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Abstract: We study fibration category structures induced by enrichments over symmetric monoidal categories that
are also fibration categories. Let V be a monoidal category that is also a fibration category. Assuming that V has
an interval object, we demonstrate that the fibration category structure on V can be transferred to any V-enriched
category through corepresentable functors, provided certain power objects exist. Furthermore, we extend this result to
its G-equivariant version for a group G, showing that, under mild conditions, the category of G-objects in a V-enriched
category admits a (nontrivial) fibration category structure. We also show that several categories of topological algebras
and associative algebras, along with their G-equivariant analogues, can be structured as fibration categories obtained
through this method. Finally, we present some applications of these results, including the recovery of existing findings

related to (equivariant) K -theory and E-theory of operator algebras.

Key words: Fibration category, homotopy, enriched category, path object, equivariant homotopy

1. Introduction

In homotopy theory, fibration categories provide an efficient framework for many homotopy terminal construc-
tions, such as homotopy fiber sequences, loop space objects, and homotopical cohomology theories. Various
types of fibration (and their dual versions, cofibration categories) have been studied in the literature; see,
e.g., [5], [4], and [26]. In this paper, we focus on Brown’s version, namely the “category of fibrant objects.”
These fibration categories have been instrumental in studying the homotopy theories of various objects, such as
C* -algebras [30], spectral sequences [18], and cofibration categories [29].

A category of fibrant objects is defined as a category equipped with two classes of morphisms, called
weak equivalences and fibrations, that satisfy certain conditions. In this paper, we specifically focus on the
structures of categories of fibrant objects that are induced by enrichments over symmetric monoidal categories,
which are also categories of fibrant objects. Examples of such appear frequently in the literature and have many
important applications in noncommutative topology (see, e.g., [28, 30]). We denote (V,®,[—,—],1) as a closed
symmetric monoidal category with the unit represented by the terminal object 1 = *. Such monoidal categories
are often called “semicartesian monoidal”. Note that all cartesian monoidal categories are semicartesian, but
not vice versa; e.g., Cat with the non-Cartesian tensor product in [12]. We consider (V, wey, fiby,) a category

of fibrant objects satisfying the following “interval condition” (IC) that reads:

*Correspondence: mehmet.erdal@yeditepe.edu.tr
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(IC) there is a factorization of the codiagonal * 11 x — I — % as a composition of an acyclic fibration

followed by a pseudo-cofibration.

Here, an acyclic fibration is defined as a fibration that is also a weak equivalence, while a pseudo-
cofibration is a morphism whose pullback power with an (acyclic) fibration is an (acyclic) fibration. For details
regarding this condition, see Lemma 3.2 and the preceding paragraph. Note that in the case of a monoidal
model category, this definition of pseudo-cofibration coincides with that given in [21].

We first prove the following theorem.

Theorem 1.1 Suppose that (V,®,[—,—],1) is a closed symmetric monoidal category and that (V, wey, fiby,)
is a category of fibrant objects satisfying (IC). Let A be a subcategory of V that generates V and contains I.
If C is a finitely complete category that is enriched over V and powered over A, then C is a category of fibrant
objects in which f is a weak equivalence (resp. fibration) if, for every D € C, the morphism C(D, f) is a weak

equivalence (resp. fibration) in V.

Let G be a group and let ¥V and C be as defined in Theorem 1.1. Denote by GV and GC the categories of
G-objects in V and C, respectively. For A and B in GC (i.e. G-objects in C), we let GC(A, B) to denote the
object C(A, B) in V together with the G-action given by conjugation (see 3.1 for the precise definition). Thus,
GC(A, B) is an object in GV. For any H < G, the H-fixed point object functor (—)# : GV — V is defined
as the functor given by the limit over H; that is, for X in GV, we have X = limgy X, where BH is the
delooping groupoid of H (a category with single object and elements of H as morphisms on this object), and

X is considered a functor from BH to V with the restricted H-action. The equivariant version of Theorem

1.1 is presented as follows.

Theorem 1.2 Let G be a group and F be a collection of subgroups of G. Let V and C be as defined in
Theorem 1.1 such that limits defining H -fived points exist in V for every H € F. Then, GC is a category
of fibrant objects in which f is a weak equivalence (resp. fibration) if, for every D € GC and H € F, the

morphism GC(D, f) is a weak equivalence (resp. fibration) in V.

The paper is organized as follows: In Section 2, we provide essential background on categories of fibrant
objects. In Section 3, we state and prove the theorems presented above, along with other auxiliary results. We
prove Theorem 1.1 by formally verifying each axiom of a category of fibrant objects separately. Subsequently,
in Section 3.1, we outline the prerequisites for equivariant constructions and prove Theorem 1.2. In Section 4,
we present several examples that follow from our results. We demonstrate that various categories of operator
algebras, including Uuye and Schocket’s homotopy theory for C*-algebras, serve as examples of Theorem 1.1,
while their equivariant versions correspond to Theorem 1.2. Additionally, we show that the categories of metric
spaces and algebras (including G-algebras) over a unital ring R are categories of fibrant objects derived from our
theorems. In Section 5, we apply our results to recover known findings, demonstrating that the equivariant KK -
category, the equivariant F-category of G-C*-algebras, and the kk-category of R-algebras are triangulated
categories.

2. Preliminaries
In this section, we provide essential background on categories of fibrant objects for the readers’ convenience.

For further details, we refer the reader to [5].
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Definition 2.1 A category of fibrant objects is a category C with two distinguished subcategories: wee of weak
equivalences and fib, of fibrations. Both subcategories contain the core of C (i.e. both include all isomorphisms)

and satisfy the following axioms:
FC1 C has dll finite products, and a terminal object *.

FC2 wee has the 2-out-of-3 property; i.e. assuming v ow 1is defined, if any two of v, w, and vow are in

wee , then so is the third.

FC3 Pullbacks along (acyclic) fibrations exist and are again (acyclic) fibrations. Here, an acyclic fibration

means a fibration that is also a weak equivalence; i.e. an arrow in the intersection wec N fibe .

FCY4 For each object A of C, there exists an object PA in C (called the path object) which satisfies the following:
there is a weak equivalence wa : A — PA and a fibration 64 = (89,01) : PA — Ax A, and the composition
daowga 18 equal to the diagonal map d: A — A X A.

FC5 All objects are fibrant; i.e. for each object A, the unique map to the terminal object A — x is in fib,.

If we do not require FC5 and weaken FC4 so that only fibrant objects have path objects, then such a C is
called a prefibration category. The full-subcategory of fibrant objects Cf* in a prefibration category C is a
category of fibrant object, see [26, Defn. 1.1.2 and Prop. 2.1.2].

For f,g : A — B in C, f is said to be right-homotopic to g if there exist H : A — PB such that
doo H="h and 1 0o H =g and f is homotopic to g if there exist a weak equivalence w : A’ — A such that
f ow is right-homotopic to g o w. The homotopy relation is an equivalence relation on C(A, B), see [5]. The
set of homotopy classes in C(A, B) is denoted by wC(A, B) and the resulting quotient category is denoted by
7C.

Theorem 2.2 ([5], Theorem 2.1) The homotopy category HoC is the category with the same objects as C
and has hom-sets given by
HoC(A, B) = colim nC(A’, B).
A=A
The theorem implies that any morphism in the homotopy category of a category of fibrant objects can be written
as a zig-zag of length 2.
A functor F' : C — D between two categories of fibrant objects is called exact if it preserves fibrations,

acyclic fibrations, terminal objects and pullbacks along fibrations.

Lemma 2.3 ([5], Ken Brown’s Lemma) If a functor between two categories of fibrant objects sends acyclic
fibrations to weak equivalences, then it preserve all weak equivalences. In particular, eract functors preserve

weak equivalences.

Lemma 2.4 ([5], Factorization Lemma) Let (C,wec, fibe) be a category of fibrant objects. Then, every

morphism f in C factors as f =poi with f € fibp and w is a section of an acyclic fibration.

Factorization Lemma allows us to define homotopy fiber sequences in C. Given f : A — B the homotopy
fiber of f, denoted by hofib(f), is the pullback of the diagram A — B <« PB. The homotopy fiber of the
path fibration PA — A x A is called the loop space object of A and denoted by QA. By definition, the loop
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space construction is functorial and defines an endofunctor on C. The loop object QA is a group object and
Q0A = O?A is an abelian group object in the homotopy category HoC. If C is a pointed category of fibrant
objects (i.e. the terminal object is also initial), then the stable homotopy category StHoC is given by the
Spanier-Whitehead category; i.e. objects as pairs (A4,n) where A € C and n € N and morphisms are given by

StHoC((A,n), (B,m)) = colim(Q"** A4, Q™" B).
This is a triangulated category with shift (—,n) — (—,n — 1) and with distinguished triangles isomorphic to

(QB,n) L (F,n) 5 (A,n) 5 (B,n),

where p is a fibration with fiber F and j is the map induced by the action of the loop object on the fiber of
p, see [5, Sec. 4] and [15].

3. Main results

Notation and convention

In this paper, we assume the categories are locally small and concrete, except possibly the homotopy categories
of corresponding homotopical categories. For a V-enriched category C, we denote the V-valued hom-functors
by C(—,—) and Set-valued hom-functors by Cy(—, —). We say a functor preserve (co)limits when it preserve
(co)limits that exists in the codomain. See [27] for more details.

Let V be a category and A be a full subcategory of V. We say V is generated by A if for every Y in V
there exist a functor F' : J — A such that Y = colimy F o+ where ¢ : A — V is the inclusion. We should also
mention that similar notions exist in the literature, known as “dense” or “colimit dense” subcategories, see e.g.
[1]. If V is cocomplete and A =V then the condition above is trivially satisfied. Nontrivial examples of such

categories also appear quite often. Here, we provide several well-known examples:

(i) If V is the category of simplicial sets, then one can choose A as its full-subcategory of simplicial n-
simplices for every n € N, as every simplicial set is a colimit of simplicial simplices over its category of

simplices.

(ii) More generally, if V is a category of preshaves over a small category C, then A can be chosen as all

representable functors as every presheaf is a colimit of representables over its category of elements.

(iif) The category of A-generated spaces (see [11] originally based on J. Smith’s unpublished work*) when A

is chosen to be the subcategory of topological spaces of topological n-simplices.

(iv) More generally, if V is an accessible category in the sense of [2], then there is a small subcategory of

“small objects” that generates V (see [2] for details).

(v) Yet another example is the category of compactly generated spaces (which is not an accessible category)

where A is chosen to be the category of compact Hausdorff spaces.

*Dugger D (2003). Notes on Delta-generated spaces [online]. Website https://pages.uoregon.edu/ddugger/delta.html [ac-
cessed 22 April 2024].
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Lemma 3.1 Let V be a closed symmetric monoidal category that is generated by a subcategory A. If C
is a V-enriched category that is powered over A, then for every object D in C the corepresentable functor

C(D,—):C —V preserves conical limits.

Proof Let F :I — C be a functor from a small category I. Then, C(D,lim; F') is a cone over C(D, F).
Thus, there exist a morphism
q: C(D,li}nF) — h}nC(D,F).

Since corepresentables into Set are continuous, C(D,lim; F) is a limiting cone for the underlying Set-functor.

In particular, gy is a bijection of the underlying sets. Now, let X € A and consider the following diagram

Vo(X,C(D, lim F)) YDy (X, limy €(D, F)) .

<Pol P1

Co(D.M (X, lim F) lim Vo(X,C(D, F))

0] \L vy

q1

Co(D,lim th (X, F)) ——"——=Tim Co(D, th (X, F))

The maps g and 17 are bijections as they are underlying maps of isomorphisms in V that comes from the
powering over X . Since V is closed monoidal (so that [X,—]) preserves limits), o1 is a bijection. This also
implies that Vy(X, —) is injective. Since powers preserve limits, we have M (X,lim; F') = lim; th (X, F), so
that 1y is a bijection. Since every other map in the diagram is a bijection and ¢; is an injection, then ¢; is
also a bijection. For every Y in V there is a functor F' : J — A such that Y = colim; F o ¢. Then, we have

Vo(Y,q) = Vo(colim Fror, q) = 1,iemJVo(F° 1(4),q)
J

which is a bijection since F o(j) is in A. Thus, by Yoneda lemma ¢ is a isomorphism in V. O
Here we mean C(D,—) preserve limits that exists in C and do not make any assumption about which limits
exist. Note that if Y = colimy Flo. for some F': J — A and A is an object in C such that lim;.; h (Fou(j), A)
exists, then the power M (Y, A) is also defined via limj.; h (Foc(j), A). The natural isomorphism C(D, lim;.;
(Fou(j),A)) = V(colimy F o, C(D,A)) follows from formal properties of (co)limits and representables. If C
has all such J-shaped limits for every Y in V with Y 2 colimy F o¢, then C is powered over V. In particular,
if C is complete, then it is powered over V, and thus, is V-complete.

Let (V,®,[—,—],1) be a closed symmetric monoidal category and let (V,wey, fib,,) be a category of
fibrant objects. Following [21], we call a morphism f : X — Y in V pseudo-cofibration if for every (acyclic)
fibration g : Z — W the pull-back power

V(K Z) — V(X, Z) XY(X,W) V(Y, W)
is an (acyclic) fibration. Note that every isomorphism is a pseudo-cofibration.

Lemma 3.2 If (V,®,[—,—],1) is a closed symmetric monoidal category with 1 as the terminal object * and

(V, wey, fiby,) is a category of fibrant objects satisfying
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(IC) the codiagonal x 11 x — x exists and admits a factorization 1T % (jo—’ji) I - % such that ¢ is an acyclic

fibration, and jo and ji1 are pseudo-cofibrations.
Then V(I, X) is a path object for every X in V.
Proof Since jo, i1 is also a pseudo-cofibration by [21, Lemma 6.4] . For every object X in V the map
V((Jo,J1)sex) : VLX) = V(s 1%, X) Xy (atre, ) V(X %)
Similarly, since jp is an acyclic pseudo-cofibration,
V(jo,cx) : VI X) = V(x, X) Xy VX, %)

is an acyclic fibration. Moreover, we have V(x, X) Xy, ) V(X,*) = X . As a result, V(I, X) is a path object
for X. O

Proposition 3.3 If V is a cartesian closed symmetric monoidal model category, then its full subcategory of
fibrant objects satisfies (IC).

In this case, we can choose I as the object that appears in the factorization *IIx (JO—’]§) I -5 «, of the codiagonal
for the terminal object, as a cofibration (and thus, a pseudo-cofibration) followed by an acyclic fibration. Note
that the inclusions * — % II % are pseudo-cofibrations, and as pseudo-cofibrations are closed under compositions

[21, Lemma 6.5], jo and j; are also pseudo-cofibrations.

Theorem 3.4 (Theorem 1.1) Suppose that (V,®,[—, —],1) is a closed symmetric monoidal category and that
(V, wey, fiby,) is a category of fibrant objects satisfying (IC). Let A be a subcategory of V that generates V
and contains 1. If C is a finitely complete category that is enriched over V and powered over A, then C is a
category of fibrant objects in which f is a weak equivalence (resp. fibration) if for every D € C the morphism

C(D, f) is a weak equivalence (resp. fibration) in V.

Proof We show that C satisfies each axiom given in the definition of the category of fibrant objects given in
Definition 2.1. Axioms FC1 and FC2 are superfluous and FC3 follows from Lemma 3.1 as the pullback of a
fibration (resp. acyclic fibration) along any morphism in V is a fibration in ¥V and C(D, —) preserves pullbacks.
For FC4, without loss of generality we assume 4 contains the factorization in (IC). Observe that for
every B in C
C(D,M(L,B)) = V(,C(D,B)) = PC(D,B)

in V. For any X in V we have V(x,X) = X and V(xII %, X) =2 X x X, so that V(c,X) = wx and
V((jo,71),X) = dx (in the notation of FC4, Definition 2.1). Let P¢ = (I, —). For an object B in C consider
the factorization

er,B) M((Go3y).B) 4

B = (%, B) Pc(B) (x11%,B) =~ B x B.

Then, for every D in C we have
C(D,B) = C(D, (x,B)) 5 (D, Pe(B)) 2 €(D, B x B) = (D, B) x C(D, B),
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where w* = C(D,h (c1, B)) and 6* = C(D,h ((jo, j1), B)). Note by 2in 3.2 that w* = we(p, gy and 6* = d¢(p, B)
in the notation of FC4, Definition 2.1 and the composition is the diagonal of C(D, B) in V. Since both wey
and fiby, contains the core of V, M (¢, B) composed with the isomorphism B 2 (x, B) is a weak equivalence
and M ((jo,j1), B) composed with the isomorphism h (x IT*, B) & B x B is a fibration in C. Therefore, the
object PB :=rh (I, B) is a path object for every B € C.

Every object is clearly fibrant as C(D, A) — C(D, %) = * is a fibration in V; thus, the axiom FC5 holds

as well. As a result we obtain that C is a category of fibrant objects. O

The theorem can be refined as follows:

Corollary 3.5 Let V and C be as in Theorem 1.1 and T be a collection of objects in C. Then C is a category
of fibrant objects in which f is a weak equivalence (resp. fibration) if for every D € T the morphism C(D, f)

is a weak equivalence (resp. fibration) in V.

Proposition 3.6 Let V and C be as in Theorem 1.1. Then for every D € C, C(D,—) : C — V is exact.

The proposition is immediate from Lemma 3.1 and by definition of weak equivalences and fibrations in C.
Observe that we do not need to assume the monoidal structure is coherent with the homotopical structure
except for the objects in the factorization of the codiagonal. Of course, assuming such a coherence would have

further implications.

Corollary 3.7 Let V and C be as in Theorem 1.1 and assume for every X in V, two maps from * to X are
homotopic in V if an only if they are right homotopic. Then HoC is equivalent to wC and for A and B in C
HoC(A, B) 2 HoV(x,C(A, B)). In particular, if V is the full subcategory of fibrant objects in a cartesian closed
monoidal model category with cofibrant unit, then HoC is equivalent to 7C and HoC(A, B) =2 HoV(*,C(A4, B)).

Proof 1If h : A —h (I,B) is a right homotopy in C from f to g, then for any D € C the induced
map C(D,h) : C(D,A) — C(D,h (I,B)) = V(I,C(D, B)) defines a right homotopy from C(D, f) to C(D,g).
Conversely, if for every D in C, C(D, f) is right homotopic to C(D,g) via kp : C(D,A) — V(I,C(D, B)), then
define h: A — (I, B) via the bijection

Vo(I,C(A, B)) = Co(A,th (I, B))

by h = (ka)o(ida). Therefore, f,g: A — B in C are right homotopic if and only if for every D € C, C(D, f)
and C(D, g) are right homotopic in V.

We have C(A, B) = C(A,M (*,B)) = V(x,C(A, B)). By assumption two maps fo,go : * — C(A4, B) are
right homotopic if and only if they are homotopic, and if and only if fy = gg in the homotopy category of V.
Therefore, we have HoC is equivalent to 7#C and HoC(A, B) = HoV(x,C(4, B)).

If V is the full subcategory of fibrant objects in a cartesian closed monoidal model category with cofibrant
unit *, then the assumption in the statement above holds as C(A, B) is fibrant. O

Loop space objects in C are defined via powering, provided that the loop space objects in V are defined via

internal hom. This happens, in particular, if the coequalizer of jy,j; exists in V.

Corollary 3.8 Suppose that there exist S in V such that for any A in V the loop object QA is of the form
V(S, A), then for every X in C the loop object QX is isomorphic to M (S, X) provided that A contains S.
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Proof Given the pull-back square

applying C(D, —) we get

(D, 0A) €0 (D, (I, A))

C(D,(S}()J JC(DJx)
C(D,u)
C(D,*) 2% ———— C(D,Ax A) 2 C(D,A) xC(D, A)

which is a pullback in V. Since C(D, (I, A)) = V(I,C(D, A)) = PC(D, A) we have C(D,QA) 2 QC(D, A) for
every D in C. Moreover, we have

C(D,QA) = QC(D, A) = V(S,C(D, A)) = (D, (S, A)),

and thus, by Yoneda lemma QA =M (S, A). O

If the enriching category is not a category of fibrant objects but just a prefibration category, then we have the

following result.

Corollary 3.9 Suppose that (V,®,[—,—],1) is a closed symmetric monoidal category and that (V,wey, fiby,)
is a prefibration category satisfying (IC). Let A be a subcategory of V that generates V. If C is a finitely
complete category that is enriched over V and powered over A, then C is a prefibration category in which f
is a weak equivalence (resp. fibration) if for every D € C the morphism C(D, f) is a weak equivalence (resp.
fibration) in V. Moreover, the homotopy category of C is equivalent to the homotopy category of CF*, its full
subcategory of fibrant object.

The proof of the first part is contained in the proof of Theorem 1.1. The last part follows from [26, Thm. 5.5.1

and 6.1.6]. In this particular case, since path objects are constructed functorially, for every object A in C,

A — * factorizes as A % A’ s x with w € wee and f € fib, where A’ is obtained as the object fitting in the

following pullback square

A/ 46) m (Ha*)

A— %

with w being the section of §y (see the proof of Factorization Lemma in [5] and proof of [26, Prop. 2.1.2]).

In particular, A’ is uniquely determined by A. Moreover, for any map f : A — B there is an induced map
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f'+ A’ — B’ obtained in the obvious cubes of pullbacks.

. B -
AR
A M (I, *)
SOJ( }‘B x Jtio

A *

In particular, we obtain a functor R :C — Cf* with R(A) = A’ for every A in C, together with a natural weak

equivalence (i.e. natural transformation that is componentwise weak equivalence) w : id¢ = R defined by the

section of &g, implying that C/ is a right deformation retract of C in the sense of [9]. Consequently,

HoC(A, B) = HoC™(RA, RB) = nC"(RA, RB).

3.1. Equivariant version

Let G be a group and F be a collection of subgroups of G. For any given category D denote by GD the
functor category [BG, D] where BG denotes the delooping groupoid of G; i.e., GD is the category of G-objects
and G-equivariant morphisms (i.e. natural transformations) in D.

We first discuss a trivial (but uninteresting for our purposes) way of extending Theorem 1.1 to equivariant
setting. Let V be as in Theorem 1.1. Assume the tensor unit in V) is the terminal object. Suppose that for every
H € F and for every X : BG — C in GV, the limit X :=limgy X oy exists in GV, where vy : BH — BG
is the inclusion. Then, there is a immediate category of fibrant objects structure on GV in which a morphism
f in GV is a weak equivalence (resp. fibration) if for every H € F the induced morphism f¥ is a weak

equivalence (resp. fibration) in V. This is immediate since the functors —#

are defined via limits; and thus,
preserve pullbacks, powers and terminal objects. This is also true for GC provided that relevant fixed points
exist; that is, there is a category of fibrant objects structure on GC in which a G-morphism f: A — B is a
weak equivalence (resp. fibration) if f# : A — B is a weak equivalence (resp. a fibration).

On the other hand, there exists a more sophisticated category of fibrant object structure on GC, which
is obtained by using equivariant homotopical structure on hom-objects with conjugation actions. In terms of
applications, the latter is more relevant to our interests.

Again, we let V be as defined in Theorem 1.1, which is also semicartesian monoidal (i.e. the tensor
unit of V is the terminal object). We observe that for a given group G and a collection of subgroups F, GV
is a category of fibrant objects in which weak equivalences and fibrations are defined via fixed point objects.
The category GV is also semicartesian symmetric monoidal where the action is defined diagonally. Since every
object in the factorization given in (IC) has trivial G-actions, GV also satisfies (IC). Let C be a V-enriched
category. Since the inverse map gives an isomorphism BG 2= BG°P, we have an isomorphism of categories
[BG,C]°P = [BG®P,C°P] that sends a functor A : BG — C to A°P. Then we can define a functor

I~ : [BG,C|” x [BG,C] — [BG®® x BG,C x (]

which sends (A, B) to (A~ x B), where A~ : BG°® — C°P is the object A with the action reversed. Let
d~ : BG — BG° x BG be the functor given by g + (g7',g) for every morphism ¢ in BG and let
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d™ : [BG®? x BG,V] — [BG,V] be the functor induced by d~ on functor categories. We define a functor
GC : GC° x GC — GV by the following composition

[BG,C|" x [BG,C] 15 [BG x BG,c® x ¢] =57 [Ba» x Ba, V] 4= [BG, V).

In particular, for any two object A and B in GC, GC(A, B) is the composition

d- A°P x B C(_’_)
BG 5 BG® x BG 2B e e =Sy

More precisely, GC(A, B) sends the unique object of BG to C(A, B) and sends a morphism ¢ in BG to the

composition

C(A(g™Y), C(A,
C(A, B) (A(g )B)C(A,B) (A, B(9)) C(A, B)

In the underlying Set-category a map f : A — B is sent to the composition A £> A L B % B which
is in fact just the usual conjugation action, (g - f) : a — ¢g- f(g~'-a). Observe that the composition
GC(B,C)xGC(A,B) — GC(A,C) in V is G-equivariant where the action on the product is defined diagonally.
Besides, the fixed point object GC(A, B)¢, which is given by the limit of over BG, is naturally isomorphic to
the hom-object GC(A, B). We obtain that GC is GV enriched, see also [27, 3.4].

Now, for a given functor F': I — GC we have a morphism

q:GC(D, liImF) — 11}11@(D,F)

in GV; i.e. natural transformation between functors BG — V. This is because GC(D,lim; F) is a cone over
GC(D,F). By Lemma 3.1, the underlying map is an isomorphism in V. But this implies that ¢ has an inverse
in GV, as in BG there is only one object and every morphism has an inverse. This means for every D in C
the functor GC(D, —) sends limits in GC to limits in GV.

Let X be an object in GA with a trivial G-action (that is acts by identity morphisms in V) and A
be an object in GC. Then define G M(X,A) : BG — C as the functor that sends the unique object of BG
to M(X, A) and a morphism ¢ : BG — BG to the morphism M(X, A(g)) : M(X, A) — M(X, A). Since powers

preserve limits, we have natural isomorphisms in V

GM(X, A"y = Ta(X, A)H

for every H < G.

Theorem 3.10 (Theorem 1.2) Let G be a group and F be a collection of subgroups of G. Let V and C be
as defined in Theorem 1.1 such that for every H € F limits defining H -fixed points exists in V. Then GC 1is
a category of fibrant objects in which f is a weak equivalence (resp. fibration) if for every D € GC and H € F

the morphism GC(D, f)* is a weak equivalence (resp. fibration) in V.

Equivariant versions of Proposition 3.6, Corollary 3.7, Corollary 3.8, and Corollary 3.9 can be obtained in the
same way.
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The first mentioned category of fibrant objects structure on GC, in which f is a weak equivalence
(fibration) if f# is so for every H € F, is usually not homotopically equivalent to the one given in Theorem
1.2. In fact, a weak equivalence in the latter is already a weak equivalence in the former, but not vice versa.

Let f: A — B be a weak equivalence in the category of fibrant objects of Theorem 1.2; i.e.
GC(D, )" : G¢(D, A) — GC(D, B)"

is a weak homotopy equivalence for every H < G and for every D € GC. In particular, this is true for all such

D on which G acts trivially. In this case, we have
GC(D, A)" =¢(D, A)¥ =¢c(D, A™).

Hence, f is a weak equivalence in the former category of fibrant objects. On the other hand, it is easy to
find some A in GC with nontrivial action so that GC(D, A) is not equivariantly weak equivalent to C(D, A)
with the action on C(D, A) defined in the covariant side; i.e. for f € C(D,A), g € G and for every d € D
(g-f)(d) := g- f(d). In fact, we can choose D with a nontrivial action so that GC(D, A) is not weak equivalent
to GC(D,A)! for some H < G and A with the trivial action to obtain GC(D,A) and C(D,A) are not

equivariantly weak equivalent. Thus, the two fibration categories present different homotopy theories.

3.1.1. A remark on actions of group objects in V

Let V and C be as in Theorem 1.1. We assume for convenience that V is cartesian monoidal. Let G be a
Hopf group (i.e. a group internal to V), see [14]. Then G is V-enriched and following [14, 2.2, 2.3] we let
GC be the category of G-objects in C; that is, the category of V-enriched functors BG — C. Let F be a set
of closed subgroups of G, see [14, Sec. 6.1 and 6.2]. Again, being limits, fixed point functors commute with
limits; in particular, pullbacks, powers and terminal objects. Therefore, GV is a category of fibrant objects
as in Section 3.1, where weak equivalences and fibrations are created by fixed point functors. The functor

GC(D,—) : GC — GV can be defined in the same way as above. Then, V-group version of Theorem 1.2 follows.

4. Examples

4.1. Operator algebras

Our first example, which is the motivating example of the present paper, is the category of C*-algebras,
which was first given in [30]. These are particularly interesting as it is known that with the equivalences and
fibrations induced by representable functors (as in our main theorems) do not come from a model structures

for C*-algebras, see [30, Appendix].

Notation 4.1 The category of Banach spaces and contractions (i.e. bounded linear operators with norm at
most 1) is denoted by Ban. This is a closed symmetric monoidal category with the projective tensor product.
A Banach algebra is a monoid in this symmetric monoidal category. We denote by BanAlg the category of
monoids in Ban; that is, the subcategory of Ban spanned by Banach algebras with morphisms as contractions
that preserve the algebra structure. The category of C* -algebras and *-homomorphisms is denoted by C*Alg.

Since every x-homomorphisms is already a contraction, see, e.g., the unpublished notes by Putnam', C* Alg can

fPutnam IF (2019). Lecture notes on C*-algebras [online]. Website https://web.uvic.ca/~ifputnam/1n/C*-algebras.pdf
[accessed 22 April 2024].
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be considered a subcategory of BanAlg . In particular, we have inclusions C* Alg — BanAlg — Ban. We denote
the cartesian closed symmetric monoidal category of compactly generated and weakly Hausdorff topological spaces
by Top and the category of compact Hausdorff spaces by Comp. We denote by sSet the category of simplicial
sets.

Let C be either of Ban, BanAlg, and C*Alg. Being normed, every object in C is a compactly generated
weakly Hausdorff topological space with the norm topology. Hence, we can give the set C(A, B) with a topology
by using the subspace topology of the compact open topology, which makes C(A, B) an object in Top. It is
straightforward that this topology is coherent with the composition, which is defined in the same way as in
T op, making C a T op-enriched category.

For any given compact Hausdorff space X and a Banach space B, the space of continuous functions
Top(X,B), by considering B with the norm topology, is a Banach space. In fact, the compact open topology
on Top(X,B) coincides with the topology given by the sup-norm. If B is a Banach algebra, then there is
a naturally induced Banach algebra structure on 7T op(X, B) and if further B is a C*-algebra, then so does
Top(X,B) (see also [30, 2.2]).

Since T op is cartesian closed we have a natural isomorphism
Top(A, Top(X,B)) = Top(Ax X,B)=Top(X,Top(A,B)).
If A and B are Banach spaces, the above natural isomorphism induces a natural isomorphism
Ban(A, Top(X,B)) = Top(X,Ban(A, B)).
Similarly, we have natural isomorphisms
BanAlg(A, Top(X,B)) = Top(X, BanAlg(A, B))

and
C*Alg(A, Top(X, B)) = Top(X,C*Alg(A, B)).

The last one also appears in [30, Sec. 2.4]. This implies that C is powered over Comp where the powering is
given by the set of continuous functions equipped with the relevant extra structure. In the category T op every
object generated by compact Hausdorff spaces. Besides, 7 op is a monoidal model category with the Quillen
model structure in which every object is fibrant. The path space object is given by the usual path space, which
is given by the internal hom 7T op([0, 1], —) in 7T op. Note also that the interval I = [0, 1] fits into the obvious
factorization * IT* — [0,1] — * and each inclusion * — [0, 1] are cofibrations (and hence, pseudo-cofibrations)

and [0,1] — * is an acyclic fibration. Thus, by Theorem 1.1, we have the following:

Corollary 4.2 Let C be either of Ban, BanAlg, C*Alg. Then C is a category of fibrant objects in which
f € C is a weak equivalence (fibration) if C(X, f) is a weak homotopy equivalence (resp. Serre fibration) for
every X € C.

The case C = C*Alg is already well-known, see [30], [28] and the cases C = Ban and C = Ban.Alg also follow
from the unpublished preprint “A Baues fibration category structure on Banach and C*-algebras” by Andersen
and Grodal .

fAndersen KKS, Grodal J (1997). A Baues fibration category structure on Banach and C*-algebras [online]. Website
https://web.math.ku.dk/~jg/papers/fibcat.pdf [accessed 22 April 2024].
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Recall that a functor between fibration categories is exact if it preserves fibrations, acyclic fibrations,

terminal objects and pullbacks along fibrations. The following corollary is immediate from the definition:

Corollary 4.3 The inclusions C* Alg — BanAlg — Ban are ezact.

The corollary implies that we have inclusions

Ho C* Alg — Ho Ban.Alg — Ho Ban.

4.2. Equivariant operator algebras
Let G be a group. Let again C be either of Ban, BanAlg or C*Alg. Recall that GC denotes the category of
G-objects in C; i.e. the functor category [BG,C| where BG denotes the delooping groupoid of G.

Let F be a collection of subgroups of G. Then, from Theorem 1.2 combined with the nonequivariant

case as discussed in the previous section, we obtain the the following corollary:

Corollary 4.4 Let C be either of Ban, BanAlg, C*Alg. Then GC is a category of fibrant objects where f in
GC is a weak equivalences (resp. fibration) if for every D € GC and H < G GC(D, f)* is a weak homotopy

equivalence (resp. Serre fibration).

As before, the following corollary is immediate.
Corollary 4.5 The inclusions GC* Alg — GBanAlg — GBan are exact.

Remark 4.6 Using remarks of subsection 3.1.1, one can take G here to be a topological group and F be a

collection of closed subgroups of G.

Let CC*Alg denote the full subcategory of commutative C*-algebras. Note that the inclusion CC* Alg —
Ban admits a left adjoint Ban — CC*Alg by the Adjoint functor theorem (see also [17, Thm. 11]). Moreover,
by definition the loop object Q : Ban — Ban as powering by S! restrict to Q : CC*Alg — CC* Alg, which
is also defined as powering by S'. By combining the exactness of the inclusion, if Ho : HoBan — Ho Ban
admits a left adjoint, then so does HoQ2 : HoCC*Alg — Ho CC*Alg (see also [30, Corollary A.4]). But it is
due to [30, Corollary A.5] that such a left adjoinf for the latter does not exist. Thus, the category of fibrant
objects Ban is not a full subcategory of fibrant objects in a model category. Same is true for the category of
fibrant object BanAlg.

4.3. Metric spaces

Let Met denote the category of metric spaces and short maps (i.e. maps that do not increase distance). This
category has finite limits. The terminal object is the point with the trivial metric. If f: (4,d4) — (B,dp) and
g9:(C,dc) — (B,dp) are short maps, then their pullback is the usual pullback in the category of sets with the
sup-metric; that is,

AxpC={(a,c) e AxC : f(a)=g(c)}

with the metric
dsg((a,c),(d, ")) = max{da(a,a’),da(c,)}.
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Any metric space with the metric topology is first-countable. Thus, there is a forgetful functor F : Met — T op
sending a metric space to the underlying topological space with the metric topology. For all metric spaces A
and B, Met(A, B) is a closed subspace of Top(FA, FB). We can define a T op-enrichment by inducing the
subspace topology on the subset Met(A, B) from Top(F A, FB). The composition

Met(B,C) x Met(A, B) — Met(A, C)

is the restriction of the composition in 7T op and hence is continuous. Besides, just as in the case of
Banach spaces, Met is powered over compact Hausdorff spaces. If X is in Comp and A is in Met,
then define h (X, A4) = Cy(X,FA), the set of continuous functions from X to A endowed with the sup-
metric; d(f,9) = sup,ex d(f(z),g(x)). Then for every X in Top and A,B in Met, the isomorphism
Top(X, Top(FA, FB)) = Top(FA,Top(X,FB)) in Top (note that Top is cartesian closed) gives rise to
an isomorphism 6 : T op(X, Met(A, B)) <> Met(A,m (X,B)) : ¢. In fact, if g: A = (X, B) is a short map,
then for all x € X and ai,a0 € A

d(0(f)(x)(ar), 0(f)(x)(az)) = d(f(a1)(x), f(az)(x)) < sup d(f(a1)(y), f(a2)(y)) = d(f(ar), f(az)) < d(a1, az).

yeX

Here we use d for all metrics but it is clear from the context that which metric space it is associated to. The
last equality follows from shortness of f. Similarly, if g : X — Met(A, B) is in Top(X, Met(A, B)), then

d(¥(g)(a1),¥(g)(az)) = sup d(1(g)(a1)(x), ¥ (g)(az)(x)) = sup d(g(z)(a1), g(z)(az)) < d(a1, az),

zeX zeX

where the last equality follows due to shortness of g(z) for all z € X. Continuity of these maps follows due
to the fact that Met(A, B) is closed in Top(F A, FB). Therefore, Theorem 1.1 applies to Met as well. Since
Met lacks finite colimits (e.g., coproducts), it cannot be a model category.

For a group G, the G-equivariant version also holds for GMet (similar to the previous section) since
H -fixed points exists in Met for all H < G.

4.4. Algebras and G-algebras over a ring

Another example is the category of associative algebras over a ring R. An associative unital algebra is a monoid
in the category RMod of R-modules. The category Algp of R-algebras is enriched over simplicial sets where
the hom-object is given by the functor

Algg : Algy x Algp — sSet

defined as Algy(A, B), =homu,, (A, B ® Z*") where

72" = Zxg, -+ 0] /(1 — Zw

see 7, 3.1 (14)]. Besides, Algp is powered over simplexes as
h (A" A)=A ® 7"

where A is an R-algebra. The category sSet is a cartesian closed monoidal model category with the Kan—
Quillen model structure. However, not every object is fibrant. Therefore, by considering the underlying

prefibration category structure, we apply Corollary 3.9 to Algp.
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Corollary 4.7 The category Algp 1is a prefibration category of in which a homomorphism f is a weak
equivalence (resp. fibration) if for every X € Algr, Algr(X, f) is a weak equivalence (resp. a Kan fibration)

of simplicial sets in the Kan-Quillen model structure.

An R-algebra that is fibrant in this prefibration category will be called a fibrant R-algebra, and the
full-subcategory of fibrant R-algebras is denoted by .Algfj%b. Note that an R-algebra A is fibrant if Algz(D, A)
is a Kan complex for every R-algerba R. Recall that Algﬁb is a category of fibrant objects [26, Prop. 2.1.2].

Moreover, Alggb — Algp induces an equivalence on homotopy categories.

For any group G and a collection F of subgroups of GG, the G-equivariant version of Corollary 3.9 applies
to GAlgp.

Corollary 4.8 The category GAlgp is a prefibration category in which a G-homomorphism f is a weak
equivalence (resp. fibration) if for every D € GAlgyr and H € F, GAlgp(X, f) is a weak equivalence (resp.

Kan fibration) of simplicial sets.

A G-R-algebra is fibrant if its underlying R-algebra is in the prefibration category given in the previous
corollary. Again, due to [26, Thm. 5.5.1 and 6.1.6] the inclusion of its full subcategory of fibrant objects in

GAlgp induces an equivalence on homotopy categories.

5. Some applications

The main applications we focus on are triangulated structures for the (equivariant) K K-theory and E-theory.

We recover some known results bu using the category of fibrant objects structures that we have developed.

5.1. On equivariant KK -theory
For convenience, in this section, every C*-algebra is assumed to be separable. Every G-Banach space with the
norm topology is a G-anr, hence has the homotopy type of a G-CW -complex, see [3, Thm. 2.1 and 2.4, pp
10-11]. This, in particular, implies that a weak equivalence in GC*Alg with the fibration category structure of
Corollary 4.4 for F the collection of all closed subgroups of G is a homotopy equivalence.

Let K = K(£?(G x N)). We follow equivariant version of Cuntz’s picture, which is given by [25, pp. 68].
Let gA be the kernel of the codiagonal on A in GC*Alg; i.e. the limit of Ax A — A + 0 in GC*Alg, see
[19, 5.2]. The G-equivariant KK -theory group KK¢g(A, B) is defined as the set of G-homotopy classes of
G-*-homomorphisms from ¢(A ® K) to B® K [22, Thm. 4.3] (see also [8, 16, 19]). We have — ® K preserve
pullbacks since this is true nonequivariantly and since limits in GC*Alg are defined in the ambient category
C*Alg. Recall that GC*Alg is a category of fibrant objects in which f € GC*Alg is a weak equivalences
(resp. fibration) if for every D € C and H < G the map GC(D, f)¥ is a weak homotopy equivalence (resp.
Serre fibration) in 7 op. Then, one defines a category of fibrant objects structure on GC*Alg with the same

fibrations and with weak equivalences being those maps that are sent to isomorphisms by the composition

GC*Alg 2 Ho GC* Alg R S GC* Alg,

where @) denotes the localization. Denote by Ho(GKK) the homotopy category of this category of fibrant
objects. Then, KK (A, B) := Ho(GKK)(A, B). Moreover, due to stability of equivariant K K -theory with
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respect to K, we obtain that the category Ho(GKK) is a triangulated category. This also recovers that
equivariant K K -theory is triangulated (see [20, Appendix A]). See also Section 2 of [6].

Repeating similar arguments for Banach algebras and G-Banach algebras, one can also recover the
analogues results of [23, Thm. 4.15] and [24, Thm. 2.1] for Banach Algebras. Note that the homotopy of maps
of Banach algebras defined in loc. cit. is the same as the right homotopy for the category of fibrant objects of
Corollaries 4.2 and 4.4, respectively.

5.2. On equivariant E-theory

The equivariant E-theory for separable G-C*-algebras is well studied. For the definition and details we refer to
[13, Ch. 6]. By using the last example of the previous section, we can give a definition of equivariant E-theory
groups as hom-spaces in the stable homotopy category of a category of fibrant objects.

Then, GC*Alg admits a structure of a category of fibrant objects where f is a weak equivalence (resp.
a fibration) if f® IC(H) is a weak equivalence (resp. a fibration) in GC*Alg with the structure of the category
of fibrant objects from Corollary 4.8. This is the equivariant analogue of [30, Proposition 2.24]. Denote this

new category of fibrant objects by GC*Alg~")

6], we see that Eg(A, B) = Ho(GC* Alg® ™) (QA @ K(H),QB); i.c. the equivariant E-theory can be obtained
K(H)

. Following the definition of equivariant E-theory in [13, Ch.

as a hom-set in the stable homotopy category of a category of fibrant objects GC*Alg

5.3. On (equivariant) bivariant algebraic k-theory

We can also recover that the kk-category as defined in [7, Sec. 4] and its equivariant version in [10] are
triangulated categories obtained as stabilizations of categories of fibrant objects given in subsection 4.4. Most
of the material given here are present in [7], except the fibration category structures.

First observe that the notion of elementary homotopy for R-algebras as given in [7, Def. 3.1.1] coincides
with the right homotopy for fibrant objects in the prefibration category given in Corollary 4.7, and same is true
for the homotopy classes of homomorphisms. Moreover, due to the prefibration category structure on Algp
as given in Corollary 4.7, we can put a bound on the length of the zigzags that appear in the definition of
the homotopy in [7, Def. 3.1.1]. In fact, between fibrant R-algebras, notions of elementary homotopy and
homotopy coincides due to Corollary 3.7 (note also that sSet is a cartesian closed monoidal model category
with Kan—Quillen model structure).

In [7] bivariant k-theory kk for R-algebras is defined and it is shown (in Cor. 6.3.4 loc. cit.) that for
every D in Algg, the functor kk(D,—) is homological. Then, the prefibration category structure on Algp

induces a prefibration category structure on the quotient category kk := Algp/ ~ where f ~yg in Algp if

kk(D, f) = kk(D,g) for every D in Algp. Note that the loop objects in kk and Algp coincides and it is
also shown therein that kk(A, B) = kk(QA,QB). Therefore, StHokk = Hokk. Being the stable homotopy
category of a category of fibrant objects, Ho kk is triangulated. This gives [7, 6.2.4].

The equivariant version is given in [10], and it can be shown in the same way that equivariant kk-theory

is also obtained as hom-space in the stable homotopy category of a category of fibrant objects.
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