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Six model categories for directed homotopy

Philippe Gaucher

Abstract. We construct a g-model structure, an h-model structure and an
m-model structure on multipointed d-spaces and on flows. The two g-model
structures are combinatorial and left determined and they coincide with the
combinatorial model structures already known on these categories. The four
other model structures (the two m-model structures and the two h-model
structures) are accessible. We give an example of multipointed d-space and
of flow which are not cofibrant in any of the model structures. We explain
why the m-model structures, Quillen equivalent to the g-model structure of
the same category, are better behaved than the g-model structures.

1 Introduction

Presentation This paper belongs to our series of papers which aims
at comparing the model category Flow of flows introduced in [11] (with
some updated proofs in [18] using Isaev’s work [23]) and the model category
GdTop of multipointed d-spaces introduced in [15]. Roughly speaking, the
former is a version of the latter without underlying topological space. And
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146 P. Gaucher

the latter is a variant of Grandis’ notion of d-space [19]. They are topological
models introduced to study concurrent processes from the point of view of
homotopy theory. Even if these model categories do not yet contain enough
weak equivalences (their homotopical localizations with respect to the re-
finement of observation remain to be understood: see the digression section
in [18]), the model category of flows enabled us anyway to understand ho-
mological theories detecting the non-deterministic branching and merging
areas of execution paths in the framework of flows [14] [13]. These homol-
ogy theories are interesting because they are invariant by the refinement of
observation.

Using the notion of topological graph (see Definition 5.5) and the Gar-
ner Hess Kedziorek Riehl Shipley theorem [20] [10] about accessible right-
induced model structures, we introduce a categorical construction which
takes as input an accessible model structure on the category Top of A-
generated spaces satisfying some mild conditions (the ones of Proposition 4.2)
and which gives as output an accessible model structure on multipointed d-
spaces and on flows. These mild conditions are satisfied in particular by ! the
g-model structure (the Quillen model structure) of Top, the h-model struc-
ture (also called the Cole-Strom model structure) of Top and the m-model
structure (which is the mixing of the two preceding model structures in the
sense of |7, Theorem 2.1|). The latter is characterized as the unique model
structure on Top such that the weak equivalences are the weak homotopy
equivalences and the fibrations the h-fibrations. We obtain the following
results:

e a g-model structure, an h-model structure and an m-model structure on
multipointed d-spaces and on flows in one step (!)

e the identity functor induces a Quillen equivalence between the g-model
structure and the m-model structure on multipointed d-spaces (on flows,
respectively)

e the two g-model structures are combinatorial and left determined and they
coincide with that of [15] and of [11] [18], respectively

e the four other model structures (the two m-model structures and the two
h-model structures) are accessible

'We use the terminology of [28].
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e all objects are fibrant in these six model structures

e there are the implications g-cofibrant = m-cofibrant = h-cofibrant for
multipointed d-spaces and flows

e there exist multipointed d-spaces and flows which are not g-cofibrant, not
h-cofibrant and not m-cofibrant.

The two h-model structures and the two m-model structures are new.
They are conjecturally not combinatorial. Even if all topological spaces are
h-cofibrant, it is not true that all multipointed d-spaces and all flows are h-
cofibrant as well. Intuitively, the h-cofibrant objects correspond to objects
without algebraic relations in their spaces of execution paths. A rigorous
characterization of the h-cofibrant multipointed d-spaces and h-cofibrant
flows still remains to be find out.

The main interest of this categorical construction lies in the two m-model
structures. They are better behaved than the g-model structures for the
following reasons. Unlike the space of execution paths functor P : Flow —
Top which preserves g-cofibrancy, it is not true that the space of execution
paths functor PY : GdTop — Top does as well: see Section 8. However we
have the following result which can be considered as an application of the
results of this paper:

Theorem 1.1. (Theorem 8.6 and Theorem 8.7) The space of execution paths
functors P9 : GdTop — Top and P : Flow — Top preserve m-cofibrancy.

We want to end the introduction with a remark about the notion of
multipointed d-space. It is easy to prove that all theorems of this paper in-
volving multipointed d-spaces, except Proposition 8.5 coming from [12] and
Theorem 8.6, are still true by replacing the topological group G of nonde-
creasing homeomorphisms of the segment [0, 1] by the topological monoid
M of nondecreasing continuous maps from the segment [0, 1] to itself pre-
serving the extremities. However, we do not know whether Proposition 8.5
and Theorem 8.6 hold with this new definition of multipointed d-space. In-
deed, the results of [12], in particular Proposition 8.5 used in the proof of
Theorem 8.6, use the fact that all elements of G are invertible and we are
unable to remove completely this hypothesis by now from the proofs of [12].
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Outline of the paper

Section 2 collects some basic facts about accessible model categories. It
is expounded the theorem we are going to use to right-induce accessible
model structures (Theorem 2.1).

Section 3 proves two technical elementary facts about Grothendieck bifi-
brations that will be used in the sequel: a first one which is a toolkit to
easily prove that a functor is a bifibration (Proposition 3.1), and a sec-
ond one about the accessibility of two functors arising from an accessible
bifibration (Proposition 3.2).

Section 4 gathers some information about A-generated spaces and their
three standard model structures. In particular, Proposition 4.2 makes
explicit and establishes that these three model structures satisfy the mild
conditions which are used in our construction.

Section 5 explains how to construct an accessible model structure on V-
graphs from any accessible model category V (Theorem 5.4), with an im-
mediate application when V is the category of A-generated spaces (Corol-
lary 5.6).

Section 6 applies the constructions of Section 5 to right-induce on the cat-
egory of multipointed d-spaces the three model structures (Theorem 6.14).
It is also proved that there exist multipointed d-spaces which are not h-
cofibrant, not g-cofibrant and not m-cofibrant (Proposition 6.19).

Section 7 applies the same constructions to right-induce on the category
of flows the three model structures (Theorem 7.4). It is also proved that
there exist flows which are not h-cofibrant, not g-cofibrant and not m-
cofibrant (Proposition 7.9).

Section 8 explains why the m-model structures are better behaved than
the gq-model structures (Theorem 8.6 and Theorem 8.7).

Notations

X :=Y means that Y is the definition of X.
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e All categories are locally small (except the category of all locally small
categories).

e K always denotes a locally presentable category.

e Set is the category of sets.

e Top is the category of A-generated spaces.

e G is the topological group of nondecreasing homeomorphisms of [0, 1].
e R is the topological space of real numbers.

e K(X,Y) is the set of maps in a category K.

e Mor(K) is the category of morphisms of I with the commutative squares
for the morphisms.

e ALl B is the binary coproduct, A x B is the binary product.
° m is the limit, hﬂ is the colimit.

e (J is the initial object.

e 1 is the final object.

e Idx is the identity of X.

e g.f is the composite of two maps f : A - Band g : B — C; the composite
of two functors is denoted in the same way.

e f 1 g means that f satisfies the left lifting property (LLP) with respect
to g, or equivalently that g satisfies the right lifting property (RLP) with
respect to f.

e inj(C)={geK,VfelC fag}
e cof(C) = {f | Vg €inj(C), f B g}

e cell(C) is the class of transfinite compositions of pushouts of elements of

C.
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A cellular object X of a combinatorial model category is an object such
that the canonical map @ — X belongs to cell(I) where [ is the set of
generating cofibrations.

e A model structure (C, VW, F) means that the class of cofibrations is C, that
the class of weak equivalences is W and that the class of fibrations is
F in this order. A model category is a category equipped with a model
structure.

o (,0;,0' [ always denote nonzero positive real numbers.

e The notation [0,¢;] =* [0, /3] means a nondecreasing homeomorphism
from [0, ¢1] to [0,42]. It takes O to 0 and ¢; to f3. The group for the
composition of maps of nondecreasing homeomorphisms from [0, 1] to itself
is denoted by G, that is, G = {[0,1] = [0,1]}.

2 Accessible model category

We refer to [2] for locally presentable categories, to [33] for combinatorial
model categories. We refer to [22] and to [21] for more general model cate-
gories.

A weak factorization system (£, R) of a locally presentable category K
is accessible if there is a functorial factorization

(AL By By B By

with Lf € £, Rf € R such that the functor E : Mor(K) — K is accessi-
ble [10, Definition 2.4|. Since colimits are calculated pointwise in Mor(KC),
a weak factorization system is accessible if and only if the functors L :
Mor(K) — Mor(K) and R : Mor(K) — Mor(K) are accessible. By [34, The-
orem 4.3], a weak factorization system is accessible if and only if it is small
in Garner’s sense. In particular, every small weak factorization system (that
is, of the form (cof(I),inj(I)) for a set I) is accessible. A model structure
(C,W,F) on a locally presentable category is accessible if the two weak
factorization systems (C, WNF) and (CNW, F) are accessible. Every com-
binatorial model category is therefore an accessible model category. This
inclusion is strict: by [31, Remark 4.7|, the h-model structure of Top (see
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Section 4) is not combinatorial. But it is accessible by Proposition 4.2.
Moreover, there exist model categories which are not accessible. For exam-
ple, the model category of maps of spaces of [8] is conjecturally not accessible
(remark due to Boris Chorny [6]) but no proof has been given yet. There
is another example using the negation of Vopénka’s principle given by Mike
Shulman [37]: by |2, Example 6.12|, the locally presentable category Gra of
graphs has a reflective subcategory that is not accessible if we assume the
negation of Vopénka’s principle, and by [35, Proposition 3.5|, this reflector
is the fibrant replacement functor of a model structure on Gra.

The following theorem is the particular case of a general theorem due
to Garner Hess Kedziorek Riehl and Shipley about accessible right-induced
model structures (note that the Quillen Path Object argument dates back
to [30]).

Theorem 2.1. (Garner-Hess-Kedziorek-Riehl-Shipley) Let M and N be
two locally presentable categories. Let (C, WV, F) be an accessible model struc-
ture of M such that all objects are fibrant. Consider a categorical adjunction

L
— T
MN%/N’.

Suppose that there exists a functorial factorization of the diagonal of N
X ———Path(X) —— X x X

such that U (1) is a weak equivalence of M and such that U () is a fibration
of M for all objects X of N'. Then there ewists a unique model structure
on N such that the class of fibrations is U~'(F) and such that the class of
weak equivalences is U1 (W). Moreover, this model structure is accessible
and all its objects are fibrant.

Sketch of proof. By the dual of [20, Theorem 2.2.1] which is also stated in
[29, Theorem 6.2], the hypotheses of the theorem imply that the Quillen Path
Object argument holds. The latter implies the acyclicity condition for right-
induced model structures, and therefore the existence of the right-induced
model structure (see also [10]). Since a model structure is characterized
by its class of weak equivalences and its class of fibrations, we deduce the
uniqueness. O
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3 Accessible Grothendieck bifibration

Let p : &€ — B be a functor between locally small categories. The fibre
of p over X, denoted by Ex, consists of the subcategory of £ generated
by the wertical maps f, that is, the maps f such that p(f) = Idx. We
refer to [24, Chapter 1 and Chapter 9] and [5, Chapter 8] for (Grothendieck)
bifibrations (also called bifibred categories) and for (Grothendieck) fibrations
(also called fibred categories, the term fibration being quite confusing because
it is used in a completely different sense in this paper).

The following proposition is a toolkit to minimize the work required to
prove that a functor is a bifibration:

Proposition 3.1. Let p : £ — B be a functor between locally small cate-
gories. Suppose that for every map u: A — B of B, there exists an adjunc-
tion w : E4 1 Ep : u* such that:

(1) For all objects X of £, there exists a natural map vw*X — X such that
every map f: X =Y of & with p(f) = u factors uniquely as a composite

X —u'Y —Y

with the left-hand map vertical.

(2) The natural map w*v*X — (v.u)*X is an isomorphism for all X.
Then p : € — B is a bifibration.

Proof. In the language of [24], the first condition means that the map v* X —
X is weakly cartesian and the second condition implies that compositions
of weakly cartesian maps are weakly cartesian. By [24, Exercice 1.1.6], the
functor p : £ — B is a fibred category. By [24, Lemma 9.1.2], the existence
of the adjunctions implies that the functor p : £ — B is a bifibration. O

Let p : £ — B be a bifibration between locally small categories. Consider
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the commutative square of solid arrows of &£

Note that the diagram above is misleading: the maps g and h are not vertical.
On the contrary, the two maps X — u(f) and X’ — u(f) are vertical. Since
p(f") — Y'is cartesian, there exists a unique map fi(g 5y = p(f) — p(f’) such
that p(u(g,n)) = p(g) making the right-hand square commutative. Since the
composites X — u(f) = u(f') and X — X’ — u(f’) have the same image
p(g) by p and since they yield two factorizations of h.f = f’.g and since
u(f") — Y’ is cartesian, the left-hand square is commutative as well. For
dual reasons, there exists a unique map v, p) = v(f) — v(f’) such that
P(V(g,n)) = p(h) making the following diagram of solid arrows of £

|

9‘ 3| o) ‘h
+

X u(f) = p(f )X —— Y.
f/

commutative. By the usual uniqueness argument, we obtain two well-defined
functors p : Mor(€) — € and v : Mor(€) — €.

Proposition 3.2. Let p: & — B be a bifibration between locally presentable
categories such that p is accessible. Then the functors p : Mor(£) — & and
v:Mor(€) — £ defined above are accessible.
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Proof. Suppose that p : € — B is A-accessible. Let (f; : X; — Y;)ier be
a Mfiltered diagram of Mor(€). By passing to the colimit, we obtain the
factorization of hﬂ fi

lim X — lim pu(fi) — lim ;.
There are the isomorphisms
p(lim X;) = lim p(X;) = lim p(u(fi)) = p(lim p(f)),
the first isomorphism since p is A-accessible, the equality since each X; —
wu(fi) is vertical, and the last isomorphism since p is A-accessible. Let
u p(lingi) — p(hﬂ p(fi)) be this isomorphism. Then we have the iso-
morphism
w*(ling o( f3)) == Lim ().
We obtain the factorization of hﬂ fi
lim X; — o” (lim p(f;)) — lim ¥;.
Since the left-hand map is vertical, we obtain the equality
p(lim f;) = u* (i 1(f3)).-
We have proved that p is accessible. In the same way, by passing to the
colimit, there is the factorization of hﬂ fi
lim X; — lim v(f;) — lim Y;.

There are the isomorphisms

p(limv(f;)) = lim p(v(f;)) = lim p(Y;) = p(lim Y5),

the first isomorphism since p is A-accessible, the equality since each v(f;) —
Y; is vertical and the last isomorphism since p is A-accessible. Let v :
p(hﬂ v(fi)) — p(hg Y;) be this isomorphism. Then we have the isomor-
phism

o (lim v(f;)) = i v(f;).
We obtain the factorization of hﬂ fi
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Since the right-hand map is vertical, we obtain the equality

(li f;) = (lin v(f,)).

We have proved that v is accessible. ]

4 Delta-generated space

We refer to [1, Chapter VI| or [5, Chapter 7| for the notion of topological
functor. The category Top denotes the category of A-generated spaces, that
is, the colimits of simplices. Let A™ = {(to,...,t,) € [0,1]" | to+ -+ t, =
1} be the topological n-simplex equipped with its standard topology. Then
Top is the final closure of the set of topological spaces {A™ | n > 0}. For a
tutorial about these topological spaces, see for example [15, Section 2|. The
category Top is locally presentable by |9, Corollary 3.7|, cartesian closed
and it contains all CW-complexes. The internal hom functor is denoted
by TOP(—,—). We denote by w : TOP — Set the underlying set functor
where TOP is the category of general topological spaces. It is fibre-small and
topological. The restriction functor w : Top C TOP — Set is fibre-small
and topological as well. The category Top is a full coreflective subcategory
of the category TOP of general topological spaces. Let k : TOP — Top
be the kelleyfication functor, that is, the right adjoint. The category Top
is finally closed in TOP, which means that the final topology and the w-
final structure coincides. On the contrary, the w-initial structure in Top is
obtained by taking the kelleyfication of the initial topology in TOP. If A is
a subset of a space X of Top, the initial structure in Top of the inclusion
A C wX is the kelleyfication of the relative topology with respect to the
inclusion.

Remark 1. It is important to keep in mind for the sequel that the kelleyfi-
cation functor does not change the underlying set. In particular, it does not
identify points. It only adds open sets to the topology.

Notation 4.1. Let n > 1. Denote by D" = {b € R",|b| < 1} the n-
dimensional disk, and by S*~! = {b € R™, |b| = 1} the (n — 1)-dimensional
sphere. By convention, let D? = {0} and S~! = &.
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X2 xX 25y V-5 TOPR,Y)xRt Tf-TY

| e

0,1]x X —5Mf Y ——TOP(R",Y)

Figure 1: Mapping cylinder M f and Moore path space I'f with RT =
[0, +-00]

The category Top can be equipped at least with three model structures

(we use the notations of [28]):

The g¢-model structure (Cq, Wy, Fq) |22, Section 2.4]: the cofibrations,
called g-cofibrations, are the retracts of the transfinite compositions of
the inclusions 8"~! € D" for n > 0, the weak equivalences are the weak
homotopy equivalences and the fibrations, called ¢-fibrations are the maps
satisfying the RLP with respect to the inclusions D" ¢ D"*! for n > 0,
or equivalently with respect to the inclusions D" x {0} C D" x [0, 1] for
n > 0; this model structure is combinatorial. A very simple way to obtain
this model structure is to use [23|. Its existence dates back to [30].

The h-model structure (C;;, Wh, Fp,): the fibrations, called the h-fibrations,
are the maps satisfying the RLP with respect to the inclusions X x {0} C
X x [0,1] for all topological spaces X, and the weak equivalences are the
homotopy equivalences; we have C, C (5 because Wy, C W, and F}, C Fy.
A modern exposition is given in |3, Corollary 5.23] but its construction
dates back to [39]. All topological spaces are h-cofibrant.

The m-model structure (Cr, Win, Fm) = (Cm, Wy, Fp): the fibrations are
the h-fibrations, and the weak equivalences are the weak homotopy equiv-
alences; we have C; C C,;, because Wy, N Fp, = Wy N Fp, C W, N Fy. Its
existence is a consequence of |7, Theorem 2.1|. By [7, Corollary 3.7], a
topological space is m-cofibrant if and only if it is homotopy equivalent to
a g-cofibrant space.
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Proposition 4.2. The three model structures (Cq, Wy, Fq), (Crr, Wh, F) and
(Crs Win, Fim) of Top satisfy the following properties:
(1) They are accessible.
2) All spaces are fibrant.
3)All homotopy equivalences are weak equivalences.
N
)

5) For all topological spaces X of Top, the map

All g-cofibrations are cofibrations.

(
(
(
(

m: TOP([0,1], X) — TOP({0,1}, X)
induced by the inclusion {0,1} C [0, 1] is a fibration.

Proof. (1) The model structure (Cy, Wy, Fy) is accessible because it is com-
binatorial. The model structure (Cp,, Wi, Fm) is accessible by [16, Corol-
lary 4.4]. Figure 1 recalls the definition of the Moore paths space IIY of
Y of [3, Section 3.1] which actually dates back to [27]. The bottom map
Y — TOP(R™,Y) is the constant path map. The shift map TOP(R™",Y") x
RT — TOP(R™,Y) takes the pair (7, t) to the path u — ~(t+u). By defini-
tion po(y) = v(0). Since Top is locally presentable and cartesian closed, it is
easily seen that the Moore path functor I' : f — T'f of Figure 1 is accessible.
It provides a functorial factorization for (C;- MW, F3) by [3, Corollary 3.12].
The functorial factorization (Cy, Wy, N Fy,) is given first by taking a map
f: X — Y of Top to the composite map X — M f — Y and then by using
on the right-hand map the functorial factorization of (C;; N Wj, F,) using
the Moore path functor (see [36, Proposition 3.2]). This proves that the
model structure (C;, W, Fp,) is accessible. (2) and (3) are well-known. (4)
is recalled above. (5) deserves a short bibliographical justification. The in-
clusion {0,1} C [0, 1] is a cofibration in the three model structures. And the
canonical map X — 1 is a fibration in the three model structures as well.
It suffices to use [22, Lemma 4.2.2(3)| and the fact that the three model
structures are monoidal for the binary product: for the g-model structure
of Top, see e.g. |22, Proposition 4.2.11|; for the h-model structure of Top,
see e.g. [36, Corollary 2.10| for a general treatment in the setting of enriched
categories; for the m-model structure, see e.g. |7, Proposition 6.6]. O
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5 Topological graph

In this section, V denotes a locally presentable category. It is supposed
to be equipped with an accessible model structure (C, W,F). We recall
the enriched version of the usual notion of graph and of morphism between
them [4, Definition 5.1.1|. This notion appears for example in [40, Definition
2.1.1] and in |25, Section 3|. We adapt the notations to our context.

Definition 5.1. A V-graph X consists of a pair

(XO, (Pa,ﬁX)(a,B)GXOXXO)

such that X° is a set and such that each P, X is an object of V. A map
of V-graphs f : X — Y consists of a set map f° : X% — Y9 (called the
underlying set map) together with a map Py s X — Pro(q) ()Y of V for all
(o, B) € X% x X% The corresponding category is denoted by Gph(V).

Notation 5.2. We will denote Pro(q) ro3)Y by Pg(a),r(s)Y in order not to
overload the notations.

Proposition 5.3. The forgetful functor X — X° from Gph(V) to Set is a
bifibration.

Proof. Let f: X — Y be a map of V-graphs. Let

Pog(fO)Y :=Ppa) r(8)Y

for all (o, 8) € X° x X°. We obtain a well-defined V-graph (f°)*Y. Then
by definition of a map of V-graphs, every map f : X — Y factors uniquely
as a composite

X — (Y —-vY

such that the left-hand map is vertical. Thus the map (f°)*Y — Y is weakly
cartesian. The fact that (¢°.f0)* = (f9)*.(¢")* for two composable maps f
and g is obvious. Let

P, s(fO)X = | ] Pu s X.

(o, B) € X% x x©
@) =~,f(8) =3
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for all (,9) € Y? x Y°. We obtain a well-defined V-graph (f°),X. We have
the natural bijections of sets

GohW)xo(X, (1Y) [  VPapX.Pia)ss)Y)
(,B)eXOx X0

H H V(Pa,ﬂXa IP)%(;Y)
(7,0)€YOXY0  (a,8) € XO x X°
fla) =, f(B) =46

12

= H V(Pvﬁ(fo)!X, PysY)
(7,8)EYOx Y0

=~ Gph(V)yo ((fO)X,Y),

the first and the fourth isomorphisms by definition of a map of V-graphs,
the second isomorphism by rearranging the product and the third isomor-
phism by definition of the V-graph (f°),X. The proof is complete thanks to
Proposition 3.1. O

For every set S, the fibre of ()° : Gph(V) — Set over S is the func-
tor category V°*° which is equipped for the sequel with the only model
structure such that the cofibrations (the fibrations, the weak equivalences,
respectively) are the pointwise ones: it is both the projective and the injec-
tive model structure on a functor category over a discrete category. This
model structure is obviously accessible.

Theorem 5.4. There exists a unique model structure on Gph(V) such that

o The weak equivalences are the maps of V-graphs f: X — Y such that
10 is a bijection and such that the map X — (fO)*Y is a pointwise
weak equivalence ofVXOXXO, that is, for all (a, B) € X x XO, the map
Po X = Pray,ppY belongs to W.

e The fibrations are the maps of V-graphs f such that the map X —
(fO*Y s a pointwise fibration of VXOXXO, that is, for all (o, ) €
X0 % X0 the map Po X = Praypp)Y belongs to F.

e The cofibrations are the maps of V-graphs f such that the map (f°) X —
Y is a pointwise cofibration ofVYOXYO, that is, for all (v,6) € YOxY©,

the map || (a5 e x0x x0 PagX — P, 5Y belongs to C.
fla)y=~,f(B) =3¢
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Moreover, this model structure is accessible.

Proof. We want to apply [32, Theorem 5.1| fixed in [38, Theorem page 23|
to the bifibration () : Gph(V) — Set. We equip the base category Set
with the discrete model structure: all maps are cofibrations and fibrations
and the weak equivalences are the bijections. For every set map u: S — T,
the functor u* : VIXT — V9% preserves weak equivalences and fibrations
since they are pointwise. Therefore, the adjunction (uj,u*) is a Quillen
adjunction. We have to verify the two hypotheses of [38, Theorem page 23|:

1. ifu: S — T is a weak equivalence of Set, then it is a bijection. Therefore
the functor u* : VI*T — VS*9 reflects weak equivalences since it is an
equivalence of categories.

2. if u: S — T is a trivial cofibration of Set, then it is a bijection, which
means that we can suppose that S = T'. In that case, both u; and u* are
the identity of V%9 and the unit of the adjunction X — uw*u X is an
isomorphism, and therefore a weak equivalence of V%5,

This proves the existence of the model structure. By [25, Proposition 4.4],
the category Gph(V) is locally presentable 2. Let f : X — Y be a map of
V-graphs. It factors as a composite

~

X———7Z u(f) Y

where the factorization trivial cofibration-fibration of the vertical map X —
u(f) is carried out in VX**X° Since the map Z — u(f) is vertical, we have

mZ = Y)=u(f) = (f°)Y.

Thus the composite Z — u(f) — Y is a fibration of Gph(V) by definition
of them. We have obtained a factorization trivial cofibration-fibration in
Gph(V). The functor (—)° : Gph(V) — Set is colimit preserving since it has
a right adjoint: the functor taking a set S to the constant diagram Ag,s(1)
over S x S. By Proposition 3.2, the endofunctor of Mor(Gph(V)) taking f :
X =Y to X — pu(f) is accessible since colimits are calculated pointwise in

2This can be proved directly by observing that the fibred category (—)° : Gph(V) —
Set corresponds to an accessible pseudo-functor in the sense of [26, Definition 5.3.1] and
by applying [26, Theorem 5.3.4].
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Mor(Gph(V)). Since the model structure of VX" *X” is accessible, we deduce
that the factorization trivial cofibration-fibration in Gph(V) is accessible.
The map f: X — Y factors as well as a composite

~

X v(f)C T—= %Y

where the factorization cofibration-trivial fibration of the vertical map v(f) —
Y is carried out in VY**Y". Since the map v(f) — T is vertical, we have

V(X = T)=v(f) = (fO)X.

Thus the composite X — v(f) — T is a cofibration of Gph(V) by definition
of them. We have obtained a factorization cofibration-trivial fibration in
Gph(V). Since colimits of maps are calculated pointwise, we deduce that
the endofunctor of Mor(Gph(V)) taking f : X — Y to v(f) — Y is acces-
sible by Proposition 3.2. Since the model structure of PYOxY? jg accessible,
we deduce that the factorization cofibration-trivial fibration in Gph(V) is
accessible. We have proved that the model category Gph()) is an accessible
model category. O

Definition 5.5. A topological graph is a V-graph with V = Top. The
corresponding category is denoted by Gph(Top).

Corollary 5.6. Let (C,W,F) be one of the three model structures
(CQ7 W(;h ]:q)7 (CE7 Wh7 fh)v (Cm7 Wma ]:m)
of Top. Then there exists a unique model structure on Gph(Top) such that:

e A map of topological graphs f : X — Y is a weak equivalence if and
only if fO: X% — YV is a bijection and for all (o, B) € X° x XO, the
continuous map Po 3 X — Pp(q) r(3) X belongs to W.

e A map of topological graphs f : X — Y is a fibration if and only if
for all (o, B) € X° x XO, the continuous map PopgX = Pray,reX
belongs to F.

Moreover, this model structure is accessible and all objects are fibrant.

Proof. 1t is a consequence of Theorem 5.4 and Proposition 4.2 (1) and (2).
O



162 P. Gaucher

6 Multipointed d-space

Definition 6.1. A multipointed space is a pair (| X|, X") where
e | X]| is a topological space called the underlying space of X.
e X0 is a subset of | X| called the set of states of X.

A morphism of multipointed spaces f : X = (| X[, X%) =Y = (|]Y|,Y?) is a

commutative square
0

XO YO
l ] l
[ X|—=1Y].
The corresponding category is denoted by MSpc.

For any topological space U, two continuous maps 7 : [0,¢1] — U and
v2 : [0,09] — U with £1,09 > 0 are composable if v1(¢1) = v2(0). Then one
can define the continuous map ~; * v2 : [¢1 + €3] — U by

Y1 (t) ifte [O,El]

(71 % 72)(t) = {,},2@ —4y) ifte by, b+ L)

If v3 : [0,¢3] — U is a third continuous map, then there is the (strict)
equality
(71 %92) * 73 =71 % (72 * 73)

as soon as the composite exists.

Definition 6.2. The map 71 * is called the composition of y; and 2. The

composite
e s [0,1] A [0,2] U

is called the normalized composition.

Definition 6.3. [15] A multipointed d-space X is a triple
(|1, X°,P9X)

where
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e The pair (|X|, X°) is a multipointed space.

e The set PYX is a set of continous maps from [0,1] to |X| called the
execution paths, satisfying the following axioms:

— For any execution path +, one has v(0),7(1) € X°.
— Let v be an execution path of X. Then any composite v.¢ with
¢ € G is an execution path of X.

— Let 1 and 2 be two composable execution paths of X; then the
normalized composition 1 *n 72 is an execution path of X.

A map f: X — Y of multipointed d-spaces is a map of multipointed spaces
from (|X], X%) to (]Y],Y?) such that for any execution path v of X, the
map f.y is an execution path of Y. The category of multipointed d-spaces
is denoted by GdTop. The subset of execution paths from « to 3 is the set
of v € PY9X such that v(0) = a and (1) = j; it is denoted by ]P’g sX. It is
equipped with the kelleyfication of the initial topology making the 1nclu51on
IP’gﬁX C TOP([0,1],|X]) is continuous.

Definition 6.4. Let X be a multipointed d-space X. Let PYX be the
topological space
Gy — G
PIX = || PYLX
(a,B)€X0x X0

The category of multipointed d-spaces GdTop is locally presentable and
the forgetful functor X +— w(]|X]) is topological and fibre-small by [15, The-
orem 3.5]. The following examples play an important role in the sequel.

1. Any set E will be identified with the multipointed d-space

(E,E, ).

2. The topological globe of Z, which is denoted by GlobY(Z), is the multi-
pointed d-space defined as follows

e the underlying topological space is the quotient space

{0,1} U (Z x [0,1])
(2,0) = (2,0)=0,(z,1) = (z,1) =1
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e the set of states is {0,1}

e the set of execution paths is the set of continuous maps
{t = (z,0(t)) |t €[0,1],0 € G,x € Z}.
In particular, Globg(g) is the multipointed d-space
{0,1} = ({0,1},{0,1}, @).
3. The directed segment is the multipointed d-space

79 = Glob9({0}).

—_

4. The multipointed d-space [¢1, f2] where {1 < {9 are two real numbers has
the underlying space the segment [¢1, (2], the set of states {¢1,¢2} and
the unique space of execution paths

P7, ¢, [, 62 = {[0,1] =+ 61, 5]},

Proposition 6.5. The mapping  : X — (|X|, X°) induces a functor from
GdTop to MSpc which is topological and fibre-small.

Proof. The statement is very close to the statement of [15, Proposition 3.6].
The proof of the latter proposition uses the final structure. We prefer to
use the (-initial structure because it will be reused in Corollary 6.7. Let
(]X], XY) be a multipointed space. Consider a cone (which can be large)
(fi : (1X], X% — Q(X;))ies. For all (o, 8) € X° x X0, consider the set of
paths

Pup = {7 € Top([0, 1], |X]) | 7(0),7(1) € X"

. g .
and Vi, f;.y € Pfi(a),fi(B)XZ}.
Let v € Pog. Let ¢ € G. Then (¢(0)) =~(0), 7(¢(1)) =~(1) and fin.¢ €
IP’%(Q) fi(ﬁ)Xi for all ¢ by definition of P, g. It also means that v.¢ € P, 3.

Let Y1 € Pa,a’ and Y2 € Pa’,a”~ Then fz(’)/l * N "}/2) = (fz”)q) * N (fz’yg) for
all ¢ by definition of xx. Therefore f;.(y1 *xn 72) € P%(a),fi(a”)Xi for all .
We deduce that 1 ¥y v2 € P, o by definition of P, ,». We deduce that
the family of (P, g) yields a structure of multipointed d-space on (| X|, X°)
and it is clearly the biggest one because all f; must be lifted to maps of
multipointed d-spaces. It is therefore the (2-initial structure. O
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Notation 6.6. Let u € [0,1]. Let (Z,Z°) € MSpc. Let
evy - (TOP([0,1],2), 2°) — (2, Z2°)

be the evaluation at u where Z° is identified to the corresponding set of
constant maps of TOP([0, 1], Z).

Corollary 6.7. Let X be a multipointed d-space. Let Path9(X) be the
Q-initial lift of the cone (ev, : (TOP([0,1],X]), X% — (Q(X))uejo,1])
where X is identified to the corresponding the set of constant maps of
TOP([0,1],|X|). Then the space of execution paths of PathY(X) from o
to [ is the topological space TOP([O, 1],Pg7BX).

Proof. By construction of the Q-initial structure explained in the proof of
Proposition 6.5, we have the equality of sets

PY , Path?(X) = {y € Top([0,1], TOP([0, 1], |X])) |
Vu € [0,1],ev, .y € IP’gﬁX}.

By endowing the two members of the equality with their topology (that is,
their initial structure in Top making the inclusion into

TOP([0, 1], TOP([0,1],]|X]))
continuous), we obtain the homeomorphism
PY 5 Path9(X) = {y € TOP([0,1], TOP([0,1],|X])) |
Vu € [0,1],evy .y € PY ;X }.

The point is that Top is cartesian closed. Therefore, we can switch the left-
hand copy and the right-hand copy of the segment [0,1] in
TOP([0,1], TOP([0, 1],]|X])). We obtain the homeomorphism

PY ; Path?(X) = TOP([0,1],P¢ ;X)
by taking v to the continuous mapping u — ev,, .. O
Notation 6.8. The map of multipointed d-spaces induced by
ev, : (TOP([0, 1], X ]), X°) = (| ], X°)
is denoted by 7, : Path9(X) — X.
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Proposition 6.9. Let X be a multipointed d-space. There exists a unique
map T 1 X — Pathg(X) of multipointed d-spaces such that the underlying
map of multipointed spaces

7+ (IX],X?%) = (TOP([0, 1], |X]), X°)
takes x € | X| to the constant path 7(x) : t — x of X.

Proof. Since the functor  : X — (|X|, X?) is topological, there exists at
most one such a map. Let v : [0,1] — |X| be an element of ]P’gﬂX. Then
for all t,u € [0,1], one has ev,.7(y(t)) = v(t). It means that ev,, .7y =~ €
P ,X. O

Corollary 6.10. The mapping X — Path9(X) gives rise to a well-defined
functor from GdTop to itself. The map ™ = (mp, ™) together with the map
T:X — Pathg(X) above defined gives rise to a path functor, that is, the
composite (o, 71).T is the codiagonal.

Notation 6.11. Let X be a multipointed d-space. Then the pair
(XO’ (Pg,ﬁX)aﬂ)

is a well-defined topological graph denoted by Gph¥(X).

Proposition 6.12. Let U be a topological space. Let X be a multipointed
d-space. Then we have the natural bijection

GdTop(Glob?(U),X)= ||  Top(U,PY ,X).
(aﬂ)eXOXXO

Proof. A map of multipointed d-spaces from Globg(U ) to X is characterized
by the choice of two states o and 8 of X for the image of OandT, respectively,
and by a continuous map f from |Glob%(U)| to X such that f(u,—) € PY 5X
for all u € [0,1]. In other terms, the mapping f s (u — f(u,—)) yields a
natural set map

GdTop(Glob?(U),X) — ||  Top(U,PY ,X).
(a,B)EXOx X0
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Conversely, consider an element g € Top(U, ]P’i ﬁX ) for some (o, B) € X0 x
X0, Then the mapping (¢,u) — g(u)(t) induces a map of multipointed d-
spaces from Globg(U ) to X. The proof is complete because Top is cartesian
closed. O

Proposition 6.13. The mapping X — Gph¥(X) induces a well-defined
functor from GdTop to Gph(Top). It is a right adjoint.

Proof. Roughly, the left adjoint is the free multipointed d-space generated
by a topological graph. The left adjoint Gph!g : Gph(Top) — GdTop is con-
structed as follows. Let X = (X°, (X, 5)) be a topological graph. We start
from the set X° equipped with the discrete topology. We add a topological
globe Glob¥ (X, 5) with 0 identified with a and 1 identified with j for each
(a,8) € X x XY. We obtain a multipointed d-space Gph!g(X). A map
f of multipointed d-spaces from Gph!g(X ) to Y is equivalent to choosing
a set map from Gph{(X)? = X% to Y and for each (a,f) € X% x X° a
map of multipointed d-spaces from Globg(Xa”g) to Y, which is equivalent
by Proposition 6.12 to choosing a map from X, g to P?(a),f(ﬁ)y' O

Theorem 6.14. Let (C, W, F) be one of the three model structures
(Cq7 qu Fq)7 (CE7 Wh7 Fh)7 (Cm) Wmv Fm)
of Top. Then there exists a unique model structure on GdTop such that:

e A map of multipointed d-spaces f : X — Y is a weak equivalence if
and only if fO: XY = Y is a bijection and for all (o, ) € X° x X©,
the continuous map ]P’g BX — IF’?(Q) f(B)X belongs to W.

o A map of multipointed d-spaces f : X — Y s a fibration if and only
if for all (o, B) € X° x X0, the continuous map IP’g ﬁX — IP’?(Q) f(B)X
belongs to F.

Moreover, this model structure is accessible and all objects are fibrant.

Proof. A model structure is characterized by its fibrations and its weak
equivalences. For all topological spaces U, the constant path map 7 :
U — TOP([0,1],U) is equal to the composite U = TOP({0},U) —
TOP([0, 1],U), and is therefore a homotopy equivalence. By Proposition 4.2,
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the map m = (mp,m) : TOP([0,1],U) — TOP({0,1},U) = U x U (the
latter homeomorphism coming from the fact that Top is cartesian closed)
is a fibration in the three model structures. We deduce that for all mul-
tipointed d-spaces