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Chapter 1

Introduction

In [LS88], the Freyd Cover was used to proof canonicity results for higher categorical
logic. Fore example, it was shown that every morphism 1 — N in the free topos, where
N is a natural numbers object, is of the form S¥0: 1 — N for some k € N. Hence, one
can derive that each term of the natural number type is equal to a numeral. The Freyd
Cover is a special case of a more general construction: the gluing construction. It turns
out that this construction is a powerful tool in showing canonicity results for deductive
systems.

In this thesis we will show that this construction will also be possible for a spe-
cific type of categories called path categories. These categories were first introduced in
[BM18], where also many basic properties were established. We are partly motivated
by the successes in [Shul5], where a similar construction was shown for type theoretic
fibration categories and some canonicity results were proven as an application of this.
The deductive system that these categories model is that of homotopy type theory.

This form of type theory, which is a flavour of Per Martin Lof’s intensional type
theory, is characterized by the inclusion of the so called identity type ida(—,—) for a
type A. If a,b: A, then a term of the type id4(a,b) can be interpreted as a proof that a
and b are equal. If the type ida(a,b) is inhabited we say that a and b are propositional
equal.

An identity type id4(—, —) is inductively defined by reflexivity terms r(a) : id(a, a)
for a: A. At first, one might expect that id4(a,b) is inhabited precisely when a =b: A
is derivable, i.e. when a and b are judgementally equal, and that any term will be equal
to a reflexivity terms (or at least propositionally). However, it was shown in [HS98] that
this is in fact not the case.

A difference with other categorical models of homotopy type theory is that a path
category does not come equipped with a weak factorisation system. Instead, if we have
a commuting square with an equivalence on the left and fibration on the right, the
diagonal filler makes the upper triangle commute only up to fibrewise homotopy. A
consequence of this is that these categories model a homotopy type theory in which the
elimination rule of the identity types holds propositionally instead of judgementally. We
will call such identity types propositional identity types. It was shown in [Ber16] that
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2 CHAPTER 1. INTRODUCTION

the syntactical category of a homotopy type theory with propositional identity types is
a path category.

It is no coincidence that the author of [Berl6] is interested in categorical models
of homotopy type theory with propositional identity types. In fact, as mentioned in
the introduction of [Ber18], he wishes to replace all judgemental equality in elimination
rules by propositional ones, not just for the identity types. Because of this, the usual
constructions, such as a natural numbers object and exponentials, will have a homotopy
counterpart in a path category where all uniqueness and commutativity hold only up
to (fibrewise) homotopy. We will refer to these kind of objects as homotopy universal
constructions. The ones that will be discussed in this thesis were already introduced in
[BM18].

Let us give an overview of the content of this thesis. In Chapter 2 we start by giving
the definition of a path category and some of its basic properties. An important concept
of homotopy type theory (and thus of path categories) is that of transport, which will
be introduced in Chapter 3. The homotopy universal constructions will be treated in
Chapter 4. And finally, in Chapter 5, we will introduce the gluing construction for
path categories and show when such a construction preserves the homotopy universal
constructions. After this we will discuss some options for future research in Chapter 6.

Throughout this thesis, we assume the reader is familiar with basic notions of cat-
egory theory. Although a good part of the motivation is based on type theory, we do
not presuppose any knowledge of this subject. It can however help to appreciate some
of the results as well as give some intuition behind the different concepts.



Chapter 2

Path Categories

In this chapter we give a general description of path categories and in particular the
notion of homotopy in such a category. All results are already discussed in [Berl6],
[BM18] and/or [Berl18].

2.1 Definition of a path category
Let us start by giving the definition of a path category.

Definition 2.1.1 ([Berl8]). A path category is a category C together with two classes
of maps called fibrations and equivalences. In diagrams these will be represented respec-
tively by — and ~~. Maps that are both an equivalence and a fibration are called trivial
fibrations. Given an object X and a factorisation of the diagonal X ~» PX — X x X
as an equivalence followed by a fibration, we call PX a path object of X. We will denote
these maps by rx and (sx,tx), respectively and drop the subscript if no confusion can
arise. Furthermore, the following axioms should hold:

Isomorphisms are fibrations and fibrations are closed under composition.

C has a terminal object 1 and X — 1 is always a fibration.

The pullback of a fibration along any other map exists and is again a fibration.
Isomorphisms are equivalences and equivalences satisfy 2-out-of-6. That is, if f,
g, h are maps such that hg and gf are equivalences, then f, g, h and hgf are

= LN =

equivalences as well.
5. Every object X has at least one path object.
6. Trivial fibrations are stable under pullback along arbitrary maps.
7. Trivial fibrations have sections.

Remark 2.1.2. We will start with a couple of observations about these axioms:

e Axioms 2 and 3 imply that C has finite products and that all projections from
products are fibrations.
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e As C has finite products it makes sense to ask whether a given object X has a path
object. This justifies the inclusions of axiom 5, without explicitly demanding that
C has binary products.

e Ifamap (f,g): Y — X x X is a fibration, both f and g will also be fibrations.

e As equivalences satisfy 2-out-of-6, they will also satisfy the weaker statement 2-
out-of-3, i.e. if f and g are maps and two of f, g and gf are equivalences then the
other will also be an equivalence. Throughout this thesis we will only explicitly
need 2-out-of-3.

e Given a path object PX of X with fibration (s,¢): PX — X x X, both s and ¢
are trivial fibrations.

e As we will rely heavily on results from [BM18], it might not become clear from
this thesis why a path category should satisfy these specific axioms. If the reader
wishes to acquire a better understanding of some of the choices made for this we
highly recommend reading [BM18] beforehand.

Lemma 2.1.3 ([BM18]). In a path category any map f:Y — X factors as f = prwy
where py is a fibration and wy is a section of a trivial fibration (and hence an equiva-
lence).

Proof. Because parts of this proof will play a role throughout this thesis, we will give
the details. Following the remark above, we can take the following pullback

Py % PX
oo b
f

Y — X

as s is a trivial fibration. We put wy = (1,rf): Y — Py and py := tnpx: Py — X.
Then prwy = f and wy is a section of my, and hence an equivalence by 2-out-of-3. One
can show that the following diagram

pf&px

()| bw

yxx 2N xxx

is a pullback as well. Thus we conclude that (ry,py) is a fibration, from which it follows
that py is also a fibration by Remark 2.1.2. O

Corollary 2.1.4 ([BM18]). Any equivalence f: Y — X factors as f = pywy where py
is a trivial fibration and wy is a section of a trivial fibration.

An important fact about path categories is that they are stable under slicing.
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Definition 2.1.5 ([BM18]). Let C be a path category and X an object of C. We define
C(X) as the full subcategory of C/X whose objects are fibrations with codomain X.
This is again a path category with the equivalences and fibrations as in C. Note that
path objects in C(X) can be constructed by a factorisation of Ay: Y - Y xx Y in C .
We write PxY for the path object of ¥ — X in C(X). We call such an object a fibred
path object of Y over X.

Remark 2.1.6. Suppose we have a path category C and a fibration
fi(g: X = 1)— (p: I' = I) in C(I).

Then f is an object in (C(I))(p), i.e. the full subcategory of C(I)/p whose objects are
fibrations with codomain p. It is not difficult to see that Py X — I’ defines a fibred path
object of P, f.

It is also the case that a base change functor preserves the structure of a path
category.

Lemma 2.1.7 ([Berl8]). Let C be a path category. For any morphism f: B — A the
functor f*: C(A) — C(B) obtained by pulling back fibrations along f, preserves all the
structure of a path category. That is, it preserves fibrations, equivalences, the terminal
object and pullbacks of fibrations along arbitrary maps

From this, the following result can be shown.

Lemma 2.1.8 ([BM18]). The pullback of an equivalence along a fibration is again an
equivalence.

Remark 2.1.9. Because of Lemma 2.1.7 we will introduce the following convention.
Whenever we have a pullback

A", B

W s

c-L.p
where g is a fibration, we choose f*(PpB) as a fibred path object PoA. Indeed, as the
base change preserves both equivalences and fibrations, this object will be a path object
of Ain C(C). Informally this means, that paths in A in the fibre of a point ¢ in C' are just

paths in B in the fibre of f(c). As the fibration A — C' can arise from multiple pullback
squares, it should always be clear for which pullback square one uses this convention.

2.2 Homotopy in a path category

In a path category C one can define a homotopy relation on parallel arrows as follows:

Definition 2.2.1 ([BM18]). Two parallel arrows f,g: Y — X are homotopic, if there
is a path object PX for X and a map H: Y — PX (the homotopy) such that sH = f
and tH = g. We write f ~ g or H: f ~ g if we want to stress the homotopy.
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Remark 2.2.2. It was established in [BM18] that homotopy defines a congruence on
the hom-sets of C. Hence, we can define the homotopy category Ho(C) where we identify
all homotopic maps in C.

It is now natural to define a notion of homotopy equivalence.

Definition 2.2.3. A map f: X — Y is a homotopy equivalence if there exists a map
g:Y — X (a homotopy inverse) such that the compositions fg and gf are homotopic
to the identities on Y and X, respectively. If such a homotopy equivalence between X
and Y exists, then we say that X and Y are homotopy equivalent.

There is also a notion of fibrewise homotopy as follows

Definition 2.2.4. Suppose p: X — [ is a fibration and f,g: Y — X are parallel arrows
such that pf = pg. If there is a map H: Y — PrX such that sH = f and tH = g, then
we say that f and g are fibrewise homotopic and we write f ~; g or H: f ~; g if we
want to stress the homotopy.

Remark 2.2.5. Note that if the composite pf = pg is also a fibration, then fibrewise
homotopy reduces to the usual homotopy in C(I). Also, if I = 1, fibrewise homotopy
reduces to the usual homotopy in C.

Remark 2.2.6. Recall from Remark 2.1.9 that if we have a pullback

A2, B

e s

c-—15Dp
we choose f*(PpB) as the path object of A in C(C). Suppose we have two maps
hi,he: Z — A. In order to show that hy ~¢ hs it is sufficient to show that 7chy = wchs
and 7TBh1 >~D 7TBh2.

As mentioned in the introduction, a path category does not possess a weak factori-
sation system. However, we do have a weaker form of a diagonal filler, that we will call
a lower filler.

Theorem 2.2.7 ([BM18]). If

A" C
pooob
B "+ D
is a commutative square with f an equivalence and p a fibration, then thereis al: B — C

such that n = pl and If ~p m. We call such [ a lower filler. Moreover, such a lower
filler is unique up to fibrewise homotopy over D.
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The existence of lower fillers will prove to be very useful in showing the next few
properties of path categories. We start with a lemma that can help to show when two
maps are (fibrewise) homotopic.

Lemma 2.2.8 ([Berl6]). Suppose we have f: X — I and g,h: Y — X such that
fg=fh. If H: gw ~1 hw with w: Z ~Y an equivalence, then g ~ h.

Proof. The following diagram

7z ", px

b e

y M x s x

has a lower filler as w is an equivalence and (s,t) is a fibration. This is precisely a
homotopy showing g ~; h. O

Remark 2.2.9. A type-theorist might consider the previous lemma an generalisation of
path induction, since all reflexivity maps are equivalences. Indeed, a lot of proofs using
this lemma come down to precomposing with a reflexivity map in one way or another.

Another consequence of lower fillers is the existence of a groupoid structures.

Lemma 2.2.10 ([Berl8]). Every object in a path category carries a groupoid structure
up to homotopy. More precisely, if A is an object in a path category, PA is a path object
for A and PA x o PA is the pullback

PA x4 PA % PA

b

PA il A

then there are maps u: PA x4 PA — PA and 0: PA — PA with (s,t)u = (sm, tm1)
and (s,t)o = (t,s) such that:

1. pmo, u(mi, mo)) ~axa p{p(mo, m1), ma): PA x4 PA x4 PA — PA,
2. u(l,rs) ~pxa 1l: PA— PA,
3. pirt,1) ~ax4 1: PA— PA,
4. w(l,0) ~axa1rs: PA— PA,
5. plo,1) ~qxart: PA— PA.

Moreover, such u and o will be unique up to homotopy over A x A.
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Proof. We will start by proving the existence of ;1 and o. They arise as lower fillers of
the following diagrams

PA —comrdonconnons PA A Loy PA
J%(1,7“15) l(s,t) gr l(s,t)
PA x4 PA ST 4 o4 PA M A A

where (1,7t) is an equivalence as it is the map w; in the application of Lemma 2.1.3 to
t: PA — A. All other groupoid structure follows by some application of Lemma 2.2.8.
Now suppose p’' and ¢ define a different groupoid structure. Then p’ will be a lower
filler of the first diagram and ¢’ will be a lower filler of the second diagram, since

r=rsr ~axa W (1, 0")r = p/(r,o'ry = ' (rsr,or) = p'(rt,1)o’r ~4xa o'r.

Thus, the final statement follows as lower fillers are unique up to homotopy over A x A
by Theorem 2.2.7. O

We also have the possibility of lifting morphism to paths.

Lemma 2.2.11 ([BM18]). Let f: Y — X be any morphism. Then there is a morphism
Pf: PY — PX which commutes with the s and t maps and for which we have the
homotopy (Pf)ry ~xxx rxf. In particular, homotopy is independent of path object.

Proof. The map Pf arises as a lower filler of

yL)pX

éTY l(sx,tx)

PY (fsy,fty) X % X

which exists, as ry is a weak equivalence and (sx,tx) is a fibration. ]

It was established in [BM18] that the homotopy equivalences and the equivalences
coincide. To show this, one uses the following property, which we state for future refer-
ence.

Lemma 2.2.12 ([BM18]). Suppose f: Y — X is a section of an equivalence g: X ~ Y.
Then f is a homotopy inverse of g and the homotopy H: fg >~ 1 can be chosen in such
a way that Hf ~x«x rxf.

Proof. From gf =1 and 2-out-of-3 we conclude that f is an equivalence. Hence we can
find H as a lower filler of

y X px

éf l(sx fx)

x YU v o x.
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O]

Corollary 2.2.13 ([BM18]). A map f: Y — X is a homotopy equivalence if and only
if it is an equivalence.

Finally, we end this chapter with a uniqueness result about the factorisation in a
path category. This is also a direct consequence of Theorem 2.2.7.

Corollary 2.2.14 ([BM18]). If a map k: Y — X can be written as k = pa = qb where
a:Y ~Aand b: Y ~ B are equivalences and p: A — X and q: B — X are fibrations,
then A and B are homotopy equivalent. Moreover, the homotopy equivalence f: A — B
and homotopy inverse g: B — A can be chosen such that qf = p, pg = q, fa ~x b,
gb~xa, gf ~x 1 and fg ~x 1.

In particular, any two path objects of an object X are homotopic and the homotopy
can be chosen in such a way that it behaves nicely with the r, s and £ maps. This also
justifies that in some situations we can choose a preferred (fibred) path object, like in
Remark 2.1.9. There will be more instances of this later on.



Chapter 3

Transport

An key concept in homotopy type theory is that of transport. In a path category, this
is modelled by the notion of a transport structure on fibrations. In this chapter we will
discuss some properties that transport structures possess. A lot of these are needed
later on. Most results have already been discussed in [Ber16], [BM18] and/or [Berl§|,
but some new properties will be shown as well.

3.1 Transport structure

Before we introduce the concept of a transport structure, let us first revisit the definition
of Py in the proof of Lemma 2.1.3 with the extra assumption that f: Y — X is a
fibration. Being a pullback of f and s, we can think of an elements of Py as a pair
(y,p) where p is a path in X from f(y) to some z’. The idea behind transport is that
given such a pair, we want to transport y along p to a point ¢ in the fibre above z’. In
addition, when p is a reflexivity path, we want the resulting 3/ to fibrewise homotopic
to y. This is formulated in the following definition.

Definition 3.1.1 ([BM18]). Let f: Y — X be a fibration. A transport structure on f
is a morphism I'y: Py — Y such that fI'y = py and I'yw; ~x 1y. We will sometimes
omit the subscript f, if it can be inferred from context.

The fact that transport structures exists is yet another consequence of the existence
of lower fillers.

Lemma 3.1.2 ([BM18]). Every fibration f: Y — X carries a transport structure. More-
over, transport structures are unique up to fibrewise homotopy over X.

Proof. A lower filler of the commutative diagram

y L.y

o b

10



3.1. TRANSPORT STRUCTURE 11

gives the desired result. O

A related notion is that of a connection structure. The idea here is to find a path
q: y — 3y such that, in a sense, f(q) =p: f(y) — 2'.

Definition 3.1.3 ([BM18]). Let f: Y — X be a fibration and PX a path object
for X. A connection structure on f consists of a path object PY for Y, a fibration
Pf: PY — PX commuting with the r, s and ¢t maps of PX and PY, together with a
morphism V: P; — PY such that the following diagrams

Py —Y PY Py —Y PY
\ JPf \ Js

TPX TX
PX Y

commute.

The following theorem was proved in [BM18] and assures the existence of a connection
structure. Moreover, it also interacts nicely with transport.

Theorem 3.1.4 ([BM18]). Let f: Y — X be a fibration in a path category C and assume
that PX is a path object for X and I': Py — Y s a transport structure on f. Then we
can construct a path object PY on'Y and a fibration Pf: PY — PX with the following
properties:

1. Pf commutes with the r, s and t maps on PX and PY.
2. There exists a connection structure V: Py — PY with tV =T'.
In particular, every fibration f:Y — X carries a connection structure.

Proof. We will only present the construction, as details are worked out in [BM18]. Let
H:Twy ~x 1 and define PY as the pullback

PY 5 PyY

J/ﬂ'o gs

P —L sy
with ry = (wy, H): Y — PY and (sy,ty) = (mymo,tm): PY — Y x Y. Finally, we
put Pf :=mpxmy and V := (1,r'): Py — PY. Informally, one can think of an element
of PY as a point y of Y, a path p: f(y) — &’ and a path ¢: I'¢(y,p) — v in the fibre of
a’. This then defines a path y — ¢’ in Y by concatenating V(y, p) with q. O

Remark 3.1.5. We introduce the following convention. Whenever we are presented with
a fibration Y — X and have chosen some path object PX together with a transport
structure on f, we will assume that PY is constructed as in the previous theorem. This
means that we will also have a fibration P f and a connection structure V at our disposal.
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An consequence of Theorem 3.1.4 is the next result.

Lemma 3.1.6 ([BM18]). If a triangle

b

Z 44X

with a fibration p on the right commutes up to a homotopy H: pf ~ g, then we can find
amap f': Z —Y, homotopic to f, such that for f’ the triangle commutes strictly, that

is, pf' = g.

Proof. See [BM18] for details. A good thing to note, and something that will be used
throughout this thesis, is that f':= ', (f, H). O

3.2 Properties of transport

Transport structures have numerous nice properties. These results are often a conse-
quence of Lemma 2.2.8. The following properties of transport are already known.

Lemma 3.2.1 ([Berl8|). Let f: Y — X be a fibration and I' a transport structure on
f. Then,

1. T preserves fibrewise homotopy. More precisely, the maps
F<S7T0,7T1>,F<t7T0,7T1> : PXy Xx PX Y
are fibrewise homotopic over X.

2. If two paths in X share the same endpoints and are homotopic relative those end-
points, then the transports of a point in'Y along both paths are fibrewise homotopic.
More precisely, the maps

P<7T0, S7T1>,F<7r0,t71'1>: Y Xx Pxxx(PX) —Y
are fibrewise homotopic over X.

3. The transport of a point in Y along the concatenation of two paths is fibrewise
homotopy to first transporting it along the first and then along the second path.
More precisely, the maps

[{(mo, p(m1, o)), I{(L{(mp, m1),m2): Y xx PX xx PX =Y

are fibrewise homotopic.
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Remark 3.2.2. These properties will validate the following abuse of notation. Suppose
we are given a sequence of paths p1, ..., p,: Z — PX such that the target of p; is equal
to the source of p;y1 together with a point y: Z — Y above the source of p;. We will
write I'(y, p1,...,pn): Z =Y Xx PX xXx - xx PX — Y for the result of transporting
y along all of the p;. The previous lemma, combined with Lemma 2.2.10, asserts that
it does not matter, up to fibrewise homotopy over X, whether we first concatenate
some of the paths and/or transport in multiple steps, and thus we will usually omit this
information.

Corollary 3.2.3. Let f: Y — X be a fibration with a transport structure I'. The result
of transporting a point y in'Y back and forth along a path in X stays fibrewise homotopic
to y. More precisely, the maps

F<7Ty,7Tpx,O'7Tpx>,7T0: Pf —Y
are fibrewise homotopic over X.

Proof. From Lemma 2.2.10 we conclude

DNy, mpx,ompx) ~x D{ny, u(l,0)mpx) ~x [{ny,rs7px) = (1,rfimy ~x my.

Note that in the expression I'(my, mpx, ompx), it does not matter whether this represents
I (ry,mpx),onpx) or I{my, u{mrpx,ompx)) as both are fibrewise homotopic over X
anyway. O

Remark 3.2.4. A similar result holds if the point y lies above the end point of the
path instead, i.e I'(my,ompx,mpx) ~x mo: ¥ Xx PX — Y, but here Y xx PX is the
pullback

Y xx PX —— PX

é I

f

X ——Y

instead of Py. To prevent confusion we did not include it explicitly in Corollary 3.2.3,
but the proof is essentially the same.

We end this section with two properties, that to our knowledge have not yet been pre-
sented elsewhere The first resolves around the interplay between sections and transport.
It is also a good example of an application of Lemma 2.2.8.

Lemma 3.2.5. Suppose f: Y — X is a fibration with transport structure I'. Suppose
that g: X — 'Y is a section of f. Then I'(gs,1) ~x gt: PY — X.

Proof. We will apply Lemma 2.2.8 with the equivalence r. As g is a section of f we have
fT(gs,1) =trpx(gs,1) =t = fgt and ['(gs, )r =T(g,7) =T(L,7f)g ~x g = gtr.

We conclude that I'(gs, 1) ~x gt. O
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The second result states that one can pull back a transport structure in the following
sense.

Lemma 3.2.6. Suppose the following square
A—— B
b
C —— D

is a pullback square with f a fibration and we have chosen a transport structure I'y on f.
Then (trpc,T'f(v x Pw)): A xc PC — A is a transport structure on g.

Proof. Consider the two pullbacks
P, s A "5 B
b b
PC ~¥w C —%= D.

First, recall from Lemma 2.2.11 that there is a morphism Pw: PC — PD that commutes
with the s and ¢ maps and is such that (Pw)r¢c ~cxc rpw. Therefore, we see that

sp(Pw)mpc = wscnpc = fuma: Py — D,
and thus there is v x Pw: P; — P. Secondly, we have
fFf(v x P(w)) =tprpp(v X Pw) = tp(Pw)mpc = wtcmpo: Py — D,

resulting in a map (tcmpc,l'f(v x Pw)): P, — A. This map has the property that
g{tempc,T'y(v x Pw)) = tempc. We choose w*(PpB) as the fibred path object of A
over C' in accordance with Remark 2.1.9 and by applying some of the properties of a
transport structure we see that

(tempe, Ty(v x Pw))(1,rcg) = (g, (v, (Pw)rcg))
~c (g, 'y (v,rpwg))
=(g,I'y(v,rpfV))
=(9,Ls(1,rpf)v)
~c {(g,v) = 14.

We conclude that (tcmpc,I'f(v x Pw)) defines a transport structure on g. O



Chapter 4

Homotopy Universal
Constructions

It is common to consider categories with some special types of objects, e.g. a natural
numbers object and exponentials. Path categories are no exception. However, as men-
tioned in the introduction, we are interested in modelling homotopy type theory with
propositional elimination rules. The objects of our interest will therefore be a bit differ-
ent than usual: the universal properties will hold only up to (fibrewise) homotopy. These
objects were first introduced in [BM18] and some basic properties were established. In
this chapter we will also prove some new properties that these objects possess.

4.1 Homotopy natural numbers object

A homotopy natural numbers object can be seen as a collection of disjoint contractible
spaces (C;);e, together with a point z in Cy and a function S: |J... C; — U, C;i such
that for a point  in C; we have S(z;) in Cjy1.

€W €W

Definition 4.1.1. An object N together with maps z: 1 - N and S: N — N is a
homotopy natural numbers object (hnno) if for any commutative diagram of the form

where p is a fibration, there is a section a: N — X of p such that az ~y x and aS ~y fa.

Remark 4.1.2. Notice the slight difference with the definition of a hnno in [BM18].
The definition presented there is equivalent to this one except the homotopies are not
fibrewise (see Proposition 4.13 therein). After some discussion with the author of [BM18|
we feel that this definition is a better reflection of type theory. We do however still have
the weaker property:

15
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Lemma 4.1.3. Suppose (N, z,S) is a hnno. If there are mapsy: 1 —Y andg: Y — Y,
then there is a map h: N = Y, unique up to homotopy, such that hz ~y and hS >~ gh.

Proof. As our definition of a hnno is a strengthening of the right hand side of the bicondi-
tional statement of [BM18, Proposition 4.13], this follows by that same proposition. []

Remark 4.1.4. From the previous lemma it follows that a hnno becomes a natural
numbers object in the homotopy category Ho(C).

We end this section with some properties of a homotopy natural numbers object. As
far as we know these properties have not yet been stated elsewhere. The first one shows
that, as one would expect, the only relevant information about z and S(z;) to define a
hnno is their path component.

Lemma 4.1.5. Suppose (N, z,S) is a hnno and H,: 2/ ~ z and Hg: 8" ~ S, then
(N, 2, 5") is a hnno.

Proof. Suppose we are given a commutative diagram

x 1o x
/p lp
RN \ NG

with p a fibration. Note that this also gives rise to the following diagram

x o x
/p P
123NN

which commutes up to homotopy by the homotopies H, and Hgp, respectively. As p is a
fibration, we can use Lemma 3.1.6 to find 2/ = I'(z, H,) and f' = T'(f, Hgp) making this
diagram commute strictly. Hence, we find a section a: N — X of p such that az ~y 2/
and aS ~y f'a. But then, by the interplay between sections and transport structure
presented in Lemma 3.2.5, it holds that az’ = atoH, ~y I'(as,1)cH, = I'{az,cH,).
Using Corollary 3.2.3, we have the homotopy

Taz,oH,) ~y T'(2',0H,) = T{x, H,,0 H,) ~y .
Similarly, we have aS’ = atc Hg ~y I'{as,1)cHg = I'{aS,cHg) and
I'{aS,0Hg) ~n T'{f'a,0Hs) = I'(fa, Hspa,oc Hg) = T'(fa, Hg,0 Hg) ~n fa.

Hence, (N, 2/, 5") is also a hnno. O



4.1. HOMOTOPY NATURAL NUMBERS OBJECT 17

Another property of a hnno that one would expect is that a hnno is stable under
homotopic equivalence, i.e. if (N, z,5) is a hnno and f: N ~» X is an equivalence then
X can be made into a hnno. However, the question whether this is true remains open.
We did manage to proof this property when f is a section of a trivial fibration. There
is a clear connection between this and the factorisation in C as stated in Lemma 2.1.3,
which will become more apparent in the following chapter.

Theorem 4.1.6. Suppose (N, z,5) is a hnno and f: N — X, is a section of a trivial
fibration g: X -~ N. Then (X, fz, fSg) is a hnno.

Proof. Note first that by Lemma 2.2.12 we can conclude that f is a homotopy inverse
of g and that we can choose H: fg ~ 1 such that Hf ~x«x rf. Suppose we have the
following commutative diagram

Yy — v

bl
1202, x P9

Y

where p is a fibration. Construct the pullback
Y 25y

b
N1 x

and choose f*(PyX) to be the fibred path object of f*Y like in Remark 2.1.9. Notice
that fz=py: 1 — X and

phmy = fSgpmy = fSgfry = fSmn: [TY = X

so there are maps (z,y): 1 — f*Y and Sxh: f*Y — f*Y. This results into the following
commutative diagram

Yy 2y ey

o e
S

1 —2—> N N

from which we find a section a: N — f*Y of my such that az ~y (z,y) and aS ~y
(S x h)a. By our choice of fibre path object of f*Y, this implies that myaz ~x y and
myaS ~x hmya. We claim that I'(myag, H): X — Y is the desired section of p, where
I is transport strucure on p. Indeed, it is a section as pI'(nyag, H) = tH = 1, so it
remains to show the necessary homotopies. For the first one, we calculate

Dryag, H)fz =T{nyagfz, Hfz) = T(nyaz, Hfz) ~x T'(y,rfz) =T(1,rp)y ~x v,

where we have used some of the properties of transport, the fact that fz = py and
Hf ~xxxrf.
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For the second one, we have to show that I'\wyag, H) fSg ~x hI'(ryag, H). Recall
that f is an equivalence, so we can apply Lemma 2.2.8. Postcomposing both sides with p
results in fSg so we need to check that they are fibrewise homotopic after precomposing
with f. On one hand we have

D(ryag, H)fSgf =T(nyaS,HfS) ~x ['(wyaS,rfS) =T(1,rp)ryaS ~x myasS,
where the last equality follows from f = frya = prya. On the other hand we have
h(myag, H)f = hI(wya, H f) ~x hI(nya,rf) ~x hI'(1,rp)rya ~x hnya ~x myaS

and thus the result indeed follows from Lemma 2.2.8. O

4.2 Homotopy function spaces

Just as there is a notion of a homotopy natural numbers object, there is a notion of
homotopy function spaces. In particular, we will consider (weak) homotopy exponentials
and (weak) homotopy II—types. Let us start by giving the definitions.

Definition 4.2.1. For objects X and Y in C a weak homotopy exponential is an object
XY together with a map evyy: XY XY — X such that for any map h: AxY — X
there is a map h: A — XV (called the transpose of h) such that
XY xy 255 x
hx 1T /
AXY

commutes up to homotopy. If such a transpose h is unique up to homotopy, then XY is
a homotopy exponential. We will often omit the second subscript in the evaluation map.

Remark 4.2.2. It is not difficult to see that a homotopy exponential in C becomes an
exponential in the homotopy category Ho(C).

Definition 4.2.3. Let f: X — J and a: J — I be two fibrations. A weak homotopy I1-
type for these fibrations is an object Il, f: 11, X — I in C(I) together with an evaluation
map evyo: J X7 [, X — X over J. Is has the following weak universal property: if
there are maps g: Y — I and m: J x; Y — X with fm = 7, then there exists a map
n:Y — I, X such that (Il f)n =gand m: Jx;Y = X and evyo(1xn): Jx;Y — X
are fibrewise homotopic over J. If the map n is unique with this property up to fibrewise
homotopy over I, then we call Il f and evy, a homotopy II-type. We will omit one or
both subscripts from the evaluation map, if no confusion can arise.

Remark 4.2.4. One can think of an element h of II,X above a point ¢ in I as a section
of f defined only on the fibre of ¢ in J, i.e. when we have a point j in J above ¢ then

f(eV(h,j)) =7
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Remark 4.2.5. It is possible to formulate the definition of Il-types as a kind of right
adjoint to the base change functor o*, but one has to be a bit careful (see for instance
[Ber18]). For this reason we prefer the definition presented here, but it is a good idea to
keep this connection in mind.

Some useful properties about these objects were established in [BM18]. As was the
case there, we will only give the constructions.

Lemma 4.2.6 ([BM18]). If C has (weak) homotopy I-types, then each C(I) has (weak)
homotopy exponentials.

Proof. Given two objects Y and Z of C(I) one defines Z¥ in C(I) as Il,(my) where
a:Y >Tandny: Zx;Y - Y. ]

Lemma 4.2.7 ([BM18]). Let C be a path category with (weak) homotopy Il-types. Given
a fibration p: Z — Y and a (weak) homotopy exponential (YX, evy), there is a (weak)
homotopy exponential (ZX,evz) and a fibration pX: ZX — YX such that

1. The diagram

ZXxx 224, 7
pX Xll lp
YXxXx 2,y
commutes.

2. For each T the diagram

Ho(C)(T, ZX) —— Ho(C)(T x X, Z)

| !

Ho(C)(T,YX) —— Ho(C)(T x X,Y)

in Sets is a (quasi-)pullback.
Proof. Given (Y, evy) let ¢ be the pullback

P——— 7

P b
Yy¥Xxx 2y

and let Z¥ be I, (q), where mp: YX x X — Y. Define evy = mzevyr: ZX x X — Z.
In particular, one can construct a map n: T — ZX by giving a map ¢g: T — YX and
m: T x X — Z such that evy (g x 1) = pm. We choose ev}, Py Z as fibred path object
of P over YX x X to conclude that n is such that p*n = g and evz(n x 1) ~x m. Note
that in this construction we use that (YX x X) xyx (=)¥ 2 (=)¥ x X, resulting in the
(—) x 1 instead of 1 x (—). O
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A consequence of the preceding lemma is the following.

Lemma 4.2.8 ([BM18]). Suppose C is a path category with weak homotopy I-types, and
let XY be a weak homotopy exponential in C. We may choose XY x XY as a suitable
weak homotopy exponential (X x X)¥ with evxxx = (evx(mp x 1),evx(m x 1)) and
choose (PX)Y as in Theorem 38.1.4, so that (s¥ t¥): (PX)Y — XY x XY is a fibration.
Then the following are equivalent:

1. XY is a homotopy exponential.
2. There is a morphism e: (PX)Y — P(XY) such that (s, t)e = (s¥ ,t¥).

Also, if both XY and (PX)Y are homotopy exponentials, then the canonical morphism
P(XY) = (PX)Y is an equivalence.

As was mentioned in [BM18], this lemma shows that homotopy exponentials are those
weak homotopy exponentials that satisfy what type-theorists call function extensionality:
two function are equal precisely when they are equal on any input. So, if a path category
has homotopy exponentials as well as weak homotopy Il-types, we will say that function
extensionality holds in C and one can choose (PX)Y as the path object of XY for any
two objects X, Y of C.

Corollary 4.2.9. Let C be a path category with homotopy exponentials and weak homo-
topy Il-types. Then (PX)Y, as constructed in Lemma 4.2.8, is a suitable path object for
XY and r¥: XY ~ (PX)Y can be chosen such that evpx(rY x 1) ~xxx revx.

Proof. We have amap revy: XY xY — PX and amap Ayy: XY — XY x XY, From
<S,t>7”eVX = AX evy = <eVX(7T0 X 1),eVX(7T1 X 1)>(AXY X 1) = eVXXX(AXY X 1)

and the construction of (PX)Y we find a map 7¥ : XY — (PX)Y such that (s¥,t¥)rY =
Ayy and evpy (T’Y x1) ~xxx revx. The fact that this is an equivalence follows from the
observation that homotopy exponentials become exponentials in the homotopy category
(see the discussion at the end of the proof of [BM18, Proposition 5.7]). O

We end this section with a new result resolving around an interplay between transport
structures and the construction of Lemma 4.2.7.

Lemma 4.2.10. Let C be a path category with homotopy Il-types. Suppose f: Y — X
is a fibration and XZ a homotopy exponential. Let Y and (PX)? be constructed as
in Lemma 4.2.7, i.e. they come with fibrations f%: Y% — X% and (s%,t%): (PX)? —
X% xX?%. Note that we can choose (PX)% as path object of X? by Corollary 4.2.9. Sup-
pose that I' is a transport structure on f. Then one can construct a transport structure
I'2:Y? xxz (PX)? = Y% on fZ in such a way that

eVy(FZ X 1) ~x F(eVy(Tro X 1),eVPx(7['1 X 1)>: (YZ Xxz (PX)Z) X Z =Y.
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Proof. Note that
fevy(mox1) =evx(fZmyx1) =evx(s?m x1) = sevpx(m x1): YZx 2 (PX)? = X,

so there is a map (evy(mg x 1),evpx(m x 1)): (YZ xyz (PX)?) x Z = Y xx PX.
Thus we have two maps I'{evy (1o x 1),evpx(m x 1)): (Y xxz (PX)?)x Z =Y and
t?m1: YZ x yz (PX)? — X7Z such that

fT(evy(mp x 1),evpx(m x 1)) = twpx(evy(my x 1),evpx(m X 1))
= teVpx(ﬂ'l X 1)
tZ

=evx(t?m x 1).

So, since YZ is constructed by Lemma 4.2.7, we find a map I'?: Y% x vz (PX)? - Y?
with the property that

1% = %1 and evy (I'Z x 1) ~x I'{evy (mo x 1),evpx(m x 1)).

It remains to show that T'% (1,77 f#) ~yz 1yz. We will use the fact that C has homotopy
I-types for this. We have f2I'?(1,r?f%) = t?m(1,r? f?) = t?rZf% = fZ and by
Corollary 4.2.9 and Lemma 4.2.8 we have the homotopy
eVy(FZ<1,T’ZfZ> X 1) ~x F(eVY(ﬂ'Q X 1),eVpx(’/T1 X 1)>(<1,TZfZ> X 1)

= F<eVy,eVpx(TZfZ X 1))

~x F(eVy,reVX(fZ x 1))

=I{evy,rfevy)

=I(1,rf)evy

~x eVy .

But as f%1yz = fZ and evy(lyz x 1) = evy we conclude that I'Z (1,77 %) ~yz 1yz
by the uniqueness property of homotopy II-types. O



Chapter 5

The Gluing Construction for Path
Categories

In this chapter we will present a gluing construction for path categories. As was pointed
out in the introduction, this construction can aid in proving canonicity results fo our
deductive system: homotopy type theory with proposition identity types. We will show
that the resulting category is again a path category and give sufficient criteria for when
it possesses certain homotopy universal constructions. To our knowledge all results in
this chapter are new, but whenever they draw inspiration from previous work this will
be mentioned accordingly.

5.1 The gluing of two path categories

Definition 5.1.1. We call a functor F': C — D between two path categories ezxact,
if it preserves the structure of a path category, i.e. the terminal object, equivalences,
fibrations and the pullbacks along a fibration.

By Lemma 2.1.7 we have already seen that a base change functor is an example of
an exact functor. An exact functor will have some additional properties.

Lemma 5.1.2. An exact functor F preserves (fibred) path objects and (fibrewise) ho-
motopies. Moreover, if u and o define a groupoid structure on B in the sense of
Lemma 2.2.10, then F(u) and F(o) define a groupoid structure on FB for the path
object F(PB) of FB.

Proof. As F preserves both equivalences as well as fibrations we immediately see that
F preserves (fibred) path objects. Moreover, if H: f ~; g then F(H): F(f) ~p; F(g)
(where usual homotopy is the special case when I = 1, by Remark 2.2.5). From this it
follows that I’ preserves a groupoid structure as well. O

Remark 5.1.3. In light of the above, given an object B — I of C(I) together with a
fibred path object P;B and groupoid structure p and o, we will choose F(P;B) as the

22
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fibred path object of F'B with rpp = F(r) and (spp,trp) = (F(s), F(t)) and choose
F(p) and F(o) as its groupoid structure. Some care should be taken whenever we have
two object A and B of C such that FFA = F'B. Namely, it should always be clear with
regard to which object of C the choice is made.

From now one, we will assume the existence of an exact functor F': C — D between
two path categories C and D. We continue by given the definition of the gluing category
of F.

Definition 5.1.4. The gluing category of F is the category GL(F') defined by:
e Objects: (X, A,a) where X € D, A € C and a: X — F'A a fibration in D.

e Morphisms: f := (fo, f1): (X, A,a) = (Y, B, ), where fo: X - Y and fi: A — B
such that the following square

X 25 FA

ifo , iF(fl)

Y —— F'B

commutes. Composition of morphisms is defined component-wise.
The first thing to observe is that GL(F') is a path category.

Lemma 5.1.5. The category GL(F') carries the structure of a path category with a
morphism f: (X, A,a) = (Y, B, ) being:

e an equivalence, if both fo and fi1 are equivalences.
e a fibration, if f1 is a fibration and the induced arrow
(fo,a): X = B(FA) =Y xpp FA

s a fibration. In particular fo will also be a fibration as it is the composition of
X =Y xpgp FA — Y, where the second map is a fibration as it is the pullback of

F(f1).

Proof. We check the axioms. We draw inspiration from constructions in [Shul5, Theorem

8.8).

1. Isomorphisms are fibrations and fibrations are closed under composition.

Let f: (X, A,a) — (Y, B, ) be an isomorphism. Then fy and f; will be isomor-
phisms and thus fibrations. The pullback Y x pp F'A will be isomorphic to Y and
so the induced arrow will simply be isomorphic to f; and we conclude that f is a
fibration.

Suppose now that we have a fibration f: (X, A,«a) — (Y, B, ) and a fibration
g: (Y,B,B) = (Z,C,7). Then g1 f1 will be a fibration. Moreover, the induced
arrow (gofo,a): X — Z Xpc FA is the composition of the upper part of the
following diagram:
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X Ly g FA —— (Z xpe FB) xpp FA= Z xpc FA

| |

% {g0.5) 7 xpe FB

where the fibrations are induced by f and g, respectively. Since the square is a
pullback, the top arrow is a fibration and thus the composition of the upper part
is a fibration. We conclude that gf is a fibration.

2. GL(F) has a terminal object and (X, A, ) — 1 is always a fibration.
We claim that (1p,1¢,1) is the terminal object in GL(F'). As F' preserves the
terminal object it is indeed an object of GL(F'). Let (X, A, «) be any object of
GL(F'). Then we have a unique morphism (!p,l¢): (X, 4,a) — (1p,1¢,1) where
lc is a fibration and since 1p x1, FFA = F A the induced map is isomorphic to «,
which is a fibration. Hence (!p,!¢) is a fibration.

3. The pullback of a fibration along any other map exists and is again a fibration.
Let g: (Z,C,~) — (Y, B, ) be a fibration and f: (X, A,«) — (Y, B, ) any map.
We claim that the pullback of g along f in is given by (X xy Z, Ax g C, a x ) with
the canonical projections. This object exists, as its components are the pullbacks
of fibrations in D and C respectively and as F' preserves such pullbacks the arrow
axy:XxzY - FAXxpp FC = F(A xp C) has the correct codomain. We do
have to check that « x 7y is a fibration. For this, note that it is the composition of
the upper part of the following commutative diagram:

Ixy

XXyZ*)XXy(YXFBFC)%X xpgp FC —— FA xpg FC

| ! | |

7 0y FC X o L pA

where the bottom left arrow is a fibration as it is induced by g. Since both squares
are pullbacks we see that all the upper maps are fibrations and hence a x ~ is
a fibration. It is not difficult to see that this construction satisfies the universal
properties of a pullback.

It remains to show that (mx,74): (X Xy Z,Axp C,a xv) = (X, A, «a) is again
a fibration. One can see that w4 is a fibration as it is the pullback of the fibra-
tion F(g1). To show that the induced map is a fibration, consider the following
commutative diagram:
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X xy Z mz > 7
<7rx,a><'y>l (goml \
X Xpa (FA XFBFC) M YXFBFC — FC

o] T

X fo Y s . FB

where the map (go,7): Z = Y xpp FC is a fibration as it is induced by g. As the
lower right square and the entire bottom rectangle are pullbacks, it follows that
the lower left square is a pullback. Combined with the fact that the entire left
rectangle is a pullback it follows that the top left square is a pullback. From this
we see that the map (rx,a x7): X xy Z = Z Xpc (FA xpp FC) is a fibration
and this is precisely the map induced by (7wx,74).

4. Isomorphisms are equivalences and equivalences satisfy 2-out-of-6.
This follows immediately from the fact that equivalences in GL(F') are defined
component-wise and that C and D are path categories.

5. Every object (X, A, «) has at least one path object.
Recall by Remark 5.1.3 we choose F/(PA) as a path object of FA with rpa = F(ra)
and (spa,trpa) = (F(sa),F(ta)). Now let PX be constructed from the fibration
a: X — FA according to Theorem 3.1.4, i.e. PX = P, xx PraX and it comes
equipped with a fibration Pa = 7ppg)mo: PX — F(PA) that commutes with the
r, s and ¢t maps on F(PA) and PX. We claim that (PX, PA, Pa) is a path object

of (X, A, ) with r(x 44) = (rx,74) and (s(x 4,0):t(x,4,0)) = ({sx,x), (s4,%4))-
These maps are morphisms in GL(F') as

(Pa)rx = aF(ra) and (a X a){sx,tx) = (F(sa), F(ta))(Pa).

Because both 74 and rx are equivalences, so is (rx,74). As (sa,t4) is a fibration,
it remains to verify that the induced map

<<Sx,tx>,Pa>: PX — (X X X) XFAxFA F(PA)

is a fibration. One can show that (X X X) Xpaxpa F(PA) = P, xpa X, which
arises as the pullback

PoxpaX 25 X

| J?a

P, —2 s FA

and since PX = P, xx PraX by construction, the induced map is isomorphic to
1xt: PX = P, xpa X. Hence, it fits in the following diagram
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PX = P, xx PpaX —— PpyX

J b

(X % X) xpaxra F(PA) = Pyxpa X —5 X xpa X

[ |

p,— I X

which commutes, because (I' x 1)(1 x t) = (I'mg, tmy) = (smy,tm) = (s,t)m. As
both the lower square and the entire rectangle are pullbacks, the top square is a
pullback. Hence, the induced map is indeed a fibration and we are done.

6. Trivial fibrations are stable under pullback along arbitrary maps.
If the situation is as in (3) and ¢ is also an trivial, then it follows that 7x and 74
will both be equivalences, as they are pullbacks of trivial fibrations. We conclude
that (mx,m4) is a trivial fibration.

7. Trivial fibrations have sections.

Suppose that f: (X, A, a) — (Y, B, ) is a trivial fibration. Then f; is a trivial fi-
bration and we find a section s;. So, F'(f1) has a section F'(s1) and therefore we get
a section (idy, F(s1)B): Y — Y xpp F A of my. Notice that 7y is a trivial fibration
as it is the pullback of F'(f1). As fy itself is a weak equivalence it follows by 2-out-
of-3 that the induced morphism (fy,a): X — Y xpp F'A is a trivial fibration and
thus has a section sg. We claim that (so(idy, F'(s1)8),s1): (Y, B,5) — (X, 4, a) is
the desired section of f. First we must check that it is even a morphism in GL(F).
But this is true from the equality

Oz$0<idy, F(81>ﬁ> = 7TFA<f0, Oé>80<idy, F(Sl),@> = 7TFA<idy, F(Sl)ﬁ> = F(Sl)ﬁ.

That it is a section of f follows from

foso(idy, F'(s1)B) = my (fo, ) so(idy, F'(s1)8) = my (idy, F'(s1)8) = idy
and the fact that s; is a section of f7. O

Remark 5.1.6. The choice for the class of fibrations might strike one as odd, but this
is an example of a general approach known as reedy fibrations. See for instance [Shulb,
Definition 8.1].

Now that we have established that GL(F') is indeed a path category, it will be
important to characterize its homotopy structure. We will do this first for ordinary
homotopy.

Lemma 5.1.7. Let f,g: (X, A, a) — (Y, B, ) be two parallel arrows in GL(F'). Then
f =~ g if and only if there is Hy: fi1 ~ g1 and T'g(fo, F(H1)o) ~Fp go.
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Proof. Let (PY,PB, Pj3) be the path object of (Y, B, /) in GL(F) as constructed in
the previous lemma. Recall that in the construction of PY we defined sy = mymy and
ty = tm.

(=) Suppose we have a morphism (Hy, H1): (X, A,«) — (PY, PB, P3) such that
(s,t)(Ho, H1) = (f,g). Note first that this implies that Hy: fo ~ go and Hi: f1 ~ g1.
Recall that PY = Pg xy PppY and comes equipped with a projection m1: PY —
PrgY. We claim that w1 Hy: T'g(fo, F(H1)a) ~pp go. First note that by construction
of PY we have mymoHy = sy Ho = fo and mpppymoHo = (PB)Ho = F(Hi)a from the
fact that (Hp, Hi) is a morphism in GL(F'). Thus we conclude smiHy = I'gmoHy =
I's(fo, F'(H1)a) and together with tm1Hy = ty Hy = go, we can indeed conclude that
miHo: Tg{fo, F(H1)a) ~FB go-

(<) Suppose that Hy: fi =~ g1 and that Hy: I'g(fo, F(H1)) ~pp go. Since we have
chosen PY = Pg xy PppY we conclude that there is a map ((fo, F'(H1)a), Hp): X —
PY. The equality

PB({fo, F(H1)a), Ho) = mppymo((fo, F'(H1)a), Ho) = F(Hy)o

tells us that that (((fo, F'(H1)a), Ho), H1): (X, A,a) — (PY, PB, P3) is a morphism in
GL(F). Using this we see that

(s, t)({(fo, F(H1)a), Ho), H1) = ((sv, ty)({fo, F(H1)a), Ho), (sp,tp)H1)
= ((fo0,90), (f1,91)) = (f, 9)-

Hence f ~ g. O

Before we characterize fibrewise homotopy we first try to get a better understanding
of the category GL(F')((Z,C,~)) for an object (Z,C,~) of GL(F'). Suppose we have a
fibration f: (Y, B,B) — (Z,C,v) in GL(F'). Then this tells us that f; and the induced
morphism (fo, 8): Y — ~v*(F B) are fibrations. Observe that this data can be represented
in the following way:

Y B y YoBL «(pB)
J ;

l ’ l ' f& /ﬂF(fl))

Z, c, Z

This motivates the next lemma.

Lemma 5.1.8. Let (Z,C,v) be an object of GL(F'). Then the functor v*F¢: C(C) —
D(Z) is exact and we have a functor G: GL(v*F¢) — GL(F)((Z,C,~)) which preserves
equivalences and fibrations. Moreover, this functor is an isomorphism.

Proof. Since F' is an exact functor we see that Fo must also preserve equivalences,
fibrations and pullbacks of fibrations along arbitrary maps, as these are calculated in C
and D, respectively. It also clearly preserve the terminal object. We already know that
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the base change functor is exact by Lemma 2.1.7. We conclude that the composition
o*Fy is exact.
Let the functor G: GL(y*F¢) — GL(F)((Z,C,«)) be given on objects as

(ho,h1)
2

(ho: Y — Z,h1: B~ C, (ho,B): Y —7*(FB)) = (Y, B,5: Y — FB) (Z,C,7)

and the identity on morphisms. Suppose
(X = Z,A—C, (jo,a): X = ~"(FA) - (Y - Z,B—C,(hy,3): Y = ~"(FB))

is a morphism in GL(7y*Fj4). If f is an equivalence, then fp and f; are both equivalences
in C(A) and D(X) and thus also in C and D. We conclude that G(f) is an equivalence.
Suppose now that f is a fibration. Then we have that f; is a fibration in C(A4) and
therefore also in C. Looking at the following diagram

P—— y*FA—— FA

l j?w*w(fl)) lF(fl)

Y — ~+*FB —— FB

~N L

77— o FC

we see that f and G(f) induce the same arrow in C, so it follows that G(f) is also a
fibration. The inverse of H is given on objects by

V,B,8) L (2,C,7) = (v B x,BL A, (f0,8): ¥ = a*FB)

and again the identity on morphisms. We leave verifications to the reader as we shall
not need that G is an isomorphism. O

Corollary 5.1.9. Let p: (Y, B, ) — (Z,C,~) be a fibration in GL(F'). Choose F(PcB)
as the fibred path object of FB over FC and v*(F(PcB)) as the fibred path object of
Y (FB) over Z and some transport structure Iy, g in C(Z) on the induced fibration
(po, B): Y — v*(F'B). Finally, choose Py«(ppyY as the fibred path object P, (g, p)po in
(C(2))(v*(FB)) in accordance with Remark 2.1.6.

Now, construct the path object of Y over Z wusing the induced fibration (pg,3): Y —
Y*(FB) and Theorem 3.1.4 in D(Z), i.e. PzY = Py, 3y Xy Popp)Y where Py, gy is
the pullback

Ty*(F(PgB))
_—

Pipo.g) v*(F(PcB))
é”Y év*w(sw
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Recall that it comes equipped with a fibration Pyz(po, 5): PzY — v*(F(PcB)) in D(Z).
Then (PzY, PoB,m Pz{(po,B): P7Y — F(PcB)) is a fibred path object of (Y, B, 3) over
(Z,C,7).

Proof. Recall that Lemma 5.1.5 allows us to describe a path object in GL(y*F¢) as
follows: We can choose (PzY — Z,PcB — C,Pz(po,B): PzY — ~*(F(PcB))) as

a path object of (Y 7 Z,B 7 C,(po,B): Y — v*(FB)). As the functor G from the
previous lemma preserves equivalence and fibrations the result follows by applying G. [

Now that we have a description of the fibred path objects of GL(F'), we can charac-
terize fibrewise homotopy.

Lemma 5.1.10. Let f,g9: (X, A,a) — (Y, B, ) and p: (Y,B,3) — (Z,C,~) with pf =
pg. Then f ~z ¢~ g if and only if

Hy: fi ~c g1 and Ty, gy(fo, (pofo, F(H1)a)) =+ (FB) o0,
where the transport structure I, gy is constructed in D(Z).

Proof. We will use the fibred path object of (Y, B,~) over (Z,C,~) as constructed in the
previous lemma.

(=) Suppose that (Ho, H1): (X, A,a) = Pz c,)(Y, B, 3) is a morphism such that
(s,t)(Ho, H1) = (f,g). Observe that Hy: fo ~z go and H;: f1 ~¢ g1. By construction
PzY = Py, 5 Xy Py«(rp)Y, so there is a projection m: PzY — P« pp)Y. We claim
that 7 Ho: T, 8)(fo, (pofo, F(H1)a)) ~=,+pp) go- By construction we have

tmiHy =ty Ho = go and wymoHy = sy Hy = fo.
We wish to also show that
Ty (F(PeB))ToHo = (pofo, F(H1)a): X — v*(F(PcB)).

Recall that in constructing PzY in Theorem 3.1.4 we define

Pz{po, B) = Ty (p(PoB))T0: P7Y — v*(F(PcB)).
. Since (Hp, H1) is a morphism in GL(F') we conclude that

Ty (F(PeB))ToHo = m1(Pz(po, B))Ho = F(H1)a.
On the other hand the following diagram

v*(F(PcB)) —— F(PcB)

RN lﬂsB)
7| v (FB) —— FB
lv* (F(p1)) J]F(pl)
Y

4 — IFC
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tells us that 7z = v*(F(p1))7*(F(sp)). Since we have the equality

Y (F(p1)Y* (F(sB))Ty(F(PoB))ToHo = 7 (F(p1))(po, B)my o Ho
= pomy moHo
= posy Ho
= po fo,

We conclude that sm Hy = F<p0”3>7ToH0 = F<p0”3><f0, <p0f0, F(Hl)a>>

(«) Suppose that Hi: fi ~c g1 and Ho: T, 8)(fo, (Pofo, F(H1)a)) ~«rB) go-
This gives us a map ((fo, (pofo, F'(Hi)«)), Hy): X — PzY such that

m1(Pz{po, B)){{fo, (pofo, F(H1)a)), Ho) = F'(H1)a,

so there is (<<f0,<p0f0,F(H1)OZ>>,H0>,H1): (X,A,Oé) - P(Z,C,q/)(}/aBaB) in GL(F)
Moreover,

(s,t)(({fo, (pofo, F(H1)ar)), Ho), H1) = ({sy,ty)({fo, (pofo, F(H1)a)), Ho), (sB,tB)H1)
= ((fo,90), (f1,91)) = ([, 9)

showing that f ~zc,) g 0

5.2 Homotopy natural numbers object in a gluing category

Now that we have an understanding of the (fibrewise) homotopy in GL(F') it is time to
tackle the homotopy universal construction. Our first result will bet that GL(F') has a
hnno whenever both C and D have one.

Theorem 5.2.1. Suppose that C and D have hnnos (N1, z1,S1) and (N, 29, S0), respec-
tively. Then GL(F) has a hnno.

Proof. As F is exact, it preserves the terminal object. This results in a diagram

F(z1) F(

1 FN; 2O e,

in D. By Lemma 4.1.3 we find h: Ny — FN; such that hzg ~ F(z1) and hSy ~ F(S1)h.

Factor h as an equivalence followed by a fibration Ny XA X% F N7. Recall that from
Lemma 2.1.3 this equivalence f is actually a section of an acyclic fibration g: X — Nj.
Hence, by Theorem 4.1.6 we see that (X, fzo, fSog) is a hnno in D. We also have the
following diagram

1 fzo0 X fSog X

I

1 26 e, £8Y e,
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which commutes up to homotopy, since qfzy = hzyp ~ F(z1) and
afSog = hSog = F(S1)hg = F(S1)qfg ~ F(51)q.

Because ¢ is a fibration we can use Lemma 3.1.6 to find morphisms zx: 1 — X and
Sx: X — X such that the above diagram commutes strictly with the property that
zx ~ fzo and Sx ~ fSpg. By Lemma 4.1.5 we conclude that (X, zx,Sx) is a hnno in
D and that we have an object (X,Ny,¢) in GL(F). The commutativity of the above
diagrams now shows that (zx,21): 1 — (X,Ny,¢) and (Sx, S1): (X,Ny,q) — (X,Ny,¢q)
are both morphisms in GL(F"). We claim that ((X,Ny,q), (2x, 21), (Sx,S1)) is a hnno
in GL(F).
Suppose we are given a commutative diagram of the form

(Y7B7ﬂ) ;) (Y>B7B)

) :
LT (N0 g (XN
Zx,21) (Sx,51)

with p is a fibration. Then this induces a diagram in C which gives us a section a;: Ny —
B of p such that Hy: ayz1 ~n, band Hf: a1S1 ~, fiai. To find an appropriate section
of pg, consider the following diagram

p— ™ .y

i} | 8
i o )| \A

X ¢*(FB) — FB

\ | q J?F(m)

X —— FNy

where P is constructed as a pullback. This is possible as the induced arrow (pg, 5): Y —
q¢*(FB) is a fibration. It follows from the diagram that 7x = pomy : P — X. We apply
the convention of Remark 2.1.9 to the fibred path objects of P over X and ¢*(F'B) over
X. Wehave zx:1— X and y: 1 — Y. Because zx = poy: 1 - X and

F(a1)qzx = F(a1)F(z1) ~pn, F(b)=Py: 1 - FB
we conclude that the following diagram

1 —L 5y

LZX [wosy

X —— ¢*(FB)
commutes up to homotopy over X where the homotopy is given by

(poy, F(H1)): 1 = Px(¢"(F'B)) = ¢*(F(Pn, B)).
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By Lemma 3.1.6 applied in the path category D(X), we find ¢ := T, sy (y, (poy, F'(H1)))
that makes the diagram commute strictly. Note that here I, 3y is constructed in C(X).

Similarly, we have two maps Sx7mx: P — X and fory: P — Y. Because of Sxymx =
Sxpomy = po fory and

F(a1)gSxmx = F(a1)F(S1)qnx ~pn, F(f1)F(a1)grx = F(f1)Bry = Bfory,
the following diagram

fory %

(po,B)

"

Sxmx

%

F(a1)q q*(FB)

S

commutes up to homotopy over X by the homotopy
{(pofory, F(Hy)qrx): P — Px(¢"(FB)) = ¢"(F(Py, B)).

Therefore, we find h = T, g (fomy, (pofory, F(Hy)qrx)): P — Y that makes the
diagram commute strictly.
In summary, we have the following commutative diagram

(ZX 7W

1 =X

(Sxmx,h) p

g

TX X

Sx . X

4—

P

and there is a section ax: X — P of mx such that
Ho:axzx ~x (2x,y) and H): axSx ~x (sxmx,h)ax.

Now put a == (nyax,a1): (X,Ni,q) — (Y, B, 8), which is a morphism in GL(F’) because
Brya = F(ai)grxa = F(ay)q. It is also a section of p since ppryayx = mxax = 1 and
pra; = 1. It remains to show the desired homotopies in GL(F').

For the first one, it holds that Hj: a12; ~y, b and, by choice of fibred path object of
P over X, mHo: myaxzx ~grB) ¥ = Lipy,) (Y, (poy, F(H1))). By Lemma 5.1.7 this
implies that (myax,a1)(zx,21) ~(x,N,q) (¥0)-

Similarly we have H]: a1.51 ~y, fia1 and

mHy: myaxSx ~g(rp) hax =Ty, g (fory, (pofory, F(Hi)grx))ax

= T8 (fomyax, (poforyax, F(Hy)q)).

Again, Lemma 5.1.7 implies that (myax,a1)(Sx,S1) ~xn,.q (fo, f1)(7yax,ar). O
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5.3 Homotopy exponentials in a gluing category

In this section we will give the sufficient criteria for GL(F') to have (weak) homotopy
exponentials. We start with weak homotopy exponentials. Let (X, A, a) and (Y, B, )
be objects of GL(F). What would one expect (Y, B, ﬁ)(X’A’a) to look like? A good start
might be to draw inspiration from the construction in toposes. Looking at [Joh02], we
would construct the pullback

E k yX
e
F(BA) F(ev)(1xa) FBX

where F(ev)(1l x «) is the transpose of F(B4) x X — F(B4) x FA — FB with
H: ev(F(ev)(1 x a) x 1) ~ F(ev)(1 x o). One way to ensure that this pullback ac-
tually exists, is by demanding that X : YX — FB¥ is a fibration. From Lemma 4.2.7
it follows that this can be done by requiring that D has weak homotopy exponentials.
This seems like a reasonable requirement as we are not just interested in arrows X — Y
in D but arrows that map inside a certain fibre. Indeed this approach will work, however
the homotopy H will turn out to give an extra (unnecessary) level of complexity to the
proof. This is due to the fact that one can think of an element of £ as a morphism
A — B and a morphism X — Y such that the diagram

X %5 FA

L

y L. B
commutes up to the homotopy H. As 8: Y — F'B is a fibration, this is enough to define
a morphism in GL(F") by Lemma 3.1.6, but one would have to constantly transport back
and forth along H when evaluating.
It turns out to be possible to construct the exponential in such a way that it represent
strictly commutative squares using weak homotopy II-types in D. This will be the
approach in the following theorem.

Theorem 5.3.1. Suppose C has weak homotopy exponentials and D has weak homotopy
II-types. Then GL(F') has weak homotopy exponentials.

Proof. Let (X, A, ) and (Y, B, 8) be two objects of GL(F). Let B be a weak homotopy
exponential in C with evaluation map evg: B4 x A — B. Now consider the following
diagram

Q i Y

- ;

F(BA) x X 2% p(BA) x FA "% pp
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where @ is constructed as a pullback. Let the fibred path object of () over F(BA) x X
be chosen by pulling back PrpX along F(evp)(l x a) like in Remark 2.1.9. So, now
we have a pair of fibrations Q — F(B?) x X — F(B*) and we construct its weak
homotopy TI-type. Denote this object by 8%: VX — F(B4) and its evaluation map by
eVt VX x X — Q over F(BA) x X. Now define evy = Ty evy,: VX x X — Y. We
claim that (Y;X, B4, %) is a weak homotopy exponential in GL(F) with evaluation map
ev(x A, (V.58 = (evy,evp): (Y5 x X, B4 x A, x a) — (Y, B, ). The fact that
eV(X,A,a),(v,B,8) is @ morphism in GL(F) follows from

Bevy = F(evp)(l x a)(B8* x 1) = F(evp)(8* x a).

Informally, an element of this object consists of a morphism f;: A — B and a morphism
fo: Y — X above F(f;) with the property that 5(evy (fo,z)) = F(evp)(F(f1), a(x)).

Suppose we have f: (Z x X,C x A,y x a) — (Y,B,). In particular we have
fi: C x A — B and hence a transpose fi: C — B“ such that H;: evg(fi x 1) ~ f1.
From this we find a map F(fi)y: Z — F(B%). On the other hand we have the map
fo: Zx X =Y. As f is a morphism in GL(F') we see that

Bfo=F(f1)(7 x a) = Fevp(f1 x 1))(v x a) = F(evp)(1 x a)(F(f1)y x 1),

where the homotopy is given by o F(Hy)(y x «). Since 3 is a fibration, we can apply
Lemma 3.1.6 to conclude that

7w X Fﬁ(anGF(Hf)(WXOé»} v

F(fl)'YXIl L@’

F(BA) % X F(evp)(1xa) FB

commutes, resulting in a map (F(f1)y x 1,Ts(fo,oF(Hf)(y x @))): Z x X — Q over
F(B%) x X. Thus, by the property of weak homotopy II-types we find a map ng: Z —
Y X such that f%ng = F(f1)y and

eV (no X 1) ~p(payex (F(f1)y x 1,Tg(fo, 0 F(Hp)(y x a))).
By choice of the fibred path object of ) this implies that
evy(nog x 1) ~pp I'g{fo, 0 F(Hyf)(y X a)).
We put f = (ng, f1): (Z,C,vy) — (YX, BA, 3%), which is indeed a morphism in GL(F)

by the above. It remains to show that GV(X’Aya%(Y’B’ﬁ)(fT x 1) ~ f. We have already seen
that Hy: evp(fi x 1) ~ fi. Moreover,

Lglevy (no x 1), F(Hy)(y x ) ~rp Up(fo, 0 F(Hy)(y % a), F(Hp)(y x «)) ~Frp fo,

by Remark 3.2.4. We conclude that eV(X7A7a)’(y’B’/g)(fT x 1) ~ f by Lemma 5.1.7. Hence,
(Y X, B4, 3%) is a weak homotopy exponential. O
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Before we can move on to homotopy exponentials, we will need a lemma about a
nice choice of transport structure on 5%. The proof is very similar to Lemma 4.2.10. In
fact, Lemma 4.2.10 is instance of the following lemma in the case that C = D,F = 1p
and one puts (X, A,«a) = (Z,Z,1z) and (Y, B, ) = (Y, X, f: Y — X).

Lemma 5.3.2. Suppose C has homotopy exponentials as well as weak homotopy I1-types
and D has homotopy Il-types. Let 5 : Yof( — F(BA) be constructed as in the previous
lemma. Then we can choose a transport structure I'ga on 3% in such a way that

eVy(Fﬂa X 1) ~rB Fg(@Vy(?TO X 1), F(eVpB)(ﬂ'l X a)>: (Yof( XF(BA) F((PB)A)) xX —Y.

Proof. Compare Lemma 4.2.10. As C has both homotopy exponentials as well as weak
homotopy II-types, we can choose (PB)A as a suitable path object of B4 in accordance
with Corollary 4.2.9. In particular, we have (s4,t4) such that evp(s4 x 1) = sevpp and
evB(tA x 1) =tevpp and rA is such that eVpB(rA x 1) ~pyp revpg. The equality

Bevy(my x 1) = F(evp)(1 x a)(B* x 1)(mp x 1)

shows that there is a map
<eVy(71’0 X 1),F(eVpB)(7T1 X a)): (YO;X XF(BA) F((PB)A)) xX =Y XFB F(PB)

So, we have two maps I'z(evy (mo x 1), F(evpp)(m1 x a)) and F(t4)r with the property
that

BFI3<GVY(7T0 X 1),F(6VPB)(7T1 X a)>

F(t)?i'l(eVy(?To X 1) F(eVpB)(T(l X a)>
(t)F(eVPB)(Tl’l X Od)
(evp(t x 1))(m x a)
(

evp)(1 x a)(F(t*)m x 1).

[
o I B

So, by the universal property of Y;X we find Iga: YX X p(BA) F((PB)) — YX such
that

6“F5a = F(tA)ﬂ'l and eVy(Fﬁa X 1) FB Fg(GVy(?TO X 1) F(eVpB)(ﬂ'l X Oé))

Finally, we will show that 3°T'ga (1, F(r4)8%) ~p F(A) lyx by making use of the fact
that D has homotopy II-types. We have the equality

BTga (1, F(r*)%) = F(t)m (1, F(r*) %) = F(t)F(r*)5* = 5*.



36 CHAPTER 5. THE GLUING CONSTRUCTION FOR PATH CATEGORIES

and the homotopy

evy (Dga (1, F(r*)%) x 1) ~pp Ts{evy, F(evpp)(F(r A)B“ X a))
= Fﬁ(GVy,F(eVpB<7’ x 1))(8* x a))
~pp Tglevy, F(r)F(evp)(1 x )(6‘Y x 1))
=TI'g(evy, F(r)Bevy)
=T'3(1, F(r)p) evy
~FB €Vy,
using Corollary 4.2.9 and properties of transport. But because

Blyx = B and eVY(lyof( x 1) = evy,

we conclude that I'ga (1, F(r Ay ~ F(BA) lyx by the uniqueness property of homotopy
II-types. O

Theorem 5.3.3. Suppose C has homotopy exponentials as well as weak homotopy II-
types and D has homotopy I1-types. Then GL(F) has homotopy exponentials.

Proof. Let (Y.X, B4, 3%) and f be constructed as in Theorem 5.3.1.
Suppose g: (Z,C,~) — (YX, B4, 5%) is such that ev(X,Aa),(v,B8) (g X 1) = f. In
particular we have

Hgy: evp(gr x 1) ~ fi and T'g(evy (go x 1), F(Hg)(y x @) ~rB fo.

Like the preceding lemma, choose (PB)A as the path object of B4 with evaluation map
evpp: (PB)*xA — PB using Corollary 4.2.9. As there are maps (g1, f1): C — BAx B4
and pu(Hy,0Hy): C x A — PB such that

(s,t)u(Hg,oHs) = {evp(g x 1),evp(fi x 1)) = evpxp({g1, f1) x1): C x A — B x B

we conclude, by construction of (PB)4 as a weak homotopy II-type, the existence of
K: C — (PB)* such that (s, 1)K = (g1, f1) and evpp(K x 1) ~pyp u(Hy,0Hy). In
particular K: g1 ~ f1. Let I'ga be constructed as in Lemma 5.3.2. We wish to show
that T'ga(go, F'(K)7) ~p(pay no. For this we use the uniqueness property of ng. Recall
that ng: Z — Y;X came as a consequence of the morphisms

F(fi)y: Z — F(B%) and Ts(fo, o F(Hp)(y x @)): Z x X =Y

We have 3°T ga(go, F(K)v) = tF(K)y = F(f1)7, and thanks to Lemma 5.3.2 it holds
that

evy (T'ga(go, F(K)7) x 1) ~pp Tglevy(go x 1), F(evpp)(F(K)y x a))
~rp Lglevy(go x 1), F(Hy)(y x a), 0 F(Hp)(y x @)
~rp [g(fo, 0 F(Hy)(v x )).

By uniqueness of ng we can conclude that I'ge(go, F'(K)7y) ~ppay no, from which it
follows that g ~ f. Thus, (Y;X, B4, 3%) is a homotopy exponential. O
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Remark 5.3.4. One might have expected that it would be enough to demand that C
has just homotopy exponentials. Sadly, this does not seem to be enough. Let us see
what could be the problem. Suppose g: (Z,C,v) — (Y.X, BA,BC“) is another potential
transpose of f. One would have Hy: evp(g1 x 1) ~ fi and, as we now have homotopy
exponentials in C, we immediately find some K: g; ~ f. But this is were the trouble
begins. As C has only homotopy exponentials we have no idea how this morphism
K looks like, only that it exists. This turns out to be a problem in showing that
L'ge(go, F(K)y) ~pay no. One would wish that K: Z — (PB)# and that at each
element a of A it evaluates to u(Hgy(a),0Hy(a)), or at least up to homotopy. So, it
seems to be the case that function extensionality needs to hold in C. Corollary 4.2.9
tells us that we can fix this by requiring that C has weak homotopy II-types. Until this
point it is not certain whether this extra requirements on C is actually necessary for
GL(F) to have homotopy exponentials.

5.4 Weak homotopy II-types in a gluing category

We will end this chapter by proving that GL(F') has weak homotopy II-types when both C
and D do. Let us start by giving some intuition about the construction presented below.
Suppose we have pair of fibrations f: (X, A,a) — (Y, B, ) and g: (Y, B,3) — (Z,C,~)
in GL(F'). Then we can visualize this data as the following diagram

S T

o XXFBYHFA

X

}J; 5 F(f1)

xﬁ

Zxpc FB —5 FB

z | j]F(gn

z T L FC.

Suppose we have a point ¢ and a point z of Z above F(c). Then first of all, we are
looking for a section hq of f1 defined on the fibre of ¢ in B and a section hg of fy defined
on the fibre of z in Y and that, in a sense, lies above F'(h;). Moreover, if we have a y
above z, we should have the equality a(ev(ho,y)) = F(ev)(h1, 5(y)).

Theorem 5.4.1. Suppose C and D have weak homotopy I1-types. Then GL(F) has weak
homotopy Il-types.
Proof. For this proof we draw inspiration from the proof of [Shul5, Theorem 8.8].

Suppose that we have a pair of fibrations (X, A, «) EA (Y, B, 8) 5 (Z,C,~). Then
we start by constructing the weak homotopy II-type Il fi: 115, A — C with evaluation



38 CHAPTER 5. THE GLUING CONSTRUCTION FOR PATH CATEGORIES

map evy, : B x¢ Iy A — A over B. Now, take the following two pullbacks

P —" & F(II, A) Q —F—— P
J]w [CATSI yw,F(evgl)(ﬁxl»
Y % FC X % Y XFB FA
which fit in the following larger diagram
Z xpc F(Il, A) - > F(Il,, A)
/ Iy
TP BX].
Q > P > F(B xc 1l A)
TX Tz F(evg,) F(Ilgy f1)
X M Y XFB FA > 'A
P $ F(f1) $
0 TY A il > F'C
go
v 5 v F(g1)
Y > F'B

where by pullback pasting, all squares are actually pullbacks. In particular, the map
p: P — Z xpc F(Ily A) is a fibration.

So we have a pair of fibrations Q — P — Z xpc F(II5 A). This allows us to
construct the weak homotopy II-type II,(7p): Il,Q — Z xpc F (11, A) with evaluation
map evy: p*m,Q =Y xz11,Q — Q over P, ie. mpev, =1 xmlly(rp): [I,Q xzY — P.
We claim that (I1I,Q, 4, A, 11, (7p): 1I,Q — F(Il, A)) is a weak homotopy II-type in
GL(F).

By construction, (mzIl,q,11,, f1): (II,Q, I, A, mIl,(7mp) — (Z,C,7) is a fibration.
there is a fibration To determine the evaluation map, note that

amx evp = F(evgl)(ﬁ X 1)7TP €Vp
= Flevg)(8 x 1(1 x miT(np))
= F(evg )(8 x mIly(mp)),

showing that there is a morphism

ev = (mxevp,evg ): (Y xz11,Q, B xc I, A, B x mI,(mp)) = (X, A, a)

in GL(F).

Intuitively, an element of (I1,Q, Iy, A, 111, (wp)) defines a section hy of fi on the fibre
in B of some point ¢ in C' and a section hg of fy above F'(f1) on the fibre in Y of some point
z above F'(c). Moreover, if y lies in this fibre the equality a(evx (ho,y)) = F(evy, (h1,c¢))
holds. This is precisely the kind of object we were looking for.
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Now suppose we have a map h: (W, D,§) — (Z,C,~) and a map m: (Y xz W, B x¢
D, x0) = (X,A,«a) over (Y,B,3). This gives us a map ni: D — II; A over C such
that H: evg, (1 X n1) ~p my. As h is a morphism in GL(F') we have

F(I,, f1)F(n1)6 = F(h1)d = vho: W — FC

showing that there is (hg, F'(n1)0): W — Z xpc F(Il; A). The following diagram

Yx, W —Y oW

le(nl)cSl l(ho,F(m)&
P—Lr  Z xpo F(Ily, A) —» F(II,, A)

- - s

Y g0 > 7 7 > F'C

establishes that the upper left square is a pullback. Additionally, we have the map
mo: Y xz W — X. By choosing 8*(F(PpA)) as the fibred path object of Y xp BFA
over Y, the following diagram

mo

Y x, W X
1xF(n1)5J7 l(fw)
p (my,F(evg, )(Bx1)) Y xpp FA

commutes up to fibrewise homotopy over Y as

Ty (my, F(evg, ) (6 x 1)) (1 x F(n1)d) = my (1 x F(n1)d) = my = fomo = 7y {fo, @)mo

and

amg = F(my)(B x 0) ~pp F(evg, (1 xn1))(8 x §) = F(evg, ) (S x 1)(1 x F(n1)d).

So, because (fy, ) is a fibration, we can apply Lemma 3.1.6 in the path category D(Y") to
get mg = T4, o) (mo, (my, o F(H)(B x 0))) so that the diagram commutes strictly. Note
that T'(f, o) is constructed in C(Y"). This results in a map (mg, 1 x F(n1)0): Y xz W — Q
over P. By the universal property of weak II-types, this gives a map ng: W — IL,Q
such that

Piy(mp)ng = (ho, F(n1)d) and evy(1 x ng) ~p (mg, 1 x F(ny)d).

By choosing the fibred path object of @Q over P as the pullback of the fibred path object
of X over Y xpp F'A along (my, F(evy, )(8 x 1)), this implies that

mx evp(l X ng) 2y xppra my and Tpevy(l X ng) =1 x F(ny)d.

Combining the above, we define n := (ng,n1): (W, D, ) — (I1,Q, Iy A, mI1,(7p)) over
(Z,C,~). That this is in fact a morphism follows directly from

ﬂlﬂp(ﬂp)no =T <h0, F(n1)5> = F(n1)5
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It remains to show that ev(1xn) =~y g 3) m. But this now follows readily. On one hand
we had H: evgl(l x ny) ~p my and on the other

T (f0,0) (mx €vp(1 X o), (fomx evp(1 x ng), F(H)(B x 8)))

= D7, (mx evp(1 X o), {mymp ey (1 X o), F(H)(8 x 6)))
~g+(pa) Tfo.0) (Mo, (my (1 x F(n1)8), F(H)(B x 9)))
=Ty (Mo, (y, F(H) (B x 0)))

=T (fo,0) (o, (my, o F(H)(8 x 8)), (my, F(H)(8 x 5)))

:5*(FA) my.

by Remark 3.2.4. So we can conclude that (II,Q,II, A, mIl;,) is a weak homotopy
II-type. O

One would conjecture that a strengthening of the above theorem would hold where
all weakness is dropped. Due to time constraints this has fallen beyond the scope of
this thesis. A good place to start might be [Berl8, Proposition 2.19], where a similar
result as Lemma 4.2.7 was shown, but now for homotopy II-types. This can lead to a
statement about the path objects of homotopy II-types like Lemma 4.2.8, which would
help in an analogous way as it did for the homotopy exponentials. But, as was the
case with homotopy exponentials, it could also be that some extra assumptions will be
needed to ensure that GL(F') has homotopy II-types.



Chapter 6

Future Research

In this thesis we have seen that it is possible to construct a gluing category GL(F') for
an exact functor F': C — D between two path categories and that the resulting category
is again a path category. Moreover, we have seen some results about the existence of
homotopy universal constructions in GL(F).

There are still some questions that could be studied. For example,

Is it true that GL(F') has homotopy II-types when both C and D do?

Is it true that a homotopy natural number object is stable under homotopy, i.e. is
X a hnno whenever N ~ X7

The gluing construction in other settings has been used to show some canonicity
results about the type theory it models, see for instance [Shul5]. So, can the gluing
construction for path categories show canonicity results for homotopy type theory
with propositional identity types?

We have shown sufficient conditions for when GL(F') has homotopic universal con-
structions. However, are these necessary? Especially regarding the extra demand
that C needs weak homotopy II-types in the case of the question whether GL(F')
has homotopy exponentials.

41
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(X, A, q), 23

(N, 2,5), 15
PX,3
PxY,5

Py, 4

Pf, 11
XY, 18

Iy, 10

h, 18

ev

for Il-types, 18
for exponentials, 18

C(X),5
py 7
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Vv, 11
GL(F), 23
Ho(C), 6
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connection structure, 11 homotopy Il-type, 18
weak, 18

homotopy category, 6

homotopy exponential, 18

equivalence, 3
exact functor, 22

fibration, 3 weak, 18
trivial, 3 homotopy natural numbers object, 15
function extensionality, 20 hnno, 15
gluing category, 23 lower filler, 6
homotopic, 5 path category, 3
fibrewise, 6 path object, 3
homotopy fibred, 5
equivalence, 6
equivalent, 6 transport structure, 10
inverse, 6 transpose, 18
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