1012.0509v1 [math.AT] 2 Dec 2010

arxXiv

CUBICAL APPROXIMATION FOR DIRECTED TOPOLOGY

SANJEEVI KRISHNAN

ABSTRACT. Topological spaces - such as classifying spaces, configuration spaces

and spacetimes - often admit extra temporal structure. Qualitative invariants
on such directed spaces often are more informative yet more difficult to calcu-
late than classical homotopy invariants on underlying spaces because directed
spaces rarely decompose as homotopy colimits of simpler directed spaces. Di-
rected spaces often arise as geometric realizations of simplicial sets and cubical
sets equipped with temporal structure encoding the orientations of simplices
and l-cubes. In an attempt to develop calculational tools for directed ho-
motopy theory, we prove appropriate simplicial and cubical approximation
theorems. We consequently show that geometric realization induces an equiv-
alence between weak homotopy diagram categories of cubical sets and directed
spaces and that its right adjoint satisfies an excision theorem. Along the way,
we give criteria for two different homotopy relations on directed maps in the
literature to coincide.
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1. OVERVIEW

Spaces in nature often come equipped with temporal structure. Examples of such
structure include smooth choices of future-oriented tangent vectors on spacetimes,
orientations of morphisms in higher categories, and partial orders describing causal
relationships in a state space. Certain qualitative characteristics of computational
processes, spacetimes, and higher categories often arise as properties of spaces in-
variant under homotopy equivalences (=deformations) respecting extra temporal
structure [8] [0 [28]. Such spaces often admit combinatorial descriptions as cubi-
cal sets and topological descriptions as “directed topological spaces”; a “directed”
geometric realization functor translates from the combinatorial to the topological.
Beyond a 1-dimensional cubical approximation theorem [7, Theorem 4.1] and a
Seifert-van Kampen theorem for fundamental categories [14, Theorem 3.6], there
do not exist tools in the literature for extracting information about the directed
homotopy type of a directed space X from the combinatorics of a well-behaved
diagram having colimit X. We cannot hope for a general and useful theory of ho-
motopy colimits; maps almost never satisfy homotopy extension properties in our
directed setting. Nonetheless, we show that geometric realization defines an equiv-
alence between appropriate weak homotopy diagram categories of cubical sets and
directed spaces.

We fix a working category of “directed spaces” in §4l Just as nearness spaces [16],
proximity spaces [5], and topological spaces all models points equipped with spatial
structure, various formalisms [8, [14, 20] model topological spaces equipped with
some compatible temporal structure. A category . of streams, spaces equipped
with “cosheaves” preordering their open subsets [20], suffices for our purposes: the
category . is Cartesian closed [20, Theorem 5.13], the forgetful functor from .
to the category 7 of compactly generated spaces creates limits and colimits [20,
Proposition 5.8], and there exists an intuitive full and faithful embedding & —
. from the category & of connected and compact Hausdorff topological lattices
[Theorem 3.9].

We regard cubical sets and simplicial sets as combinatorial models of streams in
g5l 96l and §74 Canonical lattice operations on the vertices of combinatorial sim-
plices and combinatorial hypercubes linearly extend to continuous lattice operations
on topological simplices and topological hypercubes. Thus classical geometric real-
izations of our combinatorial models naturally admit cosheaves of preorders encod-
ing orientations of simplices and 1-cubes [Lemma [512]. Our resulting stream real-
izations send finite products of simplicial sets to finite products of streams [Lemma
[EI0] and inclusions of cubical sets to closed embeddings of streams [Proposition
[628]. Just as barycentric subdivisions respect classical geometric realization, ordi-
nal subdivision [6] sd and a cubical analogue cd respect stream realization. Just as
double barycentric subdivisions factor through polyhedral complexes [4], quadruple
cubical subdivisions “locally factor” through cubical complexes [Lemmas and
[616). Triangulation [I8] relates our cubical and simplicial constructions [Proposi-
tions [T-4], and [TH].

Cubical sets equipped with extra structure can model higher categories [2}[15]. A
modification ex of the right adjoint to cd naturally fills in certain cubical analogues
of simplicial horns. We might think of natural inclusions C' — ex C' and retractions
ex C' — C' to such inclusions as defining the identities and semistrict compositions
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of higher morphisms. However, we do not explore connections with related models
of higher categories [2] [15] in this paper.

We introduce homotopy theories of cubical sets, simplicial sets, and streams in
48 Definitions of simplicial homotopies and cubical homotopies are standard [4] [T§].
Different definitions of homotopy between maps in directed topology as continuous
parametrizations of stream maps by trivially [8] and totally [14] ordered unit inter-
vals induce identical homotopy relations in the setting of compact quadrangulable
streams [Theorem B.I3]. In classical homotopy theory, homotopy extension proper-
ties for inclusions of spheres into disks allow us to construct classical homotopies,
such as cellular approximations of continuous maps between CW complexes, one
cell at a time. We must instead construct directed homotopies, such as simplicial
and cubical approximations [Theorem and Corollary B28] of maps between
stream realizations, all at once.

Homotopy equivalences of finite cubical sets admitting general cubical composi-
tions (=semistrict compositions up to cubical homotopies) and compact quadran-
gulable streams generalize to weak equivalences of cubical sets in §8.4] and streams
in 831 The category . admits the additional structure of a category of fibrant
objects [Proposition BI7] and hence a localization h.” with respect to its weak
equivalences. Our main point is that the category O of cubical sets admits an
equivalent localization hO with respect to its weak equivalences [Corollary [B33].
We formulate and prove our main observations in the more general setting of ¢-
shaped diagrams of cubical sets and ¢-shaped diagrams of streams, for all small
categories ¢.

Corollary 6.21. For each small ¢, 1—| sing induces an equivalence
Y = b
Corollary 6.24 (Excision). Fix ¢. The natural ¢-cubical function
singU Usingunv singV — sing X

is a weak equivalence for all 4-streams U, V, X such that U(d), V(d) are substreams
of X (d) whose interors in X (d) cover X (d) for all ¥-objects d and U(y), V() are
restrictions and corestrictions of X (y) for all ¥-morphisms ~.

2. CATEGORY THEORY

We fix some conventions and make some observations. Throughout the paper,
we allow general “categories” to admit hom-sets of inaccessible cardinalities [29],

although all of our localizations of diagram categories turn out to be locally small
[Proposition BI7 and Corollary [8.34].

2.1. Conventions. We first fix some notation. We let k&, m, m’, n, n’ denote natural
numbers and ¥, €, and 2 denote categories. We occassionally regard functors
d:¥9 — € as “@-equivariant €-objects” and thus sometimes write F'(d) for the
composites of such d with functors F : € — 2. We write: 77 : idy — GF and
e'G . FG = idgy for the unit and counit of an adjunction F : € = 2 : G;

d
/ F(—,dd) :¢— 2
¢
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for the parametrized coend [23] of a functor F': € x ¥°P x 4 — 2 for cocomplete
2 and small 4. We write ¢ for the category of functors from 4°P to the category
of sets and functions, for each small 4.

Example 2.1. Fix 4. The presheaf category

9

is complete, cocomplete, and Cartesian closed. Limits, colimits, subobjects, quo-
tients, monos, and epis are just object-wise limits, colimits, subsets, quotient sets,
injections, and surjections. All monos are regular. Filtered colimits commute with
finite limits.

We write 9[—] : 4 — & for the Yoneda embedding sending a ¢-object to the
corresponding representable presheaf, for each small ¥.

Example 2.2. The Yoneda embedding defines a natural isomorphism

idgﬁ/g:—(d)-%[d]:gf%?.

We write ¢4 | C for the category whose objects are ?—morphisms of the form
4[+x] — C and whose morphisms are commutative triangles of the form

Gld) ——— G
N

for each small 4 and 9-object C.
Example 2.3. For each simplicial set C, A | C is its category of simplices.

We write colim n for the morphism colim X — colim Y induced from a natural
transformation X — Y; @ for the initial object in a given category; X - g for the
copower, indexed by a set X, of an object g; a < b for a mono whose definition is
clear from context; a C b to indicate that we are abusing notation and identifying
an object a with an implicitly defined mono a < b; 74 : @ — ¢ for a composite

morphism of the form a < b %5 ¢; w for the ordinal of natural numbers; and A,
for the diagonal morphism id. X id, : ¢ = ¢ of an object c.

2.2. Supports. We will often want to talk about the “support of a point in a geo-
metric realization,” the “carrier of a cube with respect to a subdivision operation,”
or the “carrier of a simplex under triangulation.” We therefore identify a parsimo-
nious setting under which we can generalize “supports” and “carriers.” We call a
category [)-complete if it is closed under intersections of subobjects and a functor
(-continuous if it preserves intersections of subobjects (and in particular preserves
monos.)

Example 2.4. Right adjoints are [}-continuous.

Example 2.5. The Yoneda embedding ¥ — 9 is (-continuous, for each small 4.
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For each morphism + in a given [|-complete category, we write y(a) for the image
of @ under v, the minimal subobject of g through which the composite of inclusion
a — b followed by ~ factors, for each morphism v : b — ¢ and a C b in a given
(-complete category.. We write supp r(a, g) for the unique minimal subobject of
g such that F supp r(a,g) contains a C Fg for each [)-complete €, [)-continuous
functor F' from ¢, €-object g, and a C g.

Example 2.6. In the case F' is geometric realization or barycentric subdivision,

suppr(a,g)

describes the “support” of a point (forming a singleton a) or the “carrier” of a
simplex (generating a subobject a) in a simplicial set g.

We formalize the observation that supp r(a,g) is often “atomic” in size when
a is “atomic” in size. A category is (infinitarily) extensive [3] if its coproducts
are stable under pullback, the natural maps from summands into coproducts are
monic, and intersections of distinct such summands are empty (=initial object). In
each extensive category, a morphism from an indecomposable object to a coproduct
factors through a summand of the coproduct and every object decomposes into a
coproduct of indecomposables [3]. An object p in a given category is indecomposable
if p is not the coproduct of more than one non-initial object and projective if € (p, €)
is surjective for each epi €. A category has enough projectives if each of its objects
is the codomain of an epi from a projective object. We call an object a in a given
category atomic if a is the codomain of an epi from a projective indecomposable
object and finite if it contains only finitely many atomic subobjects.

Example 2.7. Fix small 4. The presheaf category

9

is [-complete, extensive, and has enough projectives. The atomic projective ob-
jects, up to isomorphism, are the representable presheaves.

Lemma 2.8. Fiz extensive [)-complete € having enough projectives. Then

suppr(a,g)

is atomic for all (-continuous functors F' preserving epis and coproducts, € -objects
g, and atomic a C Fg.

Proof. We take g = supp r(a, g) without loss of generality. There exist epiy : § — g
from a projective § because ¢ has enough projectives and epi a : @ — a from an
indecomposable projective @ because a is atomic. There exists a small family C of
indecomposable projective objects such that [[C = § because € is extensive. Let
t = (a — Fg). There exists morphism i : ¢ — F§ such that F(v)i = ta because
a is projective and Fy is epi. There exists ¢ € C such that i(a) C F¢é because a
is indecomposable, F'g = [[ .. Fc, and € is extensive. Therefore a C (Fy)(F'¢) =
F(vy(¢)). Thus suppr(a,g) = v(¢) by the minimality of supp r(a,g). O

2.3. Relations. We will later want to exploit when “transitive-reflexive closures”
of certain relations “commute with a given functor F.” In order to even articulate
such an observation [Lemma 9], we need to define transitive-closures of abstract
relations internal to an abstract category %; for convenience, we take our € to
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be complete. A ¥ -relation v : a — b consists of the data of ¥-objects a, b and
graph(y) C a x b. We write 3 o a for the ¢-relation a — ¢ such that
graph(B o a) = graph(a) x; graph(B)

for all F-relations v : a = b and 8:b — c. A F-relation v : ¢ — cis a preorder if
Ac(c), graph(y°?) C graph(v). The reflezive-transitive closure ¥°> of a €-relation
v : ¢ — cis the @-relation ¢ — ¢ such that graph(y°>) is the supremum of A.(c)
and all subobjects in ¢? of the form graph(y o ---o~). Transitive-reflexive closures
are preorders.

Lemma 2.9. Fixz complete €. For each € -relation v : ¢ — c,

F graph(v°%) = graph((y")°>),
where v is the relation Fc — Fc defined by graph(vF) = F graph(y), for each

functor F' from € preserving monos, finite limits, and suprema of subobjects.

A proof is straightforward and therefore left to the reader.

3. ORDER THEORY

The temporal structures on both discrete and topological spaces takes the form
of various preorders. We therefore review some definitions and fix some notation.
We often take “preorder” in the sense of §2.3]to mean “preorder in the category of
sets and functions.” A preordered set P is a set P equipped with preorder <p on
it. A minimum in a preordered set P is an element m € P such that m <p p for
all p € P; we similarly define a mazimum. A monotone function

¢o:P—Q

is a functor from a preordered set P to a preordered set ). We call a monotone
function ¢ : P — Q: extrema-preserving if it sends minima to minima and maxima
to maxima; convez if ¢ € ¢(P) whenever ¢(p) <q ¢ <q ¢(r); and full if p <p ¢
whenever ¢(p) <o #(q). We write 2 for the category of preordered sets and
monotone functions. The isomorphisms in 2 are the full monotone bijections.

Example 3.1. Every set P admits the trivial preorder =p such that
graph(=p) = Ap(P)
= {(p,p) Ipe P}

A lattice is a set L equipped with a pair of commutative, associative, and idem-
potent multiplications L? — L, which we write as V1, Ar,, such that

pVe(gALp)=p, pAL(qVep)=p, pq€L.
We regard lattices L as preordered sets such that
graph(<e) = LXa, (aomaxve) L
= {adlpvea=q}

For each lattice L having a minimum (maximum), the minimum (maximum) is
unique and we write this unique minimum of L as min L.

Example 3.2. A minimum of a lattice L is a (unique) point m € L satisfying

mVpp=p, pEL.
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A lattice homomorphism is a function between lattices preserving the lattice
multiplications. Lattice homomorphisms are monotone functions, full if injective.
We write .Z for the category of lattices and lattice homomorphisms. The finite
ordinals, the preordered sets

are lattices and monotone functions between them are lattice homomorphisms. A
finite chain in a preordered set P is a preordered set M isomorphic to a finite ordinal
in 2 such that M C P and graph(<ys) = graph(<p) N M?. Every preordered set
containing a minimum and maximum naturally is a colimit in 2 of all of its maximal
finite chains and inclusions between them. Products in . are products in 2.

4. DIRECTED TOPOLOGY

A single preorder does not often suffice in describing the local structure of time
in a topological state space. For example, we might write x <s y to indicate
that a looping process can evolve from a state x to a state y, but the graph of
the resulting preorder is S x S and hence cannot distinguish between clockwise
and counterclockwise travels of the circular state space S. We therefore recall a
definition of temporal structure as a coherent preordering of all open subsets in a
topological space [20].

Definition 4.1. A circulation < on a space X is a function assigning each open
subset U C X a preorder <y on U such that for each collection & of open subsets
of X, o is the preorder with smallest graph containing

U graph(<v).

Ueo
A stream X is a space equipped with a circulation on it, which we always write as
<.

We write X for a topological space X equipped with the trivial circulation as-
signing to each open subset U C X the trivial preorder on U.

Definition 4.2. Consider streams X and Y. A stream map
f: X—->Y

is a continuous function X — Y satisfying f(x) <u f(y) whenever x <;-1y y, for
each open subset U C Y.

We write f for the stream map X — Y defined by a continous map f: X — Y.

The category of streams and stream maps is not Cartesian closed. Mimicking
[26], we wrinkle the definition of a stream in order to obtain categorically conve-
nient foundations for a homotopy theory. A k-circulation is a circulation which is
“compactly generated.”

Definition 4.3. The circulation < of a stream X is a k-circulation if for each open
subset U C X and pair z <y y, there exist compact Hausdorff stream K, pair
T <k ¥, and stream map k : K — X satisfying

E(K)CU, k(&) == k(@ =y.

Proposition 4.4. [20, Proposition 5.4] All circulations on locally compact Haus-
dorff spaces are k-circulations.
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We henceforth redefine “space” to mean “weak Hausdorff k-space” and “stream”
to mean “weak Hausdorff k-space equipped with a k-circulation on it.” We write
. for the category of streams and stream maps and .7 for the category of spaces
and continuous functions.

Example 4.5. The indecomposable projective streams are precisely the singletons.

Consider a space X. Continuous functions from X into streams induce “initial”
circulations on X and continuous functions from streams into X induce “final”
circulations on X, in a sense made precise in the language of categorical topology

.

Proposition 4.6 ([20, Proposition 5.8]). The forgetful functor
(1) S =T

is topological.

In particular, the forgetful functor () creates limits and colimits [II, Proposition
7.3.8] and . is hence complete and cocomplete. We sometimes implicitly equip .
and .7 with the structures of Cartesian monoidal categories. The following propo-
sition describes how to construct the circulations of colimits and finite products as
“point-wise” colimits and products of preordered sets.

Proposition 4.7 ([20, Lemma 5.5, Proposition 5.11]). The forgetful functor
r.v— 2,

sending each stream X to its underlying set equipped with <x, preserves colimits
and finite products.

An equalizer in . of a pair X = Y of stream maps is a stream map e : £ — X
such that e defines an equalizer in .7 and e is a stream embedding.

Definition 4.8. A stream embedding e is a stream map Y — Z such that for all
stream maps f : X — Z satisfying f(X) C Y, there exists dotted stream map
making the following diagram commute.

x =y

v

Z

A stream map i from a stream X is a stream embedding precisely when its com-
posites ik with stream embeddings k from compact Hausdorff streams are stream
embeddings because the circulations on X are k-circulations. Open subspaces of
a stream X equipped with suitable restrictions of the circulation on X form sub-
streams. General stream embeddings are difficult to explicitly characterize. How-
ever, the following lemma gives us practical criteria for an inclusion of spaces to
define a stream embedding.

Lemma 4.9. Consider stream Y having topology Oy . A stream map i: X =Y is
a stream embedding if i is an inclusion of spaces and for all open U C X,

graph(<y) D U?*N m graph(<u).
UCVely
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We leave the proof as an exercise for the reader.

We can also form “mapping streams”: the k-ification of the compact-open topol-
ogy and a natural k-circulation turn each hom-set .#(X,Y) into a stream Y X such
that for all streams X,Y, Z, there exist natural isomorphisms

Theorem 4.10 (|20, Theorem 5.13)). The category .7 is Cartesian closed.

The direct verification of the axioms for streams and stream maps can be tedious.
A topological lattice is a lattice topologized so that its lattice operations are jointly
continuous. Let & be the category of compact and connected Hausdorff topological
lattices and all continuous lattice homomorphisms between them. We can regard
such topological lattices as streams [20, Propositions 4.7, 5.4, 5.11], [27, Proposition
1, Proposition 2, and Theorem 5], [11l Proposition VI-5.12 (i)], [I1, Proposition VI-
5.15].

Theorem 4.11. There exists a full, concrete, and product-preserving embedding
P =S

sending each topological lattice L to a unique stream having the same underlying
space and having a circulation sending the entire space to the preorder on L.

Thus we have enlarged the category of compact Hausdorff connected topologi-
cal lattices to a category exhibiting categorical structure convenient for homotopy
theory. We henceforth regard such topological lattices as streams and lattice ho-
momorphisms between such topological lattices as stream maps.

We generalize streams to “streams equipped with actions of categories.”

Definition 4.12. Fix €. A € -stream is a functor of the form
C — S

and a € -stream map is a natural transformation between €-streams. A %-stream
X is compact if its colimit is compact and X (¢) is compact for all ¥-objects c.

5. SIMPLICIAL THEORY

Simplicial sets share some of the flexibility of streams and some of the rigidity of
cubical sets. Thus simplicial sets provide an intermediate setting for cubical approx-
imation: we will later construct simplicial approximations of stream maps by direct
geometric constructions and then subsequently bootstrap a cubical approximation
theorem by combinatorics. We recall definitions in §5.1] recall a construction [6] of
ordinal subdivision in §5.2] and interpret simplicial sets as combinatorial models of

streams in §5.31

5.1. Simplicial sets. We recall basic definitions of the del category and simplicial
sets, referring the reader elsewhere [19] for details. We write A for the category of
finite non-empty ordinals and monotone functions between them. We sometimes
implicitly equip A with the structure of a Cartesian monoidal category. Simplicial
sets are objects of A and simplicial functions are A-morphisms. The dimension
of a simplicial set C is the minimal n such that the natural simplicial function
C[n] - A[n] — C is epi or oo if no such n exists.

Example 5.1. For each atomic simplicial set A, dim A < oco.
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An n-simplez in a simpliciall set C' is an element of C|[n] for each n. Every atomic
simplicial set has a natural “minimum” vertex. We write min A for the image of
the 0-simplex [0] — [n] sending 0 to 0 in A[dim A] under the [0]-component of the
natural simplicial function A[dim A] — A, for each atomic simplicial set A. For
each simplicial function 1 from an atomic simplicial set A,

Yo min A = min ) (A).
Example 5.2. The m-simplices of A[n] are the monotone functions
[m] = [n].
We write sn for the nerve functor 2 — A, defined on morphisms ¢ : P — @ by
2(—,9)1a00 : L(—, P)raor = 2(—,Q)1a0p.

Simplicial sets naturally admit intrinsic “simplicial preorders.” We write <¢ for
the reflexive-transitive closure of the relation on C' having graph

[n]
/ Cln]- (A[n] X sm Angsn((9:0)—0)) XV ] Sn[n]2)
A

natural in simplicial sets C.
Example 5.3. For each n, graph(<ap,)) = Aln] X 51 A )51 (920)—0)) XV [n] sn[n)?.
We generalize simplicial sets to “simplicial sets equipped with actions of cate-
gories”.
Definition 5.4. Fix . A € -simplicial set is a functor of the form
€ — A

and a € -simplicial function is a natural transformation between %-simplicial sets.
A %-simplicial set C'is finite if its colimit is finite and C(c) is finite for each @-object
c.

5.2. Subdivisions. Ordinal subdivision plays a role in directed topology analogous
to the role barycentric subdivision plays in topology. We recall a construction [6]
in terms of ordinal subdivision, the tensor & on the category A, of finite ordinals
and monotone functions between them sending pairs [m], [n] of finite ordinals to
[m +n + 1] and pairs ¢ : [m] — [n], ¢’ : [m'] = [n'] of monotone functions to

k), k=0,1,....m
(9® &) (k) = {z’((k)—m— D, k=m+1m+2,....m+m
We write v, 4 for the natural transformations ida — (—)®? respectively defined by
ida @ ([-1] = ida) and ([—1] — ida) @ ida.
Example 5.5. The functions 1, ¥y : [1] — [3] are defined by
Y(0) =0, (1) =1, y1(0) =2, (1) =3.

We write sd for the functor A — A induced from (=)®2 : A — A. Ordi-
nal subdivision sd admits left and right adjoints [6] and hence is continuous, co-
continuous, and [)-continuous. We abuse notation and write 7,7 for the natural
transformations sd — ids induced from the respective natural transformations
Y, 1 tda — tda D ida.

Example 5.6. The composite sd? is the functor induced from (—)®*: A — A.
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Double ordinal subidivison and double barycentric subdivision share certain sim-
ilar convenient properties in the restricted setting of 1-dimensional simplicial sets.
For example, the simplicial function yyap1] pushes simplices carried near A[1] onto

OA[1].
Lemma 5.7. For the cases § = 6,04,
Yiap Star sazap{[3] = [0] = [11} = AP)(A[0)).

Proof. Consider a 1-simplex ¢ : [7] — [1] in sd2A[1] generating an atomic subobject
having as a O-simplex the constant function [3] — [1] at §(0). There exists k € {0,1}
such that ¢(k) = ¢p(k +2) = ¢(k + 4) = ¢(k + 6) = §(0). For either case §(0) = 0
or 6(0) =1, ¢(4) = ¢(5) = 6(0) by monotonicity and hence

VVsdzap]® = VY
= o+
= 4(0).

O

Consequently, the behavior of yya[1; on each atomic B C 5d?C reduces to the
behavior of yya[1] on a projective retraction of B for all 1-dimensional simplicial
sets C'. We write ret ¢ B for the subobject

Bnsd? ﬂ suppoq2(A,C) |,
GAACB

ofa B C sd?C, for each simplicial set C. It suffices to record the particular behavior
of v¥¢ for just the case C = A[l].

Lemma 5.8. There exists a retraction
TBA[] B — T‘etA[l]B
and (Yyan)) B = (Y¥ap)) tret ap BTBAN), for each atomic B C sd?A[1].

Proof. In the case B = ret a1 B, idp is our desired retraction 7. It therefore suffices
to consider the case B N sd?A[0] non-empty and hence equal to sd?A[0], the other
case B N sd2A[64](A[0]) # @ following similarly. Then yyapB = sd 2A[0] by
Lemma [5.7, hence yyapB # sd?Al64](A[0]), hence B N sd?A[64](A[0]) = @ by
Lemma [5.7, hence ret ojy B = sd 2A[0], hence the object-wise constant simplicial
function B — sd?A[0] is our unique desired retraction by Lemma [5.71 O

5.3. Stream realizations. Extra structure lurks behind classical geometric real-
izations of simplicial sets. The standard cosimplicial space is the functor V: A — 7
assigning to each [n] the topological n-simplex and assigning to each monotone func-
tion ¢ : [m] — [n] the linear map sending each point with kth barycentric coordinate
1 to the point with ¢(k)th barycentric coordinate 1. Ceometric realization is the
cocontinuous and finitely continuous functor

[n] R
|—|=/ —([n]) - Vin] : A = 7.

A
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sending monos to closed embeddings. The functor | sn(—)| preserves finite products
and hence sends the lattice operations on [n] to lattice operations turning V[n] into
the stream [Theorem .11 V[n|, natural in [n]. We write 1—| for

[n] - .
/ —([n]) - V[n]: A = 7.
A

We henceforth identify |C| with the underlying space of 1C| for each simplicial
set C' by Proposition[d.6l The graph of the global preorder <;¢| on a stream of the
form 1C| is simplicial in the following sense.

Lemma 5.9. For each simplicial set C, graph(<ic)) = | graph(<c)|.
Proof. The case C representable follows because | — | preserves finite pullbacks and
graph(<japm)) = 9raph(<sp,) = VIl Xag . (marave, VI

The case for general simplicial sets C' follows from Lemma because <y is
the reflexive-transitive closure of the relation on |C| having as its graph

[n]
/ Cln] - graph(<apy)| < 1C?) = |CP

[n]
/ Clal | graph(<am)| = | [

A

by the previous case and Proposition [4.7] O

Thus topological limits commute with inequalities in stream realizations.
Lemma 5.10. For all simplicial sets C, graph(<cy) is closed in |C| x & |C)|.

Proof. Lemma [5.9] implies the claim because | graph(<¢)| is closed in |C?|. O

Stream realizations preserve finite products.
Lemma 5.11. The functor |—| : A= preserves finite products.

Proof. Let map be the universal stream map 1A x B|—]A| x 1B]| natural in
simplicial sets A and B. Let M denote a finite chain in [m] x [n]. Consider m,n.
All pairs T 1sn(M — [m] x [n])], T 1sn(M — [m] x [n])| of lattice homomorphisms
induce all injective monotone functions, and hence all injective lattice homomor-
phisms, of the form (I'mapmja[m))irisn i) because T' preserves finite products by
Proposition .7 and .Z-products are 2-products. Thus I'mamja[ is full because
it is the universal monotone function induced from injective lattice homomorphisms,
and hence full monotone functions, of the form (I'mafmjafm))T1sn a- Thus mag,
a homeomorphism of underlying spaces, is a full monotone bijection of underlying
preordered sets, hence an isomorphism of topological lattices, and hence a stream
isomorphism for the case A = A[m] and B = A[n] by Theorem 11l and hence the
gen§ral case because finite products preserve colimits in . by Theorem and
in A. O

Stream realizations remember simplicial orientations.
Lemma 5.12. For all preordered sets P and pairs * <isnp| Y,

minT 1supp;_|({z}, sn P)|<p minT Jsupp|_|({y}, sn P)|
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Proof. Tt suffices to consider the case P = [n] because <ysp p| is transitive and
sn(P) is the colimit of all inclusions between simplicial sets of the form sn M for
finite chains M in P. Let ¢ be the kth barycentric coordinate of ¢ for all ¢ € V[n]
and k € [n]. Then
minT {supp|_|({z},sn P)l = min{k € [n] | 2 = 1}
<ppp min{k € [n] [y =1}
= minT Isupp_ ({4}, 5n P)]
because @k Vg, Yk = (¢ Vg, ¥)k for each k € [n] by linearity of Vg, . O

Prism decompositions [24] define piecewise linear homeomorphisms
Pafm) | sdAn]| = |Aln]| = Vin],
natural in non-empty finite ordinals [n], characterized by the rule
ol = 1/2|¢(0)] + 1/2[6(1)], ¢ € (sd A[n])[0] = A([0] & [0], [n]).
These homeomorphisms define lattice isomorphisms I' {sdA[n]|= T' 1A[n]| by

linearity of Ve N and hence stream isomorphisms 1sd A[n]|=]A[n]| [Theorem
AI1]. We write ¢ for the extension of {pa[n]}nen to a natural isomorphism

<p:]sd(—)L%]—L:A—>5ﬂ.

6. CUBICAL THEORY

Cubical sets are rigid and economical descriptions of state spaces [8, [12]. We
recall basic definitions in §6.0} investigate a cubical analogue of ordinal subdivision
in §6.2 introduce cubical models for higher categories in 6.3t and interpret cubical
sets as combinatorial models of streams in §6.41

6.1. Cubical sets. We recall basic definitions of the box category and cubical sets,
referring the reader elsewhere [I3| [I8] for details. Let [J; be the subcategory of 2
generated by the function [1] — [0] and the functions é_ : [0] — [1] and 04 : [0] — [1]
sending 0 to the respective points 0 and 1. Let [0 be the monoidal subcategory of
the Cartesian monoidal category 2 generated by [(J;. We write X for the tensor on
O. The category O admits the following convenient characterization [13].

Lemma 6.1 ([I3| Theorem 4.2]). The free monoidal category over Oy is OJ.

In particular, retractions to injective [J-morphisms are unique because J_,d
have unique retractions. A characterization of injective [J-morphisms as inclusions
of intervals [I8] §2] implies the following lemma.

Lemma 6.2. For every solid monotone function given in the diagram

there exist unique choices of minimal m, monotone function ¢, and injective O-
morphism 0 making the entire diagram commute. The function ¢ preserves extrema.
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We regard [J as a monoidal category with tensor X defined by

([, 1) )
Ry / ([ - — ([ - O[] 6 x ) — .
Ox0O
Projections BKC — B and BXC' — C induce monos BXC < B x C natural in
cubical sets B and C' allowing us to henceforth regard tensor products as subobjects
of categorical products.

Example 6.3. For all cubical sets C', C X O[0] = C x OJ[0].

Cubical sets are ﬂ—objects, oriented cubical compleres are cubical sets whose
atomic subobjects are projective, and cubical functions are [J-morphisms. The
dimension of a cuboicall set C' is the minimal n such that the natural cubical
function C[1]%¥" - O[1]®" — C is epi or oo if no such n exists.

Example 6.4. For each atomic cubical set A, dim A < oc.

An inclusion between atomic cubical sets admits at most one retraction because
retractions in [J are unique. We write BD[l]'g" for the unique maximal proper
subobject of [1]%¥" for each n. An n-cube in a cubical set C' is an element of
C[1]®" for each n.

Example 6.5. The m-cubes of ([1]¥" are the (-morphisms
[1]&m N [1]&71

A cubical set C'is connected if its underlying reflexive graph, the reflexive graph
having vertices C[0], edges C[1], and structure maps v — C([1] — [0])(v) and
e— {C(6-)(e),C(04)(e)}, is connected. Every cubical function induces a map of
underlying reflexive graphs and hence maps connected subobjects onto connected
subobjects.

Example 6.6. Every non-empty cubical set of the form Star oV is connected.
Example 6.7. Every atomic cubical set C' is connected because C' = Star ¢ C|[0].
Example 6.8. The connected subobjects of (J[1] are atomic.

Fix an atomic cubical set A. We write g4 for the unique epi of the form C[1]%" —
A such that n is minimal and dim A for this minimal n. The epi p4 does not identify
an n-cube # which does not inhabit d0[1]¥4™ 4 with another distinct n-cube by
minimality of dim A. The cubical set A is projective if and only if g4 is monic. For
each cubical function v : A — B and epi cubical function € : E — B, there exists a
dotted cubical function, monic if ¥ is monic and F is an oriented cubical complex,
making the following diagram commute by projectivity of D[l]gdim A,

D[l]gdimA .................... > E

A—B.

We generalize cubical sets to “cubical sets equipped with actions of categories.”
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Definition 6.9. Fix €. A € -cubical set is a functor of the form
¢ -0

and a € -cubical function is a natural transformation between %-cubical sets. A
@-cubical set C is finite if its colimit is finite and C(¢) is finite for each @-object c.

We write cn for the functor 2 — [ defined on morphisms ¢ : P — @ by
(=, 9)ioer : 2(=, P)ijger = 2(—, Q) j0er-

6.2. Subdivisions. We define a cubical analogue to ordinal subdivision in terms
of the combinatorics of subdivided hypercubes instead of an operation on the box
category itself. Just as [0 models abstract hypercubes, a larger category models
abstract subdivided hypercubes. We write B for the smallest monoidal subcategory
of the Cartesian monoidal category 2 containing the non-empty finite ordinals and
convex monotone functions between them. We abuse notation and write X for the
tensor on H.

Example 6.10. All (J-morphisms are H-morphisms.

We can model cubical subdivision of abstract hypercubes as a monoidal functor
O — BH. We write [2] ® — for the unique monoidal functor [0 — H sending § to
the monotone functions [0] — [2] defined by the rule 0 — 2§(0) for § = 6_,d;. We
abuse notation and write 7,7 for the monoidal natural transformations [2] ® — —
[1] ® — having as their [1]-components the respective convex monotone functions
max(—,1) — 1,min(—,1) : [2] — [1]. The following lemma justifies our abuse in
notation.

Lemma 6.11. For all n = 0,1 and monotone functions ¢ : [n] & [n] — [n],
é = V) (PVn] + DY) © Vin) (DVn) + Vn))-

Lemma 6.12. For alln = 0,1 and convex monotone functions ¢ : [n] — [2n],
¢ = (V)@ + V@)V n] + (V)@ + Vi) ©) V-

Proofs are straightforward verifications of function values and are therefore left
to the reader.

We abuse notation and also write OJ[—] for the (}-continuous composite of the
Yoneda embedding HH — B with the functor B — [J induced from inclusion [J < .

Example 6.13. For all E-objects p, [p] is an oriented cubical complex.
We write ¢d for the cocontinuous and [)-continuous functor

/m (OB O
O

and cz for its right adjoint. We abuse notation and also write v, for the monoidal
natural transformations cd — idz induced from the monoidal natural transforma-
tions v,y : 2] ®@ — —» —: 0 — H.

Example 6.14. There exists natural isomorphism ¢dO[—] = O[[2] @ —].
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The behavior of vj¢ : ed 2C — C on each atomic B C cd 2C reduces to the
behavior of a projective retract ret o B. We write ret ¢ B for

BN ecd? ﬂ suppeq2(A4,C) |,
G£ACB

for each cubical set C' and B C c¢d?C. We define a cubical function mp¢c for each
cubical set C' and atomic B C cd2C by the following lemma.

Lemma 6.15. Fiz cubical set C. There exists a retraction
e : B — reteB
and (Yye) B = (YY) irete BTBC, for each atomic B C cd?C.

We postpone a proof until 7] when we can bootstrap a proof for a simplicial
analogue of the lemma. We continue and list some consequences.

Lemma 6.16. For each cubical set C and atomic B C cd?C,
retcB
is isomorphic to a representable cubical set.

Proof. We take C to be atomic. There exists dotted mono making the diagram

D[l]gdimﬁ?tcB L SV - cd2|:|[1]®dim0
QretcBl lcdzgc
ret ¢ BS cd?C
X dim ret ¢ B

commute because O[1] is projective. Then
L(D[l]lgdimretcB) N Cd28|:|[1]®dim0 -

by minimality of ret B, hence cd?oct = (retcB — cd2C)gTetCB is monic, hence
Oret B i monic, and hence ret ¢ B is projective. O

The retracts ret ¢ B are natural in in the sense of the following two lemmas.
Lemma 6.17. Fiz cubical set D. For all atomic AC B C C C ¢d?D,
(meD)iretea = (TeD) ret e B(TBD) ret ¢ A-
Proof. Retractions to inclusions of atomic cubical sets are unique. O
Lemma 6.18. For each cubical function vy : C — C’,
cd®y 1 ¢d?C — cd?*C’

restricts and corestricts to a cubical function ret cB — ret ¢r(cd?y)(B) for each
atomic B C cd?C.

Proof. Let B’ = (cd?v)(B). For each non-empty atomic A’ C B’, there exists non-
empty A C B such that (cd?y)A = A" and v supp .42 (A, B) C supp cq2((cd?y)(A),vB) =
supp cq2(A’, B') by minimality of supp 42 (A", B'). O

The cubical function v4¢ converts combinatorial neighhborhoods into atomic
subobjects of C.
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Lemma 6.19. Fiz a cubical set C. For each V C (cd?C)[0],

Yy Star cazcV
15 & or atomic.
Proof. The cases C' = 0]0],O[1] follow because Star .42cV, and hence its im-
age under yj¢, are connected and the only connected subobjects of O[0], [1] are
atomic.

The case C' representable thence follows from Lemma
Consider the general case. For a minimal atomic A C C such that V' C (ed?A)[0],

(2) Yyc Star cqa2cV. = Yo Star cq2aV

(3) = alcd®0a)(Star .y2opy@ aim a (QA)[B]IV)

(4) = 0a7YA Star gapp R aim a4 (QA)[B]I v,

@) by Lemma [6.15] is atomic by the previous case. 0

6.3. Extensions. An operation somewhat dual to cubical subdivision is the cubical
extension of a cubical set C to a cubical model of a higher category “presented by
C.” We define structure maps turning a cubical set into such a higher categorical
structure. Just as [J models abstract hypercubes, a larger category models adjacent
abstract hypercubes. We write M for the smallest monoidal subcategory of £ having
[0] as a terminal object and containing the pushout square

in 2; in particular, (0 C @ C H. We write ex for the endofunctor
p A A A
/ BI(Op], =) - enp : €1 = L.
m
Example 6.20. The cubical function
enp — exO[p],
natural in M-objects p, is an isomorphism.

We regard certain natural cubical functions C' < ex C' as the identity structure
maps for cubical sets C presenting cubical models of higher categories. We define
the natural transformation « : idz — ex by the following lemma.

Lemma 6.21. There ezists a unique natural transformation
ide — ex: O—0

Proof. For each preordered set p, there exists unique cubical function O[p] — cnp
whose [0]-component is the identity function H([0],p) = 2([0],p) because n-cubes
in cnp are determined by their composites with functions [0] — [1]®”. Thus the
unique cubical function O[0] 2 ¢n[0] of terminal cubical sets uniquely extends to a
natural isomorphism ([—] = ¢n[—] : @ — (. The lemma follows by naturality. [
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We regard the cubical set ex C' as encoding the possible “pasting diagrams” of a
cubical set C. We thus define composition operators for cubical models of higher
categories.

Definition 6.22. Fix 4. For each ¥-cubical set C, a strict composition
exC — C
on C is a retraction to k¢.

Example 6.23. The cubical nerve of a small category %, the cubical set
Ca.t(_, Cg) “:|0p7

where we regard [1]&" as the n-fold categorical product of the free category gener-
ated by an arrow 0 — 1 for each n, admits a strict composition.

Example 6.24. A Kan cubical set [I§] is a cubical set satisfying the right lifting
property with respect to all inclusions into [I[1]®" of its largest subobject Li*[1]®"
not having [1]%¥~! K § X [1]¥"~* as its (n — 1)-cube for each n, § = §,,5_, and
i=1,2,...,n. Kan cubical sets, the fibrant objects with respect to a Quillen model
structure [I8] whose acyclic cofibrations include k¢ [Corollary B25], admit strict
compositions.

Our extension operator ex - not cx - serves a role in cubical directed homotopy
theory analogous to the role that the right adjoint to barycentric subdivision plays
in classical simplicial homotopy theory [4]. For example, ex - and not cx - turns
out to preserve weak homotopy types. We write v for the natural transformation
cx — ex induced from the functor [2] ® — : O — [I.

6.4. Stream realizations. Extra structure lurks behind classical geometric real-
izations of cubical sets. The standard cocubical space O : 00 — 7 is the unique
monoidal functor composing ¢ with {0,1} < [0,1] for each 6 = §_,d. Geometric
realization is the monoidal, cocontinuous, and [)-continuous functor

[1]®n

|_|:/D —( - op® .0 - 7.

sending monos to closed embeddings. We write star ¢V for the topological interior
of | Star ¢V in |C| for each V' C C[0] and |¢| for the unique point in |C| for which
c € supp|—|({|c|}, C)[0] for each ¢ € C0].

Example 6.25. Consider a cubical set C. For each V' C C[0],

star cV = ﬂ star c{v}.
veV

Thus for each cubical set C, the family of subsets {star ¢V | V C C[0]} forms an
open cover of |C| closed under finite intersections.

Example 6.26. For each cubical set C' and 0-cube c of C,

le| € starc({c}).
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We write O for the unique monoidal functor 00 — .% sending d to the stream
map 0 +— §(0) from {0} to O[1] for § = §_,5,. We abuse notation and also write
1—] for the cocontinuous and monoidal functor

/m (A B
O

Topological limits commute with inequalities in stream realizations.
Lemma 6.27. For all cubical sets C, graph(<qcy) is closed in |C|*.
Proposition 6.28. The functor | — | : 0 — . sends monos to embeddings.

We postpone proofs until the end of the next section.

Definition 6.29. For each ¥, a €-stream X is quadrangulable if X is a composite

up to natural isomorphism.

7. TRIANGULATIONS

We write ¢ri for the cocontinuous and ()-continuous functor

[1]8n
[ ey sy 0 4
O

and qua for its right adjoint. Triangulation behaves somewhat like classical geomet-
ric realization; both functors convert models of spaces into more flexible models of
spaces, induce equivalences of associated classical weak homotopy categories, and
admit right adjoints. The adjunction tri 4 qua also exhibits the following conve-
nient property.

Lemma 7.1. The composite quaotri : 0 — O is cocontinuous.

Proof. Fix cubical set C'. It suffices to show that the natural cubical function

[1]®n

/ CIE" - quatriO[1]®" — quatriC,
O

monic because qua, tri, and hence the composite quao tri are ()-continuous, is also
epi.

Fix m and m-cube 1 : tri O[1]¥™ — tri C in quatri C. Let 4 be the subcategory
of 2 consisting of all maximal chains of [1]®” and inclusions between them.

Consider ¥-object M. Let ops and kj; be the unique isomorphism and natural
number such that op : [kpy] =2 M. The cubical set Cpr = supp tri((sn M))
is atomic by Lemma 28 Thus we can let mpr = (Cpr — C)oc,,. There exists
monotone function Ay, extrema-preserving by minimality of Cj; and Lemma [6.2]
making the top trapezoid in the diagram below commute because sn M is projective
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and sn is full.

ST I o S M - t’riD[l]gdimcM

sn(M—M') triO[1]®™ —p— tri C tTiD[‘isZ\/IZ\/I/]
sn(M'f_>/g) trim

sn M’ Sn}\M, ....................................... - t:‘iD[l]gdimcM'

Consider another Z-object M’ D M. There exists injective [J-morphism §ps s
such that the right triangle commute because D[l]gd‘m O™ is projective and Cpy C
Chr. The monotone function Aps ops preserves extrema and hence is not a ky-
simplex of tri 90[1]¥ 4™ M by LemmalG2 Thus (76 7ar ) k] (Aarroar) has unique
preimage under (¢707 s ) (k). Thus darar Ayro = Ayroar because

(tTiWM/)[kM] (5MM' /\MUM) = (t’l”i WM’)[kM] ()\M’UM)
by the commutativity of the trapezoids. We conclude §pspr preserves extrema
because Ay, Ay, M — M’ preserve extrema. Thus oy = idD[l]xdim oy DY
Lemma and we can therefore let

’rL:dIInCMZdIInCM/, 9:7TM:7TM/.

Our constructions of the form sn . define a cocone A : snjg — tri O[1]%".
The cocone I : snjg — tri O[1]%™ defined by inclusions is universal. Thus there
exists simplicial function o : tri O[1]¥™ — tri O[1)®¥" such that A = ol. Thus
YI = (tri O)A = (tri 0)ol by the commutativity of the diagram. We conclude
¥ = (trif)o. O

Triangulation and quadrangulation relate our various cubical and simplicial con-
structions with one another.

Lemma 7.2 ([I8, Example 5]). There exists a natural isomorphism
en 2 quaosn : 2 — L.

Consequently, we can regard qua(tri C) as a particular stage in the extension
from a cubical set C' to exC.

Lemma 7.3. There exists dotted natural transformation making the diagram

N K

idp —; ex

quaotri”
commute.
Proof. We can make the identification
(1]2n
quaotri = / —[1]%" - en[1]®"
O

by Lemmas [Tl and Our desired dotted natural transformation is then induced
from inclusion OJ — m. O
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Triangulation relates our different subdivision operators.

Proposition 7.4. There exists a dotted natural isomorphism making

. tri 5 .
tri =—triocd

; tre vy
el :
\
sdotri — tri

commute.
Proof. The simplicial function 7, : B([m], [2] ® [n]) - A[m] — sd A[n] defined by
(Timin) (@ [m] = [2n] - B2 [K] = [m])) g = yef & 7B, k=0,1,...
is dinatural in O;-objects [m] and hence induces a simplicial function
Tl * tricdO[n] — sd Aln],

epi by Lemma [6.11] monic by Lemma[6.12] and natural in O;-objects [n]. Plugging
in v and 7 for the symbol n, we see that 1:,.;0pn)Tn) = tringp,) because

(A (Fimjm) (@ 2 [m] = 2] - B (k] = [mD)wy = (am)w (Va8 © JmjaB)
= (Ym)aB D Y @B) i
= N
for n = 0,1. Thus the desired natural isomorphism exists because tri, cd, v, and ¥
are monoidal. ([

Triangulation restricts and corestricts to an isomorphism between 1-dimensional
cubical sets and 1-dimensional simplicial sets. Thus we can make the identification

tri retcB =rety;ctriB

for all 1-dimensional cubical sets C and B C c¢d?C. We can now bootstrap Lemma
B8 to give a proof for Lemma B.15]

Proof of Lemmal6.13. We assume C' is atomic without loss of generality.

The case C' = O[1] and hence also the case C = J[0] follow from Lemma[5.8 and
Proposition [7.4]

Consider epi € from a representable cubical set C' and atomic B C cd 2C. Let
€ = cd?e; we abuse notation and also write €’ for its restrictions and corestrictions.
There exists unique retraction mgc : B — ret ¢ B, and the back face of

B : (v¥o)iB c
T | ™
TBC e/B eC
{ (e B)(0) H
retcB e C
\ i () treten E
¢ '
e retcB eC,

(YVe(©)) tret .o’ B
commutes by the previous cases and Lemma Moreover,

€ retcB =ret.c€B
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because €' is epi and € supp .q2(A, C) = supp .q2(€' A, epsilonC) for all A C B. It
therefore suffices to show the existence of a dotted cubical function making the left
face commute; it would follow that the front face commutes because €’ is a quotient
cubical function and the rest of the diagram commutes.

We induct on dim C. The base case C' 2 [J[0] follows from the previous case. Fix
k. Assume the claim holds for the case dim C' < k, and consider the case dim C' = k.
Consider n and n-cube 6 in B. It suffices to show ¢’mpc8 only depends on €’6 and
therefore it suffices to consider the case 6 not the unique preimage of 611]&"9 under
Efl]gn; in particular, there exists atomic B’ C B and proper atomic ¢’ C C such

that 6 is an n-cube of B’ N ¢d?C’. Then

(5) (G/WBC)[u&n ) = ((¢7pc) rB’)[l]m (0)
(6) = (o) (0)
(7) = (We’B’ec’)[l]&n ﬁfl]m@,

(@) by our choice of B’, (@) by minimality and hence equality mp/cr = (7pc);p/,
and (7)) by the inductive hypothesis. O

Triangulation relates our different stream realization functors.

Proposition 7.5. The following commutes up to natural isomorphism.

O——5

e
tri

A
Proof. 1t suffices to show that there exists a natural isomorphism
(8) Vrml %ﬁrml Z|:|1 - 7

because O, tri, 1—|: [0 = .%, and 1—|: A — .% are monoidal [Lemma [B.1T] and
colimits commute with tensor products in O and finite products in . [Theorem

4.10.

Both I'd[6] and T'V[é] send the unique point to the minimum for § = §_ because
0=0d[0-](0), [0]vgyt=t

for t = 0], |1| and hence all ¢ € I by linearity of Vg and similarly send the unique

point to the maximum for the case § = §;. The linear homeomorphism V[1] — I

sending |0] to 0 and |1] to 1 hence defines the [1]-component of our desired natural
isomorphism (&) by linearity of Ven) Vap) and Theorem [4.11] O

We can now prove that the global preorders of stream realizations of cubical sets
have closed graphs.

Proof of Lemma[6.-27 Lemma [5.10] and Proposition give the result. O
We abuse notation and also write ¢ for a natural isomorphism
@ Ned(—)|2—]: 0 — 7.
induced from ¢ :1sd(—)|=]—| and natural isomorphisms claimed in Propositions[7.4]

and We can now prove that stream realization sends monic cubical functions
to stream embeddings.



CUBICAL APPROXIMATION FOR DIRECTED TOPOLOGY 23

Proof of Proposition[6.28. Fix cubical sets B C C. Consider finite A C B. Let
V, = U star cgnp{a}, n=0,1,..
a€A[0]

Consider an open subset U C |A|. It suffices to show that

graph(<y) D U?nN m graph(Sunenv, )-
n=0
We could then conclude that for each stream embedding k : K —|B| such that K
is compact Hausdorff, 1supp|_|(k(K), B) < B| is a stream embedding by Lemma
[£9 and thus conclude that 1B — C|k is a stream embedding.
Consider z,y € |A| such that £y y. For n>> 0, 9"z y((p;‘nU ©~ ™y, hence

—n—2 2

VVeanal(@a" " °x) L-npy [V Fearal(@x""Y)
Pa

by Lemma [6.27 because ¢" [Y3canalp ;" (%) is close to * for each *, hence

—n—2 —n—2

Ya x%(ga;"”zj)mvnﬂ Ya Y

because YYeanc (93" 2U) N Vyio C | ed™ Al by Lemma 619 and hence

x 7( UNey 2 Vaga Y-

8. HOMOTOPY THEORIES

We present categorical definitions of homotopy theory in §81F construct weak
homotopy categories of streams in §8.3]and cubical sets in §8.4 and state and prove
our main results in 8.5

8.1. Homotopies. We recall categorical axiomatizations [I8] of cylinder objects,
equip categories of streams, simplicial sets, and cubical sets with such axiomatic
structure, and explore the strengths of the resulting homotopy theories. Cylinder
objects in practice amount to monoidal actions of [J. We regard functor categories
of the form €% throughout as monoidal categories whose tensors are defined by
composition.

Definition 8.1. A O-module is a category ¥ implicitly equipped with functor
®R:¥x0->7F
whose adjoint [0 — €¢ is monoidal.
We spell out resulting definitions of homotopies and fibrations.

Definition 8.2. Fix a [O-module ¥. Consider ¥-morphisms o, 8 : z — y. A
homotopy from « to 8 is a morphism 7 in ¥ making the following commute.

a,p

(9) z [y 2z =2 ® [0][I4[0]z @ [0] — 3V
—®5 U—®6+l o
r®[1]

For each %-object g, a g-fibration is a €-morphism satisfying the right lifting
property with respect to ¢ ® 6_ and g ® d;.
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Fix O-module ¥. We write a ~ § if there exists a homotopy from « to g for
each pair «, § of parallel -morphisms. We write «~ for the equivalence, and hence
congruence, on %, generated by ~» and h% for the quotient category &/ «~.

Example 8.3. Regarding .7 as a [J-module such that
®=—-x0-]:7x0—= 7,
h% is the standard homotopy category of %

We highlight a couple of straightforward properties of fibrations, useful for later
showing that diagram categories of streams are categories of fibrant objects.

Lemma 8.4. Fiz O-module €. For each € -object g and g-fibration -,
(9,7)

is surjective if h€(g,v) is surjective.

Lemma 8.5. Fiz (-module €. For each % -object g and g-fibration -y,
he(g,7)

18 injective.

We axiomatize homotopical triviality as a generalization of convex structure on
topological vector spaces.

Definition 8.6. Fix [(J-module . A %-object ¢ is convex if both projections
A=
exist and are «~s-equivalent to one another.
Standard facts about classical convex objects straighforwardly generalize.
Lemma 8.7. Parallel morphisms to convex objects in [l-modules are «~-equivalent.

A functor suitably respecting monoidal actions of [J respects the associated ho-
motopy theories.

Definition 8.8. For all O-modules € and 2, a lax (O-module map
F:¢—2

is a functor F' : € — 2 equipped with natural transformation ® o (F x ) — Fo®,
which we write as 7, such that 7 o)) is an isomorphism for each ¢™-object c.

Lemma 8.9. Consider lax O-module map F of the form
F:¢—2

preserving cosquares. The functor F' passes to a functor h6¢ — hP. If F is lax
Cartesian monoidal, then F' preserves convexr objects.

A proof is straightforward and therefore left to the reader.
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8.2. Homotopy for simplicial sets. Our starting point in investigating homo-
topy theories of “directed structures” is the observation that “simplicial lattices”
are convex. We henceforth regard functor categories of the form A% as C-modules
equipped with (— x sn)[ Ay the resulting (strong) homotopy theory is standard
[4, ?]. All homotopical constructions in this paper originate from the following
observation.

Lemma 8.10. The Z-simplicial set sn; ¢ is convez.

Proof. The unique functions nr,, n; : [1] x L? — L defined so that n1,(0, —), n} (0, —)
respectively are projections onto first and second factors and (1, —) =07 (1,—) =
Ar, are monotone for each lattice L. Then snnz and snn}, define homotopies from
projections (sn L)? — sn L to snAL. O

8.3. Homotopy for streams. We introduce a homotopy theory that intuitively
classifies streams up to deformation. We henceforth regard functor categories of
the form .7 as [-modules equipped with — x & 0[—]. The convexity of “simplicial
lattices” [Lemma BTI0] implies the convexity of topological lattices.

Lemma 8.11. The A-stream ﬁ[—] and the O-stream O are conver.

Proof. There exist natural isomorphisms A-stream V[—] ={sn(—)|;a and G[—] 2
sn(—) |;o by Proposition It therefore suffices to note that the .Z-stream 1
sn(—)|,«, and hence all restrictions of it, are convex by Lemma because 1—|:
A = .7 is lax Cartesian monoidal by Lemma [5.111 O

We can now give a special case of simplicial approximation, for the natural
isomorphisms p¢ :1cd C|=1C|.
Proposition 8.12. The following A-stream maps are «~-equivalent.
@, Tl 19l 1sd(=)l = 1-1 .
Proof. The (A x A° x A)-stream maps
A(A[_Q]v —1) " PA[=3]> A(A[_Q]a —1)- 1a[=ab A(A[_2]7 —1)- aj=ql

are ~~-equivalent by Lemma [B7] because 6[—] is convex by Lemma BTIl We take
parametrized coends to conclude the claim. (I

A topological enrichment [I7] on diagram categories of topological catgories sug-
gests an alternative homotopy relation [8] on % generally weaker than «vs. We
identify criteria for these homotopy relations to coincide.

Theorem 8.13. Fiz small 9. A pair of 4-stream maps
f,g: X =Y

are «~~-equivalent if the colimit of X is compact, Y is quadrangulable, and there
exists 4 -stream map h : X x O[1] = Y such that h(—,0) = f and h(—,1) =g,

Proof. Let C be a cubical set; it suffices to suppose Y =lcd*C|. Let ¢’ =1(77)?|.
We write Xy7(c) for the open substream of X (¢) consisting of the preimage of an
open subset U of colim X under the natural stream map X (¢) — colim X for each
@-object c.

There exists finite category & of open subsets covering colim X and all inclusions
betwen them, k, and real numbers 0 = tg < t; < to < --- < tx_1 < tr = 1 such
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that (colim h)(U x [t;,t;+1]) inhabits a set of the form star coum v () for each
O-object U and i = 0,1,2,...,k — 1 because colim X x [1[1] is compact. It suffices
to consider k = 1 because «~ is transitive.

There exists minimal set of the form star ¢ (. (*) containing (colim h)(U) be-
cause sets of the form star ¢(.)(*) are closed under intersections, hence minimal
atomic subobject of C'(¢) whose geometric realization contains the image of such a
minimal set under |yy¢(c)| by Lemma B6.19, hence factorizations of

Po(e)(fe)rxu (e H Po(e)(9e) 1x0 ()

as the composite of a stream map to a stream of the form [0[*]| followed by a
stream map of the form 7x — C(c)| by Lemmas and [6.10], natural in &-object
U by Lemmal[6.I7 and ¢¥-object ¢ by Lemmal6.18 Thus @i f «~ g by naturality
and convexity of 0. Hence f «w g by Proposition 8121 O

We generalize homotopy equivalences between compact quadrangulable streams
to weak equivalences between general streams as follows.

Definition 8.14. Fix small 4. A ¢-stream map f is a weak equivalence if

hs?(Q, f)

is a bijection and a fibration if it is an Q-fibration, for each compact quadrangulable
&-stream Q.

Example 8.15. Maps representing isomorphisms in h.7% are weak equivalences.

We write # 4 for the subcategory of .#“ consisting of the weak equivalences.
A standard compactness argument yields the following observation.

Proposition 8.16. For each 4, Wy« is closed under transfinite pushouts in 7% .

For each small ¢4, we write h.7¥ for the localization of .7 with respect to the
weak equivalences.

Proposition 8.17. For each small 4, .#% is a category of fibrant objects.

Proof. The diagram category .#% has finite products and a terminal object because
. is complete by Proposition Pullbacks of (acyclic) fibrations are (acyclic)
fibrations by (Lemma and) the preservation of right lifting properties by pull-
backs. Every ¢-stream is fibrant because §_, 1, and hence ¥-stream maps of the
form Q ® d_, Q ® d, have retractions. Path-objects exist by Proposition and
a Quillen small object argument. O

Corollary 8.18. For each small 9, h.#% is locally small.
Corollary 8.19. For each small ¢4, there exists a bijection
h?(X,Y) =hs?(X,Y)

natural in & -streams X having compact colimits and quadrangulable & -streams Y .
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8.4. Homotopy for cubical sets. We henceforth regard functor categories of the
form 0% as O-modules equipped with — x O; the resulting (strong) homotopy
theory is standard [I8]. A couple of our cubical constructions preserve homotopy

types.

Lemma 8.20. The O-simplicial functions

trintTtue  tri S trio quao tri : €7 Y g

represent mutually inverse morphisms in RAD,

Proof. The (C1 x [0 x O)-simplicial functions

D(D[—Q], —1) -tre ’I]triquaD[—g,], |j(|:’[—2], —1) . etriqua tT‘iD[—g]

represent mutually inverse morphisms in hADXO7 %0 by LemmaRTbecause tri J[—]| =
snyg and trioquaotriO[—] are convex by Lemma [8I0l and Proposition B9 We
take parametrized coends to conclude the lemma. (I

Lemma 8.21. The following [-cubical functions are e~s-equivalent.

cdex

Ked(—)s Ved(—)N y: cd— exocd.

Proof. The ([ x m° x m)-cubical functions

OO[—2], —1)  KeaD[—s);p>  D(O[=2]s —1) * Vea—yn“* " 10[=3) )

are «~-equivalent by Lemma [8Tlbecause c¢n)q is convex by Lemma[8.T0 and Propo-
sition B9 We take parametrized coends to conclude the lemma. O

We generalize homotopy equivalences between finite cubical sets admitting cu-
bical compositions to weak equivalences between general cubical sets.

Definition 8.22. Fix 4. For each ¥-cubical set C, a cubical composition
exC — C
on C'is a cubical function e such that idc «~~ ecke.

Fix ¢ and ¥-cubical set E. We write [C, E|] for the limit of the diagram whose
arrows are all functions h(1¥ (B, E) — h(1% (A, E) induced from all possible inclu-
sions A < B between finite subobjects of C' for each ¥-cubical set C'. We write
[t, E] for the induced function [D, E| — [C, E] for each cubical function ¢ : C' — D.

Definition 8.23. Fix small 4. A ¢-cubical function v is a weak equivalence if
[, C1
is a bijection for all ¢-cubical sets C' admitting cubical compositions.

For each small ¢, we write A1 for the localization of [J¥ with respect to the
weak equivalences; we show in the next section that A is in fact locally small.
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8.5. An equivalence. We establish a directed analogue of the classical equivalence
between homotopy categories of cubical sets and topological spaces. We first prove
that stream realizations of “directed anydone extensions” are homotopy equiva-
lences [Proposition B24]. We then show that certain stream maps between stream
realizations admit cubical approximations [Corollary [8229]. We then conclude our
main results.

Proposition 8.24. The O-stream map k| represents an isomorphism in hO.

Proof. We identify cn with qua o sn by Lemma We regard 10[p]| as a convex
compact Hausdorff, connected sublattice of an ordered topological vector space

because ¢p,) and idgp,), induce isomorphisms of the form ¢y 1 Ofp] |= d[+],
monoidal and natural in @M-objects p, for n = 0, 1. We can thus let 1, :1sn p|—10[p]|
be the piece-wise linear stream map, natural and monoidal in M-objects p because
all M-morphisms are composites of injections and projections, defined by n,|p| = |p|
for all p € p. The M-stream maps kg, | : 10[=]ljog—1en(=)ljp and fetriqua|
represent mutually inverse morphisms in h.#T because Ten(—) | g and 10(—]] g

are convex by Lemma B.I0 and Proposition B9l The [J x m° x m-stream map
O(@[—2), —1)- ko)

therefore represents an isomorphism in A% OXmP XD We take parametrized coends
to conclude the result. O

Corollary 8.25. For each cubical set C, the continuous function
lkc| : |C| = |ex C|
is a homotopy equivalence of spaces.
Corollary 8.26. The . -cubical set sing admits a .7 -cubical composition.

Theorem 8.27. Consider small ¢ and commutative diagram on the left side of

(10) A —"—triCl  sdnA—e A 0
1B| sd"B,""

where «, B are b-simplicial functions, B is finite, and C is a 4-cubical set. For
n > 0, there exist dotted 4 -simplicial function ¥ such that the right side commutes

and [Ylevs folp.

Proof. We abbreviate supp(x,*) for supp |_|(x,%). Let ¢’ =1(v3)?| ¢~ *. Let d
denote a ¢¥-object d.

There exists minimal set of the form star ¢(qy(*) containing fqU because sets of
the form star ¢4 () are closed under intersections, hence minimal atomic subobject
of C'(d) whose geometric realization contains the image of such a minimal set under
Yy (a)| by LemmaG.19 hence stream map gq(o) :1A[m] |—1tri O[1]%"] and cubical
function 04(c) : O[1]®" — C, natural in d by Lemma and (A | sd"B(d))-
objects o by Lemma [6.17, such that

o falol=1tribq(o)| ga(o)
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by Lemmas and The function ¢q(o) : [m] — [1]¥" defined by

(o) (v) = min supp| | (ga(o)|v], tri O[L]*"),
natural in d and (A | sd™B(d))-objects o, satisfies

(trifa(o))o)(Palo)(v)) = trifq(ojy min supp(ga(o)|v], tri [1]57)
= minsupplslf bl riC)
min supp(fo * 1 (v7)? | |ojoyvl, tri C)
min supp(f|y"~*v377|org)v], tri C)
= minsupp(|ay" > Fy70(v)], tri C)
= " 37y0(v)

for the case o is of the form 5o (A[n] = A(d)) and is monotone by Lemma (.12
Thus the sn ¢q(0)’s induce ¥-simplicial function ¢ : sd™B — tri C such that the
right side of (I0) commutes and f¢? «~1¢| by naturality and convexity of 0. O

Corollary 8.28. Consider small 9 and commutative diagram on the left side of

n

Y35 A

(1) 14—~ jquaC|  cdmA A—2— quaC
15| B,

where «, B are &G -cubical functions, B is finite, and C' is a & -simplicial set. For
n > 0, there exist dotted G -cubical function v such that the right side commutes

and 1o~ f .
Proof. Let t = tri, ¢ = qua, A’ = cd™A, B’ = cd™B. There exists 7 such that

YAy t(a)

tA tA —tq4C
g

commutes and 7]~ fo% by Theorem [827 and Proposition [[.4] Then
v =qelqmntd : B'—qC
makes the right side of (I3]) commute by naturality. Inside

tq tde
tqt B’ ——— (t9)*°C ———=tqC
tnts |
b EZ%B’ EiZ(C) s
tB’ p” tB’ ~ tqC,
Bl

the left triangle commutes by zig-zag identities, the middle square commutes by nat-
urality, and the right triangle commutes up to evs because tqel! e tqeld tntteld .
by Lemma B20 and tqeld tnietd, = el by the zig-zag identities. We conclude
ty «~ 7. Hence |t ] e ] |~~ fo'h because |—| is a [-module map by Lemma

Ba O
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Corollary 8.29. Consider small 9 and commutative diagram on the left side of

(12) 14] 1C1 A ~C
wml / ﬂl ;
1B| B,

where a, B are G -cubical functions, B is finite, and C' admits a cubical composition.
There exist dotted ¢ -cubical function ¥ such that the right side commutes up to <~

and 1L~ f1y"].
Proof. There exists n > 0 and dotted cubical function 7 such that

triqua

C .
—= quatriC

Y35y o

(13) cd™A A C

cdB,

commutes and 5| f «~17| by Corollary 828 For brevity, we write

(+)" =ex"cd"(x), (x) =ex"(x), qt=quaotri, ~ =" 377,
Let € be a retraction to C' up to «~. The cubical function nqcuam factors ko

by Lemma [(.3] and thus admits a retraction 7 up to «~. Let v be the appropriate
composite B — C of the arrows in the diagram

ida o ido

AU\ cdex A\{ O\ cdex O\'_'--._....en
N A\ ‘ e ~ ides T e
B A" A’ c’ -C’
Va o ln?;’ -
idg ¢ C) ntd
B 5" qtC — < qtC 71"
% KQN \L
v
T ; (atC) , (qtCY.
T idgtc

The top left rectangle commutes by Lemma [6.21] the front left rectangle commutes
by our choice of 7, the top right, back right, and front right rectangles commute up
to «w, the other solid rectangles commute by naturality, and therefore ;4 «~ a.
In the diagram

led"B] —— > 1qtC] — 2 1940 — 10|
. | L
B K K
/w g sl wft -
B B qtCY|,
e e

the left triangle commutes up to «~ by Lemma [R.21] the middle square commutes
by naturality, the right triangle commutes up to «~, and hence

1L e 7] op"
e At f
o f.
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Corollary 8.30. Fiz small 4. The function 1—|pc passes to a function
(14) Y (B',C) — hs?(1B',101),

bijective if B’ is finite and C' admits a cubical composition, for all 4-cubical sets
B’ and C.

Proof. The function 1—|p/¢ passes to our desired function ([I4) because 1—| is a
lax O-module map by Lemma [R.9l Surjectivity and injectivity follow from applying
Corollary [830 to the respective cases A = @, B = B’ and A = B'[[B/, B =
B'®[1]. O
Corollary 8.31. Fiz small 4. For all 4-streams X, the &-stream map

61X |sing tlsing X| — X

is a weak equivalence.

Proof. For each finite ¢-cubical set C' and ¥-stream X, the left vertical arrow is
bijective [Corollaries 828 and [B30] and hence the top horizontal arrow is bijective
in the commutative diagram

h?(1C]el )

hs?(1C), 1sing X |) hs?(1C), X)
1—Lcmnng H
W% (C, sing X)) hs?(1C|, X)

whose bottom horizontal arrow is the bijection induced by the adjunction | — |
sing. (]
Corollary 8.32. Fiz ¥4. For each € -cubical set B, the & -cubical function

773 lsing . B 5 sing 1B|
is a weak equivalence.

Proof. For each ¢¥-cubical set C' admitting a cubical composition and finite A C B,
the vertical arrows are bijective [Corollary R30], the bottom arrow is bijective
[CorollaryB.3T], and hence the top function is bijective in the following commutative
diagram.

R hDg (77 sing C)

h? (sing 1A|, C hOI% (A, C)
Hs 17191A[C\L \L1LAC
h.7% (1sing 1Al],1C|) h.% (A, sing 1C|)

hs (el 1C)
O
Corollary 8.33. For each small 4, 1—| sing induces an equivalence
Y = ho?.
Corollary 8.34. For each small 9, rOY s locally small.
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Corollary 8.35. For each small ¢4, there exists a bijection
r?(B,C) = [B,C)]

natural in &G -cubical sets B having finite colimit and ¢ -cubical sets C' that happen
to admit cubical compositions.

Corollary 8.36 (Excision). Fiz a small 4. The natural 4-cubical function
s5ingU Uginguny singV — sing X

is a weak equivalence for all 4-streams U, V, X such that U(d),V(d) are substreams
of X (d) whose interors in X (d) cover X (d) for all 4-objects d and U(v),V () are
restrictions and corestrictions of X () for all &-morphisms ~.

Proof. Fix finite ¥-cubical set C. In the commutative diagram

h#? (1C1,18ingU Ugingury sing V1) s (1C1, 1sing X1)

| |

lim,, h.#% (cd"C, singU Uginguny singV) — lim,, h.’? (cd™C, sing X ),

where the inverse limits are taken over ¢-cubical functions of the form
N2
cd™ (%) cd*(¥) —>(’W)* *,
the natural vertical arrows induced by the functor |1—| are bijective by Corollary
B28 the d-component of every ¢¥-cubical function cd™C — sing X maps cubes into
either sing U(d) or sing V(d) for each ¢-object d because |C| is compact, hence

the bottom horizontal function induced by inclusion is bijective, and hence the top
horizontal function is bijective. O

Yean+1(x) Yed™ (x) Ved5 (%)

9. CONCLUSION

We have thus established a formal equivalence between directed homotopy the-
ories of streams and cubical sets, where quadrangulable streams and cubical sets
admitting cubical compositions serve as directed analogues of CW complexes and
Kan complexes, respectively. Thus we can study the directed homotopy types
of streams in nature in terms of the combinatorics of their quadrangulations. In
particular, the main results pave the way for the development of singular cubical
(co)homology theory for directed topology.
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