couple (Py, V) does the job.
Finally, we state without proof the following;:

Theorem A.11. Let € be a path category and let Y 25 X be a fibration. Let Z Ly and
let Z 2y X be arrows of C such that (Z Ly»n X))~ (Z % X). Then there is an arrow

225y of € such that '~ f and (2 15 v % X) = (2 % X).
In particular, if h is a homotopy pf ~ g, then one can take f' =T ,(f, h).

and the following fundamental:

Theorem A.12. Let C be a path category and let us assume that the following square:

A" C

fl Jp

B—"5D

commutes. Moreover let us assume that p is a a fibration and f is a weak equivalence. Then

there is an arrow B 5 C such that n = pl and lf ~p m and it is unique up to fibrewise
homotopy w.r.t. D.
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The latter proves the uniqueness up to homotopy equivalence of the weak equivalence-
fibration factorization in a path category:

Theorem A.13. Let C be a path category and let us assume that the following square:

y 4= A

al I»

B X
commutes. Moreover let us assume that the arrows a and b are weak equivalences and that p
and q are fibrations. Then there is a homotopy equivalence A 1Ly B with homotopy inverse
B 2y A (that is, [g][f] = [1a] and [f][g] = [18] in Ho(C)) such that gf ~x 1a, fg ~x 1B,
fa~xb, gb~xaqf=pandpg=q.

A.2 Some Needed Lemmas and Remarks

This section contains basic technical results that we use during the chapters.

Lemma A.14. Let C be a category and let A L Bobea reqular epimorphism of €, that is,
in C there is a parallel pair of codomain A whose coequalizer exists and is f. Moreover, let
us assume that f has a kernel pair. Then [ is the coequalizer of its own kernel pair.

Proof. Let o and B be arrows C' — A such that f is the coequalizer of a and . Let v and
0 be arrows D — A such that the following square:

D244

WJ( J{f

A — B
is a pullback. Then there is unique an arrow C' = D such that vz = «a and dz = B.
Therefore, whenever g is an arrow A — E coequalizing v and §, it also coequalizes o and
5. Hence there is an arrow B %y E such that h f = g. We conclude that f is a coequalizer
of v and 4. Q.E.D.

Lemma A.15. Let C be a category and let o and B be parallel arrows R — A of € such
that the couple (a, B) is a kernel pair (of some arrow of C). Moreover let us assume that
the couple (c, B) has a coequalizer. Then («, ) is the kernel pair of its own coequalizer.

Proof. Let f: A — B be an arrow of € such that the following square:

RLA

oL b
AT>B

is a pullback and let A % C be a coequalizer of o and J. Since f coequalizes o and 3, there
is unique an arrow C' = B such that zq = f. Now, let v and ¢ be parallel arrows S — A

such that ¢y = ¢6. Then fv = f§ and therefore there is unique an arrow S 2y R such that
ah =~ and Bh = §. We conclude that the couple (¢, 8) is a kernel pair of g. Q.E.D.
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Lemma A.16. An isomorphism of a given category is nothing but a monomorphism with
a section. Dually, an isomorphism of a given category is nothing but a epimorphism with a
retraction.

Proof. Let A ™ B be a monomorphism and let s be a section of m. Then we observe that
msm = lgpm = m = mly, hence sm = 14. Since ms = 1g we are done. The viceversa is
clear, as every isomorphism is in particular a monomorphism and its inverse is in particular
a section. Q.E.D.

Remark A.17. Let C be a category with terminal object 1 and let S and T be objects of
C. Let us assume that, for every object I in C, there is a map «ay: €(I,S) — C(I,T) such
that, for every arrow J — I of C, the following diagram:

e(I1,8) —= e(I1,T)
—o(J—»I)J{ J{—O(J—ﬂ)
e(J,8) s e(J,T)

commutes. In other words, let us assume that a = {a7}7in ¢ 1S a natural transformation
€(—,8) — C(—,T). Then, by Yoneda’s Lemma, there is unique an arrow S <+ T such that,
for every object I of € and every z € €(I, S), it is the case that a;(z) = (I = S 5 T).

In this case, we define the arrow S % T as the unique arrow S LT that in a better
world would be such that f(x) = ay(x) for every x € S.

Lemma A.18. Let g and ¢’ be parallel arrows Y — X of a path category € such that there
is a fibration X % A such that ag = ag’ and g~ g'. Then g~ g¢'.

Proof. Let us consider the pullback:

XxaX 24X

al ia

X—— A

whose unique arrow X x; X 2% A is a fibration. Let us consider a path object (P (X) —
A,ra,(s4,ta)) of @. Then s4 and t4 are arrows P4(X) — X such that asq = ata, and

(sa,ta)is the induced arrow P4(X) — X x4 X. Let us consider the arrow X x 4 X m)

X x X and let us observe that mip(sa,ta)ra = p1{(sa,ta)r = sar = 1x and analogously
mop(sa,ta)ra = 1x (here m and 7 are the projections X x X — X of the product X x X).
Hence p(sa,ta)ra = dx. In particular, the following diagram:

X L PX

| Je

PaX M x o X Py X x X

commutes, being (PX,r, (s,t)) a path object over X. Being r4 a weak equivalence and
being (s,t) a fibration, by Theorem [A.12| there is an arrow PsX L PX such that the
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square:
P.X —LY » pPX

<5A7tA>l \L(va

XxsX 25 XxX

commutes. ,
Finally, if Y — P, X is a fibrewise homotopy g ~4 ¢/, then:

(9,9 ) xxx =099 ) xxax
=p(sa,ta)h
= (s,t)(lh)

and we are done. Q.E.D.

Lemma A.19. Let C be a path category and let g,h be arrows Y — X such that fg = fh

for some X i> Z. Moreover, let us assume that there is an equivalence Y =Y such that
gw ~z hw. Then g ~z h.

Proof. If k is a homotopy gw ~z hw, then the diagram:

y' -, p,X

wl l(sz,tz)

y 2Py« x

commutes. Being (sz,tz) a fibration and being w a weak equivalence, by Theorem
there is an arrow Y — Pz X making the lower triangle commute, that is, a homotopy
g~z h. Q.E.D.

Lemma A.20. Let C be a path category and let Y L X bea fibration. Let g be a section
of f. Then there is a homotopy I's(gs,lpx) ~x gt.

Proof. We use the construction provided by Theorem and Remark Observe
that fT'r(gs,1px) = pr(gs,1lpx) = tpa(gs,1px) = t = fgt. Moreover I'f(gs,1px)r =
Ti(g,r) =T¢(g,rfg) =T¢(ly,rf)g = Tpwrg ~x lyg = g = gtr. By Lemma and
being r a weak equivalence, it is the case that T'f(gs,1px) ~x gt. Q.E.D.

Let C be a path category and let Y 7, X be a fibration. Let us consider the constructions
of Remark and the pullbacks:

PxY xx PX —2 PXx Py 2 px
51J{ J{S P1l J{S
PyYy — 2 4 X y L x

and observe that sfs = 081 = fsxf1 and that sf; = 081 = ftx 1. Hence, with respect to
the right pullback, we can consider the arrows (sx 1, f2) and (tx 1, f2). Then the following
holds:
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Theorem A.21. Let C be a path category and let' Y 1y X be a fibration. Then there are
homotopies

Ly(sx P, B2) =x L¢(tx P, B2) and I'y(Ls(p1,p2), op2) ~x p1,

being o the result of the application of Theorem[A.1 to the diagram:

px 0 x « X

Proof. See [12] - Corollary 3.2.3 and [13] - Proposition 2.12. Q.E.D.
The following proposition clarifies why we use the terminology homotopy pullback (see

Definition [A.7)): it is a weak pullback up to homotopy.

Proposition A.22. Let C be a path category. Then the quotient functor € — Ho(C) sends
the homotopy pullbacks to weak pullbacks. In particular Ho(Q) is weakly finitely complete.

Proof. Let X o Aand Y % A be arrows of € and let us consider the square:

Xhx, v 25y

W s

x—L 54

of Definition Let o and 8 be arrows Z — X and Z — Y respectively, such that
fa ~ gB. Then there is an arrow Z 2, PA such that (f x g){a,B) = (s,t)h. Then (see
Definition ) there is an arrow Z - X "x Y such that (p;,ps)h’ = (a, B) and we are
done. Q.E.D.

Lemma A.23. Let C be a path category and let Y = X be a section of a weak equivalence
X LY. Then there is a homotopy h: ul ~ 1x such that hu ~x« x Tu, being (PX,r,(s,t))
a path object over X.

Proof. Since lu = 1y, it is the case that u is a weak equivalence. Since the diagram:

Yy —/—— PX

ul l@,t)

x M vy

commutes, the arrow (s, t) is a fibration and the arrow u is a weak equivalence, by Theorem

there is an arrow h: X — PX such that (s,t)h = (ul,1x) and that hu ~xxx ru.
Q.E.D.
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