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Abstract. We investigate a structure for an abstract cylinder endofunctor I which produces a good basis
for homotopical algebra. It essentially consists of the usual operations (faces, degeneracy, connections,
symmetries, vertical composition) together with a transformation w: 12 — 12, which we call lens collapse
after its realisation in the standard topological case.

This structure, if somewhat heavy, has the interest of being "categorically algebraic", i.e. based on
operations on functors. Consequently, it can be naturally lifted from a category A to its categories of
diagrams AS and its slice categories A\X, A/X. Further, the dual structure, based on a cocylinder (or
path) endofunctor P can be lifted to the category of A-valued sheaves on a site, whenever the path
functor P preserves limits, and to the category MonA of internal monoids, with respect to any monoidal
structure of A consistent with P.
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0. Introduction

A basic homotopy structure on a category A can be given through a cylinder endofunctor I:
A — A, with two faces (9, 0*: 1 — I) and a degeneracy (e: I — 1), as in Kan [23]. But homotopies
defined on this basis can not even be reversed or composed, and some further structure over I has to be
added, in order to get a good setting.

Among such "operations", the most commonly used (see Brown - Higgins [3, 4, 5], Spencer -
Wong [30]) are the reversion (r: I — 1), the composition (k: I — J), the interchange (s: I - 1%
and the connections (g, g*: 1> — 1), where — for the composition — J(A) = IA N IA denotes the
pasting of two cylinders, one on top of the other. The vertical reversion and composition of
homotopies, respectively produced by r and k, will be written in additive notation.

Further, we add here a natural transformation w: 12 — 12, called lens collapse, having the role of
converting a generic deformation, or double homotopy, ®: I?’A — B of four homotopies a, B, y, &
(asin (1)) into a cell-homotopy ®w: a+8 — B+y (asin (2)), in a bijective way

Y B+y
k — ¢ f — g
(1) p] @ ] ) o] ow o
f — h f — g
a a+0

(*) Work supported by MURST Research Projects.



This structure on a cylinder provides a good setting for homotopical algebra and is "categorically
natural”, as discussed below.

For chain complexes, w is described in 6.8. For topological spaces, it can be realised by means
of the endomap w of the unit square [0, 1]?> suggested by the drawing (3), which motivates our name,
"lens collapse"

3 O

w collapses the vertical edges of the outer square producing two vertices of the inner one, and is
bijective outside such edges; the other two vertices come from the middle points of the old horizontal
edges; the inner square is then rotated and normalised.

§ 1 is a brief review of the abstract homotopical algebra developed by the author in [8, 9, 12],
founded on the following two notions (weaker than the cubical analogues studied here). An h4-
category is a sort of "relaxed" 2-category whose cells
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are thought of as homotopies, with compositions which behave well up to an assigned second-order
homotopy relation o ~ . A right homotopical category is an h4-category having terminal object T
and h-cokernels (standard homotopy cokernels) of maps, which satisfy a regularity property with
respect to ~ (h4-cokernels). This yields a simple approach to diagrammatical lemmas, the Puppe
sequence of a map, homotopical stability and relations with triangulated categories.

§ 2 introduces the notion of 14-category, consisting of a cylinder functor equipped with the
transformations described above, including the lens collapse and a zero collapse z: 1> — 1, having the
effect that o4+0 ~ o (2.7). Such a category has a canonical h4-structure (thm. 2.9), with cell-homotopy
produced by I? in the usual way (cf. (2)). For an 14-homotopical category A (§ 3) we further require
that all the lens conversions ® — ®w are bijective and that all the pushouts of a certain type
(cylindrical pushouts, necessary and sufficient to form the h-pushouts, 3.2) exist and are preserved by
I. Then A is a right homotopical h4-category, provided it has terminal object (thm. 3.5). The dual P4
case is based on a path functor P; the selfdual case IP4, on an adjunction I — P.

These notions are "categorically natural" (§ 4-5). Thus, if A is I4- or P4-homotopical, the same
holds for all its categories of diagrams AS (4.1-2), including the category of morphisms (A2), of
actions of a group (AS), of A-valued presheaves over a fixed space, etc. Under natural hypotheses, this
is also true of the slice categories A\X, A/Y, A(X — Y) (4.4-6). Further, if A is P4-homotopical the
same holds for the category of A-valued sheaves over an arbitrary site, provided that P preserves the
existing limits (4.3), and for the category MonA of monoids in A, with respect to any monoidal



structure of A consistent with P (5.6). All these categories are therefore, in the appropriate hypotheses,
right or left homotopical and the theory developed in [8, 9, 12] applies to them. This naturality property
depends on the "algebraic" character of the present setting, essentially founded on operations over
endofunctors of A.

Finally § 6 gives some basic examples: topological spaces, chain complexes, small categories,
groupoids and 2-groupoids, from which various others are deduced through the categorical construc-
tions just mentioned: diagrams, sheaves, slices and monoids.

Subsequent works will study homotopy laxifications of such constructions. For instance, in the P4-
homotopical category CAT; (of categories, functors and functorial isomorphisms), h-diagrams
(indexed categories), h-sheaves (stacks) and h-monoids (monoidal categories) are more important than
the strict analogues. Further, the path structure of chain complexes of modules is only in part
consistent with the tensor product (6.9), which provokes the well-known deficiencies of chain algebras
(the strict monoids) in adding homotopies; but, up to homotopy, this consistence subsists.

Comparing now our two approaches, the previous notions based on h4-categories are simple and
seemingly adapted to develop homotopical algebra within a given situation, while the present cubical
setting has the advantages of categorical naturality exposed above; being stronger, it inherits the
previous results. Finally, even in the prime examples (as Top), it is generally easier to verify the lens
conversion property than — directly — the axiom of regularity for h-pushouts or h-pullbacks.

To further clarify the difference, consider a category of diagrams AS. We can not formally lift a
homotopical h4-structure from A to AS, essentially because of the cell-homotopy relation a ~ p. On
the one hand, to lift this relation pointwise to diagrams would not respect naturality (equivariance, for S
a group), producing an (unnatural!) h4-structure, generally not homotopical. On the other hand, to
make it "concrete" (or "algebraic") through second-order homotopies ®: o — B and their operations
requires a heavy structure; unless we use, as here, a cylinder or path functor to reduce homotopies of
any order to maps, and their higher order operations to the basic, low order ones.

In the same way, a setting which assigns particular classes of maps (weak equivalences,
(co)fibrations), as in the well known approaches of Quillen [29], Heller [18], K.S. Brown [2] and
Baues [1], would not supply by itself such "naturality" results. For instance, one can define a general
structure of cofibration category on the "bilateral" slice category Top(X — Y) of spaces under X and
over Y, as shown in [1, 1.4]; but this is not achieved defining the cofibrations of Top(X — Y) from the
ones of Top, but deriving first the cylinder functor of the new category from the one of Top, through
the obvious categorical procedure (as in 4.5, here), and then defining fibrations and cofibrations on this
basis.

The author acknowledges with pleasure helpful discussions with Timothy Porter.

Conventions. T and 1 denote the terminal and initial object of a categorys; if they coincide, producing
the zero-object 0, the category is said to be pointed. In a 2-graph, acell a: f — g: A — B is written as
a:f — g or a: A= B when we just want to specify the vertical domain and codomain (f and g) or
the horizontal ones (A and B). Top and Top' are respectively the categories of topological spaces and
pointed spaces, while C,D is the category of unbounded chain complexes over an additive category D;
actually, these categories are always provided with suitable additional structure concerning homotopies,
as specified below. In Top, the cylinder is always realised as I(X) = [0, 1]xX, so that 19%: (t, x) —
(t,e,x) and O%L: (t, X) — (e, t, X) respectively give the horizontal and vertical faces of 12X (e =0, 1).



1. Basic properties of h-categories

This is an outline of a setting for homotopical algebra studied in the previous papers [8, 9]. The
vertical composition of homotopies is written here as a sum.

1.1. h-Categories. An h-category A [9] is a sort of two-dimensional context, abstracting some of the
nearly 2-categorical properties of topological spaces, continuous maps and homotopies.

Precisely, A is equipped with cells or homotopies a: f — f': A — B, vertical identities O¢: f — {
and a reduced horizontal composition - of cells and maps (also written by juxtaposition)

(1) keach: kfh — kf'h: A' — B' (h: A' = A, kB —B)
satisfying the axiom
(hc) lgeaclp = a, keOph = Oy, k's(keach)eh' = (k'k)eae(hh').

Formally, an h-category can be described as a category enriched over the monoidal closed category
of reflexive graphs ([9], 1.3]). An equivalent notion is given in Kamps [21], def. 2.1.

In an h-category the homotopy relation f ~ f' (meaning that there exists a homotopy f — ' or
f' — f) need not be transitive, but it is weakly compositive: f =~ {' implies kfh =~ kf'h. The morphism
f: A — B is a homotopy equivalence if it has a homotopy inverse g (gf ~ 1, fg ~ 1); fis a fibration if
it satisfies the usual lifting property of homotopies, for each orientation of the cells: for every x: X —
A, every homotopy n: fx — y (resp.n: y — fX) lifts to some homotopy & x — x' (resp. & x' —
x), with fe =n (and fx' = y).

An h-functor F: A — B preserves the whole structure, between h-categories; more generally, F is
homotopy invariant if the existence of a cell f — g in A implies the existence of a cell Ff — Fg in
B; then F preserves homotopy equivalences and (co)fibrations; every h-functor is so. If B is a category,
equipped with the trivial h-structure given by formal vertical identities, both properties mean that F is an
ordinary functor turning homotopical arrows of A into equal arrows of B. A morphism u: F — G: A
— B of h-functors is required to be 2-natural (uB-Fo = GacuA).

In an h-category, the terminal object T will always be defined by a 2-dimensional universal
property, implying the usual 1-dimensional one: for every object A there is precisely one cell A =T
(i.e.one map Ta: A — T and one endocell of the latter, its vertical identity). Similarly, product and
sum will always mean 2-product and 2-sum. Instead, pullback and pushout will refer to the usual 1-
dimensional property, unless we specify 2-pullback, 2-pushout.

1.2. h4-Categories. An h4-category is a sort of relaxed 2-category, abstracting deeper "2-categorical"
properties of Top. Precisely, it is an h-category A equipped with:

a) a vertical involution, turning a cell a: f — f' into the reversed (or opposite) cell —a: f' — f,

b) a vertical composition, turning two cells o: f — ', g: f' — " into the sum o+p: f — f",

¢) an equivalence relation ~ (cell-homotopy ) for cells with the same vertical domain and the same
vertical codomain,

so that these axioms are satisfied:

(hc.1) —0f = Of, —(-0) = a — (kah) = k(- o)h,



(hc.2) Of+0f = Op, (kah) + (kph) = k(a+p)h,

(he.3) —(o+p) = (—=B) + (- ),

(hc.4a) koh ~ ka'h, —a~—d o+ ~ o' +p' (@a~d, p~p),
(hc.4b) Opta ~ o ~ o+0p, a+(—a) ~ Oy, —ata ~ Op, (a+B)+y ~ a+(B+y),
(he.dc) ko +xf' ~ xf + Ko (:f— f:A — B, x:k — k:B — Q).

The last property, (hc.4c), will be called weak reduced exchange. Intermediate notions will also be
used: an hl-category has a vertical involution, satisfying (hc.1); an h2-category has a sum, satisfying
(hc.2); an h3-category has both and satisfies (hc.1-3); the homotopy relation f =~ f' is then a
congruence, yielding the associated category A/ ~. The corresponding notions of hl-, ... h4-functors
are obvious.

A strict h4-category is an h4-category whose cell-homotopy ~ is the equality; it is not difficult to
see that this is equivalent to a 2-category whose cells are invertible, i.e. a groupoid-enriched category
([9], 1.4). The 2-category Cat; of small categories, functors and natural isomorphisms is thus strict
h4, as well as Gpd (small groupoids), while Top, TopT and C,D, with the usual homotopies and
compositions, are non-strict h4-categories (§ 6). Every h4-category has an associated strict one, A/~

consisting of the same objects, same maps and tracks (homotopies modulo ~).

A regular h3-category, or sesquigroupoid, is assumed to have a regular sum, satisfying (hc.4b) for
equality; every set of homotopies A (A, B) is then a groupoid, coherently with left and right
composition with maps. Plainly, CyD is so. (In [9], this notion is called "strict h3"; it can be

formulated as an unusual enriched structure.)

1.3. h-Pushouts and h-cokernels. Let A be an h-category. The h-pushout (or standard homotopy
pushout, or double mapping cylinder) of two arrows f: A — B, g: A — C is an object X =I(f, g)
with two maps x', x" and a homotopy &: x'f — x"g as in (1), satisfying the obvious universal
property (of co-comma squares)

f f
A B A — B
(1) gl Ié/lx ) TAl :g/ lx
— X T — Cf

- for every homotopy n: y'f — y"g: A — Y, there is exactly one morphism a: I(f, g) — Y such that
y'=ax', y"=ax", n=at.

Of course, the triple (x', x"; €) is jointly epi. In particular, if C is the terminal object T (1.1) as in
diagram (2) above, this h-pushout is termed the h-cokernel of f, hck f = (x, x"; ). Then Cf=Cf =
I(f, Tao) is the (lower) mapping cone of f, the morphism x": T — Cf is its verfex and x = c(f) the
(main) h-cokernel map of f. CA =C~(15) =1(14, Ta) is the (lower) cone of A.

The following strict pasting property of h-pushouts and ordinary pushouts will be frequently used
([9], 2.2; but the proof is standard)
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- if the triple (x', x"; €) is the h-pushout of f and g, then the "pasted" triple (y', y"x"; y"€) is the h-
pushout of hf and g if and only if the right-hand square is an ordinary pushout.

If A is h4, the h-pushout (x', x"; €) is said to be h4-regular (or an h4-pushout) if, given two maps
ag,a;: X — Y and two cells 9: apx' — a;x" B — Y, x:apx" — a;x": C — Y coherent with g, there
is some cell a:ag — a; which extends & and x (9 = ax', k = ax"). The coherence hypothesis means
that we have a ~-commutative diagram of homotopies, under vertical composition

Kg
aOX"g [N alx"g
@ ae ] o~ Tag (5)  of +aE ~ agt +xg.

aogx'f —— ax'f
Of

Dually one defines the h-pullback P(f, g) of two converging arrows. The basic properties of
regular h-pushouts and h-pullbacks, as homotopy invariance, (non-strict) pasting and reflection of
homotopy equivalences, are studied in [9], § 2-3.

In Top, I(f, g) is realised pasting the spaces B and C over the bases of the cylinder IA = [0, 1]xA,
along f and g (a "cylindrical colimit", 3.2.1). For Cf, the upper base of the cylinder is collapsed to a
point, and CA =IA /{1}xA. Dually, the h-pullback of two maps ending in A can be realised through
the path space PA, as P(f, g) = {(b, a, ¢c) € BxPAxC | a(0) = f(b), a(1) = g(c)}.

1.4. Cylinder and paths. Let A be an h-category. The cylinder 1A of the object A is defined to be the
h-pushout of the pair of identities (14, 14), and comes equipped with a structural cell 8" between its
two faces, the lower (written 9~ or 90, according to convenience) and the upper one (9, or ah

(1) 80~ — oA — 1A
while its degeneracy e: 1A — A is determined by ed” =0: 14 — 14.If IA exists, every homotopy
a: A = B is corepresented by a map a:IA — B (&.6A = ).

If 1 exists, IL = 1 (because of its 2-dimensional property, 1.1). Similarly, if all cylinders exist, the
cylinder functor I: A — A automatically preserves all the existing sums; moreover, h-pushouts can
be reduced to particular ordinary colimits, as it will be shown below (3.2). It is not difficult to prove

(but not needed here) that, if cylinders exist and are regular h-pushouts, the quotient A/~ provides the
category of fractions of A with respect to homotopy equivalences ([9], 2.3, 3.3).

Dually, the path-object PB of the object B is the h-pullback of (1g, 1), with structural cell
(2) dg:0”— 0":PB — B
where we distinguish the corresponding cylinder and path transformations by superscripts and

lowerscripts. Every homotopy a: A = B is then represented by a map a: A — PB (8p.0. = a). If the
path functor P: A — A exists, it preserves all the existing products.



If all cylinder and path objects exist, we obtain a canonical adjunction I — P determined by the
bijective correspondence o — &, between A(IA, B) and A(A, PB).

1.5. Right homotopical categories. We end by outlining the main results of [9]; they will be at
disposal of the stronger setting developed in the next sections, even if their concrete use in the present
paper is marginal.

A right semihomotopical (resp. right homotopical) category A is an h-category (resp. h4-category)
provided with terminal object T and the h-cokernel Cf of any map (resp. h4-cokernel, 1.3).

Every right semihomotopical category has a cone and suspension endofunctors A — A
(1) CA =C(p) 2) ZA=C(TpaA—T)

where the object ZA comes (universally) equipped with two vertices a',a": T — A and a cell ev™:
aTa — a"Ta: A — ZA (suspension evaluation of A). Extending the standard topological situation
[28], every map f: A — B has a natural Puppe sequence, or cofibration sequence

f X o} >f =X
(3) A — B — Cf — 3SA — 3B — 3Cf — ..

where x is the h-cokernel map of f and the differential 8: Cf — XA is determined by the conditions
@) 6x = a'Tg, dx" = a", d5E = evh (hek f=(x, x"; £)).

The Puppe sequence of f can be linked to the one of x = c(f) through the comparison map s:
Cx — ZA, forming a diagram which is commutative, except for the right-hand comparison square

f X 9 >f
A — B — Cf — A — 3B
5) | [
B — Cf — Cx — 2B
X y 9
6) sy =3, sy" = a, sm = 1:8x — aTx (hek x = (y, y"; ).

All this behaves well if A is right homotopical. Then, cone and suspension are homotopy invariant.
For each f, the h-cokernel map c(f) is a cofibration, the comparison map s: Cx — ZA is a homotopy
equivalence and the comparison square is homotopically anti-commutative (for the reversion of X,
produced by the reversion of homotopies). One can thus construct a homotopically commutative
cofibration diagram, connecting the Puppe sequence of f to the sequence of its iterated h-cokernels x;
=c(xp_1) (for xg = f), through a sequence of homotopy equivalences (each of them being a composite
of iterated suspensions of comparison maps, alternatively r-modified or not).

If moreover A is pointed, with finite sums, the suspension A has a natural h-cogroup structure;
the two induced structures over a double suspension 2?A have the same identity and satisfy the
exchange property up to homotopy. Thus, in A/=~, ZA is an internal cogroup and A an abelian one.
In the stable case, A/~ is additive (cf. 3.7).

1.6. Homotopical categories. Dually, left semihomotopical and left homotopical categories are based
on the (lower) h-kernel Kf = Kf=P(f, 1) of a morphism f: A — B



f

A — B
(1) xT\% 1L (2) hkrf = (x,x";8)
Kf — 1

"

X

the h-pullback of 1g: L — B along f. We have now the (lower) cocone endofunctor KA = K"A =
K(1p), the loop endofunctor QA =K(L — A) equipped with two covertices a',a": A — L and a cell
eva: Lpaa' — Laa": QA — A (loop evaluation of A), and the fibration sequence of a map. Actually in
[8, 9] it is rather used the upper h-kernel K*f = P(L, f), together with the lower h-cokernel; but the
existence of a reversion makes the upper and lower notions equivalent.

A (semi-)homotopical category is at the same time left and right (semi)homotopical; every map f
has thus a fibration-cofibration sequence. If A is pointed semihomotopical (L = T), the suspension
and loop-endofunctor are canonically adjoint (X — €2), as well as cone and cocone (C~ — K~).

2. Categories with a cylinder

An abstract cylinder endofunctor I makes the category A into an h-category; if I is provided with
suitable "operations", we obtain an h4-structure. The study of h-pushouts in this frame is deferred to the
next section. Categories with a cylinder functor are dealt with in [1, 10, 11,20, 22].

2.1. Cubical monads. Let A be a category equipped with a "homotopy system" in the sense of Kan
[23], i.e. a cylinder endofunctor I: A — A with natural transformations

(1) 1 = 1 edt =1 (e=—+; or 0,1)

respectively called lower face or lower unit (9~ or 8°), upper face (9* or d'), degeneracy (e).

This produces a semicubical enrichment over A, with morphisms f: A — , B of degree p

represented by maps f(P: IPA — B, and the following composition, faces, degeneracies (1 <i = p)
(2) (gof)(P+Q) = g(Q)_IQf(P)’ (af f)(p—l) — f(p)li—la&lp—i’ (ei f)(p) — f(p_l).li_lelp_i.

The O-morphisms are thus the ordinary maps of A, the 1-morphisms are the homotopies (2.2), the
2-morphisms are the deformations (2.5). The indexing of faces is consistent with the usual face-maps
in Top, 8¢ : [0, 11" — [0, 1T%, (ti,... tio1) = (t1,o. tiog, &,ene tap), for IX =10, 1]xX,

Such a structure (I, -, 9, e) on A will also be termed an I0-category or cubical semimonad or
semidiad, while we call cubical monad or diad ([10], 1.5) on A a collection (I, 9%, e, g%) consisting of
a semidiad and two connections or main operations (g, g*), satisfying

aE gE
3) 1 = 1 = P

4) eodt =1, e.gt = e



5) gtlo® =1 = gtofl, ghlo® = d%e = gMhofl (e=mn)
where e, =ele =e.el: > — 1 denotes the second-order degeneracy (of I2). The last conditions mean
that 9% is a unit for the corresponding operation g&, and absorbant for the other, g".

An associative diad, satisfying also the associativity axiom (g€.Ig® = g®.g®I: I3 — 1), corresponds
to the algebraic notion of dioid (a set with two monoid structures, so that the unit of any operation is
absorbant for the other [10]), in the same way as the categorical notion of monad [25] corresponds to
monoids. Every lattice with 0 and 1 is a dioid, commutative and idempotent. The algebraic character of
cubical monads (and monads) can be made explicit through the notion of PROP, introduced by Mac
Lane [24]. For the study of connections in cubical objects, see Brown-Higgins [3, 4, 5].

Two kinds of symmetry for cubical monads are relevant, reversion and interchange, which —
algebraically — correspond to involutive and commutative dioids, respectively. (Of course, for an 10-
category, one should discard the conditions involving connections.) A reversion r:1 — I exchanges
the lower structure (9-, g7) with the upper one (9%, g*)

6) rr =1, er = e, r.o- = ot, r.g” = ghlral (= gtollr)

while an interchange s: 1> — I? exchanges the horizontal faces (19%) with the vertical ones (%) and
is invariant under the connections

(7) ss =1, els = Ie, s.lo® = 0%, gts = g%
moreover, if both are present, a coherence condition is required
(8) Irs = s.rl.

In Top, the standard connections and symmetries are produced by the following maps of the unit
interval [0, 1] and the unit square [0, 112

©) g @Gt)=tvt, gt (L t) = tat, () = 1, s(t,t) = (t, 1),

2.2. Homotopies. It is easy to see that an 10-category is the same as an h-category (1.1) where each
object A has a cylinder TA (defined as the h-pushout of the pair (14, 15), 1.4).

One implication has already been showed (1.4). Conversely, if A is an I0-category, the associated
h-structure consists of homotopies o: f — g: A — B (the I-morphisms a: A — 1 B of the semicu-
bical structure, 2.1), formally represented by maps o = a(!

(1) o IA — B, ad = 1, adt = g

vertical identities Of: f — f and reduced horizontal composition kch, represented by

(2) O = feA = eB.If-IA — B

(3) (kah) = k.aIh: 1A' — B’ (h:A'— A, k:B — B)

while the cylinder IA (as a homotopy pushout for the h-structure) is supplied by the endofunctor I
itself, with structural cell §: 9= — 0% represented by the map & = 115. Note that, in the composition

(3), the homotopy «h is represented by the map a.Ih (while " a.h " makes no sense, in general). We
shall write o for o when this ambiguity does not risk to produce errors.

In an I0-category, an ordinary terminal object is automatically 2-terminal (1.1), since every object A
has exactly one map IA — T.
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An I1-category A will be an 10-category equipped with a reversion r: I — 1 (2.1). This produces
an hl-structure, with —a: g — f represented by a.r: IA — B. In other words, an I1-category is the
same as an h1-category with cylinders.

2.3. I3-categories. Let A be I1. In order to introduce the vertical composition of homotopies, we
assume the existence, for every object A, of the composition pushout J(A) =IA L IA (the pasting of
two cylinders, one on top of the other)

+

A — 1A

o T r
IA . — JA

There are thus two natural transformations k=, k*: T — J. They supply three faces 1 — J (lower,
upper and middle face)
2) 9 =k, ot = k*ot, 0t = kto =k ot

Moreover, the transformations e, r induce a degeneracy e and a reversion t forJ

ot = eodr = 1

ol

(3) eJA — A, ek =ckt =e, cd— =
@) TJA — JA, rk = k*r, T.r=

p—

, e.r=e.

An I3-category will be an I1-category having all the composition pushouts JA, and equipped with
a composition map k:1 — ] satisfying
(5) ko =k g, k o* = k* o*, ek = e, rk = kr.

The vertical composition, or sum, o+p: f — h, of a pair of vertically consecutive homotopies a:
f — g and B: g — h, is then represented by the map

6) (a+p) = (avp)k IA — B

where o v [3 denotes the obvious map defined over the pushout JA. It follows easily that the vertical
composition satisfies the axioms for an h3-category (1.2). In particular, k= and k* are (represent)
consecutive homotopies, with vertical composition k

(7) k90— — 0%, k*: 9% — 9t k +kt = ko~ — 9t A — JA.

For chain complexes, k: IA — JA is not iso (6.6). But in Top, one can take JA =1IA and k=1,
with k™ produced by the "first-half" embedding of the standard interval into itself, t — t/2. Thus the
sum of homotopies is the standard one.

Omitting the reversion, one can give the notion of 12-category, similarly related to h2-categories.

2.4. Symmetrical I3-categories. An I0-, or I1-, or 13-category with interchange (or symmetrical) is
further equipped with an interchange s: I> — 12 (2.1). In the last case, a new coherence condition
between interchange and vertical composition is required.

In fact, the composition pushout J(IA) in (1) determines a map s: JIA — IJA, and the square (2)
is asked to commute (note that s is iso whenever I preserves the composition pushouts)
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IA —Ia—> I’A .
L/ L s/ [ . PA — JIA
(1) A A 2) s | |3
M[ ﬂI2A T - r DA PA —— IA
I’A — JIA

In every 10-category with interchange, the functor 1 is homotopy invariant. Indeed, given a
homotopy a:IA — B, with «.9¢ = fe, la.s is a homotopy from Ify to Ifj (I&.S.GEI = la.10¢ =

If;). More precisely, and here one should not confuse o with a, we set

3) (o) = los

making I into an h-functor, which is also hl (preserves reversion) in the symmetrical I1-case
(4) I(keach) = Ikel(a)-Ih,

I(0f) = Oy, I(- o) = - Io.

Finally, if A is symmetrical I3, I is an h3-functor, i.e. preserves also the sum of homotopies

B) I(a+p) = Ia +1p (wf—gA— B, B:g— h A—B)

since the pushout JIA in (1) shows that I(&v |§). s = (I&.s) v (I|§.s), and (2) implies that

6) I(o+p) = I(avp)Iks = I(avp).skl = (Ios)v(Ip.s)kl = lo +Ip.

2.5. Deformations and their pasting. Let A be 10. A 2-morphism ®: A —, B of the semicubical
structure (2.1), represented by a map ® = d?: 2A — B defined over a second-order cylinder will
be viewed as a deformation, or double homotopy, of four homotopies, its horizontal and vertical faces,
forming the boundary P

ay

h — k Q) a = (B @) = D.Io°
(1) o] @ o,
f — g (3) pe = (35D) = DL
Qo

Also here, we tend to use the same name for @ and ®. An [0-category will be said to be flat if two
deformations having the same boundary necessarily coincide (see. 6.3-4). The boundaries of Bea. (for
a:a — a: A — B and p:b, — b:B — C,see2.1.2) and g, gt: I?°A — IA (if such
connections exist in A) are

ﬁ'dl 0 9
boal — b] al f)+ — f)+ 67 — f)+
@ ba| pa b G 8] « Jo © ol & o
boag, — b > — o > —

0 o '™ 190 5 0

Assume now that A is I3. Note (and this remark should be used with care, to avoid confusion with

the stronger notion of cell-homotopy studied below) that the map P: IdA) — B can also be thought
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to represent the associated horizontal homotopy ®y: 60 — ;)1 between its vertical faces, as maps
defined over IA. Given two deformations ®( and ®; disposed as in (7), one can thus define their
horizontal pasting, or sum W = ®( +,, ; along the common vertical face p, corresponding to the sum
of the associated horizontal homotopies

o B, ap+ By
s . - . . — .
@ a] @ Teo@ ®  al ¥ e
[ . [ - . - -
ag Bo ap + Po
(9) W = ®y+, Py = (Pyv @)Kl PA — B, Wy = (Do) + (@i po — p1 -

The pasting is thus realised through the J-pushout (10) of IA and the map kI: I’A — J(IA)

o'l
1 A —— I2A
A — I2A o 1o°
_ _ | 9t / k1
10y 91| " | w1 (11) A 1A
A — JIA - [ PA -5t —r 1A
;[ —
s o € Jot
A —— JA

and the horizontal faces of ®( +, ®; are indeed the sum of the horizontal faces of ®., as claimed in
(8), because of the commutative cube (11) whose front pushout defines o, v p¢

(12) WI6t = (Dyv P;)KLIE = (Dov ®1).JoEk = (acVvBe)k = op + Pe.

If the I3-category A is regular, or has a regular sum (i.e., is regular h3, 1.2), then also the
horizontal sum of deformations is regular, and yields a groupoid structure on each set A(I2A, B),
with identities and inverses given by

(13) oh = edlp = 0,p, @ = Dl

In a symmetrical 13-category one can define the "vertical pasting" along an intermediate, common
horizontal face

(14) (@g +y P)).s = Do.s +, .8 0 = ale = a0, - ® = O.I).

The vertical pasting can also be defined in an I3-category whose composition pushouts are
preserved by I; and in this case one can prove the exchange property for horizontal and vertical
pastings of deformations. If there is an interchange, the two definitions agree (2.4.1-2).

2.6. Cell homotopies. As usual, a cell-homotopy, or 2-homotopy, ®: o9~ a1, between parallel cells
ag: f — g: A — B, is adeformation ® with horizontal faces o, and vertical faces degenerate



13

f — g
(1) o] @ To (2) ®IF = a, .91 = 0.
f — g
G

If A is I3, the previous pasting operations restrict to cell-homotopies

a) given two cell-homotopies ®g: ag ~ a: fp — g and Py: By ~ Bi: g — {1, the horizontal pasting
along g is defined through the J-pushout of 1A (2.5.10)

3B) g+, P = (Py v D)KL agtpg ~ aj+B1: fo — 1

b) given two cell-homotopies ®g: ag~p: f — g and Py: g~ a;: f — g, the vertical pasting along 8
4) D9+, P} = (Pg.s +y DPi.8).s:ag~ap:f — g

exists, provided A has interchange (recall that O¢ + O = Of, 2.3).

2.7. 14-categories. We need now a mapping o — P turning a homotopy « into a cell-homotopy @:

a ~ o+ 0, and a mapping ® — W turning a deformation @ of four homotopies, as in (1), into a
cell-homotopy W: o+ — B+y, asin (2)

Y B+y
k — g f — g
(1) p] @ s ) ol w To
o a+d

and we want to realise such conversions "algebraically", through transformations of the cylinder.

An l4-category A has a structure (I, 9%, e, g%, 1, s, J, k, z, w) combining a cubical monad with
reversion and interchange (2.1) with a symmetrical I3-structure (2.3-4); further, it has a zero collapse
z: 1> — 1 and a lens collapse w: 1> — 1> with the following boundary and degeneracy conditions

8+0 aT+10%
- — o7t I9—.0- ——— Iot.0"
3) o] 2z Jo 4) o - To
- — ot Io~.o- ——— Igt.ot
5 19~ + o'
5) ez =e (6) erw = e

where 8: 9= — d*: A — IA is the structural cell of the cylinder TA (8 = lja) and e, =e.le = e.el:
I? — 1 is the degeneracy of 12,

These maps z and w produce the conversions we want, a— azand ® — W=dw
(7) o0.zI0” = a.ljp =a, o.z.I0t = a.(8+0) = a+0, 0.z.0°1 = 0
8) Pdw.Io™ = .(I07+9*) = a+9, dw.10* = By, Pw.91 = ®.0 = 0.

We say that the lens collapse is strong, and that A is strong 14, if moreover all these lens
conversions ® — ®dw are bijective. In other words, for every fourtuple of homotopies a: f — h, p: f
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— k, yvk — g, 8 h — g (between parallel maps) and every cell-homotopy W: a+8 — B+y, there
exists precisely one deformation ® with boundary (1) such that ®w coincides with W. It can be noted
that some results (e.g. thm. 3.5) just need the surjectivity of the conversion, while other (e.g. the
naturality properties of § 4) do need the bijectivity.

Plainly, a flat 14-category (2.5) is strong. Top is strong 14, non flat, through the zero collapse
9) z:[0,1]> — [0, 1], z(t,t) = 2t/ 2-t)al

and the endomap w of the unit square [0, 112 described in the Introduction (0.3), which motivates the
name of lens collapse.

2.8. Regular I4-categories. Actually, one can derive a "similar" conversion ® — W from the
connections, pasting ® with two deformations based on g-, g*

B Y 0
f — k — g — g
(1) o] e Tp @ Jo s To
f — f — h — ¢
0 o )

In general, e.g. in Top, this conversion fails to be bijective and is not sufficient for our purposes.
But in the regular case this works well, and we can simplify the structure omitting w (and z as well,
since here a+0 = a).

A regular 14-category, or 14-sesquigroupoid (I, 9%, e, g%, 1, s, J, k) will be thus a symmetrical 13-
structure (over A) with consistent connections and regular sum (1.2). Then A is strong 14, with zero
and lens collapses derived from the other transformations

Q) z=Ie2—1 3) w = (0Lgh) +, 14, (0Lg): 12 — 12

Direct calculations show that these maps do satisfy our boundary and coherence requirements
(2.7.3-6); further, the conversion defined by w works precisely as in diagram (1)

4 & — W =0>w = pgt+, ©+,8g P=01d, 5=0T.0)
and is bijective (in the sense specified above, 2.7) because of the regular behaviour of the sum of
deformations (2.5): given W, take ® = —, g™ +, ® — dg.

Top is strong 14, neither flat nor regular. Chain complexes form a regular, non flat I4-category.
Cat; and Gpd are examples of the flat, regular case. (One could further reduce the redundancy of the
regular structure deducing the reversion, r =— 38, and one connection.)

2.9. Theorem. Every 14-category A is h4, with respect to the h3-structure previously considered (2.3)
and the cell-homotopy relation ~ defined by I? (2.6). The functor I is h4.

Proof. a) The cell-homotopy relation ~ is an equivalence. The transitive property follows from the
vertical pasting of cell-homotopies (2.6 b), which is possible because of the interchange. Moreover

- for a:fy — f;: A — B, take ® =o.le:I?’A — B, sothat ®:a ~ «

(1) @I = aleld® = q ®.9°1 = ole.d’l = a.dte = foe = 0.
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- for ®:a~p:fy — f;: A — B, take ¥ = ®.Ir: I’A — B, sothat ¥:p ~ «
(2) WIoE = ®I(rof) = PIMN (e =m), Wl = ®Ir.of1 = ®.9°Lr = 0.

b) ap ~ a; implies kagh ~ kajh (for og: fy — fj: A — B, h: A' = A, k: B — B'). Choose
®: 09~ a; and consider the map W = k.®.I%h: I2A' — B!

k.®.I0¢Th = kaelh = ko h
k.®.9LTh = k.0.Ih = 0.

3) W.I§ = k.®.I*hlo¢
W9l = k.®.I?h.9¢1

¢) ag ~ o implies —ag ~ —a;. Taking W = ®.rl, we have
4) WIot = drllot = dIocr = — o, W. 01 = d.rl.ofl = ®.9%Lr = 0.

d) Given ®g: ag~aj: fg — g and Py: g~ By: g — fi, define W: ap+py ~ a1+p1: fg — f; as the
horizontal pasting of the cell-homotopies ®y and P; (2.6 a).

€) We already know that o + 0g ~ a, because of the zero collapse (2.7); the symmetrical property
follows by reversion: Of+a=-(—a +0f) ~ —(—a) = a. A cell-homotopy — a +a ~ O is
provided by the connection g, through the composition ® = a.g.rL.w: ?’A — B whose boundary is
shown here below (check from right to left)

® o @ o — o Jo — o« o — =
¢ —> » . —> . . —> .
—o+a - o

f) To prove the ~ -associativity of the sum, (o+8) +y ~ a + (B+y), note that the deformations @ =
a.g: I’A — B and ®; =p.g*: I’A — B have a horizontal pasting ® in (7)

0 B 0+p O+y
_— . —_— . —_— . _—

(6) o] @ Jo @ s (7 o] @ pow Ty

— e — .« — 5 . —
a 0 a+0 p+0

which can be further pasted along g with the deformation W similarly constructed from g and vy,
producing a deformation ®. By lens conversion, ®w: I>A — B is a cell-homotopy which implies the
thesis, through the previous results

B) Ow: ((a+0) + (B+0)) +y ~ a + ((0+p) + (0+y)).
2) As to the weak reduced exchange, for a: f — f* A — B and xtk — k"B — C
9 xf+ka~ ka+xf: kf = k'f: A—C

it suffices to compose a and k (in the cubical enriched structure supplied by I) and apply lens
conversion to get a cell-homotopy ® = xIa.w: I?A — C as required
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ka+x f' xf'
aw o @ Jo  — ] =, LR
Kf+k'a' xf

h) Finally, we already know that I is an h3-functor, with I(a)A =lo.s (2.4.3), and we must prove it
preserves the cell-homotopy relation ~. Given a cell-homotopy ®: ag~ o, we turn it into the cell-
homotopy I®: I(ag) ~ I(ay), through the composed symmetry s'=sLIs: I? — I3

A1) ®:ag~apfy— fi: A — B (OI6° = ap, @6 = 0p)

(12) (A®) = Id.sLIs: 2(JA) — IB

(13) I®SLIsIo] = IDSLIIGE = ID.0198s = [(D.19%).s = loe.s = I(o)

(14) 1®sLIs. = [D.SLFILs = DI Ls = 1(D.6°D).s = 10).s = 1(0r) = Ops.

2.10. P4- and IP4-categories. Dualising 2.7, a P4-category A is equipped with a cubical comonad
with reversion and interchange (P, 9%, e, g, r, s) [10], together with vertical composition k, zero
collapse z and lens collapse w

(1) k: QA=PAXPA — PA, z.P — P2, w: P2 — P2
where k acts on the composition pullback QA = PA I PA, or object of composable paths (the
pullback of 9*, 97: PA — A).

An IPO- (resp IP4-) category is a category equipped with adjoint endofunctors I — P and with
consistent 10- and PO- (resp. 14- and P4-) structures, determining each other through the adjunction.
For instance, if (I, 9%, e, g®) is a cubical monad and I — P, one gets a cubical comonad (P, 9, e., gf)
for P, through the unit and counit of the adjunction (n: 1 — PI, §:IP — 1)

(2) o8
“4) g

In this way, the horizontal faces 10¢ of 12 correspond to the faces 05P of P2, which are thus

9.0°P = (P — IP — 1) (3) e.=Pen = (1 — Pl — P)
P29.P2g?P.PyIP.\P = (P — PIP — P2I’P — PZ2IP — P2?).

considered as horizontal.

In a PO- category, one has thus the following situation, parallel to the one of 10- categorles (2.5-6). A
deformation ®: A — P(PB) also represents the associated vertical homotopy ®: ag — a
between its horizontal faces 9¢P.®, as maps with values in PB. A cell-homotopy ®: ag~ a isa
deformation with vertical faces degenerate, as in 2.6 (88P.&> = cvxg, PoE.D = 0), and the boundary of the
deformation Bea is the same as in the cylinder case (2.5.4), with vertical faces Pd%.(B-a) = (9%B).c.
The faces of P" are indexed as 9% = po-igepi-1 consistently with the ones of I (2.1.2; and with the
usual face-maps 8¢ in Top).

An IP4-category is strong I4 iff it is strong P4, since the lens conversion can be equivalently
realised through the cylinder or the path functor

(5) O — dwA (@: I’A — B) 6) & — wg® (®: A — P2B).



17

3. I4-homotopical categories

For I0-categories, the existence of h-pushouts reduces to the existence of particular pushouts, the
"cylindrical" ones (3.2); similarly, in the I4 case, the regularity of h-pushouts can be reduced to the
preservation of such colimits by I (3.3-4). These properties yield the definition of I0- and I4-
homotopical category. As noted in 3.2, it is not convenient to assume the existence of all pushouts.

3.1. Some remarks on pushouts. a) First, we say that a map t: X — Y in the category A has all
pushouts (or that A has all t-pushouts)

f f g
X — . X —> « —> .
(1) tl . lt' (2) tl . lt' . lt”
Y — . Y—) . - = .

if the pushout of t along an arbitary map f exists; this yields a map t' which again has all pushouts, as
proved in (2) — use the pushout of t along a composite gf, and "factorise" it through (1).

b) Consequently, if t has all pushouts and a functor F: A — B preserves them, then F preserves also
the pushouts of t'.

c) It will be useful to note once and for all that pushouts preserve pushouts. Precisely, given a
commutative diagram (3) formed by the pasting of two "divergent" cubes (hidden vertices and edges
are not drawn), if the faces "A", "B", "C" are pushouts and all four pairs (fj, g;) of horizontal maps
have a pushout, then the resulting new face "D" in (4) is a pushout (as it is easy to check)

fp 2
B, «— A — (G

fy 24
(3) B1 B4 — A4 — C4

\

“) B, By — Dy «— C4

3.2. 10-homotopical categories. We say that the I0-category A is I0-homotopical if it satisfies the
following equivalent conditions (applying to any pair of arrows f, g with the same domain)

(i) the h-pushout I(f, g) exists,

(i1) the (ordinary ) colimit I(f, g) of the following diagram exists (A has cylindrical colimits)
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f o at g
(1) B+ A — IA «— A — C

(iii) the three ordinary pushouts in (2) exist (A has cylindrical pushouts)

f 1 f
A — B A -- A — B
PR N
() A — IA — If 3) A — 1A X
J
T ] © N
C — Itg — I(f, g C — I, 92

The equivalence of (i) and (iii) follows from 1.3.3; that of (ii) and (iii) is trivial. The presentation of
I(f, g) as a cylindrical colimit is shown in (3).

The upper pushout in (2) yields a particular double mapping cylinder If = I(f, 1), the lower
mapping cylinder of f (which pastes B on the lower base of 1A, along f). Also the composition pushout
JA (2.3.1) is a particular cylindrical pushout, since it can be obtained as the mapping cylinder I7(9%)
=1(d%, 1), or symmetrically as I*(07) =I(1, 97).

If A is I0-homotopical and has a terminal object, it is right semihomotopical as an h-category (1.5).
The h-cokernel Cf=Cf=1I(f, Tp) can equivalently be obtained through the h-pushout 1.3.2, or the
conical colimit of the diagram (4), or the two conical pushouts exhibited in (5)

f a ot
) B+« A — IA «— A — T
f
A — B
s
) A — TA|s X!

U

T — CA — Cf

where 9: A — C A is the embedding of the base of the cone.

Finally, some remarks on the assumption of cylindrical colimits. Requiring the existence of all
pushouts would be of scarce utility here, and even mask the real points of interest. For instance, the h-
structure of the category CD of chain complexes is founded on the pre-additive structure of D; h-
pushouts and cylindrical pushouts, as well as h-pullbacks, exist as soon as D is additive, which is the
real situation of interest for the homotopy of chain complexes; but arbitrary pushouts exist iff D has
them; e.g., it is not the case for free abelian groups. On the other hand, it would be possible to restrict
our assumption to the existence of h-cokernels, or conical colimits. But this condition is somewhat
unnatural in a setting based on cylinders; and there are cases where the terminal object is missing, but
one can nevertheless consider h-cokernels with respect to some generalisation of the latter.
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3.3. I4-homotopical categories. An /4-homotopical category A will be a strong 14-category
satisfying the following conditions (which are easily seen to be equivalent, by 3.2 and interchange)

(i) h-pushouts I(f, g) exist and are preserved by the functor I (I(I(f, g)) = I(If, Ig))
(ii) cylindrical colimits (3.2.1) exist and are preserved by I (as colimits)

(iii) cylindrical pushouts (3.2.2) exist and are preserved by I (as pushouts).

The first property proves (directly) that every power of I has then the same preservation properties.
The second and third show that such preservation properties are automatic whenever I is a right adjoint.
Since composition pushouts are a particular instance of the cylindrical ones (3.2), (iii) implies that they
are preserved by I, so that the exchange property for horizontal and vertical pastings of deformations
holds (final remark in 2.5). It is also useful to recall that the zero and lens collapses are superfluous in
the regular case (2.8).

If A is I4-homotopical with terminal object, also the cone functor C: A — A preserves the
cylindrical pushouts; indeed, C is defined by a pushout, and "pushouts preserve themselves" (3.1 ¢).

The notion of I4-homotopical subcategory A' is obvious — the whole structure, including the
cylindrical colimits and their structural maps, can be restricted to A', where the colimit properties still
hold. If A' is a full subcategory of A, all this simply means that the functor I restricts to A', which is
closed in A under cylindrical colimits.

3.4. Cubical h-pushouts. Note first that the ordinary pushout (X, x,y) of the maps f: A — B, g: A
— C, is preserved by I iff it is a 2-pushout, with respect to I-homotopies: given two homotopies p: B
=Y, y: C=Y such that g-f=y-g: A=Y, there exists precisely one homotopy a: X =Y such that
a°X =f, ooy =y.

A similar characterisation for I-preserved h-pushouts can be given through the semicubical
structure over A defined by I (2.1). The diagram 1.3.1 (&: x'f — x"g: A — X) is an I-preserved h-
pushout iff, given two homotopies p: B=7Y, y: C=Y and a deformation (2.5) ® with horizontal
faces Bef, yog: A=Y, there is exactly one homotopy o: X =Y such that oe°x'=8, ox" =y, ack
= ®. Moreover, if this is the case, the boundary a, = 0.9¢ of a is determined by the boundaries of g
and y, together with the vertical faces ®.9°1 of the deformation

(1) agx' = [3.65, a, x" = ?.85, D.9°1 = ageot.

Indeed, take @.s: [g.If — \?.Ig: IA — Y. If & x'f — x"g is an [-preserved h-pushout, there is one
map a: IX — Y such that [3 = &.Ix', ; = oIx" and ®.s = &oI(E) = &.I(é).s = (ocoE)A.s; and
conversely. One can also prove that, in an I14-homotopical category, h-pushouts (being preserved by all
powers of I) satisfy a stronger universal property, for maps of every degree (cubical h-pushouts).

3.5. Theorem. Every I4-homotopical category A has h4-pushouts; the cylinder is homotopically
invariant. If A has a terminal object, then it is right-homotopical with respect to the h4-structure
produced by the cylinder; also the cone and suspension functors are homotopically invariant.

Proof. We already know that A is h4 and has h-pushouts, while I is invariant (thm. 2.9; 2.4). We
prove now the h4-regularity of h-pushouts, essentially from the preservation of cylindrical colimits by I
and the strong lens-conversion property. If T exists, the invariance of C and X follows from 1.5.



20

Consider the h-pushout X = I(f, g) in (1). Given two maps ap, a;: X — Y and two cells 9:
ax' — a1x"B — Y, xrapx" — a;x":C — Y forming a ~-commutative diagram (2) of cells, we

have to prove that there is some homotopy a:ap — a;: X — Y such that 9 =ox' and x = ax"

f Kg
A — B ax"g —— ax'g
O 2 @ axl ~ 0 Tag
C — X — agx't —— ax'f
x” al

Choose a cell-homotopy W: I?A — Y representing (2). By hypothesis (2.7), it can be lifted to a
deformation ®: I2A — Y as in (4), whose lens conversion is ®w =W

aoE + kg Kg
- . . [N,

3) ol w o @ ag] o Jag
- . . - 5 .
f +a,E of

Now, the last remark above (3.4) would allow us to conclude, factoring ® through the homotopy &.
More elementarily, without using the cubical enriched structure, consider the h-pushout IX = I(I(f, g))
=1(If, Ig), with 1(¥) =1E).s

If
IA— IB
(5) Ig l Ifé/l Ix'
IC— IX -- Y
Ix" o

Since ®s.071= (f}of)A = 5.If, and ®s.0%1 = ﬁ.Ig, the triple (6, 1A<, ®s) determines a homotopy
a: IX — Y which lifts 9, «

6) olx' = 9, alx" = x, alg = d.s
and links ap and a;, as detected by the jointly epi triple (x', x"; E)
(1) (009X = alx.0° = 0.0° = a..x' (0.05).X" = a.x"

(0.0%).E = ale.0fl = alEs.0f1 = .01 = (a.E) = a,.E.

3.6. P4-homotopical and IP4-homotopical categories. Dually, a P4-homotopical category A is a
strong P4-category with P-preserved h-pullbacks (or path limits, or path pullbacks).

Clearly, for every pair of arrows f, g with the same codomain, the path limit P(f, g) is the h-
pullback of f and g, presented as the ordinary limit of the following diagram

f a at g
) B — A «<— PA — A «— C.

The composition pullback QA (2.10.1) is a particular path pullback. If A has initial object L, we
also have the (lower) h-kernel, or homotopy fibre, Kf = K™f = P(f, L,).
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An IPO- (resp IP4-) homotopical category is an IPO- (resp. IP4-) category with cylindrical colimits
and path limits. Such colimits and limits are automatically preserved by I and P, respectively, because
of the adjunction. The notion of IP4-subcategory is obvious (cf. 3.3).

3.7. Triangulated categories. The relations between stable right homotopical and triangulated
categories studied in [12] can be easily converted into the present setting; the interested reader is
referred to this paper for the terminology.

Let A be a pointed 14-homotopical category. Then A satisfies always the "3x3 condition for h-
cokernels" ([12], 3.2-3), linked to the octahedral axiom of Verdier. Consequently, if A is also strictly
stable homotopical with finite sums, the category A/= is triangulated with respect to its suspension
and the triangles defined by the beginning of the Puppe sequences of maps.

Indeed, we already know that A is (pointed) right homotopical (3.5); applying the theorem 3.4 of
[12], it suffices to verify two conditions. First, the fact that C preserves the pushouts of the structural
maps d: A — CA; since these are particular conical pushouts, this property has already been
remarked (3.2-3). Second, the existence of an interchange for C, i.e. an involution s: C*2 — C2
exchanging its faces (s.Cd = dC); but it is known, and easy to verify, that in the pointed case the
interchange s: I> — 12 of the cylinder induces one for the cone ([10], 3.7 b).

4. Categories of diagrams, sheaves and slices

We consider, here and in the next section, various situations in which our cubical notions can be
naturally lifted from a ground category A to a second category E provided with a forgetful functor U:
E — A (or with a family Uj: E — A).

Here we prove that this holds for every category of diagrams AS (4.1-2) and, under natural
conditions, for the slice categories A\X, A/X, A(u) (4.4-6). For the category of sheaves over a site, the
lifting is fairly easy for the path functor (4.3), while it would require stronger hypotheses — and a
sheafification procedure to start with — to construct the cylinder (we do not work out this part here).

For homotopy in categories of diagrams and equivariant homotopy, see Dror Farjoun [7], Brown -
Loday [6], Moerdijk - Svensson [27] and their references. For sheaves in general categories, over a
space, see J. Gray [13]; for set-valued sheaves over a site, see Mac Lane - Moerdijk [26]. For the
homotopy theory of (strict or relaxed) slice categories of spaces see James [19], Baues [1], Hardie -
Kamps [14, 15, 16], Hardie - Kamps - Porter [17] and their references.

4.1. Categories of diagrams. Consider the category of diagrams AS, i.e. functors S — A defined
over a small category S with their natural transformations. An object A = ((A;), (A,)) is thus a
collection indexed over the objects i and the arrows . i — j of S, satisfying the functorial properties.
This includes, for instance:

- the power AS, for any set S (as a discrete category),

- the category A2 of morphisms of A (2 is the ordinal category {0 — 1}),

- the category A% of unbounded towers of A (Z is the order category of integers),

- the category AS of actions in A of a fixed group, or monoid, G (as a one-object category),

- the category Psh (X, A) = AS of presheaves of A over a fixed topological space X (S°P is the
category of open subsets of X, with their inclusion mappings).
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We are interested in lifting the structure of A to AS, along the (jointly faithful) family of evaluation
functors Uj: AS — A, A — A;. Equivalently, one can embed AS into AOPS,

As a first step, if A is an h-category, AS has a canonical h-structure. A (natural or equivariant)
homotopy a:f — g: A — B in AS is defined to be a family of A-homotopies o;: f; — g;: A; — B;
(1€ 0bS) which is natural in the obvious sense provided by the reduced horizontal composition of A

(D Bt°ai:aj°AL (ui—j inS).

4.2. Proposition. If A is 10 (resp. 14, strong 14, I0-homotopical, I14-homotopical), the category of
diagrams AS has a canonical structure of the same kind, by a pointwise lifting I of the cylinder.
Consequently, if A is I4-homotopical and has T, AS is right homotopical. Similar results hold for the
P- and IP-analogues.

(As already stressed in the Introduction, the cell-homotopy relation o ~  in AS is produced by
the second-order cylinder I? (2.6), and is stronger than the pointwise lifting of the corresponding
relation of A (o ~ B, for every i in S), which is not of interest.)

Proof. For an I0-category A, the I0-structure (I, 9, e) of AS is plainly
(1) dA) = I(A, dA) = I(Ay; (0°A)i = 0°A,, (eA)i = eA.

Similarly, one lifts pointwise an I4-structure (I, 9%, e, g, 1, k, s, z, w); note that the composition
pushouts J(A) =1A N IA exist and are pointwise calculated in AS, which allows one to lift the vertical
composition k: I — J.

If the I4-structure of A is strong, take in AS a fourtuple of homotopies «, B, y, 8 disposed as in
(2), together with a cell-homotopy W: a+8 — p+y. For every index i there exists precisely one
deformation @®; in A with boundary (3) whose lens conversion ®;w coincides with W;

Y Yi
k — ¢ ki — g
) p] 2 T 3) Bl @ ]
f — h fi —
o Q;

and the family @ = (®;) is indeed a morphism I?A — B, i.e. makes each diagram (4) commute,
because the (injective) lens conversion turns (4) into (5), which commutes by hypothesis

q)i 1IIi
I’A; — B; I’A; — B
4) I2A, l l B, (5) I2A, l l B,
I’A; — B I’A; — B

O; W,

] ]

In the I0-homotopical case, h-pushouts (or, equivalently, cylindrical limits) exist in AS and are
pointwise calculated in A. In the I4-homotopical case, the preservation of cylindrical limits by I
automatically lifts to AS. The P-case follows now by duality, and the IP-case from the previous ones.

4.3. Theorem. Let A be PO, or P4, or strong P4, or PO-homotopical, or P4-homotopical, and assume
that the path functor P preserves all the existing limits (as it certainly happens if it is a left adjoint).
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Then the category Shv(S, A) of sheaves of A over a small site S is a subcategory of the same kind
(PO, or P4, etc.) in the category of presheaves Psh(S, A) = AS™.

Proof. Also to fix notation, recall that a sieve s of the objectiin S is a right ideal of maps having
codomain i (if (Es, also w« does, whenever the composition is defined). By hypothesis, S is a small
category equipped with a Grothendieck topology J; this assigns to every object i a set J(i) of sieves of
i (those which "cover" i), under three well known axioms abstracting the behaviour of the (downwards
closed) open coverings of open subsets in a space ([26], II1.2, Def. 1).

Shv(S, A) is the full subcategory of Psh(S, A) consisting of those presheaves A = ((Aj), (1*))
which are sheaves, i.e. satisfy the following limit condition. For each object i and each sieve s € J(i),
consider the (small) diagram Als in A having the following vertices and arrows

(D A = Agom. (Es)
(2) Xk Av = Aw) = (*: Adgomt — Adom k) (1&s, codk = domu)
then A; is required to be the limit in A of this diagram, through the projections
3) !t Aj — A, = Adom. (LES).
Note that the diagram Als is defined over the category cat(s), with objects (Es, arrows (i,x):
v — 1k (Es, codx = domi) and composition (ik,A).(1,x) = (1,kA). Since A is not required to be
complete, the sheaf condition can not be given via products and equalisers; also, the direct formulation
is often more manageable.

Assume now that A is equipped with a (path) endofunctor P which preserves the existing limits.
Then the path functor of presheaves (4.2), PA = ((PA;), (Pu*¥)), restricts trivially to sheaves.

Because of 3.3, we just need to show that this full subcategory is closed in Psh(S, A) under
composition or path pullbacks, whenever they exist in A (and therefore in Psh(S, A)). This follows
from the following elementary fact: if X is the pullback of A — B < C in Psh(S, A), and A, B, C
are sheaves, so is X. Indeed, the proof of the sheaf condition for X reduces to a straightforward
diagram-chasing in (4), for «&s and codkx = dom. (again, hidden edges are not drawn)

* k
L K

Ay — A — Ak
N N LN
4 X; G — G — Ci
NS S S

Bi — B, — Bk

Py

4.4. Slice categories. Let A be an h-category. The classical topological example of a slice category is
Top" = Top\T, the category of pointed spaces or "spaces under the point" T = {*}. An object (A, x)
isamap x: T — A in Top; pointed maps and pointed homotopies are defined coherently, producing
an h-category.

In the same way, if A is an h-category and X an object, the slice category A\X of objects under X
has a canonical h-structure making the forgetful functor U: A\X — A an h-functor. A cell a: (A, x)
= (A, x") in A\X is givenbyacell a: A=A' in A such that a-x =0y, asin (1)
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A
(2) %

<= X
o

X
(1) x|
A

>
=~
]
=~

o
=

Dually, we have the slice h-category A/Y = (A°P\Y)P of objects under Y, whose cells make the
diagram (2) commutative. To unify the argument, one can consider a self-dual situation (as, for
instance, in [19] and [1, 1.4.3], for A =Top).

Given a fixed map u: X — Y in A, one has the h-category A(u) = A\X/(Y, u) = A/Y\(X, u) of
objects under X and over Y. An object is a triple (A,x,y) with yx =u, and acell a: (A,X,y) =
(A',x',y") is a homotopy o of A making (4) commute

X Oy

) , X — A = Y
3 X — A —Y ) (L
X = A— Y

A(u) extends the previous two cases, since A\X = A(X — T) and A/Y =2 A(L — Y) ash-
categories, provided A has initial and terminal object (no real restriction here, since such objects can
always be formally and easily added). Recall that PT =T and IL =1 (1.4). On the other hand, A(u)
has the following initial and terminal object (under no assumptions on A)

6 1=&X1uv ©6 T=(,ul).

One could similarly consider the larger category of objects (A,x,y) with no assumption on the
composite yx. But the extension is only apparent, because this category breaks into the sum of its
connected components, consisting of the various A(u), for u € A(X, Y), each with its own initial and
terminal object (5), (6).

4.5. Cylinder and path. If A is I0 and the X-degeneracy eX: IX — X has all pushouts, also A(u) is
10. The new cylinder functor I is constructed through the (*-marked) eX-pushout and the commutative
diagram

€

J e
X - X — X = X

i Ix l N l x! yI lu
A - 1A — IAxy — Y
aE

6] *

Oy

with the induced faces 9% (A,x,y) — I(A,x,y) and degeneracy e: I(A,x,y) — (A,x,y). Note the
abuse of notation in (1): formally, I(A,x,y) is a triple containing also the maps x!, y'.

Dually, if A is PO and the Y-degeneracy ey: Y — PY has all pullbacks, also A(u) is PO, with path
functor P given by an ey-pullback
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P(A,x,y) — PA
@) o ke

Y — PY

In particular (take Y = T), if A is PO also A\X is so, with path functor
(3) P(A,x) = (PA,0y), Oy = eax = Pxex: X — PA.

More complete results for the cylinder of A(u) are given here below (4.6). Those concerning the
path functor are obtained by duality.

4.6. Theorem. Let A be an h-category. Consider an arbitrary ("bilateral") slice category A(u), for u:
X —Y inA.

a) If A is 10 (resp. I0-homotopical), so is A(u), provided that the X-degeneracy eX: IX — X has all
pushouts in A (3.1); the cylinder functor I of A(u) is described above (4.5.1). (The condition on eX is
trivial for X =1 and A(u) =A/Y.)

b) If A is 14, or strong 14, or 14-homotopical, so is A(u), provided that all the above eX—pushouts exist
and are preserved by I. (Again, this holds trivially for X =1 and A(u) =A/Y.)

Proof. a) The I0 case has already been considered above (4.5). In the 10-homotopical case, the h-
pushout I(f, g) of the maps f: (A,x,y) — (A Xy), g (A,x,y) — (A",x",y") is the A-colimit

A <o X = A
SN TN
(D) Al I(A,X,y) A"
I L
I(f, 2

I

equipped with the morphism x! =i'x' =i"x": X — I(f, g) and the morphism y': I(f,g) — Y whose

components from A', A", I(A,x,y) are respectively y', y" and y': I(A,x,y) — Y.

b) The proof depends on some formal properties of the slice category A(u), which in part we have
implicitly used in defining the cylinder I, its faces and degeneracies:

(i) assume that the functor F: A — A is equipped with a natural transformation e: F — 1
(degeneracy) whose X-component ex: FX — X has all pushouts; then F can be lifted to an
endofunctor F of A(u), defined through the following pushout, as I'in 4.5.1

[$]

FX — X — X
(2) Fx l . " l xF JF l u
FA — FAxy — Y

y-ea

(ii) every morphism (F,e) — (F',¢') of such pairs lifts to (F,e) — (F', ¢e"),
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(iii) given such a pair (F, e), F? lifts F> with respect to the "derived" degeneracy e, = Fe.e = eF.e:
1 — F2, provided that F preserves the pushouts along ex: FX — X

Fe e

F2X —— FX — X

2 ~
(3) Fx l - " l FxF N l X
FPA —— FFAxy) —— FX(Axy)

Let now A be an I4-category. The previous arguments allow one to lift I and I2, together with
connections, reversion and interchange. The composition pushout JA = IA Z IA in A lifts to the
slice category, together with its transformation k: I — J, provided we prove that the degeneracy e: JX
— X has pushout along any map f: JX — Y. First form the eX-pushouts of the restrictions f¥,
producing two maps uf, each of them having all pushouts; then form their pushout Z; it is easy to
check that this is the pushout of f along e, through the maps h=vfu®: Y — Z and h'=hfk d*=h
fkto: X —=7Z

-
X
AN . e
| X — Y | v
€ “ f H h
4) X « X —> Y-> Z
S T
| X — Y | v
+
S N
X .

The lifted functor J has transformations k=, k* : I — J, which still form the pushout of -, 9*:
1 — I, because "pushouts preserve pushouts" (3.1 c).

For the strong 14 case, take four parallel homotopies «, B, v, 8: I(A,x,y) — (A',x,y") in A(u),
disposed as in (5) and a cell-homotopy W: o+ — B+y asin (6)

Y B+y

k — ¢ f — g
(5) sl 2 e ©6) o] w To
f — h f — g
o a+0

Lift all these morphisms in A, by composing with the canonical projections 1A — I(A,x,y) and
2A — TX(A,x,y). We get a cell-homotopy W: a+d — f+y in A, as it results from the commutative
diagram below, where d. is any of the four faces of the second-order cylinder
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q v
PA — P(Axy — (AX.y)

o al e |
IA — IAxy — (AX)Y)

Applying the strong lens conversion property in A, there is precisely one A-map ®: 1A — A' in
A, whose boundary is (&, [3, {(\, 8) and such that ®w = W. It suffices to prove that @ induces a map
I2(A,x,y) — (A',xy') through the pushout (3), i.c. that ®.I%x = x'e: I2X — A'; again, this equality
is detected by the (injective) conversion mapping in A
(8) O2xw = d.wlx = Wik = x'ey = X'ep.w

9) A(DI%) = (alx, p.Ix, 1.Ix, 8.Ix) = (Oy, Oy, Ox, 00) = d(x'er).

The I4-homotopical case is now a trivial consequence of the previous ones.

5. Monoids in monoidal homotopical categories

Monoids in a category agree with limits and the path endofunctor. We show that the category MonA
of internal monoids in a monoidal P4-homotopical category is P4-homotopical, with an enriched path
functor P which lifts the original P of A. The dual results concern the cylinder structure for internal
comonoids. Instead, a cylinder functor I — P for MonA may very well exist, but generally does not lift
the original I (cf. 6.2, 6.9). Given a homotopy a: A = B, the map A — PB which represents it will be
written here as o or &, instead of a.

5.1. Monoidal categories. In this section the ground category A is always equipped with a monoidal
structure (®, E), whose coherence isomorphisms are not named. As usual, the term "monoidal" is
replaced by cartesian when the structure is defined by the categorical product.

A (lax) monoidal (endo)functor F = (F, e, t): A — A comes with a morphism e and a natural
transformation t

(1) e:E— FE, tap: FA®FB — F(A®B)

satisfying three coherence conditions, which can be written as follows once the coherence
isomorphisms of the tensor are understood

2) t(e®lp) = 1f = t.(1p®e), t.(t®1p) = t.(1p®t).
(More precisely, the third is given by
(t.t®lp: (FAQFB)®FC — F(A®B)®FC — F((A®B)®C) = F(A®B®QC))) =
= (t.1Ipet: (FA®FB)®FC = FA®(FB®FC) — FA®F(B®C) — F(A®(B&®C))).)

F is strong monoidal if e and t are iso, and strict monoidal if they are identical; the identity of A
is strict monoidal. The composite HF of two monoidal endofunctors has structure

(3) eHF = HeFeH: E — HFE (4) tHF = HtFH: HFA @ HFB — HF(A®B).

A monoidal transformation u: F — G: A — A is a natural transformation of monoidal functors

consistent with their structure (e, t), in the obvious sense
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(5) e% =uef"E — GE (6) tSueu = u.tf: FA®FB — G(A®B).

5.2. Definition. A monoidal h-category amounts to a monoidal category A = (A, ®, E) provided
with a consistent h-structure, i.e., the tensor product -®-: AxA — A is an h-functor. Similarly one
defines monoidal hi-categories, for i = 1 to 4. But we are mostly interested in such structures as
produced by a path functor.

First, a monoidal PO-structure on the monoidal category A = (A, ®, E) consists of a monoidal
functor (P, e, t)

(1) P:A — A, eo: E — PE, tap: PA ® PB — P(A®B)

together with a PO-structure (P, 9%, ) whose transformations 9%: P — 1 and e: 1 — P are
monoidal. The map eq coincides with the component eg: E — PE (5.1.5), and will be written thus.

Our setting reduces thus, more explicitly, to a PO-structure (P, 0%, e) on A together with a natural
transformation t: P(-)®P(.) — P(-®.) satisfying the following coherence conditions

2) t.(P®eg) = 1p = t.(eg®P), t.(t®1p) = t.(1p®t)
(3) t.(e®e) = e: A®B — P(A®B) 4) 0%t = 0*®0%: PA®PB — A®B

showing that t can be viewed as a homotopy t: I ®3d~ — d*®d*: PAQPB — A®B, trivial over A®B
(te(e®e) = 01: A®B = A®B). The definition of o®p is clear, because of (4)

®) afy— f1:A—C, B:go — gi:B—D

6) a®p: @z — 1®g: A®B — C®D, (a®p) = t.(a®p): A®B — P(C®D)

and straightforward calculations show that A is now a monoidal h-category

(7) 0i®0g = Ofgy , (k'®k")e(a®p)o(h'®h") = (k'each)®(k"-p-h").

It is also natural to define the tensor product of a homotopy with a map as follows (of course, the
result need not be a trivial homotopy, notwithstanding the additive notation)

(8) a®g = a®ly, fop = 0p.

Finally, given two deformations ®: A — P2C, ¥: B — P2D,
9) W = PiLt(deW) = (A®B — P2CeP2D — P(PC®PD) — P2(C@D))
and it is straightforward to check that
(10) 9°P (DY) = (0°PD)®(0°PW), Pyt (PeW) = (Po*d)x(PotW)
(A1) (v®d)(a®B) = (y°c)®(dp)

so that cell-homotopies are closed under tensor product.

5.3. Monoids. Consider now the category MonA of (strict) monoids in the monoidal category A. An
object A =(lAl,i, m) is an object |Al of A, equipped with a unit and a multiplication

(1) i:E — IAl, m: IAI®IAl — |Al

satisfying the usual axioms (m(i®1l) = 1 = m(1®i); m(m®1) = m(1®m)). A (homo)morphism f:
A — B is given by an A-morphism f: |Al — IBl consistent with the structure (fiy = ig, fmp =
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mg(f®f)). The forgetful functor |-1: MonA — A will often be omitted. There is also an intermediate
forgetful functor with values in the slice category A\E, of interest for h-kernels (5.4)

(2) U:MonA — A\E, U(A, i, m) = (A, ).

The path-functor P of MonA is constructed by enriching PIAl with the following multiplicative
structure, which combines the multiplicative structures of P and A, (eg,t) and (i, m) respectively

(3) P(A) = (PA, ", mP), P(f) = PIfl
4) ¥ = (Pie:E — PE — PA) mP = (Pm.t: PA ® PA — P(A®A) — PA).

Now, the PO-structure (9%, e) of A can be easily lifted to monoids, making MonA into a PO-
category. For instance, e5: A — PA is a homomorphism because t.e®e =e (5.2.3)

i m
E — A —  ARA
(5) H Pi.e l : Pm.t l o

E — PA <— PA®PA
In the same way, we get general properties for lifting monoidal functors and transformations to
MonA (similar to the general properties considered for slice categories in 4.6 (i-iii)).

(i) Every monoidal endofunctor F: A — A lifts to a functor F: MonA — MonA. The lifting
preserves the composition; in particular, F2 lifts F2.

(i) Every monoidal transformation u: F — G of such functors lifts to u: F — G.

(iii) The forgetful functor MonA — A creates pullbacks: given two homomorphisms fj: Aj — B (j
=1, 2) and their pullback pj: A — A; in A, there is precisely one monoid structure (i, m) over A
which makes the projections p; into homomorphisms

6) pji =i E— A, pjm = m;p;®pj; ARA — A®A;] — A

and under this structure, A is the pullback in MonA. The associativity of m in A derives from the same
property in A;, through the following diagram (j = 1, 2)

1®m;
Aj®Aj®Aj E—— Aj®Aj
a /!
) AGAGA  — O AeA [ "
‘ Aj@Aj - - *‘* - Aj
m®1 l ) A . m l /vpj
A®A — A

where all faces — except the front one — are known to commute, and the pair (p;, p) is jointly monic;
analogously one proves the unit axiom.

(iv) if the monoidal PO-category A has all composition pullbacks QA =PA N PA (with projections k*:
QA — PA), the monoidal structure of P determines a similar structure for the functor Q of
composable paths
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(8) kteQ = ™ E — PE, ke tQ = tP k¥ @kt QA®QB — P(A®B)

and the lifting Q: MonA — MonA of Q coincides with the pullback functor provided by (iii).

5.4. h-Pullbacks. We say that A is monoidal PO-homotopical if it is monoidal PO and PO-
homotopical. We have thus the path limit P(f, g) in A of every diagram

f a at g
(1) B — A «— PA — A «— C

and, as in 5.3 (iii), the forgetful functor creates a monoid structure P(f, g) on this limit, whenever f and
g are in MonA. In other words, if A is monoidal PO-homotopical, then MonA is PO-homotopical.

MonA has always an initial object, provided by the canonical monoid structure on the unit E of ®
(E=E = E®E); taking g=e: E — A, P(f, e) supplies the (lower) homotopy fibre Kf in MonA.
The initial object is preserved by U: MonA — A\E (5.3.2) (notby |-I: MonA — A, in general;
the initial object of A may have no monoid structure, as in Top). Thus, the h-kernels of MonA are
created by U: they are the h-kernels of A\E, equipped with the unique monoid structure consistent with
the structural maps.

5.5. The P4 case. A monoidal P4-structure on the monoidal category A = (A, ®, E) will consist of a
monoidal path functor (P, eg, t)

(1) P:A — A, eg: E — PE, tap: PA ® PB — P(A®B)

together with a P4-structure (9%, e, g%, 1, k, s, z, w) for P consisting of monoidal transformations; we
implicitly use the fact that the functor Q of composable paths in A is monoidal (5.3.iv). Assuming the
structure is monoidal P4, it is monoidal strong P4 or monoidal regular P4 or monoidal P4-
homotopical if it is so in the ordinary (non-monoidal) sense. Clearly, in these four cases, MonA is
respectively P4, or strong P4, or regular P4, or P4-homotopical. Monoidal P1I- or P3-structures are
similarly defined. The main results on MonA here obtained are summarised below.

5.6. Theorem. If A is monoidal PO, or PO-homotopical, or P4, or strong P4, or regular P4, or P4-
homotopical, the category MonA of strict internal monoids has a canonical structure of the same kind
(i.e. PO or PO-homotopical, etc.), described above. Moreover, if the monoidal strong P4-category A has
all pullbacks, preserved by P, then it is monoidal P4-homotopical.

5.7. Tensor and sum of homotopies. Let A be monoidal P3. Then it is monoidal h3, i.e. the tensor

product is consistent with the reversion and the sum of homotopies

(D) w)e-=p) = —a®p: f1®g; — H®Lo (a: fo — 11, B g0 — g1)

(2) (oa+a) @ B+p") = (a®p) + (a'®p): fo®go — Hr®g2 (a:fp — o, Bgr — 2.
The proof is based on the fact that r, k are monoidal transformations; for (2), one also uses the

commutativity of the left-hand square in (3), "detected" by the jointly monic pair k® through the right-
hand square (which commutes by definition of t2, 5.3.8)
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(&v&') ® ([Ev [3') kE®K®
A®B QCe®QD —— PC®PD
3) | | e [e
A®B - ~ Q(C®D) —— P(CeD)
(a®B) v ('®B") k€

It follows that biadditivity holds for tensors of a homotopy with a map (5.2.8), and all tensors of
homotopies can be reduced to such particular ones

@4 (-o0)®g = -oa®g, fe(=p) = -fop
O) (a+a)®g = o®g + a'®g, fe(p+p") = fop + fep'
6) oa®p = a®go + 18 = fH®P + a®g] .

Finally, if A is monoidal P4, it is also monoidal h4, i.e. the tensor product preserves the cell-
homotopy relation, as already proved (see the final remark of 5.2). Moreover, since the interchange is
monoidal, it is easy to show that (s®)@(sW) = s(PW).

6. Applications

Spaces, small categories and chain complexes give rise to basic IP4-homotopical structures, from
which other are deduced through the categorical procedures of the two previous sections.

6.1. Spaces. a) The category Top of topological spaces is IP4-homotopical, with respect to the usual
cylinder and path functors, the usual operations recalled above (connections and symmetries in 2.1;
vertical composition in 2.3) plus the zero collapse constructed in 2.7.9 and the lens collapse described
in the Introduction. Of course the whole left-homotopical structure is trivial (all h-kernels are empty),
because the initial object L = @ is absolute (every map and every cell to L is an identity).

b) The (pointed) category Top" of pointed topological spaces is IP4-homotopical (4.6). As well
known, the P-structure comes directly from the one of Top (4.5.3) while the cylinder I(A, x) =
(IA/1{x}, x)) is formed by collapsing the subspace I{x} in the non-pointed cylinder IA (4.5.1).

¢) More generally, if u: X — Y is a continuous map, the category Top(u) of spaces under X and
over Y is IP4-homotopical, with cylinder and path functor as in 4.5. This includes the categories
Top\X of spaces under X (take Y = T) and Top/Y of spaces over Y (take X = 1).

Note that Top'(u) does not produce anything new. Indeed, if u: X — Y is in Top" and lul is its

underlying map in Top, the forgetful functor from Top'(u) to Top(lul) is an isomorphism.

d) The categories TopS and (Top")S of S-diagrams of spaces or pointed spaces are IP4-
homotopical. This includes Top?, Top%, G-spaces, presheaves of spaces on a fixed space and the
pointed analogues. Further, for any site S, Shv(S, Top) and Shv(S, TopT) are P4-homotopical.

6.2. Topological monoids. Clearly, Top is cartesian P4-homotopical (5.6). The path functor P, which
preserves limits, is strong monoidal

(1) t: PA xPB — P(AxB), t(o, p) = <(x, [3) [0,1] — AxB



32

and it is easy to check that all the transformations of the P4-structure are monoidal; for instance, for the
path-reversion r(a)(t) = a(l —t), we have t (rxr) (o, ) =(r o, r ) =1 {a, p) =r.t (a1, p).

The category MonTop of topological monoids is thus P4-homotopical. The enriched path functor
P has pointwise multiplication (a.p)(t) = a(r).p(r), and the h-kernels are created by the forgetful
functor U: MonTop — Top\E = Top'

(2) Kt = {(a,p) € AxPB | (0) =1(a), (1) =ep}.

MonTop is IP4. The left adjoint I — P is easy to construct (and does not lift 1). Take the "free
object" functor F, left adjoint to the forgetful one
(3) F: Top — MonTop, F(X) = Xt = 2,0 X"

which turns the space X into the free monoid of words over the underlying set, with the sum of the
product topologies X". Now, given a topological monoid A, consider FIIAl, consisting of words (t,
aj, ... Ty, ) over [0, 1]xA; and divide it out modulo the monoid-congruence spanned by the relations
provided by the algebraic structure of A

4) I(A) = (FIAD / ~, (v,ea) ~ e, (v,a,7,b) ~ (v, a.b)
so to make the obvious mapping n: A — PI(A), n(a)(x) = [(r, a)], into a (continuous) homomor-
phism, the unit of our adjunction I — P.

Also Top' is cartesian P4-homotopical, but its monoids are again the topological monoids.
Instead, under the smash product AAB = (AxB)/ (A+B), with identity S° and
(5) t:PAAPB — P(AAB), to, p] = p{a, B): [0,1] — AxB — AAB

P is monoidal, non-strong, and (Top', A) is monoidal P4-homotopical. Its monoids are the
topological monoids with zero (an absorbant element).

6.3. Categories and natural equivalences. We show now that the 2-category Cat; of small
categories, functors and functorial isomorphisms (as homotopies) is [P4-homotopical. Various more
complex homotopical constructs can be derived, through diagrams, sheaves and slice procedures.

Recall that the category Cat of small categories is cartesian closed, with [X, Y] =YX the category
of functors X — Y and their natural transformations; Cat is actually a 2-category (with the natural
transformations). But we are interested in the sub-2-category Cat;, which has invertible cells; it is
thus a groupoid-enriched category, or in other words a strict h4-category.

Clearly, the homotopies are corepresentable and representable, through the undiscrete groupoid i
on two objects (say 0, 1) "representing the free isomorphism" (a groupoid is undiscrete if each hom-
set has one element)

(1) IX = ixX (2) PX = Xt

where Xi "is" the full subcategory of X2 whose objects are the isomorphisms of X. This i isa
commutative, involutive dioid-object in (Cat, x). ixi is the undiscrete groupoid on four objects

O, — (1)

3) [ X

0,00 < (1,0)
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and the structural functors are determined by their action on the objects, as follows (¢,1,j = 0, 1)
4) 0% 1 — i, ei— 1, gl ixi — |, r:i — i, S:ixi — ixi
9%(0) = &, g(@1,])) = ivj, g(, j) = inj, i) = 1-1, s(,j) = @, 1).

Further, i has a (regular) vertical composition k. Note that i} i is the undiscrete groupoid on

three objects; writing them as "0, 1/5, 1", the functor k is the inclusion i C iii'i.

This structure, transferred to the cylinder and path functors, makes Cat; into a strict [P4-category.
It is flat (2.5), because the diagonal maps in (3) are determined by the boundary ones. Since Cat is
complete and cocomplete, Cat; is [P4-homotopical. All h-kernels, produced by the initial category L
= (0, are empty; instead the right homotopical structure is not trivial (and h-cokernels are easily
calculated). The lens collapse w: ixi — ixi is determined as in 2.8.3; it collapses "vertically" ixi on
its main diagonal (w(i, ) = (i, 1)).

All this plainly restricts to the 2-category Gpd of groupoids, functors and natural transformations
(necessarily iso). For the larger 2-category Cat (with all natural transformations), the groupoid i
should be replaced with the ordinal category 2 = {0 < 1}, and the groupoid ixi with the order category
2x2. The structure considered above can thus be extended, except of course for the reversion, which

can only be partially surrogated by a generalised reversion r: 2 — 2°P [10].

Cat; and Gpd are also cartesian P4-homotopical. MonCat; is the P4-homotopical category of
(small) strict monoidal categories. In order to get monoidal categories in the usual relaxed sense, one
should consider h-monoids in CAT;, satisfying the monoid axioms up to specified, coherent

homotopies (functorial isomorphisms); this will be studied in the sequel.

6.4. Two-dimensional groupoids. Homotopy properties of 2-groupoids are considered in [27], to
which we refer for basic definitions and terminology. We show that the 2-category 2-Gpd of small 2-
groupoids, homomorphisms (i.e., 2-functors) and natural transformations is [P4-homotopical.

The category 2-Cat of small 2-categories is cartesian closed, with [X, Y] =YX the 2-category of
2-functors X — Y, their natural transformations and their modifications. Similarly for 2-Gpd.

Take the undiscrete 2-groupoid o =1, on two objects, 0 and 1, "representing the free cell" (a 2-
groupoid X is undiscrete if each hom-groupoid X(x, y) is isomorphic to i). It corepresents and
represents homotopies, through the following cylinder and path functors

(1) IX = axX, 2) PX = X¢
(an object of X¢ can be identified to an arbitrary cell o: f — g:x — y in X).

This a is a commutative, involutive internal dioid in 2-Gpd. Indeed, oxo is the undiscrete 2-
groupoid on four objects (0, 0), ... (1, 1); the structural functors (9%, g&,r, s) are again described by
their action on the objects, as in the 1-dimensional case (6.3.4). Also a ‘1" a (the undiscrete 2-
groupoid on three objects, 0, /5, 1), the (regular) vertical composition k, the lens collapse w are

defined as in 6.3.

Transferring these operations to the cylinder and path functors, 2-Gpd becomes a flat, strict IP4-
category. Since 2-Gpd is complete and cocomplete, it is also IP4-homotopical.
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6.5. Chain complexes. Finally, we show that the category C,D of unbounded chain complexes A =
((Ap), (8)) over an additive category D is a regular IP4-homotopical category, and therefore
homotopical. Of course, homotopies are the usual ones and the basic structure is classical; but the
connections are less known, the lens collapse map and its lifting property seemingly new.

Some general remarks on duality will reduce calculations. Writing X*, f* the object and arrow
corresponding to X and f in the opposite category, the anti-isomorphism

(1) CD — Ci(DP), A=((A), (Bn) — A'=(A%), (0541))

shows that (C.D)°P is again a category of chain complexes, and allows one to derive the cylinder
functor I of CyD from the path functor P°P of C,(D°P)

(2) I(A) = (P°PAY))
and similarly for cones, suspensions, h-pushouts. We also note that here (C\D)S = C, (DY) is
nothing new; again, if D is complete, Shv(S, C,D) =22 C,(Shv(S, D)).

A D-map between finite biproducts f: ®A; — @B; of components fj; will be written "on
variables", as f(xy, ... Xp) = (21X, ... Zfyjx;); this allows one to calculate as in a category of
modules, and can be formally justified by setting x;= prj: @A; — A;.

6.6. The path functor. To fix notation, a homotopy in C,D is written as in (1), and satisfies (2)
1 owf—gA—B, a=({ o, g
(2) —f+g = doe+ aud (—fa+ 8 = On+1 o + a1 Ip)
where o. = (ap): IAl — IBl is a map of graded objects, of degree 1, the centre of a. The reduced
horizontal composition and the vertical identities are
(3) kah = (kfh, ka.h, kgh), 0 = (f,0, ).
Homotopies are represented by a path endofunctor P, with structural homotopy &
@) (PA), = A@AL11PA,, d(a,h,b) = (da,—a—dh + b, db)
5) 80 — 0:PA — A, 0%, h,a") = af, dq(a, h,b) = h.
The P3-structure is given by the above transformations d-, 9*: P — 1, with the obvious degener-
acy (e(a) =(a, 0, a)), vertical reversion (—,) and composition (+)
(6) —v:PA — PA, —v(a,h,b) = (b,—h, a)
(7) +y: PA x PA — PA, (a,h,c) +y (c,k,d) = (a, h+k, d)

which produce the usual, regular sum of homotopies. By duality (6.5), homotopies are also corepre-
sented by a cylinder

®) (IA), = A®A, @A, d(a,h,b) = (da—h, — oh, ab + h)

and we have an IP3-structure. P and I respectively preserve the existing limits and colimits; both
preserve finite biproducts.

6.7. The cubical comonad. P is a cubical comonad with interchange. The second order path-object
has the following components and differential (with z' =—h+u+ dz—v +k)
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(1) (PZA)n = (An@AnH@An) @ (An+l@An+2®An+l) ® (An®An+l®An)
(2) d(a,h,b; u,z,v; ¢,k,d) =
= (da, —a—0dh+b, db; —a—du+c, z', —b-0v+d; dc, —c—0dk+d, ad).

It is convenient to represent the "variable" € =(a, h, b; u, z,v; ¢, k,d) of P2A as a square diagram,
so that its faces 9°P and Pd® appear as horizontal or vertical edges, respectively

C k—> d 0P (E) = (a,h,b), d*P (&) = (¢, k, d)
(3) u T z T \%
a——b P9~ (8) = (a,u,c), Po* (&) = (b,v,d)

The connections g~ and g* completing the P-structure appear thus in their geometrical meaning

h
b—— b a——b
(4) N I G ol o |n
a——>b a——>a
h 0
(6) g(a,h,b) = (a,h,b; h,0,0; b,0,b) (7) g*(a,h,b) = (a,0,a; 0,0,h; a, h,b).

Similarly, the interchange s: P2A — P2A is obtained through a reflection with respect to the
"main diagonal", as in Top, together with a sign-change in the central term

k v
c —d b——d
8) N I — n| -z ]k
a——b a—>c¢

u

9 s(ah,b;u,z,v; ¢c,k,d) = (a,u,c; h,-zk; b,v,d)

and s is obviously involutive, turns the horizontal faces into the vertical ones, makes the connections

g commutative (g~.s =g, since g in (4) is invariant under such reflection and change) and is
consistent with the degeneracy e. As a consequence of s, P is homotopy invariant (2.4).

Finally, C,D is a regular IP4-homotopical category (and therefore h4 and homotopical). Indeed, all
path limits exist (and are preserved by P): for f: A — C, g¢:B — C

10) (P, 2)n = An®@Cp1®By, d(a,c,b) = (da,—fa—dc + gb, db).

6.8. Lens collapse. Let be given four homotopies o, B, v, 8: X — PA, connecting four maps a, b, c,
d: X — A, as below. By 6.7.1-2, a deformation ®: X — P2A with boundary (a, B, v, 8)

Y

c —d o = (a,h,b): a — b, B = (a,u,c) a—c
(1) p] @ |
a——>b y = (b,k,d): b —d, d=(cv,d:c—d

o
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amounts to a map z = P.: IX| — |Al of graded objects, of degree 2, the centre of ®, satisfying a
differential condition related to the (anti-clockwise) endohomotopy a+8—y—f of a

2) 0z-2z0 = h+v-k-u: IX| — |Al h+v-k-u = (a+5—y—B)).

The (strong) lens collapse w: P2A — P2A follows from the regular structure: the formula 2.8.3
(w=0TLg"+, 1+, d*Lg") supplies the (geometrically obvious) solution

k u+k

c —d a——d
N —~ o]« 1o
a——b awd

4) w(,hb; u,zv; c,k,d = (a,h+v,d; 0,z 0; a,u+k, d).

It is easy to verify directly that w is strong. Given four homotopies o, B, v, 8: X — PA disposed
as above, in (1), the lens conversion turns a deformation ®: X — P2A with this boundary into the
cell-homotopy w®: a+8 — B+y, preserving the centre (® and w® have the same associated
endohomotopy o+ 8 —vy—B) and is therefore bijective.

6.9. Chain algebras. The category Dm = C,(R-Mod) of chain complexes of modules over the
commutative unitary ring R is monoidal (closed), with unit R (in degree zero)

() (A®B), = @ A®B, 3(a®b) = (Ja)®b + (~1)%E2 aw(db).

The path-functor P (6.6.4) becomes lax-monoidal when equipped with the natural transformation
(2) t:(PA)®(PB) — P(A®B)
(3) t(@,a,a"@(,b,b") = (a'®b, a@b" + (-1)*2¥ ab, a"®b").

DA =MonDm, the category of associative, unitary chain R-algebras, is thus PO-homotopical. The
symmetrical cubical comonad structure (9%, e, g%, s) consists of monoidal transformations and lifts to
algebras. This structure, studied in [11], is already sufficient to develop the basic notions of
homotopical algebra. Instead, the reversion, composition and lens collapse are just monoidal up to
homotopy; Dm is not monoidal P4, which is "why" DA lacks "algebraic" reversion and sum of
homotopies (as well known). Again, this makes evident the interest of studying homotopy relaxations
of § 5; a work on the homotopy structure of Stasheff's A.-algebras is in preparation.

As in the case of topological monoids (6.2), the cylinder functor I left adjoint to P can be
constructed as a quotient of the free chain algebra FIIAl over the cylinder of the underlying chain
complex, imposing some relations which come from the multiplicative structure of A [11].
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