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Genuine versus naive symmetric monoidal G -categories
Tobias Lenz

Abstract. We prove that through the eyes of equivariant weak equivalences the genuine symmetric
monoidal G-categories of Guillou and May [Algebr. Geom. Topol. 17 (2017), no. 6, 3259-3339] are
equivalent to just ordinary symmetric monoidal categories with G-action. Along the way, we give
an operadic model of global infinite loop spaces and provide an equivalence between the equivariant
category theory of genuine symmetric monoidal G-categories and the G-parsummable categories
studied by Schwede [J. Topol. 15 (2022), no. 3, 1325-1454] and the author [New York J. Math.
29 (2023), 635-686].
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1. Introduction

Commutative monoids up to coherent homotopy play an important role in algebraic topol-
ogy, not least because of their close connection to stable homotopy theory: every coher-
ently commutative monoid can be delooped to a connective spectrum, and this construc-
tion is an important tool to obtain stable homotopy types from data of a more algebraic
nature, in particular featuring prominently in the modern construction of the algebraic
K-theory of rings [29]. Over the years, several equivalent approaches to the subject have
been studied, in particular May’s operadic approach in terms of E.-algebras [28], Segal’s
theory of special I'-spaces [40], and various “ultra-commutative” models [35].
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Equivariantly, i.e. with respect to the action of a finite group G, the theory becomes
more subtle: namely, if one wants such G-equivariantly coherently commutative monoids
to deloop to genuine G-spectra in the sense of equivariant stable homotopy theory, one
has to encode additional algebraic structure in the form of additive norms, intuitively cor-
responding to certain “twisted” sums. In the operadic approach, this leads to the notion
of genuine G-E-operads and their algebras, the genuine G-E-algebras. However, in
many practical contexts the latter are much harder to construct than their non-equivariant
counterparts: in particular, if we equip an ordinary E..-algebra with a G-action, even a
trivial one, this does not yield a genuine G-E-algebra in any natural way, but only a
so-called naive one. Similarly, when one wants to consider equivariant generalizations of
algebraic K-theory, one faces the obstacle that typically the inputs one wants to consider
only come to us as naive symmetric monoidal G-categories, which are (pseudo)algebras
over a certain E-operad E 3, with trivial G-action, as opposed to the desired genuine
symmetric monoidal G-categories.

To circumvent this issue, Guillou and May [14] introduced a general procedure (fol-
lowing Shimakawa) that builds a genuine symmetric monoidal G-category from a naive
one via some sort of Borel construction. However, as remarked in [14] and reiterated
in [31], these are actually the only examples they were able to construct, which natu-
rally leads to the question whether other genuine symmetric monoidal G -categories exist.
While Guillou and May originally expected this to be the case, we prove the following
comparison in this paper.

Theorem A (See Theorem 8.4). The Guillou—May-Shimakawa construction induces an
equivalence between the quasi-category of naive symmetric monoidal G-categories (with
respect to a certain explicit notion of weak equivalence) and the quasi-category of genuine
symmetric monoidal G-categories (with respect to the G-equivariant weak equivalences,
i.e. functors inducing weak homotopy equivalences on nerves of fixed points).

In fact, Guillou and May more generally work with (genuine and naive) symmetric
monoidal G-categories internal to the category of topological spaces, and we also prove
the analogue of Theorem A in this context, see Theorem 9.17. Note however that both of
these crucially rely on using the G-equivariant weak equivalences—for the G-equivariant
equivalences (functors inducing equivalences of categories on fixed points) there are both
trivial and non-trivial examples of genuine symmetric monoidal G-categories not arising
via their construction, see Remarks 8.13 and 8.14. However, at least for applications to
equivariant algebraic K-theory the G-weak equivalences are fine enough; in particular,
Theorem A allows us to derive a version of the main result of [20] for genuine symmetric
monoidal G-categories, which generalizes a non-equivariant result due to Thomason [43].

Theorem B (See Theorem 8.15). The Guillou—May construction of equivariant algebraic
K -theory exhibits the quasi-category of connective genuine G-spectra as a quasi-localiza-
tion of the category of genuine symmetric monoidal G-categories.
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We also prove a “non-group completed” version of this in the spirit of Mandell’s non-
equivariant result [26], see Theorem 7.2.

Global and G -global E ,-algebras

Our proof of Theorem A uses the language of G-global homotopy theory in the sense
of [20]. Intuitively speaking, 1-global (typically referred to simply as global) homotopy
theory [38] studies equivariant phenomena that exist universally across all suitable groups,
while G-global homotopy theory generalizes this to the presence of an additional twist in
the form of a group action and can be viewed as a synthesis of ordinary global and G-
equivariant homotopy theory.

The main portion of the present paper is then devoted to developing a G -global version
of the theory of E-algebras and connecting this to the I'-space- and ultra-commutative
approaches studied in [20], which we hope to be interesting in its own right, and which
already gives new results in the global case G = 1. In particular, we introduce G-global
E -operads and we prove the following comparison, refining an equivariant result due to
May, Merling, and Osorno [30].

Theorem C (See Theorem 5.28). There exists an equivalence between the quasi-category
of special G-global T"-spaces [20] and the quasi-category of O-algebras for any G-global
Ex-operad O.

In fact, we develop the whole theory both for algebras in simplicial sets as well as
algebras in categories. As an upshot, this then allows us to give a new model for the cat-
egory theory of genuine symmetric monoidal G-categories—which unlike the respective
homotopy theories differs from the one for naive symmetric monoidal G-categories—in
terms of the G -parsummable categories studied in [23,39]. These represent a rather differ-
ent approach to “coherent commutativity,” similar to the “ultra-commutative” philosophy
of [35,38]; somewhat loosely speaking, we can think of them as G-categories equipped
with a strictly equivariant, unital, associative, and commutative, but only partially defined
operation.

Theorem D (See Theorem 5.29). There exists an equivalence between the quasi-category
of genuine symmetric monoidal G-categories and the quasi-category of G-parsummable
categories, both formed with respect to the G-equivariant equivalences of categories.

On the pointset level, G-parsummable categories actually possess more structure than
just genuine symmetric monoidal G-categories in that unlike the latter they already model
the corresponding G-global theory, see Theorem 5.27. Nevertheless, they are arguably
easier to construct, as we illustrate by an example related to the algebraic K-theory of
groups rings (see Section 6).

Related work

Recently, Barrero [1] studied a notion of global E;-algebras in Schwede’s orthogonal
space model of global homotopy theory [38]. Our approach presented here differs from
his treatment in basically two ways.
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Firstly, we work in a different model based on the “universal finite group.” While this
requires us to restrict to finite groups (as opposed to all compact Lie groups), this model
is necessary to develop the corresponding theory for categories, and moreover this is what
allows us to construct genuine G-global E,-algebras of a more combinatorial or algebraic
nature.

Secondly, and more importantly, we consider all operads and algebras with respect
to the Cartesian product as opposed to the so-called box product used by Barrero. While
this comes at the cost of various “X-freeness” conditions on the operads in question, this
is more in line with the usual (non-)equivariant approach, and it is moreover in some
sense one step further removed from the ultra-commutative model of global coherent
commutativity originally studied by Schwede in [38]: for example, the analogous non-
equivariant comparison between E-algebras in the usual sense and a certain notion of
ultra-commutative monoids due to Sagave and Schlichtkrull [35] proceeds through E-
algebras with respect to the box product.

Both of these changes actually facilitate the comparison with the equivariant theory
developed by Guillou and May and in particular are important for the proofs of Theo-
rems A and B.

Strategy and outline

While it seems natural to approach Theorems A and B via model categorical techniques,
one soon faces the issue that the Thomason style model structure on G -Cat from [8] is
not well behaved monoidally; in fact, already for G = 1 it is not known to me whether
it transfers to categories of operadic algebras, or whether these even carry any model
structure at all whose weak equivalences are the G-weak equivalences.

On the other hand, as we will see below the G-equivariant equivalences interact as
nicely with the Cartesian product as one could wish, which in particular allows us to
construct transferred model structures for operadic algebras—sadly, however, Theorem A
is simply no longer true with respect to this finer notion of equivalence.

We will solve this dilemma by pushing the comparison with respect to the G-equivari-
ant equivalences of categories as far as we can (exploiting all the model categorical
techniques available in this setting) and only switching to the G-equivariant weak equiva-
lences in the very end. As a consequence of this approach, the present paper can be roughly
divided into two parts (separated by a short interlude in the form of Section 6): the first
part is mostly model categorical in nature and establishes the general theory of operadic
algebras with respect to the G-equivariant equivalences of categories, as well as the cor-
responding simplicial theory; here we in particular prove Theorems C and D. The second
part is then devoted to the proofs of Theorems A and B, where we have to work with bare
categories with weak equivalences as well as the quasi-categories they represent. In more
detail:

In Section 2 we give a brief reminder on unstable G-global homotopy theory, before
developing the basic theory of G-global operads and their algebras. Section 3 is then
devoted to the analogous theory in the world of categories.
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In Section 4 we compare the G-global and G-equivariant approaches. Afterwards, we
relate the operadic models to the models we studied in [20] in Section 5, in particular
proving Theorems C and D. As an application of these results, we construct a genuine
symmetric monoidal G-category whose equivariant algebraic K-theory captures the usual
algebraic K-theory of group rings in Section 6.

Section 7 explains the relation between the categorical and simplicial models. After-
wards, we prove Theorems A and B in Section 8 building on the model categorical
comparisons established in earlier sections as well as our work in [20, 23]. Finally, Sec-
tion 9 generalizes our main results to categories internal to spaces.

2. G-global homotopy theory

2.1. A reminder on G -global spaces

In this section we will set up the theory of G-global operads and the corresponding alge-
bras. We begin by giving a very brief reminder on (unstable) G-global homotopy theory
in the sense of [20, Chapter 1]. The approach we will take for this is based on a certain
simplicial monoid EM that we call the universal finite group.

Definition 2.1. We set w := {0, 1, ...}, and we write M = Inj(w, @) for the monoid of
self-injections of w (with monoid structure given by composition).

Using the indiscrete category functor E: Set — Cat (i.e. the right adjoint to the functor
Ob: Cat — Set) we get a category EM, and as E preserves products, this inherits a monoid
structure. We will also write EM for the simplicial monoid N(EM).

Definition 2.2. A finite subgroup H C M = (EM)y is universal if the induced H -action
on w makes the latter into a complete H -set universe, i.e. every countable H -set embeds
equivariantly into .

One can show that any finite group H admits an injective homomorphism H — M with
universal image, and that any two such homomorphisms are conjugate [20, Lemma 1.2.8],
i.e. any abstract finite group is isomorphic to a universal subgroup of E.M in an essentially
unique way.

Moreover, the universal subgroups are closed under subgroups and conjugation [20,
Corollary 1.2.7], i.e. they form a so-called family of subgroups.

Theorem 2.3. There is a unique model structure on the category EM-G-SSet of sim-
plicial sets with (EM x G)-action in which a map is a weak equivalence or fibration if
and only if f? is a weak homotopy equivalence or Kan fibration, respectively, for every
universal subgroup H C M and every homomorphism ¢: H — G; here we write (-)% for
the fixed points with respect to the graph subgroup 'y, := {(h,¢(h)) 1 h € H}.

We call this the G-global model structure and its weak equivalences the G-global
weak equivalences. This model structure is proper, simplicial, and combinatorial with
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generating cofibrations
{(EM x4 G) x (A" < A") : H C M universal, p: H — G, n > 0}
and generating acyclic cofibrations
{(EM x4 G) x (A} < A"): H C M universal, o: H —> G,0 <k <n},

where EM X, G := (EM x G)/Th . Moreover, filtered colimits and finite products in
it are homotopical.

Proof. See [20, Corollary 1.2.33 and Lemma 1.1.3]. [

Remark 2.4. Schwede originally studied unstable global homotopy theory using a model
in terms of orthogonal spaces [38, Chapter 1]. While his approach contains equivariant
information for all compact Lie groups, the more combinatorial models we employ here
(and in particular the use of categories later) force us to restrict to finite groups. Other than
that, 1-global homotopy theory in our sense recovers usual global homotopy theory: for
G = 1 the above is equivalent to Schwede’s orthogonal spaces localized with respect to a
certain natural notion of “¥in-global weak equivalences,” see [20, Section 1.5].

In fact, the above is an instance of a more general construction of model structures for
actions of simplicial monoids, i.e. (strict) monoids in the category SSet or, equivalently,
simplicial objects in the category of monoids.

Theorem 2.5. Let M be a simplicial monoid and let ¥ be a collection of finite subgroups
of the ordinary monoid My. Then there exists a unique model structure on the category
M -SSet of simplicial sets with M -action in which a map f is a weak equivalence or
fibration if and only if £ is a weak homotopy equivalence or Kan fibration, respectively,
for every H € . We call this the ¥ -model structure and its weak equivalences the ¥ -
weak equivalences. It is simplicial, proper, and combinatorial with generating cofibrations

{M/HX(BA” > A":He¥F,n ZO}
and generating acyclic cofibrations
{M/H x (A} < A"):H € ¥,0 <k <n}.
Moreover, filtered colimits and finite products in this model structure are homotopical.
Proof. See [20, Proposition 1.1.2 and Lemma 1.1.3]. [

Remark 2.6. The G-global weak equivalences and fibrations in fact only depend on
the action of the discrete group core(M) x G (where core denotes the maximal sub-
group), i.e. the G-global model structure is transferred from an analogously defined model
structure on core(.M)-G-SSet. This model structure will become relevant again later in
Section 4 and we will refer to it as the G-universal model structure and its weak equiv-
alences as the G-universal weak equivalences. Beware however that this does not model
G -global homotopy theory.
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Warning 2.7. If M = G is a discrete group and ¥ is a family of subgroups, then one
easily checks that the above is a monoidal model category with respect to the Cartesian
product, i.e. the cofibrations and acyclic cofibrations satisfy the pushout product axiom
and for any cofibrant replacement Q — * of the terminal object and any (cofibrant) X
the projection Q x X — X is a weak equivalence. However, for general (simplicial)
monoids M, M -SSet will typically not be monoidal, even in the non-equivariant (or “pro-
jective”) case where ¥ only consists of the trivial group: namely, the M -simplicial set
M x M is usually not cofibrant.

As a concrete example, let M = {0, 1} with monoid operation a * b := max{a, b}.
All maps in the above set I of generating cofibrations except @ — M are isomorphisms
in degree 0, so any /-cell complex X splits in degree 0 as Xo = [ [,cx M. By Quillen’s
retract argument it then in particular follows that for any cofibrant X’ the set X of 0-
simplices admits an equivariant embedding into a set of the form | [ g, M. However,
every (x1,x3) € M x M satisfies

L.(x1, x2) = (max{l, x}, max{l, x2}) = (1, 1),

so any equivariant map M x M — | [;cx- M has to factor through one of the coproduct
summands and hence cannot be injective for cardinality reasons.

Let us now turn to the cofibrations of the above model structures. In the case that
M = G is a discrete group, there is a classical characterization of the cofibrations of the
F -model structure, see e.g. [42, Proposition 2.16].

Lemma 2.8. Ler G be a discrete group and let ¥ be a family of (finite) subgroups of G.
Then a map f is a cofibration in the ¥ -model structure on G-SSet if and only if f is
an injective cofibration (i.e. a cofibration of underlying simplicial sets) and moreover any
simplex not in the image of f has isotropy contained in ¥ . ]

In particular, if G is finite and ¥ = AL is the collection of all subgroups, then the
cofibrations are precisely the injective cofibrations, while for general ¥ (and in partic-
ular for general simplicial monoids) there are far fewer cofibrations. However, we can
still combine the injective cofibrations and the ¥ -weak equivalences into an injective (or
“mixed”) model structure that will be useful at several points below.

Theorem 2.9. Let M be a simplicial monoid and let ¥ be any collection of finite sub-
groups of My. Then there exists a unique model structure on M -SSet whose weak equiva-
lences are the ¥ -weak equivalences and whose cofibrations are the injective cofibrations.
We call this the injective ¥ -model structure. It is combinatorial, simplicial, and proper.

In particular, EM-G-SSet admits a proper, simplicial, and combinatorial model
structure whose weak equivalences are the G-global weak equivalences and whose cofi-
brations are the underlying cofibrations of simplicial sets. We call this the injective G-
global model structure.

Proof. See [20, Proposition 1.1.15]. [
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2.2. Functoriality

In the study of operadic actions below, we will at several places need to know how the
above model structures relate to each other as the monoid varies. In order to formulate
these results, we first have to recall the following notion.

Definition 2.10. Let M, N be simplicial monoids. We write §s, v for the collection of all
graph subgroups of My x N, i.e. all subgroups of the form

The = {(h.@(h)) :h e H}

with H C My and ¢: H — Ny. More generally, if # is a collection of subgroups of My,
then we write §¢ n for the collection of all graph subgroups I'y , with H € ¥.

Throughout let M be a simplicial monoid and let ¥ be a family of finite subgroups of
M. All of the following results are well known at least for groups.

Lemma 2.11. Let o: H — G be any group homomorphism. Then
o) (M x H)-SSetg,. , 2 (M x G)-SSetg, , :a* = (M x a)*
is a Quillen adjunction with homotopical right adjoint.
Proof. See [20, Lemma 1.1.16 and Example 1.1.21]. [

In particular, specializing to M = EM and ¥ the family of universal subgroups, we
get a Quillen adjunction

o EM-H-SSetH_global <__> EM-G -SSetG_global . Ot* .

Lemma 2.12. Let G be any discrete group and assume f:X — Y is a §¢ g-weak equiv-
alence in (M x G)-SSet such that G acts freely on both X and Y. Then f/G:X/G —
Y/G is an ¥ -weak equivalence.

Proof. See [20, Proposition 1.1.22]. [

Lemma 2.13. Let a: H — G be an injective homomorphism of discrete groups. Then
a®: (M x G)-SSetg,. ;, = (M x H)-SSetg,. , : o

is a Quillen adjunction; moreover, if im(«) has finite index in G, then ax is fully homo-
topical.

Proof. See [20, Proposition 1.1.19 and Example 1.1.21]. ]

Corollary 2.14. Let G be any discrete group, letn >0, andlet f: X — Y be a §¢ g-weak
equivalence in (M x G)-SSet. Then f>": X>*" — Y>" is a §% gxx,-weak equivalence
in (M x G x X,)-SSet with respect to the X,-action permuting the factors.
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Proof. This is a formal consequence of the previous results, also cf. [20, proof of Corol-
lary 1.4.71].

Replacing M by M x G and ¥ by §% ¢, it suffices to prove the corresponding state-
ment for M -SSet (i.e. where G = 1). This is trivial for n = 0; if n > 1, we denote by
! ¢ %, the subgroup of permutations fixing 1, and we write i: £} < %, for the inclu-
sion and p: =1 — 1 for the unique homomorphism. It is then straight-forward to check
that (-)*": M -SSet — (M x X,)-SSet factors up to isomorphism as the composite

M-SSet 2 (M x £1)-SSet = (M x %,)-SSet,

so that the claim follows from Lemmas 2.11 and 2.13. [

2.3. Equivariant simplicial operads

Next, we will study operads in M -SSet with respect to the Cartesian symmetric monoidal
structures (i.e. operads with an M -action) as well as their algebras. While the general
theory we develop here works for all simplicial monoids, we will be particularly interested
in the cases where M = EM x G or M = G for a (finite) group G, where we will refer to
the corresponding operads as G-global operads or G-equivariant operads, respectively.

I actually expect the results in this subsection to be known to experts, at least for
discrete groups; however, as I am not aware of a place where these results appear in the
literature, I have decided to give full proofs. This will at the same time allow us to already
see several of the arguments we will employ in the categorical setting later without some
of the technical baggage necessary there.

Construction 2.15. Let O be an operad in M -SSet. The category Algy (M -SSet) of O-
algebras in M -SSet comes with a forgetful functor forget: Alg (M -SSet) — M -SSet and
it is naturally enriched, tensored, and cotensored over SSet so that this forgetful functor
strictly preserves cotensors.

The forgetful functor has a left adjoint, which we denote by P; explicitly, this is given
by PX = [[,., @(n) xx, X*" with the evident functoriality in X and with O-algebra
structure induced by operad structure maps of (. The unit of the adjunction is given by
the composition X — O(1) x X < forget PX where the first map is induced by the
inclusion of the identity element of (1), while the second one is the inclusion of the
summand indexed by 1.

By [34, Proposition 3.7.10] there is then a unique way to make P into a simpli-
cially enriched functor such that P - forget is a simplicially enriched adjunction, and
with respect to this enrichment P preserves tensors.

Theorem 2.16. Let O be any operad in M-SSet. Then Algqy(M-SSet) carries a unique
model structure in which a map is a weak equivalence or fibration if and only if its image
under the forgetful functor forget: Algo(M-SSet) — M-SSet is a weak equivalence or
fibration, respectively, in the ¥ -model structure.
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We call this model structure the ¥ -model structure again. It is combinatorial, simpli-
cial, and right proper. Moreover, filtered colimits in it are homotopical.
Finally, we have a Quillen adjunction

P: M-SSet = Algy(M-SSet) : forget. 2.1

For M = G a discrete group, the corresponding statement for algebras in orthogonal
G-spectra (and suitable operads () can be found as [7, Proposition A.1].

Proof. While we cannot directly apply the results of [4] since M -SSet is typically not a
monoidal model category (see Warning 2.7), a similar strategy works in our case:

Namely, Algq (M -SSet) is locally presentable, so it will be enough by Quillen’s Path
Object Argument [4, Section 2.6] to show that Algq (M -SSet) admits a fibrant replace-
ment functor (i.e. an endofunctor P together with a natural transformation ¢:id = P such
that forget PX is fibrant and forget 1y is a weak equivalence for every X) as well as func-
torial path objects for fibrant objects (i.e. for every fibrant X a factorization X — X/ —
X x X of the diagonal into a weak equivalence followed by a fibration that is functorial
in maps of fibrant objects).

For the first statement we fix a fibrant replacement functor id = P on SSet such that
P preserves finite limits, for example Kan’s Ex>°-functor with the natural transformation
e:id = Ex®° [19] or the unit of the geometric realization-singular set adjunction SSet =
Top. As P preserves products, it lifts to a functor M -SSet — P (M )-SSet and then to
an endofunctor of M -SSet by restricting the action along M — P(M). As P preserves
finite limits (hence in particular fixed points for finite groups) this lift is then a fibrant
replacement functor for the ¥ -model structure on M -SSet. Using again that P preserves
products, this then lifts to the desired fibrant replacement on Alg (M -SSet).

For the second statement, we simply observe that the standard path object in SSet

X 2% maps(Al, X) S0y x
preserves all (finite) limits, so arguing precisely as before this lifts to provide functorial
path objects for fibrant objects in M -SSet and Alg, (M -SSet).
This completes the proof that the ¥ -model structure exists and is cofibrantly gener-
ated, hence combinatorial. The remaining statements follow easily from the corresponding
statements for M -SSet and the fact that (2.1) is a simplicial adjunction. ]

Example 2.17. Let G be a finite group. A naive G- E-operad is an operad ¢ in G -SSet
such that
x HCGxI,

OmH ~ ,
& otherwise

for all H C G x X,; here we have turned the right X, -action on @ (n) coming from the

operad structure into a left action as usual. In particular, any E,-operad in the usual non-

equivariant sense becomes a naive G- E-operad when equipped with the trivial G-action.

The corresponding algebras are called naive G-E-algebras.
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As the name suggests (and alluded to in the introduction), naive G-E.-algebras
are usually not the objects one wants to study in equivariant homotopy theory (unless
G = 1). For example, from the point of view of equivariant infinite loop spaces [14],
the “group-like” naive G-E-algebras only come with deloopings against the ordinary
spheres S!, S2, ... as opposed to deloopings against all representation spheres. Instead,
we are interested in genuine G-E-algebras, which are algebras over so-called genuine
G-E-operads. Here a genuine G- E-operad is an operad & in G-SSet such that

* itH e¥g3,

@ otherwise

Pn)H ~ {

forall H C G x X,, also see [14, Definition 2.1].

If f:@9 — P is any map of operads, then it is clear from the definitions that the
restriction f*: Algp (M -SSet) — Algy (M -SSet) preserves weak equivalences, fibra-
tions, limits, and filtered colimits as these are all created in M -SSet. Appealing to the
Special Adjoint Functor Theorem, we therefore get a Quillen adjunction f; < f*. We are
now interested in the question when this Quillen adjunction is a Quillen equivalence, for
which we first have to talk about a suitable notion of weak equivalence of operads. As
Example 2.17 suggests, this will be finer than just the levelwise weak equivalences and
take the X, -actions into account.

Definition 2.18. A map f: (@ — P of operads in M-SSet is called an ¥ -weak equiva-
lence if O(n) — P (n) is a § x,-weak equivalence for every n > 0.

However, already non-equivariantly categories of algebras are typically not invariant
under weak equivalences between general operads, or, put differently, strict pointset level
algebras only turn out to be the correct thing to study for suitably nice operads. This leads
to the notion of X-cofibrancy [4, Remark 3.4], demanding that each @ (n) be cofibrant
in the projective model structure on X,-objects. However, the operads of interest in the
equivariant setting are typically not X-cofibrant—for example no genuine G- E-operad
is. Instead we will use the following condition.

Definition 2.19. An operad O in M-SSet is called X-free if X, acts freely on O (n) for
every n > 0.

Example 2.20. Let G be a finite group again. An operad @ in G-SSet is a genuine G-
E -operad in the sense of Example 2.17 if and only if it is X-free and the unique map
O — x to the terminal operad is a G-weak equivalence (i.e. an ¥ -weak equivalence for
F = ALL the collection of all subgroups of G).

We can now introduce one of the central notions of this paper.

Definition 2.21. A G-global operad O is called a G-global E-operad if it is X-free
and the unique map @ — * is a G-global weak equivalence, i.e. for every n > 0 the map
O(n) — xis a (G x X,)-global weak equivalence.
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Below we will show that ¥ -weak equivalences of X-free operads induce Quillen
equivalences between their model categories of algebras. A standard way to prove this
in purely model categorical language would proceed via a “cell induction” argument to
reduce the claim to free algebras. However, pushouts in categories of algebras are quite
complicated, and while the appendix of [5] provides an explicit description, proving the
comparison along these lines would become quite involved computationally. Instead, we
will use oo-categorical language to recast this reduction argument into much simpler form
using monadicity.

Proposition 2.22. Let O be an operad in M -SSet. Then the functor
forget™: Algo (M-SSet)i> — M-SSety

induced by the forgetful functor on associated quasi-categories is conservative and pre-
serves A°°-shaped homotopy colimits. In particular, the adjunction LP — forget™ induced
by the Quillen adjunction (2.1) is monadic.

The proof will rely on the following standard observation, also cf. [28, Theorem 12.2]
or [38, Proposition 2.1.7] for similar results.

Proposition 2.23. Let C be a cocomplete category with finite products that is in addition
enriched, tensored, and cotensored over SSet. Assume further that the geometric real-
ization functor Fun(A°P, C) — C (given by the coend of the tensoring) preserves finite
products. Then the forgetful functor Algy(C) — C preserves geometric realizations for
every operad O in C.

Proof. We write N: @ — Fun(A°®, ©) for the right adjoint of || given by (N X),, = X"
with the evident functoriality in each variable, and we write N for the right adjoint of
geometric realization in Alggy (C) defined analogously. The claim then amounts to saying
that the canonical mate of the left-hand square in

Fun (A%, Algg(©)) <X Algg (@) Algg (Fun(A®, €)) <22%_ Ajg ()
Fun(AoP,forget)l A5 lforget forgetl ESS lforget
id id
Fun(A°,C) «—— C Fun(A®,C) «—— C

N N

is an isomorphism (here we used that the forgetful functor strictly preserves cotensors by
construction). Using the canonical isomorphism Fun(A°P, Alg, (€)) = Alge (Fun(A°P, €))
and the compatibility of mates with pasting, it is then enough to show this for the right-
hand square.

For this we then observe that || lifts to a functor Algy (Fun(A°, C)) — Algy(C) as
it preserves products, and so do the unit and counit of the adjunction || - N, inducing
an adjunction Alge (|—|) 7 Alge (N). However, with respect to these choices the canonical
mate of the right-hand square is even the identity (by the triangle identity for adjunctions),
which completes the proof of the proposition. ]
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Proof of Proposition 2.22. 1t suffices to prove the first statement; the second one will then
follow by the oco-categorical Barr—Beck theorem [25, Theorem 4.7.3.5].

Conservativity is clear since weak equivalences in M -SSet and Algq (M -SSet) are
saturated and since forget creates weak equivalences. For the remaining part, we observe
that A°P-shaped homotopy colimits on both sides can be computed as geometric real-
izations of a Reedy cofibrant replacement (of a chosen strictification) by [24, Corol-
lary A.2.9.30]. On the other hand, geometric realization in M -SSet is just given by taking
diagonals (see e.g. [9, Proposition B.1]), hence fully homotopical by [20, Lemma 1.2.57].
Thus, Proposition 2.23 shows that also geometric realization of (9-algebras is fully homo-
topical, i.e. A°P-shaped homotopy colimits can be computed by ordinary geometric real-
ization in either category. The claim then follows from another application of Proposi-
tion 2.23. |

We can now finally prove the following theorem.

Theorem 2.24. Let f: O — P be an ¥ -weak equivalence of X -free operads in M -SSet.
Then the Quillen adjunction

fi:Algy(M-SSet) ¢ = Algp(M-SSet) g - f* 2.2)
is a Quillen equivalence.

For M = G afinite group, an alternative proof using the bar construction is mentioned
in [14, discussion after Remark 4.11]. The corresponding statement for (suitable) algebras
in genuine G-spectra also appears without proof as [7, Theorem A.3].

Proof. 1t is clear that (2.2) is a Quillen adjunction with homotopical right adjoint, so it
suffices that ( f*)°° is an equivalence of quasi-categories. For this we consider the diagram

Algp(M-SSet)® L5 Alg (M -SSet)
forgetwl 4 lforgetOo
M -SSet? =————— M-SSet

which commutes up to the natural isomorphism induced by the identity transformation
forget = forgeto f*. As both vertical functors are monadic (Proposition 2.22), it suffices
by [25, Corollary 4.7.3.16] that the canonical mate LPgy = (f*)® o LPgp of the above
transformation is an equivalence. Unravelling definitions, this amounts to saying that for
each (cofibrant) X € M -SSet the map

[Jom xs, x" > ][ 2() x5, X"

n>0 n>0

induced by f is an ¥ -weak equivalence. As X, acts freely on both @ (n) and P (n), this
is in turn immediate from Lemma 2.12. ]
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Remark 2.25. A standard trick, see e.g. [14, discussion after Remark 4.11], shows that
any two genuine G-E-operads O, & are weakly equivalent through X-free operads:
namely, it suffices to consider the zig-zag @ < @ x P — P given by the projections.
Thus, the previous theorem implies that the model categories of @- and J-algebras are
Quillen equivalent.

Similarly one shows that any two G-global E-operads have Quillen equivalent cate-
gories of algebras. In Section 5 we will compare these further to the models of “G-globally
coherently commutative monoids” previously studied in [20, Chapter 2].

3. G-global category theory

In this section we want to develop the analogue of the above theory for categories, and in
particular we will introduce G-global model structures on EM-G -Cat and on categories
of algebras over operads in it.

For this we first recall that the category Cat of small categories carries a canoni-
cal model structure [32] whose weak equivalences are the equivalences of categories,
whose cofibrations are those functors that are injective on objects, and whose fibrations
are the isofibrations, i.e. those functors with the right lifting property against the inclusion
* — E{0, 1} of either object. This model structure is proper, Cartesian, and combinatorial.
Moreover, the functor grpdfy o h: SSet — Cat sending a simplicial set to its fundamen-
tal groupoid is left Quillen (with right adjoint given by taking the nerve of the maximal
subgroupoid) and it preserves finite products. Thus, any Cat-enriched model category
becomes a simplicial model category by transporting the enrichment, tensoring, and coten-
soring along this adjunction; in particular, Cat itself becomes a simplicial model category.

One of the key objects of study in this paper is the following equivariant generalization
of the canonical model structure.

Theorem 3.1. Let M be a categorical monoid (i.e. a strict monoidal category) and let
F be a collection of finite subgroups of Ob(M). Then there is a unique model structure
on the category M-Cat of small categories with strict M -action in which a map f is
a weak equivalence or fibration if and only if f¥ is an equivalence of categories or
isofibration, respectively, for each H € ¥ . We call this the ¥ -model structure and its weak
equivalences the ¥ -equivalences. It is right proper, Cat-enriched (hence simplicial), and
combinatorial with generating cofibrations

{M/H xi:HefF,ieclca}
and generating acyclic cofibrations
{M/Hxj:Hec¥, je Jca)

for arbitrary choices of generating (acyclic) cofibrations Icat, Jcat of Cat.
Finally, the ¥ -equivalences are stable under filtered colimits and arbitrary products.
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Proof. Let us first show that the model structure exists, which we will do by transfer-
ring along the functor ((-)#)ges: M-Cat — [ Cat (with Cat-enriched left adjoint
given by sending (C)peg to | [gey M/H x Chg).

As M -Cat is locally presentable and every object in it is fibrant, it will be enough by
Quillen’s path object argument to construct functorial path objects. Just as in the simplicial
setting, these can be obtained from the usual path objects

const (evo,evi)

C —>Fun(E{O,1},C) ——>CxC

in Cat by pulling through the M -actions; here we used that the canonical model structure
is Cartesian. This completes the proof of the existence of the model structure and shows
that it is combinatorial with the above generating (acyclic) cofibrations.

The model structure is right proper and Cat-enriched because it is transferred from
a right proper Cat-enriched model structure along a Cat-enriched adjunction. Finally,
filtered colimits and small limits in Cat can be computed pointwise, so filtered colimits
commute with finite limits in Cat as they do so in Set. We conclude that filtered colimits
in the ¥ -model structure on M -Cat are homotopical as they are so in Cat, and likewise
for products. ]

Specializing to M = EM x G for a discrete group G we get the following result.

Corollary 3.2. Let G be any discrete group. Then there is a unique model structure on
EM-G-Cat in which a map [ is a weak equivalence or fibration if and only if f¢ is an
equivalence of categories or isofibration, respectively, for every universal H C M and
every homomorphism ¢: H — G.

We call this the G-global model structure and its weak equivalences the G-global
equivalences. It is right proper, Cat-enriched (hence simplicial), and combinatorial with
generating cofibrations

{EM x4y, G xi:H C Muniversal, p: H — G, i € Ica}
and generating acyclic cofibrations
{EM x4, G x j: HC Muniversal, p: H — G, j € Jcat}

for any sets Icat, Jcar of generating (acyclic) cofibrations of Cat. Moreover, the G-global
equivalences are stable under filtered colimits and arbitrary products. [ ]

Remark 3.3. Again, the above weak equivalences and fibrations on E.M-G-Cat only de-
pend on the action of the discrete group core(M) X G, i.e. the G-global model structure is
transferred from an analogously defined G -universal model structure on core(M)-G -Cat
(which however does not model G-global category theory).

Remark 3.4. We can also look at EM-G-Cat through the eyes of the G-global weak
equivalences, i.e. those functors f such that N( /') is a G-global weak equivalence in the
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sense of Theorem 2.3, or equivalently such that f¢ is a weak homotopy equivalence for
every ¢: H — G. As we prove in [22, Corollary 3.30], this then yields another model of
unstable G-global homotopy theory with the nerve descending to an equivalence of the
associated quasi-categories.

Next, we want to show that for suitable ¥ the ¥ -model structure on M -Cat is also
left proper, and that M -Cat moreover admits an injective ¥ -model structure. For this, we
begin by giving an easy description of the above cofibrations in the case that M = G is
a discrete group, analogous to the usual characterization for cofibrations of G-simplicial
sets recalled in Lemma 2.8.

Lemma 3.5. Assume M = G is a discrete group and that 1 € ¥ . Then a map i is a cofi-
bration in the ¥ -model structure if and only if it is an injective cofibration (i.e. injective
on objects) and every object not contained in the image of i has isotropy in ¥ .

In particular, if G is finite and ¥ = ALL, then every object is cofibrant.

Proof. We first observe that all generating cofibrations are injective cofibrations and sat-
isfy the above isotropy condition. As the class of all such functors is closed under retracts,
pushouts, and transfinite compositions (using that Ob preserves colimits), we conclude
that every F -cofibration satisfies the above properties.

To complete the proof it therefore suffices to show that any functor i: A — B that is
injective on objects and satisfies the above isotropy condition has the left lifting property
against each ¥ -acyclic fibration p: C — D. For this we consider any lifting problem

A——> C
il f/ﬂﬂvlp
B /T> D.

We may assume without loss of generality that Ob(A) is a subset of Ob(B) and that i is
given on objects by the inclusion. To define A on objects, we first pick orbit representatives
(by);ey for the G-action on Ob(B). We now set

A(g.bi) = a(g.b;)

whenever b; € A; otherwise, we write H for the stabilizer of b; and observe that H € ¥
by assumption, so that p: CH — D# is an acyclic fibration in Cat, hence in partic-
ular surjective on objects. Thus, we can pick ¢; € CH with p(c;) = B(b;), and we set
A(g.b;) = g.c; for all g € G. We omit the straightforward verification that this is well
defined and G-equivariant, that it extends o on objects, and that pA(b) = B(b) for all
b € B.

Next, we define A on morphisms as follows: given any f:b — b’ in B, we have
pA(b) = B(b) and pA(b") = B(b’) by the above, so there is a unique map g: A(b) — A(b')
with p(g) = B(f) as p is fully faithful. We then set A(f) := g. We omit the straight-
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forward verification that this is well defined and G-equivariant. By construction, pA = 8,
and moreover Ai = « on objects. To prove that Ai and « also agree on morphisms, it is
enough by full faithfulness to prove this after postcomposition with p, in which case this
follows from the equalities pAi = Bi = pa. L]

Corollary 3.6. For M = G a finite discrete group and ¥ = ALL, the F -equivalences
are precisely the equivalences in the 2-category of G-categories, G -equivariant functors,
and G -equivariant natural transformations.

We will refer to these simply as “G-equivalences” below.

Proof. By the previous lemma, all objects of G-Cat are cofibrant-fibrant, so the abstract
Whitehead theorem shows that a map is an A{{-equivalence if and only if it is a homotopy
equivalence. Picking the cylinder objects

(inclg,incly)

cuc 22 exE 1S ¢
coming from the Cat-enrichment, the claim follows immediately. ]

With the above characterization of the cofibrations at hand we can now prove the
following proposition.

Proposition 3.7. Let M be any categorical monoid and let ¥ be a family of finite sub-
groups of Ob(M). Then the ¥ -equivalences are stable under pushout along injective
cofibrations. In particular the ¥ -model structure is left proper.

Proof. As ¥ is closed under passing to subgroups, a map in M -Cat is an ¥ -equivalence
if and only if it is an H -equivalence for each H € ¥ . As moreover pushouts in M -Cat
and H -Cat are both created in Cat, we are therefore reduced to the case that M = H is
a finite discrete group and ¥ = ALY is the family of all subgroups.

But in this situation the cofibrations of the ¥ -model structure are precisely the injec-
tive cofibrations. In particular, every object is cofibrant and hence H -Cat is left proper,
which immediately implies the claim. ]

Theorem 3.8. Let M be any categorical monoid and let ¥ be a family of finite subgroups
of Ob(M). Then there exists a unique model structure on M-Cat whose weak equiva-
lences are the ¥ -equivalences and whose cofibrations are the injective cofibrations. We
call this the injective ¥ -model structure. It is combinatorial, proper, Cat-enriched (hence
simplicial), and Cartesian.

Proof. To prove that the model structure exists and that it is combinatorial and proper,
it suffices by [20, Corollary A.2.18] and the existence of the non-equivariant injective
model structure on M -Cat that pushouts of F -equivalences along injective cofibrations
are J -equivalences, which is precisely the content of the previous proposition.
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Next, let us show that the model structure is Cartesian. It is clear that the unit is cofi-
brant, so that it only remains to verify the pushout product axiom. For cofibrations this
follows directly from the fact that Cat is Cartesian, so it only remains to show the induced
map in

AxC 25 BxC

ol

AxD — P _

ixD B xD

is an ¥ -equivalence for any cofibration i: A — B and any acyclic cofibration j: C — D.
For this we observe that A x j and B x j are acyclic cofibrations, and so is k as a pushout
of an acyclic cofibration. The claim now follows by 2-out-of-3.

The proof that this model structure is Cat-enriched is analogous. ]

Corollary 3.9. Let G be any finite group. Then there exists a unique model structure
on EM-G-Cat with cofibrations the injective cofibrations and weak equivalences the
G-global equivalences. We call this the injective G-global model structure. It is proper,
combinatorial, Cartesian, and Cat-enriched (hence simplicial). [

Warning 3.10. In the simplicial world, Elmendorf’s theorem [11] provides an alterna-
tive description of the equivariant homotopy theory of G-simplicial sets in terms of fixed
point systems. More precisely, we define for any discrete group G and any collection ¥
of subgroups of G the orbit category O as the full subcategory of G -Set spanned by the
transitive G-sets of the form G/H with H € ¥ . We then obtain a functor ®: G-SSet —
Fun(O%, SSet) given by ®(X)(G/H) = maps®(G/H, X) = X with the evident func-
toriality in both variables, and Elmendorf’s theorem says that this is an equivalence of
homotopy theories with respect to the ¥ -weak equivalences on the source and the level-
wise weak equivalences on the target. This result was refined by Bergner (for ¥ = AL{)
who constructed a model structure on G -SSet with weak equivalences those maps f such
that  is a Joyal equivalence for every subgroup H C G, and proved that ® is the right
half of a Quillen equivalence to Fun(Oj& ¢» SSetjoyar), see [6, Theorem 3.3].

We caution the reader that the corresponding statement is not true in our situation,
even if M = G is a finite discrete group and ¥ = ALL. Indeed, if ® were to induce an
equivalence of associated quasi-categories, it would have to preserve homotopy pushouts,
and hence so would any of the fixed point functors (—)7 =~ evg/g o® for H € ¥. By
Theorem 3.8 above this would imply that pushouts along injective cofibrations commute
with fixed points up to equivalence. We will show that this is not the case, already for
G =7Z/2 and ¥ = ALL; note that this does not contradict Bergner’s result mentioned
above as the nerve does not preserve (homotopy) pushouts.

For this, we consider the “fork” x == y — z where the arrow y — z coequalizes the
two arrows x = y. Comparing corepresented functors then shows that the pushout of

x=zy—=2)eex=zy) —>* (3.1
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is simply the category y — z (with the evident maps). We now make this square into a
diagram in Z/2-Cat by letting the non-trivial element of Z /2 exchange the two arrows
X =3 y and act trivial otherwise; it follows formally that this is then a pushout square
again.

However, the Z /2-fixed points of (3.1) are given by

(x \y; zZ)<(x y)— % (3.2)

and the pushout of this is the category y = z.

Note that the same example shows that the injective ¥ -model structure does not exist
for general collections of subgroups ¥ (as opposed to families). Namely, if the injective
model structure for G = Z/2 and ¥ = {Z/2} existed, then it would necessarily be left
proper as all G-categories are injectively cofibrant. However, the inclusion of (3.2) into
(3.1) is a levelwise F -equivalence, while the induced map on pushouts is not.

Remark 3.11. Let M = G be a finite discrete group and let ¥ be a family of finite
subgroups of G; we now want to construct some fibrant objects of the injective ¥ -model
structure on G -Cat in more concrete terms.

To this end, we let Q be a cofibrant replacement of the terminal category * in the usual
¥ -model structure on G-Cat. Then Q = @ for any H ¢ ¥ by Lemma 3.5, so Q x —
sends ¥ -equivalences to G-equivalences. On the other hand, it clearly preserves injective
cofibrations, so that we get a Quillen adjunction

Q X = G'Catinjective 7 G'Cat(AM : Fun(Q» _);

in particular Fun(Q, C) is injectively fibrant for any G-category C. While we will not
do this here, one can in fact show (using the general theory of Bousfield localizations
of model categories) that a G-category C is injectively fibrant if and only if the map
C — Fun(Q, C) induced by Q — * is an A{{-equivalence, also cf. [16, discussion after
Proposition 1.12] for the corresponding (classical) statement for simplicial sets.

As one particular instance of this, let us consider the case that ¥ = Jriv consists
only of the trivial group. Then we have a standard choice of Q as the indiscrete category
E G with G-action induced by the left regular action of G; in particular, Fun(EG, C) is
injectively fibrant for any G-category C. G-categories of this form play a central role in
Merling’s treatment of equivariant algebraic K-theory [31], and several of the key prop-
erties established by her actually become formal consequences of injective fibrancy: in
particular, Ken Brown’s lemma shows that Fun(E G, -) takes underlying equivalences to
G-equivalences [31, Proposition 2.16], while the abstract Whitehead theorem shows that
any underlying equivalence between categories of the form Fun(EG, C) is already a G-
equivalence, which immediately implies Lemma 2.8 of op. cit.

Remark 3.12. We can also use the above to answer a question raised by Merling as [31,
Question 3.5]: namely, she shows in Proposition 3.3 of op. cit. how Fun(E G, -) lifts to a
functor from the category of G-objects and pseudoequivariant functors (i.e. pseudonatural
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transformations of functors BG — Cat, into the 2-category of categories) to just G-
objects and strictly equivariant functors, and she asks whether all equivariant functors
Fun(EG, C) — Fun(EG, D) arise this way.

This is indeed the case: first we observe that the non-equivariant equivalences in
G -Cat are the just the usual level weak equivalences, so [10, Theorem 7.9.8 and Remark
7.9.7] together with [17, Section 1.4.3] implies that the canonical map

G-Cat — Fun (N(BG), N (Cat))

is a quasi-localization at the non-equivariant equivalences, where we view Cat as simpli-
cially enriched in the same way as before. This map can be identified up to equivalence
with the nerve of the inclusion of G-Cat into the strict 2-category Fun,(BG, Cat,) of
strict G-objects, pseudoequivariant functors, and pseudoequivariant natural isomorphisms
(i.e. invertible modifications); alternatively, one can use a standard argument due to Dwyer
and Kan recalled in [20, Proposition A.1.10] to directly prove that the latter map is a
quasi-localization. In any case we in particular see that we have an ordinary 1-categorical
localization G -Cat — h Fun,(BG, Caty).

On the other hand, G-Cat is a model category in which every object is cofibrant,
so the natural map of the 1-category of injectively fibrant G-objects into the category
hFun, gyict (B G, Caty)sibrant Of injectively fibrant (strict) G-objects and isomorphism class-
es of strictly G-equivariant maps is also a localization. By direct inspection, Merling’s
construction is compatible with invertible modifications, and accordingly it descends to a
map h Fun, (BG, Cat,) — hFun gi«(BG, Caty)fiprant, yielding a commutative diagram

Fun(EG,-)

G-Cat G 'Catﬁbrant

l !

h Fl.ll’lz (BG s Catz) m) h Funz,smm(B G, Catz)ﬁbram.

Thus, we can view her construction as the derived functor of Fun(EG, -): G-Cat —
G -Catgppap. As the latter is homotopy inverse to the inclusion we see that Merling’s con-
struction is an equivalence, hence in particular fully faithful as desired.

Finally, we remark that a slightly more elaborate version of the above argument actu-
ally shows that her construction extends to induce for every C, D € G -Cat an equivalence
between the category of pseudoequivariant functors C — D and pseudoequivariant trans-
formations between such to the category of strictly equivariant functors and strictly natural
transformations between Fun(EG, C) and Fun(EG, D).

3.1. Functoriality

We now discuss some functoriality properties of the model structures from Theorem 3.1
analogous to the situation for simplicial sets. Throughout, we let M be a categorical
monoid and ¥ a family of finite subgroups of Ob(M).
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Lemma 3.13. Let a: H — G be any group homomorphism. Then
a: (M x H)-Catg,. , 2 (M x G)-Catg, ; : o™
is a Quillen adjunction with homotopical right adjoint.

Proof. One immediately checks from the definitions that o* preserves weak equivalences
as well as fibrations. ]

Lemma 3.14. Let G be any discrete group and assume f:C — D is a §¢ g-equivalence
in (M x G)-Cat such that G acts freely on both C and D. Then f/G:C/G — D/G is
an ¥ -equivalence.

Proof. As before we reduce to the case that M = H is a finite discrete group and ¥ =
ALL. As G acts freely on C, the isotropy of any ¢ € C intersects G trivially, i.e. it is an
element of the family $p ¢, and likewise for D. Thus, Lemma 3.5 shows that both C
and D are cofibrant in the §g g-model structure, and the claim follows by applying the
previous lemma to the unique homomorphism G — 1. ]

Lemma 3.15. Let o: H — G be an injective homomorphism of discrete groups. Then
a*: (M x G)-Catg,. , 2 (M x H)-Catg, , : ax
is a Quillen adjunction and o is fully homotopical.

Proof. 1t suffices to show that o, preserves fibrations and weak equivalences, for which
we may again reduce to the case that M = K is a finite discrete group and ¥ = ALL.
As restriction along an injective homomorphism preserves freeness, the same argument as
in the previous lemma then shows that a* preserves cofibrations; moreover, it is clearly
homotopical, hence left Quillen. Thus, o is right Quillen and hence homotopical by Ken
Brown’s lemma. ]

Arguing as in the proof of Corollary 2.14 we get the following result.

Corollary 3.16. Let G be any discrete group, let n > 0, and let f:C — D be a §% G-
equivalence in (M x G)-Cat. Then the map f>":C*" — D*" isa §% gxx,-equivalence
in (M x G x X,)-Cat with respect to the ¥, -action permuting the factors. ]

3.2. Equivariant categorical operads

We now want to study operads in G-Cat and EM-G -Cat for any (finite) group G, along
with their algebras. Again, the basic theory works in greater generality, so we fix a cate-
gorical monoid M together with a family ¥ of finite subgroups of Ob(M).

Construction 3.17. Analogously to the simplicial situation, the forgetful functor

forget: Algy (M -Cat) — M -Cat
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has a left adjoint P given by the formula PC = [[,., O(n) x5, C*" with the evident
functoriality in C and the (-algebra structure induced by operad structure maps of O.

Again, Alg (M -Cat) is enriched, tensored, and cotensored over Cat (with cotensors
created in M -Cat), and the adjunction P - forget is then naturally a Cat-enriched adjunc-
tion.

Theorem 3.18. Let O be any operad in M -Cat. Then there exists a unique model struc-
ture on Algy(M-Cat) in which a map is a weak equivalence or fibration if and only if it
is so in the ¥ -model structure on M -Cat. We call this the ¥ -model structure again. It
is combinatorial, right proper, Cat-enriched (hence simplicial), and filtered colimits in it
are homotopical. Moreover, the free-forgetful adjunction

P: M-Caty = Algg(M-Cat) : forget
is a Quillen adjunction with homotopical right adjoint.

Proof. 1t is clear that Algq (M -Cat) is locally presentable, so to prove that the trans-
ferred model structure along P — forget exists and is combinatorial, right proper, and
Cat-enriched, it is again enough to construct functorial path objects.

For this we observe that Fun(£{0, 1}, C) inherits a natural @-algebra structure from
C as Fun(E{0, 1},-) is Cat-enriched and product-preserving. With respect to this algebra
structure, the maps

const (evo,evi)

C —>Fun(E{O,1},C) ——CxC

are then (9-algebra maps, so this provides the desired path object by the proof of Theo-
rem 3.1. u

Example 3.19. Let G be a finite group. Analogously to the simplicial situation, an operad
O in G-Cat will be called a naive G-Ex-operad if each O (n) is G-equivariantly equiv-
alent to the terminal category and O (n)? = @ forany H C G x X, not contained in G.
Such an operad is in particular X-free (i.e. X, acts freely on O (n) for any n > 0).

Again the prototypical example is an E.-operad @ in Cat that we equip with the
trivial G-action. A @-algebra in G -Cat is then the same data as a G-object in Algg (Cat).
A particularly important example of @ for us is the (categorical) Barratt—Eccles operad
EX, whose n-ary operators are given by the category EX, with the evident right %,,-
action. There is then a unique way to make E X, into an operad; we refer the reader to
[29, Proposition 4.2 and Lemma 4.4] for details. Any permutative category gives rise to an
algebra over E X, by [29, Lemmas 4.3—4.5], and as observed e.g. in [ 14, Proposition 4.2]
without proof this yields an isomorphism between the category PermCat of permutative
categories and strict symmetric monoidal functors and Alggy, (Cat). As an upshot of
all of this, we can identify Alggy_(G-Cat) with the category G-PermCat of G-objects
in PermCat. Following [14, Section 4.1], we will refer to the objects of G -PermCat as
naive permutative G-categories.
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Example 3.20. In analogy to the terminology in the simplicial setting, a X-free operad
O in G-Cat will be called a genuine G-E-operad if the unique map @ — * is a G-
equivalence, i.e. each @ (n) is §g,x,-equivalent to the terminal category.

If # is a X-free operad such that each & (n) is non-equivariantly equivalent to the
terminal category, then we can build a genuine G-Eqo-operad P £ from this as follows,
also see [14, Definition 4.4]: we set PEC (n) = Fun(EG, £ (n)) with the induced %,,-
action and G acting via the diagonal of its action on & (n) and the left action induced by
its right regular action on E G the structure maps of P £¢
in the obvious way. In particular, we can apply this to the Barratt—Eccles operad (equipped
with trivial G-action), yielding a genuine G-Eqp-operad EXEC with n-ary operations
given by Fun(EG, E X..). Following [ 14, Definition 4.5], we will refer to E X£C -algebras
as genuine permutative G-categories.

As observed by Guillou and May in Proposition 4.6 of op. cit., also see [4], Remark
after Theorem A’], we can apply the same construction to algebras: since Fun(E G, ) pre-
serves products, Fun(EG, C) carries a natural O £ G -algebra structure for any ©-algebra C.
In particular, Fun(E G, -) lifts to a functor from naive permutative G -categories to genuine
ones.

are induced from the ones of &

Remark 3.21. While permutative categories are rare in practice, MacLane’s strictification
theorem implies that any symmetric monoidal category is equivalent to a permutative cat-
egory, and in fact the quasi-localizations of PermCat and SymMonCat at the underlying
equivalences of categories are equivalent.

In the equivariant setting, Guillou, May, Merling, and Osorno [15] introduced genuine
and naive symmetric monoidal G-categories as pseudoalgebras over genuine and naive
G-E-operads, respectively. Generalizing the non-equivariant situation, they provide a
strictification result showing that the homotopy theory of genuine and naive symmet-
ric monoidal G-categories (with respect to the underlying G-equivalences) is equivalent
to the homotopy theory of genuine and naive permutative G-categories, respectively, as
defined above. In particular, while we will for simplicity talk exclusively about the above
categories of strict algebras in this paper, our results carry over to the pseudoalgebra set-
ting immediately.

Example 3.22. Let G be a discrete group. A G-global operad is an operad in EM-G -Cat.
We call a G-global operad O a G-global Eo-operad if it is X-free and moreover each
O(n) is (G x X,)-globally equivalent to the 1-point category, i.e. the unique map 0 —
is a G-global equivalence.

Analogously to Example 3.20, we can easily construct these from ordinary E.-oper-
ads: for this, let @ be any operad in G -Cat that is an underlying E-operad. The functor
Fun(EM,-): (G x X,)-Cat — (E-M x G x X,)-Cat sends underlying equivalences to
(G x £,)-global equivalences, so we obtain a G-global Euy-operad OEM via QEM () =
Fun(EM, @ (n)) with the induced operad structure maps, left G-actions, and right actions
by the symmetric groups. In particular, we can apply this to the usual Barratt—Eccles
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operad (equipped with the trivial G-action). We call the resulting operad EXE M the
G-global Barratt—Eccles operad. Its nerve (denoted by the same symbol) is then in partic-
ular a G-global E.-operad of simplicial sets. We emphasize that EX£ M still has trivial
G-action.

3.3. Change of operad

Our next goal is to prove that also in the categorical setting the model categories of
algebras are invariant under suitable equivalences of X-free operads. The corresponding
statement for simplicial sets ultimately relied on geometric realization preserving level-
wise weak equivalences (so that it models A°P-shaped homotopy colimits) as well as finite
products (as used in Proposition 2.23), and we begin by establishing the corresponding
results for Cat.

For this let us first recall that by definition of the SSet-tensoring of Cat, the geometric
realization of a simplicial object Co: A°? — Cat is given by the coend

[n]eA [n]eAc
[ A"®C, = / grpdfy(hA™) x Cy

with the evident Cat-enriched functoriality; here h again denotes the left adjoint of the
nerve (assigning to a simplicial set its homotopy category) and grpdfy is the left adjoint
of the inclusion Grpd — Cat.

More generally, if M is any categorical monoid, then M -Cat likewise acquires a
notion of geometric realization, and this can be explicitly computed as the geometric real-
ization in Cat together with the induced M -action.

Proposition 3.23. The geometric realization functor
|-|: Fun(A°P, M-Cat) — M-Cat (3.3)

sends levelwise ¥ -equivalences to ¥ -equivalences for every family ¥ of finite subgroups
of Ob(M).

Proof. We equip M -Cat with the injective ¥ -model structure. As this is simplicial, (3.3)
is left Quillen with respect to the Reedy model structure on the source. To complete the
proof it is then enough by Ken Brown’s lemma that every object of the source is Reedy-
cofibrant.

For this we observe that the functor discr o Ob: M -Cat — SSet is cocontinuous and
creates cofibrations. In particular, X € Fun(A°P, M -Cat) is Reedy cofibrant if and only if
discr Ob X is a Reedy cofibrant bisimplicial set. The claim follows immediately as every
bisimplicial set is Reedy cofibrant. ]

Lemma 3.24. Let M be any categorical monoid. Then the geometric realization functor
|-|: Fun(A°P, M -Cat) — M-Cat preserves finite products.
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Proof. It suffices to prove the corresponding statement for Cat. As the canonical natural
transformation |- x —| = |—| x |-| is Cat-enriched and since both source and target pre-
serve Cat-tensors and colimits in each variable separately, it suffices to check this on pairs
of represented functors, hence in particular on levelwise discrete simplicial categories. As
the functor discr: Fun(A°P, Set) — Fun(A°P, Cat) preserves products, it is then finally
enough to prove the claim after restricting along discr.

Claim. The diagram

Fun(A, Set) ~2*5 Fun(A°P, Cat)

| I

—_—
SSet odtyoh Cat

commutes up to natural isomorphisms.

Proof. 1t suffices to construct the natural isomorphism after restricting to A, where we
just take the isomorphisms grpdfy(hA™) — [ [] grpdfy(hA”) x Hom([n], [m]) provided
by the co-Yoneda lemma. A

The lemma follows as grpdfy o h: SSet — Cat preserves finite products. ]
With this established we can prove the desired homotopy invariance statement.

Definition 3.25. A map f: @ — & of operads in M -Cat is called an ¥ -equivalence if
f():O(n) - P(n) is a §# x,-equivalence for every n > 0 (where we turn the right
Y. -action into a left one as usual).

Theorem 3.26. Let f: O — P be an F -equivalence of X-free operads in M -Cat. Then
the Quillen adjunction

fiiAlgg(M-Cat)g 2 Algp(M-Cat)g : f* 34
is a Quillen equivalence.

This will again rely on a monadicity argument.

Proposition 3.27. Let O be any operad in M -Cat. Then
forget™: Algo (M-Cat)i — M-Cat3 (3.5)

is conservative and preserves A°P-shaped homotopy colimits. In particular, the adjunction
LP 1 forget™ is monadic.

Proof. Arguing as in Proposition 2.22, the only non-trivial statement is that (3.5) preserves
A°P-homotopy colimits. However, these can again simply be computed via geometric real-
ization as geometric realizations in M -Cat are fully homotopical by Proposition 3.23,
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and hence so are geometric realizations in Algq (M -Cat) by Proposition 2.23 together
with Lemma 3.24. The claim then simply follows from another application of Proposi-
tion 2.23. ]

Proof of Theorem 3.26. 1t is again clear that (3.4) is a Quillen adjunction with homotopi-
cal right adjoint, so it suffices that ( f*)®° is an equivalence of quasi-categories. For this
we consider the diagram

Algg(M-Cat)® L5 Alg, (M-Cat)®
forget™ l =7 lforgetoo
M-Cat? —————— M-Cat%o

which commutes up to the natural isomorphism induced by the identity transformation
forget = forget o /*. By monadicity, it will once more suffice that the canonical mate
of the above transformation is an equivalence, which amounts to saying that for each
(cofibrant) C € M -Cat the map

[Jom xs, ¢* = ][ P(0) x5, C"

n>0 n>0

induced by f is an ¥ -equivalence. This is in turn immediate from Lemma 3.14. ]

3.4. A comparison functor for E,-algebras

Let G be a finite group and let @, & be genuine G-E,-operads. As a consequence of
Theorem 3.26 we have equivalences of quasi-categories

* 0O
I P

(pry) L
Alge(G-Cat)® —2 Algy, »(G-Cat)® —275 Algy(G-Cat):  (3.6)

as the final result in this section, we want to represent this equivalence by an explicit
functor on the pointset level. This construction is a generalization of the functor from
parsummable categories to permutative categories we constructed in [21]. In fact, every-
thing we do here works in slightly greater generality without any extra cost, so we treat it
accordingly.

Definition 3.28. Let ¥ be a family of finite subgroups of a discrete group G. An ¥ -E -
operad is a X-free operad O in G -Cat such that for every n > 0 the unique map O (n) — *
is a 97 x,-equivalence.

In particular, if G is finite and ¥ = ALL, this recovers the notion of genuine G-
operads; on the other hand, for ¥ = Jriv the family consisting only of the trivial sub-
group, an ¥ - Eo-operad is the same as an underlying E-operad, i.e. an operad in G -Cat
that becomes an E-operad in the usual sense after forgetting the G-action. In particular,
any naive G- Eoo-operad is a 77iv- Eo-operad.
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Throughout, fix a family ¥, and let w: @ — & be a map of F - Es.-operads such that
O(n)? — P(n)? is strictly surjective on objects forevery H € ¥,¢0: H — %,,.
Construction 3.29. Given an O-algebra C, we define a G-category 74, (C) as follows:

(1) The objects of ¢ (C) agree with the objects of Py (forgety C), i.e. they are given
by equivalence classes [P; X] with P € P(n), X € C", n > 0 with [P; X] =
[Q:Y] for Q € P(n), Y € C" if and only if there exists a permutation o € X,
(necessarily unique) such that P.c = Q ando.Y = X.

(2) Given two objects a,b € w¢(C), the homomorphisms A — B are given by equiv-
alence classes [0', X'; f; O, X] with

(a) 0 €®(m),X € C™suchthata = [7(0); X]

(b) O’ €O(n),X € C"suchthath = [7(0’); X']

(©) f:04«(X)— 0.(X') amorphismin C.

Here (O',X’; f;0,X)and (N',Y’; g; N, Y ) represent the same equivalence class
if and only if there are 0 € X,,, 6’ € I, such that

(@) w(0) = w(N).o (whence in particular ¥ = 0.X)

(b) 7#(0') = w(N').0’ (whence in particular Y' = ¢’.X")

(c) g agrees with the composite

O,N.
Nu(¥) = (N.o)e(X) 222 0.x) L 0L (X)) = (0/.67).(Y)
NI’OI. n—1
[ ()] NL(Y),
where for every r > 0, A, B € O(r) we write [B, A]: Ax = B, for the action
of the unique edge (B, A): A — B in O(r) ~ *.
Note that there are always unique permutations o, ¢’ satisfying the first two con-
ditions by X-freeness. We omit the routine verification that the above is indeed an
equivalence relation.
(3) The composition [N',Y’;g; N,Y]o[O',X'; f,0,X]is [N',Y’; h; O, X] where
h is the composite

0.(X) L 0L(x") = (0.6).) TN Ny & NI

here 6 is the unique permutation such that 7(0’).0 = 7w (N) (hence in particular
X' =0.Y).

(4) G acts on both objects and morphisms diagonally, i.e. g.[P; X] = [g.P; g.X] and
g0, X" f;0,X]=[g.0,g.X",g.1.2.0,8.X].

Lemma 3.30. The above is a well-defined G-category. Moreover, for every O € O (m),
X € C™ the identity of [ (0); X] is given by [0, X;ido,(x); O, X], and for any further
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0’ € O(n), X' € C" the map

Homc (04(X). 0,(X")) = Homg, ¢ ([7(0): X].[7(0"): X']) 37
f =10 X" f:0.X] '

is bijective.

Proof. First, we will show that composition is independent of the choices of representa-
tives, for which we pick a, b, ¢ € 7 (C) and let

(N{,Y{;81; N1, Y1) ~ (N5, Y5; 82 N2, Ya), (3.8)

(01, X1: f1: 01. X1) ~ (05, X3 f2: 02, X>) (3.9
represent morphisms b — ¢ and a — b, respectively. We write ¢ for the unique permu-
tation with 7(0;) = 7w (0;).0 (whence X, = 0.X7), T for the unique permutation with
7 (N1) = 7 (N3).T (whence Y, = 7.Y7), and analogously we define ¢’ and t’. Moreover,
as [Ny;Y1] = [O7; X{] there is a unique permutation 6 with 7(04).0 = 7(N1) (whence
X = 6.Y1), and similarly we get ¢ with 7(0)).¢ = n(N,) and X} = {.Y,. But then
7(N1) = 7(07).0 = 7(0}).0’0 as well as w(N1) = w(Nz).t = w(0}).{t, hence

00 =t (3.10)

by X-freeness.
We now have to show that

(N{.Y{;g10[N1, 01.0] 0 f1; 01, X1) ~ (N3, Y5: 82 0 [N2, 05.8] © f>; 02, X>).

Plugging in the definition of the equivalence relation, this amounts to saying that the total
rectangle in the diagram

[N2,05.¢]
024(X5) —2 04,(X3) (05.0)u(Ya) —2 220, N, (¥5) —E2—s N3, (Y))
H 001071 H AR
(02.0)x(X1)  (07.(6")7"), (XD (N2.0)x(Y1)  (N{.(2)71) ()
[ol,oz.o]l I [leNZJ]l [
O1+(X1) Y 01, (X)) == (01.6)«(1) W Ni(V1) —— Ni,.(Y))

commutes. But indeed, the left-hand rectangle and the right-hand rectangle commute by
the relations (3.9) and (3.8), respectively, so it only remains to check commutativity of the
rectangle in the middle. For this we compute

[N2. 05.81%,[05. 01.(0") ]y, = [Na.t. 0,.87]1,[05.07, Oflx;

“2 [Ny.1, 04.0'0y,[05.6'6, 0} O]y,

= [Na.7. 0}.6]y,.
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where the unlabelled equalities use the functoriality of the @-action or its compatibility
with the symmetric group actions. Plugging this in, we then get
[N1, N2.7]y, [ N2, 0581y, [ 05, O{'(G/)_l]xg = [N1. N2.7ly, [N2.7, O1.6]y,
= [Ny, 01.6]y,

as desired. This completes the proof that composition is well defined.

Before we prove that composition is unital and associative, let us show that (3.7) is
bijective.

For injectivity we have to show that (O, X’; f; 0, X) ~ (O, X'; g; O, X) only if
f = g. Indeed, the permutations o, ¢’ from the definition of the equivalence relation are
the respective identities in this case, whence

g=[0.010f0[0,0]=idof oid= f

by design.

For surjectivity, we let [N’, Y'; g; N, Y] be any morphism [7(0); X] — [7(O0); X’].
Then [7(N); Y] = [7(0); X], so we find o with 7(N) = n(0).c and X = 0.Y, and
similarly we get ¢/ with 7(N’) = 7(0’).0’ and X’ = ¢’.Y’. But then

[N.Y';g;N.Y]=[0".X";[0',N".6'|og 0[N, 0.0]; 0, X]
by definition of the equivalence relation, proving surjectivity.
Now we can easily prove that [O, X;id; O, X] is a right unit for [7(0); X]: indeed,

if [r(0’); X’] is any other object, then any morphism [7(0); X] — [7(O’); X'] can be
written as [0’, X”; f; O, X] for f: 0.(X) — OL(X’) by the above, and then

[0, X'; £;0,X][0,X:id; 0, X] = [0',X'; f 0id; 0, X] = [0', X'; f; O, X]

by definition of the composition in the special case N = O’,Y = X’. Likewise, one
shows that [0, X;id; O, X] is also a left unit, and one deduces that composition in 7, C
is associative from the fact thatitis so in C.

It remains to show that the above makes 7 C into a G-category. For this we first
check that g.—: w4 C — 7o C is well defined. Indeed, well definedness on objects is
immediate; to check that this is also well defined on morphisms, let (O’, X'; f1; O, X) ~
(N',Y'; f2; N,Y) and write o, ¢’ for the unique permutations with

7(0)=n(N)o, Y =0X
and 7(0") = n(N").0’,Y' =0’ X'. Then f» = [N',0".(¢")"'] o f1 0[O, N.g], so
g.f»=[gN'.g.0".(c") " ]og.fio[g.0, g.No]
as C is an (-algebra in G-Cat. Thus, as desired

(.0, ¢.X":8./1:8.0.8.X)~(g' N'.gY':g./2:8.N.g.Y).
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With this established, the equality g.[O, X;id; O, X] = [g.0, g.X;id; 2.0, g.X] (fol-
lowing directly from the definition) shows that g.— preserves identities, while
g.([0".X"; £, 0. X"1[0", X"; f1; 0.X])
=g[0". X" f2/1:0.X] =[g.0".g.X":g.(f2/1):8.0.8.X ]
=[g.0",2.X";2./2,2.0",8.X")[g.0",¢g.X";¢g.f1:2.0,g.X]
= (¢.[0".X"; f>; 0", X"])(g.10". X"; f1; O, X])
shows that g.— is compatible with compositions, hence a functor. Finally, it is clear from

the definition that gh.— = (g.—) o (h.—) and 1.— = id, so this defines a G-action as desired.
(]

Construction 3.31. For F: C — D a map in Alggy(G-Cat), we define 7o F: 1o C —
oD via (ny F)[P; X] = [P; F(X)] and

(mo F)[O', X"; f;0,X] =[O, F(X"); F(f); O, F(X)].

Lemma 3.32. The above is a well defined and G-equivariant functor noC — mwe D.
Moreover; this makes 7 into a functor Algq(G-Cat) — G-Cat.

Proof. 1tis clear that ¢, F is well defined on objects. To check that it is also well defined
on morphisms, we first observe thatif (O’, X’; fi; O, X) represents a morphism in 74, (C),
then F(f1) is a morphism O (F(X)) = F(O0«(X)) = F(O«(X')) = O«(F(X')) as F
is a map of (-algebras. To check that m¢, F is independent of the choice of representative,
let (O', X’; f1:0,X) ~ (N',Y’; f2; N,Y), i.e. there are permutations o, ¢’ with 7(0) =
7(N).o,Y =0.X and 7(0') = n(N').0’, Y =¢’.X’, and

f2=[N',0".(c")"] f1lO. N.o].
As F is a map of O-algebras, we then have
F(f2) =[N, 0" .(c)'|F(f)[0, N.ol,

whence (O', F(X'); F(f1); O, F(X)) ~ (N', F(Y'); F(f2); N, F(Y)) as desired.
The equality

(mo F)[0,X;id; 0, X] = [0, F(X); F(id); O, F(X)] = [0, F(X);id; O, F(X)]

shows that ¢, F preserves identities. Similarly, one shows that it is compatible with com-
positions, hence a functor.
We have
(1o F)(.[P: X]) = (mo F)[g. P g.X] = [g.P: F(g.X)]
= [g.P.8.F(X)] = g.(m F)[P: X]
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by G-equivariance of F,i.e. m¢ F' commutes with the G-action on objects. Analogously,
one shows that ¢, ' commutes with the G-action on morphisms, i.e. it is a G-equivariant
functor as claimed.

Finally, it is clear from the definitions that

wo(id) =id and wo(FaFy) = (o F) (g Fr),
i.e. my indeed defines a functor to G -Cat. [

Lemma 3.33. Let C be an O-algebra. Then we have a natural ¥ -equivalence 1: C —
o C of G-categories sending an object X to [1; X andamap f: X =Y to[1,Y; f;1,X].

Proof. 1t follows immediately from the definitions that ¢ is well defined, equivariant, and
natural.

Now let H € ¥ arbitrary; we have to show that (' : CH# — (77,C)# is an equivalence.
For this we observe that ¢ is fully faithful by Lemma 3.30, whence so is (* as limits of
fully faithful functors are again fully faithful. It then only remains to show that (7 is
essentially surjective. For this we let P € $(n), X € C" such that [P; X] € (7g o)A,
Then we have h.(P; X) = (h.P;h.X) ~ (P; X) forevery h € H,i.e. there exists ao (h) €
¥, (necessarily unique) such that #.P = P.o(h) and h.X = o(h)~'.X. For any further
k € H, we have

P.o(hk) = (hk).P = h.k.P = h.P.o(k) = P.o(h)o (k)

whence o (hk) = o(h)o (k) by X-freeness, i.e. o is a homomorphism H — %,,. With this
established, the relation 7. P = P.o (h) precisely tells us that P € $(n)°.

Now let O € O(n)° be a preimage of P (which exists as 7% was assumed to be
surjective). Then 4.(0« (X)) = (h.0)«(h.X) = (0.0)«(h.X) = O«(0.h.X) = O« (X),
i.e. 0.(X)eCH . We claim that t(O«(X))=[1; O« X]is isomorphic to [P; X] in (7, C) 7,
which will then complete the proof of the lemma. Indeed, we have a map

[1.04(X);id: 0, X ]:[P: X] — [1: 0+(X)]

in 7o, C with inverse [O, X ;1d; 1, O« (X)], so it only remains to show that this is H -fixed,
for which we compute

h.[l, 0.(X);id; O, X] = [h.l,h.(O*(X)); h.id; h.O, h.X] = [1, 0+«(X);id; h.O, h.X]
= [1, 0«(X):id; 0.0 (h),0(h)~'.X] = [1, 0«(X):id; O, X ],
where the last step uses the definition of the equivalence relation. ]
By 2-out-of-3 we immediately conclude the following result.
Corollary 3.34. The functor m¢y: Alge(G-Cat)g — G-Catg is homotopical. |

Next, we will put a J-algebra structure on 7 C.
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Construction 3.35. For every Q € #(r) we define a functor Q4: (1 C)" — mC as
follows: on objects, Q4 is given by the usual action on ObPp forgety C = Obm,C, i.e.

O«([P1. X1].....[Pr: X;]) = [Q o (Pr,.... Pr): X1, ..., X .
Given morphisms [0, X/; fi: O;, X;]:[P;: X;] — [P/: X]] fori = 1,...,r we moreover
define
0.([01. X1: f1:01. X1].....[0], X]: fr: Oy, X;])
=[No(01,....00). X{,.... X i Na(f1..... [r)iNo(O1,....0r): X1..... X;].

where N € O(r) is some preimage of Q under x.
Moreover, if Q' is any other object of & (r), then we define a natural transformation

[0". 0]: O« = Q) via
[0, Olipy;xi),....[PriX,]
=[N0 (01.....0). Xo:[N' 0 (O1.....0r). N 0 (01..... 0p)]y.:
N o (O1,...,0); Xa],

where N’, N € O(r) are preimages of Q' and Q, respectively, O; is a preimage of P; for
i =1,...,r,and we abbreviate X = X1,..., X,.

Proposition 3.36. The above is independent of choices and makes 7, C into a J-algebra.
This way, 7w, becomes a functor Algo(G-Cat) — Alg, (G-Cat).

Proof. First, we show that Q4: (o C)" — m¢ C is a well-defined functor, independent of
all choices. This is clear on objects. On morphisms, we first observe that

(N o(O1,...,0,) = x(N)o (x(01),...,7(0)) = Q o (n(Oy),...,7(0,))
as 7 is a map of operads, whence
[7(N o (01.....0.)), Xe] = Qu([P1: Xil. ... [Pr. X}]).
and similarly
[7(N 0 (0f.....0D): X!] = 0x([P: X]]..... [P/: X]]).

As moreover N«(O1+(X1),...) = (N 0 (01, ..., Or))(Xs) and Ny(01,(X1),...) =
(N o(0f,...,0;,))(X.) since C is an O-algebra, we see that the above indeed defines a
morphism Q. ([P1; Xi],...) = O«([P{: X{]....). L

This is independent of the choice of representatives: indeed, if (Oi’ , X l’ ; fii O, Xi) ~
(O{, Xi’; fi: O;i, X;), then we let o; be the unique permutation with 7(0;) = n(@i).oi,
X; = 0.X;, and define oi’ analogously. If we then write o for the block sumo; & --- @ oy,
ando’ = 0] @ --- @ o/, then X. = 0.X. and )?: = 0'.X, as well as

(No(Oy.....0.)).0 = N o(Or.01.....0p.0,)
(No(01,...,0y)).0" =N o (0}.01....,0;.0})
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because O is an operad. Thus, the desired relation

[No(Of,...), X,; Nu(fi,...)iN o (O1,...), Xa]
=[No(0f,...), Xe; Nu(f1...): N 0 (01....). X4 ]

is equivalent to asking that N, ( fl, ...) agree with the composite
[No(Of.,..).No(O01.(c))7"....)JoNu(fi..... fr) 0[N o(O1....),N o (Oy.01,...)]

which in turn follows from f; = [O’, 0'.(6))™ Yo f; o [0;, 0.0;] and C being an O-
algebra.

The above is also independent of the choice of preimage N: if N is any other preimage,
then

7(No(01,...)) = a(N) o (7(0),...) = w(N) o (x(0y),...) = (N o (O1,...)

and similarly 7(N o (0/,...)) = n(N o (0!, ...)), so the desired relation amounts to
asking that

N*(fla"'vfr)
=[No(0,..).No(0f,..)] o Nu(f1,.... fr) 0[N 0(Oy,...).N 0 (Oy,...)].
As
[N o (0/, . .), N o (0/, . )]Xi = [N, N]Oi(Xi)’---
[No(01,..),No(O1,..)]y. =[N, Nlo\, xp..
this follows from naturality of [N, N].
To show that Q, is a functor, consider composable maps [0/, X/'; f/; O, X[] and
0], X]: fi: O;, Xi] fori =1,...,r; then
0.([07, X1 f1; 01, X11[01, X1: f1: 01, X, . ..)
= 0.([0, X{'s fi f1; 01, X1],....)
=[No(0f,..): X/ Nu(f{ f1....); N 0 (01,...): X]
=[No(0f,..): X)i Nu(f{... IN«(f1....); N 0 (O1,...); Xo]
= 0.([01. X1 f{: 01. X1....) 0« ([01. X1: f1: O1. X1, ....),
80 O is compatible with compositions. Analogously, one shows that Q. preserves iden-
tities.
A similar computation as the one for Q. shows that [Q’, Q] is independent of the
choice of the lifts N, N € @ (n). With this established, naturality amounts to the relation

[N'0(01,..), X,;N'(f1,...);N 0 (O1,...), Xa]
o[N'0(O1,..); Xe:[N'.N]: N 0 (0y....), X,]
=[N0 (01,..). X;;[N'.N]:N o (01,...), X.]
o[No(0f...). X;iN(f1...)iN o (O1,...), Xs|
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which follows immediately from naturality of [N’, N|. Similarly, one shows that

[0". 00", 2] =[0". OI.

using that [N, N’][N’, N] = [N”, N] forall N, N', N" € O(r).
Altogether, we have therefore constructed a functor o;: P (r) X (¢, C)" — 7, C given
on objects by

(Q:[Pi: X1), ... ) > Qu([Pr: Xil,...) = [Q o (P1,...); Xa]

and on morphisms by

((Q", 0):[01, X5 f1: 01, X1, ...) = [Q', Q] 0 0 ([O1, X1 f15 01, X1, .. )
= 0,([01. X{: f1:01.X1],...) 0 [Q", 0]

which is in turn explicitly given by

[N'o(0f,...). X;[N'.N]o Nu(f1....);N o (O1,...), Xo]
=[N'0(0]...). X Ni(f1,..) o [N .N];N o (0O1....), X.]

for arbitrary preimages N, N’ € O(r) of O, Q'.
This functor is G-equivariant: this is clear on objects where this agrees with the usual
JP-action on P forgety (C). On morphisms, we explicitly compute that

g.((Q". 0):[01. X{: f1:01. X1....)
=((5.0'.2.0):18.01.8.X1: 8. /1:8.01.8.X1]....)

is sent to

g. 0(g.01,...),8. X4, |8 N, g N|o(g.N)«(g.f1,...);8. N 0(g.01,...);8.Xe
[(g.N)o(g.01,...),8. X [g.N', g NJo(g.N)u(g. f1,...);g8.N 0(g.01,...); 8. X |
=[g.(N"0(01....).8.X0:g.(IN".N] o Nu(f1....)): 8.(N 0 (O1....)). g.Xs]

which agrees with g.[N o (0}, ...), Xe;[N', N] o Nu(f1.,...); N 0 (01, ...), X,] as
desired.

Next, we will check that these functors indeed make m¢ C into a J-algebra, i.e. that
the above maps are unital, associative, and compatible with the symmetric group actions.
Again, all the required identities hold on the level of objects because P (forgety C) is a
P -algebra, so it only remains to check these statements on the level of morphisms. For
this we make the following observation that will slightly simplify some computations: if
(0", X1{; f1:0,Xy) and (O', X); f>, O, X,) represent morphisms between the same pair
of objects, then necessarily X; = X, and X| = X} (as & is X-free); we will therefore
simply write [O; f1; O] and [O’; f,; O] for the corresponding equivalence classes below.

Now we check that o, is compatible with the symmetric group actions, i.e.

([0, 0).o:[01; f1: O1],...) = &, ([Q, QL [O,-1(1y: fo-11)i Os-11))s - -)
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forall 0 € ;. Indeed, if N, N’ are preimages of Q, Q’, then N.o, N.o’ are preimages of
0.0, Q.07, so the left-hand side is given by

[(N'.0) 0 (0]....):[N".0,N.o]o (N.0)«(f1..... fr):(N.o) o (Oy,...)].
Similarly, the right-hand side can be computed as
[N (Opi(qys - ) IN', Nl o N fo1y - s N o (051 (1), ..,

so we even have an equality of representatives by the compatibility of the operad structure
maps of @ with the symmetric group actions, and the compatibility of the action maps on
C with the symmetric group actions.

Similarly, one deduces associativity of the action on 74 C from associativity of the
action on C. For unitality, it suffices to observe that a preimage of 1 € (1) is given by
1 € O(1), so that

1.[0"; f:0] =[100":1.(f):10 0] =[0"; f: 0]

as desired.
Finally, we have to show that m¢ F is a map of #-algebras for every @-algebra map
F:C — D. Again, this is clear on objects, while on morphisms we compute

@ ([Q". QL [05: Ffi: O] ...) =[N"o(O... )i [N NIN+(Ffi... ): No(Or....)]
=[N"0(01,...); F(IN'. NIN«(fi....)); No(Oy,...)]
= (mo F)(ar ([Q", QL [O1: f1: 01).....)),

where the middle equality uses that F is a map (9-algebras. This completes the proof of
the proposition. |

Theorem 3.37. The functor (7y)>: Alge(G-Cat)y — Algp(G-Cat)g is an equiva-
lence and quasi-inverse to (*)®.

In particular, we see that (1r¢,)* is a model for L.

Proof. As we already know that (%) is an equivalence (Theorem 3.26), it will suffice
to show that w7 is homotopic to the identity. For this, we define for every J-algebra
C amap &:ron*C — C on objects via [P; X] = P« (X) and on morphisms via

[0, X £;0,X] = (f:7(0)(X) = 7(0)u(X));

we omit the routine verification that this is well defined and a G-equivariant functor.
The functor ¢ is even a map of J-algebras: this is clear on objects (where this is just
the counit of Pp» — forget ), and for the claim on morphisms we compute

&(0«(101. X{: f1: 01, X1]....))
=¢[No(01,..). X;in(N)x(fi,...)i N o (O1....), X4]
=7(N)«(f1,...) = Q«(e[07, X1 f1: 01, X1),...)
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(where N is a preimage of Q) and similarly

[0, Olipyixi.... = Q. Olp,.(xy),...-

Moreover, plugging in the definitions shows that ¢ is a natural transformation 7™ = id,
so it only remains to show that it is an ¥ -equivalence for every J-algebra C. But as a
map of G-categories ¢ is left-inverse to the ¥ -equivalence 1: C = 7*C — won*C from
Lemma 3.32, so the claim follows by 2-out-of-3. [

Definition 3.38. Let O, & be Eo-F -operads. We write Efz) for the composite

pryy Prpg
Alg(g (G -Cat) — AngX?(G -Cat) —_— Alg(rp (G-Cat)

Corollary 3.39. The functor E?, is homotopical. The induced functor on associated quasi-
categories is an equivalence naturally equivalent to (3.6). ]

4. G-global versus G -equivariant algebras

In this section we will compare the G-global and G-equivariant algebras introduced above
to each other. The argument for the simplicial and categorical cases will be almost entirely
parallel, so we denote by C one of the categories Cat and SSet.

4.1. Globally twisted G -operads

For our comparison it will be useful to first introduce a variant of G-global operads that
combines the operadic structure with the core(M)-action used to define the G-global weak
equivalences.

Definition 4.1. A globally twisted G-operad (or just twisted G-operad for short) is an
operad (9 in G-C together with a monoid homomorphism core(M) — ©@(1)¢.

The attribute “twisted” refers to the homomorphism core(M) — @ (1)@ that provides
an additional group action on any algebra over a twisted G-operad; in particular, we will
see below (Construction 4.22) that the correct notion of underlying G-space or underlying
G-category of such an algebra will have to take this action into account.

As usual, however, we will keep the homomorphism from core(.M) implicit most of
the time and just call @ itself a twisted G-operad.

Construction 4.2. If O is a twisted G-operad, then we obtain for any n >0 a left core(M)-
action on @ (n) by restricting the operad structure map O (1) x O (n) — @(n) along the
given homomorphism core(M) — @(1). By construction, this commutes with the G-
action on ((n), making the latter into a (core(:M) x G)-object; we caution the reader
however that @ is typically not an operad in core(M)-G-C as the structure maps won’t be
core(M)-equivariant.
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Analogously, we get n commuting right core(M)-actions on @ (n) via restriction of
the structure map @ (n) x O(1)*" — O (n). Together with the right X, -action that is part
of the operad structure, this assembles into an action of the wreath product X, 2 core(M)
that again commutes with the G-action.

Construction 4.3. If O is any twisted G-operad and A is an (@-algebra in G-C, then
we can similarly restrict the @ (1)-action on A to core(M) via the given homomorphism,
thereby equipping A with the structure of a (core(M) x G)-object in C. The resulting
forgetful functor Algy (G-C) — core(M)-G-C admits a left adjoint P given on objects by

PX = ]_[ O(n) X%, 2core(M) X

n>0

(with respect to the above right X, ? core(M)-action on @ (n) and the natural action on
X ") and likewise on morphisms.

Proposition 4.4. Let O be a twisted G-operad. Then there is a unique model structure on
Algy(G-C) in which a map f is a weak equivalence or fibration if and only if forget f
is a weak equivalence or fibration, respectively, in the G-universal model structure on
core(M)-G-C (see Remarks 2.6 and 3.3). We call this the G-global model structure. It is
right proper, C-enriched (hence simplicial), and filtered colimits in it are homotopical.

Proof. For € = Cat it suffices as before to show that the model structure transferred along
the forgetful functor Alg (G -Cat) — core(.M)-G -Cat exists, for which one can take the
same path objects as before.

The argument in the simplicial case is analogous, except that we additionally use Ex*°
or Sing|—| again to construct functorial fibrant replacements. ]

Definition 4.5. A twisted G-operad O is called X-free, if the above X, ? core(M)-action
on O(n) is free for all n > 0. A map of twisted G-operads is a map f of G-operads
such that f(1) is compatible with the maps from core(M). We call f a G-global (weak)
equivalence if f(n)isa G x (X, ¢ core(M))-universal (weak) equivalence for every n > 0.

Proposition 4.6. Let f: O — P be a map of twisted G-operads. Then the adjunction
fii Algg(G-€) 2 Algp(G-€) : f* @.1)

is a Quillen adjunction with respect to the model structures from Proposition 4.4. If f is a
G-global weak equivalence (for C = SSet) or G-global equivalence (C = Cat) and both
O and P are X-free, then (4.1) is a Quillen equivalence.

The proof will again rely on a monadicity argument.
Lemma 4.7. Let O be a twisted G-operad. Then the forgetful functor
Algy(G-€)*° — core(M)-G-C*

is monadic.
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Proof. 1t is clear that the forgetful functor is conservative. To prove that it is monadic
it will then be enough to show as before that the forgetful functor of simplicial cat-
egories Alggy(G-C) — core(M)-G-C preserves geometric realizations. This is in turn
immediate from Proposition 2.23 as core(M)-G-C — G-C is conservative (as a functor of
1-categories) and preserves both tensors and small colimits. ]

Proof of Proposition 4.6. Tt is clear that f* is compatible with the forgetful functors, so
that it preserves (and reflects) weak equivalences as well as fibrations; in particular, it is
right Quillen.

Now assume that f is a G-global (weak) equivalence and @ and  are X-free. As in
the proof of Theorem 2.24, it suffices that for every X € core(M)-G-C the map

[T 70 xspcoreiany X [ O0) x5 0000 X" = | [ P (10) x5,000me0a) X"
n>0 n>0 n>0
is a G-global (weak) equivalence. However, each f(n) x X™" isa G x (X, 2 core(M))-
global (weak) equivalence by assumption and X, ¢ core(M) acts freely on both source
and target, so the claim follows from Lemmas 2.12 and 3.14. [

Definition 4.8. A twisted G-operad O is called a twisted G -global E-operad if it is Z-
free and the unique map (9 — = to the terminal object is a G-global (weak) equivalence.

Example 4.9. We define the (categorical or simplicial) injection operad I as follows,
also cf. [36, Construction A.1] where the underlying operad of sets is denoted by M:

For any n > 0, the n-ary operations are given by I(n) = E Inj(n X w, w) where as
usual n = {1, ..., n} with the tautological X,-action. The structure maps on I are given
by juxtaposition and precomposition, i.e. they are induced under E by the maps

Inj(r x w,w) xInj(ny X w,w) X --- x Inj(n, X w,w) = Inj(n X ®, w)
(u;vy,...,vp) > uo(vy U--- I v,),
wheren = n; + --- + n, and we have identified ]_[,r\,:1 (ng X w) with n X w in the obvious
way.

We can make I (equipped with the trivial G-action) into a twisted G-operad via the
inclusion core(M) — EM = I(1). This is a twisted G-global E-operad: for the free-
ness it suffices to observe that the natural (X, 2 core(M))-action on n X w is faithful so
that X, ¢ core(M) acts freely on Inj(r x w, ), whence on I (n). To show that I(n) is

G x (X, 2 core(-M))-globally contractible it suffices to observe that for every universal
H C M and every o: H - G x (X, ¢ core(M))

. H
I(n x 0,0)* = I(n x o, o) = E(Inj ((Prg, coe) °9)" (1 X ), ) ")
which is non-empty and hence contractible because there exists an equivariant injection

(prEnZCore(M) O@)*(” X a)) -

by universality of H.
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Corollary 4.10. Let O be any twisted G-global Exy-operad. Then there exists an explicit
zig-zag of Quillen equivalences Algy(G-C) < Alg(G-C).

Proof. By Proposition 4.6, it suffices to observe that also @ x I is a twisted G-global E -
operad and that the projections @ < @ x I — I are G-global (weak) equivalences. m

Theorem 4.11. Let O be any G-global E-operad in EM-G-C and let P be a twisted
G-global Eso-operad in G-C. Then there is an explicit zig-zag of Quillen equivalences
Algg (EM-G-C) < Algp(G-C) with respect to the G-global model structures on both
sides.

For the proof of the theorem, we will first relate Alg (EM-G-C) to the algebras over a
suitable twisted G-global E-operad built from @ and then appeal to the previous result.
This relies on the following construction.

Construction 4.12. Let O be any operad in EM-G-C. We define an operad @ x EM in
G-C as follows: the n-ary operations are given by (O x EM)(n) = O(n) x EM*" with
the diagonal right ¥, -action and the induced G-action. For C = SSet, the operad structure

maps y9*EM of 9 x EM are given by

YO EM ((0.ua); (f D0y, (F P, 0))

= (yo(o, ur SO e fO) y EM 0D, vﬁ’)))
forall m > 0 and r,ny,...,n, >0, ue € (EM)],, vfi) € (EM)pi, 0 € O()m, pi €
O(n;)m, and similarly for ¢ = Cat. Here y© denotes the operad structure map of @ and
yEM® is given by juxtaposition and precomposition analogously to the definition of I.
We omit the straightforward but lengthy verification that @ x EM is indeed an operad
in G-C, and that we have a map of G-operads i: @ — @ x EM induced in degree n
by the inclusion {(1,1,...,1)} < EM". Similarly, we obtain a monoid homomorphism
ki EM — (O x EM)(1) and restricting this to core(.M) then makes @ x EM into a

twisted G-operad.

Remark 4.13. The above construction works more generally for every monoid M in C,
also see [37, Definition 2.1] or [27, Section 3.5], where this appears for groups acting on
topological spaces.

Remark 4.14. Plugging in the definitions, we see that the left core(.M)-action on (@ x
EM)(n) in the sense of Construction 4.2 is the diagonal of the natural core(M)-action on
EM" and the restriction of the given E.M-action on @ (n). On the other hand, the right
core(M)"-action is given by acting in the evident way on EM" and trivially on O (n).

Proposition 4.15. Let O be an operad in EM-G-C and let A be an O x EM-algebra
in G-C. Then A defines an O-algebra in EM-G-C by restricting the O x EM-algebra
structure along the above inclusion i: QO — O x EM and equipping A with the EM-
action obtained by restricting along the above homomorphism k: EM — (O x EM)(1).
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This construction extends to an equivalence of ordinary categories
Algg gy (G-C) — Algy (EM-G-C)

by sending amap f:C — D of (O x EM)-algebras to the same map viewed as a mor-
phism of O-algebras.

The corresponding statement for groups acting on topological spaces also appears
without proof as [37, Proposition 2.3].

Proof. Let us first show that this is well defined, for which it only remains to show that
the above -action on A4 is E-M-equivariant. We will show this for € = SSet, the proof for
categories being analogous. To this end we note that by definition for each u € (EM),,
0e€0Om)yanday,...,a, € Ay the action maps satisfy

a,(?(u.o; u.ay,...,u.dy)

= a0 EM((u.0,1); P EM((1,u); a1), . .., P EM((1,u); an))

for1 =(1,...,1) € EMJ,. Using that A was an (O x EM)-algebra together with the
definition of the operad structure on @ x EM this then equals

af?)"E'M(y((u.o, D (Lu),....(Lw):ay,....ay)
e

w0, (u,...,u))id, ... )
= af?erM(y((l,u); (0.(L,....1))):a1,....an)

and again using that A is an (O x EM)-algebra and plugging in the definitions this then
agrees with u.aa(o; ai,...,an) as desired.

To finish the proof, we now observe that the above functor W fits into a commutative
diagram of 1-categories

Algg, g4 (G-C) —L— Algy(EM-G-C)

forgetl lforgel

G-C G-C

in which the vertical functors are monadic. By the (1-categorical) Barr—Beck monadicity
theorem it is then again enough that the canonical mate of the identity transformation is an
isomorphism P9 X — Poxgu X forevery X € G-C. However, plugging in the definitions
this is indeed just the canonical isomorphism

[Jo®) xs, EMxx)" > ] (00) x EM") x5, X" .
n>0 n>0
Remark 4.16. One immediately checks from the definitions that with respect to the

G-global model structures on both sides, the above equivalence preserves and reflects
fibrations and weak equivalences; thus, it also preserves and reflects cofibrations.
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Proposition 4.17. Let O be a G-global operad.

(1) If O is Z-free, then so is O x EM.

(2) If O is a G-global E-operad, then O x EM is a twisted G-global E-operad.
Proof. For the first statement we restrict to the case C = SSet; the proof for categories is
analogous or alternatively follows by passing to the nerve. For this, let (0; ug, ..., u,) €

OM)m x EM};, and (0;vp,...,v,) € X, 2 core(M) with (0;ug, ..., u,).(0;v0,...,V0s) =
(o;uq,...,up), i.e.

(0.0;UG(0)V0s - - - s Ugm)Vn) = (05U0, ..., Uy).

But then 0 = 1 as X, acts freely on @ (n). Thus, u;v; = u; foralli = 0,...,n and hence
also v; = 1 as desired since core(M) acts freely on M from the right. This completes the
proof of the first statement.

For the second statement, it remains to show that (O x EM)(n)—* isa X, ¢ core(M)-
global (weak) equivalence if @ is a G-global E-operad. For this we let H C M be
universal and ¢: H — G x (X, ¢ core(-M)) be any homomorphism. If we write

p:G x (Zp 2 core(M)) - G x T,
and ¢: G x (¥, 2 core(M)) — X, 2 core(M) for the projections, then
(O x EM)(n)? = O(n)?°? x E((M")?°?).

But O(n)P°¢ is (weakly) contractible as (9 was assumed to be a G-global E-operad,
while (M™)2°? D Inj(n x @, w)?°? is non-empty as seen in Example 4.9, so that also the
second factor is contractible as desired. |

Proof of Theorem 4.11. The zig-zag is given by

AlgO (EM—G—G) ~ Alg(‘))dEM (G—G) <__) Alg((‘))«EM)XJ) (G—G) (__) Algep (G—C),
where the equivalence on the left is the one from Proposition 4.15 and the remaining two
Quillen equivalences are induced by the projections as in Corollary 4.10. ]
4.2. G-global versus G -equivariant coherent commutativity

Throughout, let G be a finite group and fix an injective homomorphism j: G — M with
universal image. We write §: G — EM x G for the homomorphism sending g to (j(g), g)-

If O is any G-global operad, then we can restrict the E.M-G-action along § to yield a
G-operad §* @, and likewise for algebras. In this subsection we will prove the following
theorem.

Theorem 4.18. Let O be a X-free G-global operad. Then

§*: Algg(EM-G-€) — Algs. 9 (G-C)
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induces a left and right Bousfield localization at the G -equivariant equivalences (for C =
Cat) or G-equivariant weak equivalences (for C = SSet).

Remark 4.19. If O is a G-global E.-operad, then §*O is evidently a genuine G-Eqo-
operad. Thus the above theorem in particular allows us to express the homotopy theory
of (categorical or simplicial) genuine G-E-algebras as a Bousfield localization of the
homotopy theory of G-global E,-algebras.

The proof of the theorem will occupy the rest of this subsection. For this, we will first
prove an analogous result for twisted G-operads, from which we will then in a second
step deduce the above comparison for ordinary operads.

Construction 4.20. If@is a twisted G-operad, then we get induced left and right core(M)-
actions on @ (n) for every n > 0 that commute with each other and the G-action. While
the structure maps of @ (n) are usually not equivariant with respect to either of these
core(M)-actions, one immediately checks that they are equivariant with respect to the
conjugate action, making O into a (core(-M) x G)-operad. We write Q¢ for the operad in
G-C obtained via restricting this action along the homomorphism

8 = (j,id): G — core(M) x G.

Example 4.21. Let I be the categorical/simplicial injection operad from Example 4.9.
Then the above G-action on I ¢ is given by

gu=j(gouo(nx,(g"h).

Put differently, Ig(n) = E Inj(n x Ug, Ug) where Ug := j*w is a (specific) complete
G-set universe. Operads of this form were considered for example by Guillou and May in
[14, Definition 7.4], and they are examples of genuine G- E-operads. In fact, if @ is any
twisted G-global Eo.-operad, then Qg is a genuine G- E-operad as

Og(n)¥ = (g(n)(j_l,(pj_l):j(H)—>GXE,, ~ %
forevery H C G, ¢: H — X,.

Construction 4.22. Let j: G — M be as above and let O be a twisted G-operad. Then
any (9-algebra A in G-C carries an “external” G-action by restricting the action of O (1)
along

G i) core(M) i) O(1)°,

and this commutes with the “internal” G-action coming from the fact that we started
with an algebra in G-categories. Equipping A with the diagonal of these two actions, we
therefore obtain a functor §: Algq (G-C) — G-C. One easily checks that the original action
maps O(n) x A" — A are G-equivariant when viewed as maps Og (n) x (64)" — 64,
so that this construction lifts to a functor

A: Algg(G-€) — Algg, (G-C). 4.2)
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Lemma 4.23. Let O be a twisted G-operad. Then (4.2) induces a right Bousfield local-
ization
A Alg@ (G'e)%o—global - Alg@c (G'e) %o-equivariam'

Proof. 1t is clear that (4.2) precisely inverts the G-equivariant (weak) equivalences; it
remains to show that A is a quasi-localization and that it admits a left adjoint.

For the first statement it suffices to observe that A is an isomorphism of 1-categories:
an inverse is given by equipping an (g-algebra C with the G-action in which g € G acts

via the composition

— kj(g™1),-
Ag—>Aa(J(g))A

for k as in Construction 4.12, where —— denotes the internal G-action and « denotes the
operadic action; note that this is indeed a G-action as g.(kj(h)) = kj(ghg™") for all
g, h € G with respect to the G-action on Og.

Finally, to construct the left adjoint it suffices to observe that A is right Quillen with
respect to the G-global model structure on the source and the G-equivariant one on the
target. u

Proof of Theorem 4.18. Ttis clear that §* inverts precisely the G-equivariant equivalences.
It remains to show that (6*)°° is a right Bousfield localization and that it in addition admits
a right adjoint.

Claim. The map i: O — O x EM defines a G-equivariant (weak) equivalence §*© —
(O x EM)¢ of operads.

Proof. Plugging in the definitions, we immediately see that
(O x EM)G(n) = (8*0)(n) x E(MY)"
as (G x X,)-objects in €, where M denotes M with G-action given by
gu = j(@ujg™"

and X, acts in the evident way on each factor. In particular, i indeed defines a map 6*© —
(® x EM)g and it only remains to show that E(M™)" has contractible ¢-fixed points
for every ¢: G — X,,. However, these are just the fixed points for

and as j(G) is universal, the claim then follows from the proof of Proposition 4.17 (2). A

We now have a strictly commutative diagram

Algy(EM-G-€) — > Algs.o(G-C)

gl T 4.3)

Algoxpm(G-C) —— Algoxrm);(G-C)
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where the unlabelled isomorphism is the one from Proposition 4.15. Upon passing to asso-
ciated quasi-categories, the lower horizontal arrow induces a right Bousfield localization
by Lemma 4.23, while the right-hand arrow induces an equivalence by Theorems 2.24 and
3.26 together with Proposition 4.17 (2). Thus, also (§*)°° is a right Bousfield localization.
Finally, to see that (§*)*° admits a right adjoint, we observe that we have a Quillen
adjunction
§*: EM-G-C 2 G-C: §4;

while this is not quite an instance of Lemmas 2.13 and 3.15, the left adjoint is homotopical
and it moreover preserves cofibrations as the ones on the right-hand side are simply the
injective cofibrations. Since both adjoints preserve products, this lifts to an adjunction

Algy(EM-G-C) 2 Algso(G-C),

which is again a Quillen adjunction as fibrations and weak equivalences on both sides are
created in the underlying categories. The claim follows immediately. ]

Remark 4.24. Conversely, we can now conclude from (4.3) that also A® admits a right
adjoint, exhibiting it as left Bousfield localization as well.

5. Parsummability

Let G be any discrete group. In this section we will compare the above categories of
G-global E-algebras to the models of “G-globally coherently commutative monoids”
studied in [20, Chapter 2] and in particular to so-called G-parsummable categories and
G -parsummable simplicial sets.

5.1. Tameness and the box product

In order to talk about parsummability we first have to introduce a technical condition on
E M-actions that is called rameness.

Definition 5.1. Let X be an M-set. An element x € X is supported on a finite set A C w
if u.x = x for all u € M fixing A pointwise; we write X4 C X for the subset of all
elements supported on A. Moreover, we say that x is finitely supported if it is supported
on some finite set A C w, and we call X rame if all its elements are finitely supported.

If X is an EM-simplicial set, then we say that an n-simplex x € X, is supported on
the finite set A C w if it is supported on A as an element of X, equipped with the diagonal
M-action. Analogously, we define the support of a finitely supported n-simplex, and the
notion of tameness of E.M-simplicial sets. We write EAM-SSet® C EM-SSet for the full
subcategory spanned by the tame EM-simplicial sets.

Finally, a small EM-category is tame if its set of objects is so. We write EM-Cat® C
E M-Cat for the full subcategory spanned by the tame E.M-categories.
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For a detailed treatment of the combinatorics of tame actions we refer the reader to
[36, Section 2] and [20, Section 1.3].

Remark 5.2. While the above definition of support for £.M-simplicial sets might look too
weak at first, one can actually show that if X is an E.M-simplicial set and x € X}, is sup-
ported on A in the above sense, then (ug, ..., Uy).f*x = f*x forall f:[m] — [n]in A
and (ug, . ..,U) € (EM),, such that each u; fixes A pointwise, see [20, Theorem 1.3.17].
A similar statement for E.M-categories can be found as [39, Proposition 2.13 (ii)].

Remark 5.3. The inclusions EM-Cat® — EM-Cat, EM-SSet’ — EM-SSet both
admit right adjoints (—)® given by passing to the full subcategory of finitely supported
objects or the subcomplex of finitely supported simplices, respectively, see [39, Exam-
ple 2.15] and [20, proof of Corollary 1.3.23]. It follows formally, that these subcategories
are closed under small colimits and that they possess small limits, which can be com-
puted by forming limits in the ambient category and then applying (-)*. Moreover, one
immediately checks that both EM-Cat® and EM-SSet® are closed under all finite limits.

Theorem 5.4. The category EM-G-SSet® of G-objects in EM-SSet™ admits a unique
cofibrantly generated model structure with weak equivalences the G-global weak equiva-
lences and generating cofibrations given by

I = {(EInj(4, ®) x4y G) x (JA" < A") : H finite group,
A # @ finite faithful H -set,
o:H—>G,n> 0}.

We call this the positive G-global model structure. It is combinatorial, simplicial, proper,
and filtered colimits in it are homotopical. Moreover, the adjunction

incl: EM-G-SSet’ = EM-G-SSetinjecﬁve G-global (_)r

is a Quillen equivalence.

Strictly speaking, we of course have to restrict to sets of finite sets A and finite groups
H (covering all isomorphism classes) in the definition of the generating cofibrations to
get an honest set, but we will ignore this technicality below.

‘We moreover remark that there is also an absolute G-global model structure with the
same weak equivalences as above but where we additionally allow A = & in the definition
of the generating cofibrations. While this absolute model structure is more natural in most
contexts, the positive one will be necessary for our applications below.

Proof of Theorem 5.4. See [20, Theorem 1.4.60]. ]

Our next goal now is to construct an analogous model structure on EM-G-Cat® and
to show that the inclusion EM-G-Cat® < EM-G-Cat is similarly part of a Quillen
equivalence.
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Theorem 5.5. The category E-M-G-Cat® admits a unique cofibrantly generated model
structure with weak equivalences the G-global equivalences and generating cofibrations
given by

1= {(E Inj(4, ) x4 G) X i : H finite group, A # @ finite faithful H -set,
9:H — G, i € Icat}.

We call this the positive G-global model structure. It is left proper, Cat-enriched (hence
in particular simplicial), and combinatorial.

Before we can prove the theorem, we need the following technical lemma.
Lemma 5.6. The adjunction h: SSet = Cat : N lifts to an adjunction
h: EM-G-SSet® = EM-G-Cat® : N. 5.1

Proof. Since both h and N preserve finite products, they naturally lift to an adjunction
EM-G-SSet 2 EM-G-Cat, and it only remains to show that they preserve tameness.
For the nerve this appears in [23, Example 2.7], while the claim for h follows immediately
from the definitions. ]

Proof of Theorem 5.5. The category E-M-G-Cat’ is locally presentable as the adjunc-
tion (5.1) exhibits it as an accessible Bousfield localization of the category E.M-G -SSet®
which in turn is locally presentable by [20, Theorem 1.4.60].

We will now verify the assumptions of [24, Proposition A.2.6.13]: first, we have to
show that the G-global equivalences on E.M-G-Cat’ are perfect in the sense of [24, Def-
inition A.2.6.10]. However, the G-global equivalences on the whole category EM-G-Cat
are part of a combinatorial model structure and closed under filtered colimits (Corol-
lary 3.2), hence perfect by [24, Remark A.2.6.14]. Thus, the claim follows from [24,
Corollary A.2.6.12] applied to the inclusion EM-G-Cat® — EM-G-Cat.

Next, let j be any pushout of a map in / (along an arbitrary map); we have to show
that pushouts along j preserve G-global equivalences. But j is in particular an injective
cofibration, so this is simply an instance of Proposition 3.7.

Finally, we have to show that every map f with the right lifting property against /
is a G-global equivalence. But indeed, looking at corepresented functors shows that in
this case f[i] is an acyclic fibration in Cat for each universal subgroup H, each finite
non-empty H-subset A C w, and each homomorphism ¢: H — G. Passing to the filtered
colimit over A (and using that f is a map of tame E.M-G-categories), then shows that f¢
is an equivalence of categories (as a filtered colimit of equivalences) as desired.

Thus, [24, Proposition A.2.6.13] shows that the model structure exists and that it is
combinatorial and left proper. It only remains to show that it is Cat-enriched as a model
category, i.e. to verify the pushout product axiom. For the statement about cofibrations,
we may restrict to generating cofibrations, where this follows easily from the fact that Cat
itself is Cat-enriched. The part about acyclic cofibrations then follows as in the proof of
Theorem 3.8. ]
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Theorem 5.7. The adjunction
incl: EM-G-Cat® <__) Ee/“-G-Catmjemive G-global - (—)T
is a Quillen equivalence.

Proof. 1tis clear that the left adjoint preserves cofibrations and creates weak equivalences.
It therefore only remains to show that the counit C* — C is a G-global equivalence for
each injectively fibrant £.M-G-category C.

This will be analogous to the argument we gave in the simplicial situation as part
of [20, Corollary 1.3.28]. Namely, we will show that C[‘f4 < C¥ is an equivalence of
categories for each universal H C M, non-empty finite faithful H-set A C w, and homo-
morphism ¢: H — G; the claim will then again follow by passing to the filtered colimit
over all such 4.

To prove the claim we consider for each such C the map

Funf**C (Enj(4, 0) x4 G, C) — Fun®**C(EM %, G, C) (5.2)
induced by the restriction EM — E Inj(A, w). It is clear that (5.2) is conjugate to
C[ﬁ] — C*?.

As Cis injectively fibrant and since the injective G-global model structure is Cat-enriched,
it is therefore enough to show that

EM x, G — EInj(4, ) x, G

is a G-global equivalence.

Clearly, the H -actions via precomposition on EM and E Inj(A4, ) are free. Unrav-
elling the definition of — x, G and appealing to Lemma 3.14 it is then enough to show
that EM — E Inj(A, w) is an H-global equivalence, for which it in turn suffices that
(E Inj(B, w)) is equivalent to the terminal category for every universal K C M, every
Y: K — H, and each countable H-set B. As before this just amounts to saying that
Inj(B,w)Y is non-empty, i.e. that there exists an K-equivariant injection ¥* B > w. This
is in turn immediate from universality of K (also see [20, Example 1.2.35]). ]

Now we are ready to define parsummable categories as first introduced in [39] as well
as their simplicial counterpart, the parsummable simplicial sets [23].

Definition 5.8. Let C, D € EM-Cat®. Their box product is the full subcategory C X D C
C x D of the Cartesian product spanned by all those (¢, d) € C x D such that ¢ and d
are disjointly supported, i.e. supp(c) N supp(d) = .

One can show that C X D is again tame and that X defines a subfunctor of the Carte-
sian product. The usual coherence isomorphisms of the Cartesian symmetric monoidal
structure then restrict to make X the monoidal product of a preferred symmetric monoidal
structure on EM-Cat®, see [39, Proposition 2.35]. Taking diagonal G-actions this then
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more generally provides a symmetric monoidal structure on EM-G-Cat® for every (dis-
crete) group G.

Definition 5.9. We write
G -ParSumCat := CMon(EM-G -Cat’, X)

for the category with objects the commutative monoids (with respect to the box prod-
uct) in EM-G-Cat® and morphisms the monoid homomorphisms. We call its objects
G -parsummable categories.

Similarly, there is a box product of tame EM-simplicial sets which is however slightly
more intricate to define:

Definition 5.10. Let X,Y be tame EM-simplicial sets. We call x € X,,, y € Y, dis-
jointly supported if they are disjointly supported as elements of the M-sets i} X, and
i : Y,, respectively, for every 0 < k < n, where iy: M — M1 denotes the inclusion of
the (k + 1)-th factor; note that these are indeed tame M-sets by Remark 5.2. The box
product X XY is the subsimplicial set of X x Y given by all pairs of disjointly supported
simplices.

One can show that this is indeed a subsimplicial set, that it is preserved by the diagonal
E M-action [23, Proposition 2.17], and that this yields a symmetric monoidal structure
analagous to the above [23, Proposition 2.18].

Lemma 5.11. The usual strong symmetric monoidal structure for the Cartesian products
restricts to a strong symmetric monoidal structure on N: EM-G-Cat® — EM-G-SSet®
with respect to the box products. In particular, the nerve lifts to a functor

G -ParSumCat — G-ParSumSSet.
Proof. See [23, Proposition 2.20]. ]

Example 5.12. Let A, B be finite sets. The restriction maps
EInj(AU B,w) > EInj(A,w) and E(ALU B,w) — EInj(B,w)

induce an isomorphism E(A LI B, w) =~ E Inj(4, w) X E Inj(B, w) in EM-Cat® (and
hence also in E-M-SSet®): namely, both E Inj(A LI B, w) and the box product are indis-
crete, so it suffices to show this on the level of objects, where this follows from [36,
Example 2.15].

Remark 5.13. The iterated box products on E.M-Cat’ on EAM-SSet” each admit a nat-
ural unbiased description that we will tacitly use below. Namely, if Cy, ..., C, are any
tame E.M-categories, then for any bracketing of the left-hand side

CiX---RC, > C; x---xCy

induces an isomorphism onto the full subcategory spanned by the tuples (c1,...,¢,) €
Cy x -+ x C, with pairwise disjoint support, and analogously in the simplicial case.
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5.2. The box product as an operadic product

In order to compare G-parsummable categories and G-parsummable simplicial sets to
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algebras over (twisted) G-global E-operads, we will first devise an alternative, “op-
eradic” description of iterated box products.

Throughout the remainder of this section, let C € {Cat, SSet} again; we will write
ParSum-C for CMon(EM-C*, X) and refer to its objects as parsummable C-objects.

Construction 5.14. Let n > 0. Then M" acts from the right on Inj(n x w, ) via
F@W, . uMy= fo@W - Iu®™),

which as usual induces a right action of EM” on E Inj(n x w, w).

Now let Xy, ..., X, be EM-objects, which then yields a left EM"-action on X; x
-+ X Xyp. We write E Inj(n x ,w) Xgmun (X1 X -+ x X)) for the EM-object obtained
from E Inj(n X , w) x (X1 X --- X,,) by coequalizing the right EM"-action on the first
factor with the left E.M"-action on the second one. Acting with

Enj(n x w,w) C EM"
then induces a natural map
®: Elnj(n X o, w) Xgpn (X1 X -+ X Xp) = X1 X+ Xp. 5.3)

Theorem 5.15. For all X1, ..., X, € EM-G-C* the natural map (5.3) restricts to an
isomorphism onto X1 ¥ --- XK X,,.

Proof. For € = SSet this appears as [20, Theorem 2.1.19]; as the nerve is fully faithful
and strong symmetric monoidal (Lemma 5.11), the corresponding statement for categories
then follows formally by applying this to N(X1), ..., N(X,) and passing to homotopy
categories. ]

Let us draw some immediate consequences from this description.

Corollary 5.16. The box product on EM-G-C® is cocontinuous in each variable. Thus,
the symmetric monoidal structure on EM-G-C* described above is closed.

Proof. For € = SSet this is [20, Corollary 2.1.21], and the same proof works for € = Cat:
namely, the first claim follows from the previous theorem as E Inj(2 X w,w) X g2 (— X )
is clearly cocontinuous in each variable. The second claim is then immediate as EM-G-C*
is locally presentable (Theorems 5.4 and 5.5). ]

Proposition 5.17. Letn > 0.
(1) Let Xq,...,X, € EM-G-C. Then the natural map

®: EInj(n x 0, w) Xgpn (X1 X+ X Xp) = X1 X+ x Xp,

is a G-global (weak) equivalence.
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(2) Let X € EM-G-C. We equip E Inj(n X w, ) Xgpun X" with the ¥,-action via

0.[Ugs . s Ums X1y .oy X

= [uoo (07" xid),... . umo (67" xid); Xg-1(1y, - - -+ Xg-1(n) |-

Then the natural map E Inj(n X o, ®) Xgpun X" — X" isa (G x ,)-global
(weak) equivalence.

Proof. For the first statement, it suffices to show that £ Inj(n X o, w) < EM" is a right-
EM"-left- H -equivariant equivalence of categories for every universal H C M, for which
suffices to give a left- H -right-M"-equivariant map M" — Inj(rn x w, w). For this we
simply pick an H -equivariant injection u: n X @ >> @ (which exists by universality of the
target) and consider the map (vy,...,v,) > uo (vy L --- I vy,).

For the second statement it suffices similarly to construct for each given H -action on n
a left- H -right- M" -equivariant map M"” — Inj(n x w, ®), which can be done in the same
way. (]

We immediately conclude the following comparisons between the box product and
the Cartesian product, which for G = 1 and € = Cat also appear in [39, proof of Theo-
rem 2.33] and [39, proof of Theorem 4.13], respectively, while the corresponding simpli-
cial statements can be found in [20, Section 2.1.2.1].

Corollary 5.18. Letn > 0.
(1) Let Xy,...,X, € EM-G-C*. Then the inclusion

X1 XXX, —> X;x---x X,

is a G-global (weak) equivalence.

(2) Let X € EM-G-C®. Then the inclusion X®" < X" isa (G x X,)-global (weak)
equivalence. ]

Corollary 5.19. The box product is homotopical in each variable.
Moreover, if f:X — Y is a G-global (weak) equivalence in EM-G-CT, then f®" is
a (G x X,)-global (weak) equivalence for every n > 0.

Proof. The first statement follows immediately from the first part of the previous corollary
as the Cartesian product is homotopical. The second statement follows similarly from
Corollaries 2.14 and 3.16. |

5.3. I-algebras versus parsummability

As mentioned without proof in [39, Remark 4.20], parsummable categories can be iden-
tified with tame 7 -algebras, also see [36, Theorem A.13] for the corresponding Set-level
statement. Using Theorem 5.15 we can now easily give a full proof of this as well as of its
simplicial counterpart, for which we begin with the following observation.
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Lemma 5.20. The free-forgetful adjunction P: EM-G-C 2 Alg(G-C) : forget restricts
to an adjunction

P: EM-G-C* 2 Alg(G-C)* : forget. 5.4

Proof. We have to show that PX is tame for every X € EM-G-C?, for which we note
that as EM-G-objects

PX =[] (Z(n) xgaen X ™)/ Za,

n>0

which is isomorphic to ]_[nzo X®7 /5, by Theorem 5.15; the claim follows immediately
as EM-G-C7 is closed under colimits and the box product. |

Construction 5.21. Let A be a tame I -algebra. We define +: 4 X 4 — A via

ot
AR A — Ej2 X w,0) Xgy2 A% — A,

where the right-hand map is induced by the action map. Moreover, we define 0 € A as the
image of the unique 0-ary operation.

Proposition 5.22. For any tame I-algebra A, the above defines the structure of a par-
summable C-object. Moreover, this construction extends to an equivalence of ordinary
categories Alg ;(G-C)* — G-ParSum-C by sending an I-algebra homomorphism A — B
to the monoid homomorphism with the same underlying map.

Proof. For clarity, let us write P for the left adjoint of the forgetful functor
G-ParSum-C — EM-G-C*

and P for the left adjoint in (5.4).

The forgetful functor Alg;(G-C) — G-C preserves reflective coequalizers, hence so
does Alg;(G-C)* — EM-G-C as colimits on the right-hand side are created in G-C. As
it is moreover clearly conservative, we see that (5.4) is monadic, i.e. the canonical functor
Alg;(G-C)" — Algp is an equivalence.

On the other hand, we have an equivalence of categories Algp, — G-ParSum-C that
sends an algebra (4, PgA — A) to A equipped with the sum induced by the restriction
of PgA — A to the summand A¥?/ X, and 0-object the image of the zeroth summand,
and that sends a map f of Pg-algebras to the monoid homomorphism with the same
underlying map.

Finally, Theorem 5.15 shows that the natural transformation | [, , ®:P; — P is an
isomorphism. Moreover, this is a map of monads either by direct iﬁspection, or alterna-
tively using that both sides are naturally submonads of the monad

P X > L[XX"/En

n>0
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for strictly commutative monoids (viewing I as a suboperad of % x EM). Thus, pulling
back along the inverse isomorphism yields an equivalence

Algp, — Algpy .
The resulting equivalence
Alg;(G-€)" — Algp, — Algp, — G-ParSum-C
then clearly admits the above description. ]

In order to achieve the desired comparison between G-ParSum-C and all of Alg ;(G-C)
we will introduce suitable model structures next.

Theorem 5.23. There is a unique model structure on G-ParSum-C in which a map is weak
equivalence or fibration if and only if it is so in the positive G-global model structure on
EM-G-C*. We call this the positive G-global model structure. It is proper, C-enriched
(hence in particular simplicial), and combinatorial. Moreover, the adjunction

P: EM-G-C* 2 G-ParSum-C : forget (5.5)
is a Quillen adjunction.

Proof. For € = SSet this appears as [20, Theorem 2.1.36]; the proof for € = Cat is anal-
ogous, so we will be somewhat terse here.

We will verify the assumptions of [44, Theorem 3.2], whose terminology we follow.
The smallness assumptions are automatically satisfied as E.M-G-Cat® is locally pre-
sentable.

Next, let us show that EM-G-Cat® is a symmetric monoidal model category with
respect to the box product. Indeed, the box product provides a closed symmetric monoidal
structure by Corollary 5.16; moreover, the unit axiom is satisfied as the box product is
fully homotopical (Corollary 5.19). In order to verify the pushout product axiom for cofi-
brations we may restrict to the generating cofibrations, in which case we note that we can
identify the pushout product of standard generating cofibrations

Enj(A,w) X, G xi and EInj(B,w) xy G xi’

(where A is a finite non-empty faithful H-set and B is a finite non-empty faithful K-set
for some finite groups H, K) up to isomorphism with

(EInj(A Ll B,w) x G* x (i 0i’))/(H x K), (5.6)

where H x K acts on A LI B in the obvious way (which is then clearly faithful) and on
G? via ¢ and ¥, and where the pushout product of i and i’ is formed with respect to the
Cartesian product on Cat. As Cat is Cartesian, i o i’ is a cofibration, and as G acts freely
from the left on G2, we conclude from the following claim that (5.6) is a cofibration as
desired.
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Claim. Let L be a finite group, let C be a finite faithful L-set, and let f: X — Y be a map
in (G x L)-Cat such that f is injective on objects and G acts freely on Ob(Y') ~ f(Ob X).
Then E Inj(C, w) x1, f is a cofibration in EAM-G-Cat®.

Proof. The functor E Inj(C, w) Xz, —is a left adjoint and it sends generating cofibrations
of the §1, g-model structure to generating cofibrations in the G-global model structure by
direct inspection. Thus the claim follows from Lemma 3.5. A

The pushout product axiom for acyclic cofibrations then follows again as in the proof
of Theorem 3.8. Thus, EM-G-Cat® is symmetric monoidal.

For the monoid axiom we observe that for any acyclic cofibration j and any tame
EM-G-category C the map C X j is a G-global equivalence and an injective cofibration.
Thus, also any pushout of C X j is a G-global equivalence by Proposition 3.7, and as the
G-global equivalences are stable under filtered colimits, so is any transfinite composition
of such.

Next, we verify the strong commutative monoid axiom, for which we again may
restrict to generating (acyclic) cofibrations by [44, Lemma A.1]. For the part about cofi-
brations, we therefore have to show that the map ™"/ X, is a cofibration for each of the
standard generating cofibrations (E Inj(4, w) x4, G) x i’ (i’ € Ica, H finite, A # & a
finite faithful H-set, ¢p: H — G), where i™ denotes the iterated pushout product and
¥, acts by permuting the factors. However, using Example 5.12, this map agrees up to
conjugation by isomorphisms with

(EInj(n x A, ®) x G" x (i")"")/(Zp ¢ H), 5.7
where the wreath product acts on Inj(r x A, ) via the action on r x A given by
(0:h1,....hn).(k,a) = (o(k), hi.a)

and similarly on G" x (i’)™". One easily checks that the (X, ¢ H)-action on n x A is
faithful (which uses A # @). Thus, we again conclude from the above claim that (5.7) is
a cofibration.

The sources of the standard generating cofibrations of EM-G-Cat® are cofibrant, so
we can pick a set of generating acyclic cofibrations with cofibrant sources by [2, Corol-
lary 2.7]. Thus, to verify the strong commutative monoid axiom for acyclic cofibrations,
it is enough by [13, Corollaries 10 and 23] to show that ¥/ %, is a G-global equiv-
alence for any G-global equivalence j: C — D between cofibrant objects. As j®" is a
(G x X,)-global equivalence by Corollary 5.19, it suffices by Lemma 3.14 to show that
¥, acts freely on A% for every cofibrant A. But indeed, one easily checks inductively that
such an A has no M-fixed objects (hence no M-fixed points at all), so the claim follows
by applying the argument from [20, proof of Corollary 2.1.17] to the nerve of A.

Altogether, this shows that we may apply [44, Theorem 3.2] to conclude that the trans-
ferred model structure along (5.5) exists, which easily implies all of the above claims
except for the left properness, which is instead an instance of [44, Theorem 4.17]. ]
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Corollary 5.24. There is a unique model structure on Alg (G-C)* in which a map is a
weak equivalence or fibration if and only if it so in the positive G-global model structure
on EM-G-C*. We call this the positive G-global model structure again. It is combinato-
rial, right proper, and simplicial. Moreover, the adjunction (5.4) is a Quillen adjunction.

Proof. As the forgetful functors are compatible with the equivalence (of ordinary cate-
gories) from Proposition 5.22, Theorem 5.23 implies that the model structure transferred
along (5.4) exists. The claims follow as before. ]

Proposition 5.25. Geometric realization in EM-G-C* and E M-G-C is homotopical, and
the forgetful functors Alg ;(G-C)* — EM-G-C*, Alg;(G-C) — EM-G-C preserve geo-
metric realizations.

Proof. The first statement for EM-G-C is an instance of Proposition 3.23 (or its clas-
sical simplicial analogue), and this immediately yields the corresponding statement for
EM-G-C? as the inclusion preserves tensors and colimits.

Likewise, the second statement for EM-G-C is an instance of Proposition 2.23 (using
that geometric realization is created in C and Alg;(C), respectively), and for the tame
statement it suffices to show that Alg ;(G-C)® is closed under geometric realizations. How-
ever, as geometric realizations in Alg;(G-C) can be computed in EM-C, this follows as
for the first statement. ]

The same argument as in the proof of Proposition 2.22 now shows the following.
Proposition 5.26. The adjunctions

LP: EM-G-C*®

LP: (EM-G-C*)*®

Alg ;(G-C)*° : forget™
(AlgI(G-G)r)oo : forget™

NN

are monadic. [

Theorem 5.27. The inclusion G-ParSum-C >~ Alg;(G-C)* — Alg;(G-C) descends to
an equivalence of associated quasi-categories. In particular, if O is any twisted G-global
Eo-operad, then G-ParSum-C*® =~ Algq(G-C)*>°.

Proof. By Corollary 4.10 it suffices to prove the first statement. For this we consider the
diagram
(Alg(G-€)7)™ 9%, Alg 1(G-€)>

forgetwl = J/forget"o
(EM-G-€H)® % py G-e»
inclool = “

EM-G-C =——= EM-G-C*
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where the two squares commute up to the natural equivalences induced by the respective
identity transformations. The vertical composites are monadic by the previous proposition
together with Theorems 5.4 and 5.7. As in the proof of Theorem 2.24 it then suffices to
show that the canonical mate of the total rectangle is an equivalence. As the functors in
the bottom square are equivalences, it is enough to prove this for the top square, where
this is immediate from the construction of the adjunctions (cf. Lemma 5.20). [ ]

For C = SSet this implies the following result which in particular subsumes Theo-
rem C from the introduction.

Theorem 5.28. The following quasi-categories are equivalent:
* the quasi-category Algqy (EM-G-SSet)™ for any G-global E-operad O,

* the quasi-category (T-G-E eM-SSetf.f’eCial)"o of special G-global "-spaces in the sense
of [20, Definition 2.2.50], and

e the quasi-category G-UCom®™ of G -ultra-commutative monoids in the sense of [20,
Definition 2.1.25].

Proof. Let O be a G-global E-operad; the previous theorem together with Theorem 4.1 1
implies that Algq (EM-G-SSet) is equivalent to the quasi-category of G-parsummable
simplicial sets. These are in turn equivalent to special G-global I'-spaces by [20, Theo-
rem 2.3.1 and Corollary 2.2.53] and to G -ultra-commutative monoids by Corollary 2.1.38
of op. cit. ]

Assume now that G is finite. As a consequence of the above, we get the following
result which for ¢ = Cat generalizes Theorem D from the introduction.

Theorem 5.29. The composition
(G-ParSum-€) < Alg;(G-€) > Alg;, (G-€)

induces a quasi-localization at the G -equivariant (weak) equivalences. In particular, if O
is any genuine G-Eo-operad, then we have an equivalence

(G-ParSum-@)‘g’_equivariam ~ Alg@ (G'e)%c-equivariant'

Proof. The first statement is immediate from Theorem 5.27 together with Lemma 4.23.
With this established, the second statement then follows from Theorem 3.26. [

Remark 5.30. For G = 1 and @ = E X, the above in particular yields an equivalence
between permutative categories and parsummable categories, both viewed with respect to
the underlying equivalences of categories. On the other hand, we previously proved in [21]
that a specific functor ® constructed by Schwede [39, Construction 11.1] from permutative
to parsummable categories descends to an equivalence of associated quasi-categories. This
induced functor is in fact inverse to the above equivalence for abstract reasons: namely,
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both ® and the above equivalence preserve underlying categories in the sense that they
come with an equivalence forget o ® ~ forget and similarly for the above composition.
It then follows formally from [12, Corollary 2.5 (iii)] that there are essentially unique
equivalences between the two composites and the respective identities that are compatible
with the chosen equivalences for the underlying categories.

On the other hand, while the results of Section 3.4 allow us to make the comparison
between G-parsummable categories and genuine permutative G-categories explicit, the
resulting functor is quite complicated. I do not know of any simple comparison in this
case, or in fact even an interesting direct functor from genuine permutative G-categories
to G-parsummable ones.

However, we can at least describe the H -fixed points (H C G) of the genuine permu-
tative G-category associated to a G-parsummable category concisely: namely, by the same
trick as in the case H = G = 1 it will suffice to give a functor Vg : G -ParSumCat —
SymMonCat that on underlying categories agrees with the H -fixed points of the above
equivalence. For this we will in fact give a functor ¥ to G -SymMonCat that on underly-
ing G -categories agrees with our equivalence, i.e. that lifts the functor §*: EM-G -Cat® —
G -Cat.

This is a straightforward adaption of the construction for G = 1 presented in [39,
Section 5]: for any n > 0 and any injection ¢:n X @ — o we define g.: C*" — C on
objects via @« (X1, ...,Xz) = Y ¢, ¢(i,—).x; and analogously on morphisms; note that
the sum is indeed well defined as ¢(i, -).x; and ¢(j, —).x; are disjointly supported for
i # j by [39, Proposition 2.13 (iii)]. For any other such injection ¥ we then get a natural
transformation [y, ¢]: g« = Y givenon (x1,...,x,) by > 71— (¥ (i,~), ¢(i,-)).x;. One
immediately checks from the definitions that if H C M is any subgroup such that ¢ is
H -equivariant with respect to the tautological H-action on w, then ¢4 is H -equivariant,
and similarly for [, ¢]. Moreover, g«, ¥« and [, ¢] are clearly G-equivariant (without
any assumptions on ¢ and ) because the E.M-action on C commutes with the G-action.
In particular, we see that if ¢ and ¥ are j(G)-equivariant (for our chosen embedding
Jj:G — M), then ¢, and ¥, define G-equivariant functors (§*C)*"* — §*C and [y, ¢] is
a G-equivariant natural transformation between them.

Now [39, Construction 5.5] associates to any choice of an injection u:2 x w — w a
symmetric monoidal category with underlying category C and tensor product C*? — C
given by .. The tensor unit is the object 0 and the structure isomorphisms are given
by the canonical isomorphisms provided by the E.M-action: for example, the left unital-
ity isomorphism w4 (0, x) = w(2,-)«x — x is simply given by [1(2,-), 1]x; we refer
the reader to loc.cit. for further details. As an upshot of the above, we see that if px is
j(G)-equivariant, then this equips 6*C with the structure of a symmetric monoidal G-
category C. Moreover, for any map f:C — D of G-parsummable categories the induced
G-equivariant functor §*C — §* D is actually strict symmetric monoidal with respect to
these symmetric monoidal structures. Thus, any choice of a j(G)-equivariant u (which
is possible as j(G) is universal) provides a lift of §* to a functor G-ParSumCat —
G -SymMonCat as desired.
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Remark 5.31. We can also make the comparison functor explicit on the genuine permuta-
tive G-categories arising from naive ones via the Guillou-May—Shimakawa construction
(Example 3.20), which covers most examples from practice. However, as this requires
some additional terminology and techniques that we will only establish later, this descrip-
tion is given in the appendix as Proposition A.2.

Finally, Theorem 5.29 together with [20, Theorem 2.3.18] implies the following result,
which was previously proven (using quite different and more explicit means) by May,
Merling, and Osorno [30, Section 10.2].

Corollary 5.32. Let O be any genuine G-E -operad in G-SSet. Then there is an equiv-
special

alence of quasi-categories Algq(G-SSet)>*® ~ I'-G-SSet, between O-algebras and
Shimakawa’s special T'-G-spaces [41]. ]

6. Equivariant algebraic K -theory and the K -theory of group rings

As alluded to in the introduction, G-parsummable categories are arguably easier to con-
struct than genuine symmetric monoidal G-categories. To demonstrate this, we will use
Theorem 5.29 to produce certain genuine symmetric monoidal G-categories with inter-
esting equivariant algebraic K-theory of which I do not know any direct construction
avoiding the use of G-parsummable categories.

To put this into context, we recall that Guillou and May defined the equivariant alge-
braic K-theory Kg (C) of any genuine permutative G-category C in [14, Definition 4.12],
which is a genuine G-spectrum in the sense of equivariant stable homotopy theory; we will
not need any specifics of their construction. This was then used by Merling to define the
equivariant algebraic K-theory of a G-ring R [31, Definition 5.23].

Construction 6.1. For a ring R, let P(R) denote the symmetric monoidal category of
finitely generated projective R-modules and R-linear isomorphisms under direct sum. For
technical convenience, we insist that the direct sums be obtained by fixing a choice of
coproducts of abelian groups once and for all, and then equipping the chosen coproduct
of underlying abelian groups with the usual R-module structure; as a consequence of this
specific choice, the underlying abelian group of M @ N only depends on the underlying
groups of M and N up to equality, and not just up to isomorphism.

Now assume G acts on R through ring automorphisms. Then we define a G-action on
P(R) by sending an R-module M to the module g.M with the same underlying abelian
group, but with scalar multiplication

Rx(gM)—>gM
(r,m) = (g~ .rym;

moreover, an R-linear isomorphism f: M — N is sent to the same map of underlying
abelian groups, considered as a morphism g.M — g.N. As an upshot of our specific
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choices of direct sums, this defines a G-action through strictly symmetric monoidal
functors.

The equivariant algebraic K -theory Kg (R) of the G-ring R is then defined by taking
a (small) naive G-permutative replacement B(R) — P(R) and then applying the equiv-
ariant algebraic K-theory functor Kg of Guillou and May to the genuine permutative
G-category Fun(E G, (R)) (see Example 3.20).

For her construction, Merling provided a description of the categorical fixed points in
terms of the K-theory of twisted group rings.

Construction 6.2. We write RgG for the ring with underlying abelian group @geG R
and with multiplication given by

(Y reg) (o) = 3 (rolesm)(eh.

geG heG g,heG

In particular, when G acts trivially on R this recovers the usual group algebra RG. Beware
however that for non-trivial actions this is not an R-algebra as the multiplication maps
g~ RgG — RgG are not R-linear, but instead R-semilinear, i.e. they are additive and
satisfy

g(rx) = (g.r)(gx).

More generally, given any RgG-module M, the multiplication maps g.— M — M
define a G-action through R-semilinear maps, and conversely any such action on an R-
module extends uniquely to an Rg G-module structure (in the obvious way). Moreover,
an R-linear map M — N is Rg G-linear if and only if it commutes with the action maps,
also see [31, Observation 4.3].

Theorem 6.3 (Merling). If H C G is a subgroup such that |H| € R*, then we have a
preferred equivalence
FHKg(R) ~ K(Rg H).

Proof. See [31, Theorem 5.28]. [

The assumptions of the theorem are in particular satisfied if R is a Q-algebra. How-
ever, in absence of the above invertibility condition the H -fixed points only recover the
K-theory of finitely generated Ry H -modules which are projective over R (as opposed to
Ry H), which yields the wrong result already for R = Z and H = G the cyclic group of
order 2 (acting trivially).

We will now define a genuine permutative G-category Pg (R) whose equivariant alge-
braic K-theory upon taking fixed points recovers the algebraic K-theory of twisted group
rings over R without any such invertibility assumption. To this end, we first begin with a
concrete construction of a G-parsummable category #g (R), which is a variant of the par-
summable category used in Schwede’s construction [39, Construction 10.1] of the global
algebraic K-theory of rings.
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Construction 6.4. Let R[w x G] be the free left R-module with basis w x G; we let
M x G acton R[w x G] via

(%g)-( > r(v,h)(v’h)): D (rwm) @y, gh).

(v,h)EMXG (v,h)EMXG

In particular, M acts R-linearly, while G acts semilinearly; note that this is still enough to
ensure that g.— maps R-submodules to R-submodules.

We will now write #g (R) for the following category: an object of P (R) is a pair
(M, r) of a finitely generated R-submodule M C R[w x G] together with an R-linear
retraction r: R[w x G] — M of the inclusion such that r sends almost all of the standard
basis vectors to zero. A map ¢ from (M, r) to (N, s) is an abstract R-linear isomorphism
M = N; no compatibility of ¢ with the chosen retractions (or the embeddings) is required.

If u € M is any injection, then acting with # on R[w x G] sends any finitely generated
R-submodule M to a finitely generated submodule u.M . Moreover, if r: R[w x G] > M
is R-linear, then we define r* by R-linearly extending the map w x G — M sending
(u(x),g) tou.(r(x,g)) and (y, g) to 0 for any y ¢ im(u). Clearly r* o (u.—) = (u.—)or,
and in particular r* is a retraction to the inclusion u.M — R[w X G]. As moreover "
again sends almost all basis vectors to zero by direct inspection, we may now define
u.(M,r) = (u.M, r*) for every (M, r) € $g. One easily checks that this defines an
M-action on Ob £g(R). Moreover, we have a natural isomorphism uf,M”): M, r) —
(u.M,r*) = u.(M, r) given by acting with u; these maps clearly satisfy the relations

vu.(M,r)u(M,r) — (UM)(M’r)

for all v,u € M, so there is by [39, Proposition 2.6] a unique way to define an EM-
action on #g (R) such that the underlying M-action on objects is as above and such that
in addition the natural isomorphism id = (u.—) induced by the map (u, 1) in EM is given
for each u € M by the maps uo.

In addition, we define a G-action on Pg as follows: for any g € G, an object (M, r)
is sent to (g.M, r8) where g.M is again given as the image of M under the G-action
on R[w x G], while ré = (g.—)or o (g7'.-). If now ¢: (M, r) — (N, s) is any map in
P (R), then we define g.¢ as the map (g.—) o ¢ o (g~ '.—); one easily checks that this
defines a G-action on £g (R). Moreover, the G-action on objects clearly commutes with
the M-action, and moreover g.(ugM’r)) = u8M7) a5 both sides are given as maps of R-
modules simply by (g.-) o (u.—) o (g7!.—) = u.—. Thus, [21, Corollary 1.3] shows that
g.—is amap of EM-categories, i.e. we altogether get an (EM x G)-action.

Lemma 6.5. The EM-G-category Pg(R) is tame. The support of an element (M, r) is
given by supp(M ) U supp(r) where we define

supp(M) := {i € w 1 pr(; gy (M) # 0 for some g € G}
supp(r) :={i €  : r(i,g) # 0 for some g € G}:

here pr(; oy: Rlw x G] — R denotes the projection onto the basis vector (i, g).
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Proof. First observe that supp(M) is finite as M is finitely generated, while supp(r) is
finite by assumption on r.

If u fixes supp(M) pointwise, then clearly u.M = M. Moreover, if u fixes supp(r)
pointwise, then r(u(i), g) = r(i, g) for all (i, g) € w x G: namely, if i € supp(r), then
already (u(i), g) = (i, g), while otherwise also u(i) ¢ supp(r) by injectivity, so that
r(u(i),g) = 0=r(i,g). Thus, if u also fixes supp(M) pointwise, then

r'(ui), g) =ur(,g) =rG,g) =r(u@).g)

forall (i,g) € w X G, while r*(i,g) = 0 =r(i,g) when i ¢ im(u) as im(u) D supp(r).

Conversely, let A C w be a finite set such that (M, r) is supported on A. We will show
that A D supp(r); the argument that A D supp(M) is similar. To this end, assume for
contradiction that A 2 supp(r) and pick i € supp(r) ~ A as well as u € M withu(a) =a
foralla € A,buti ¢ imu. Since i € supp(r), there exists a g € G with r(i, g) # 0. On the
other hand r¥(i, g) = 0 asi ¢ im(u) so r¥ # r contradicting the assumption that (M, r)
be supported on A. ]

Construction 6.6. We make the tame EM-G-category P (R) into a G-parsummable
category as follows: the neutral element is given by the pair (0, 0) of the zero submod-
ule and the zero map R[w x G] — 0; this has empty support by the previous lemma.
If now (M, r) and (N, s) are disjointly supported, then we define (M, r) + (N, s) as
(M + N,r + s) where M + N is the internal sum as submodules and

r+5)x)=r(x)+s(x)
as usual. Note that the sum M + N is actually direct as
supp(M) N supp(N) = @;

moreover, r + s is indeed a retraction: we will show that s(x) = 0 for every x € M
analogously one shows that r(x) = 0 for every x € N which then easily yields the claim.
To this end, we observe that if x € M and pr(; ,)(x) # 0, then i € supp(M) and hence
i ¢ supp(s) by the previous lemma, which shows s(i, g) = 0. As we can express x as an
R-linear combination of (i, g)’s with pr(; .(x) # 0, the claim follows. Finally, M + N
is clearly finitely generated while r 4 s still sends almost all standard basis vectors to O,
so that (M + N, r + s) is a well-defined element of g (R). If ¢: (M,r) — (N, s) and
@' (M',r’) = (N’,s') are maps in g (R) such that

supp(M, r) Nsupp(M’,r") = @ = supp(N, s) N supp(N, s'),

then we define (¢ + ¢')(m + m’) = @(m) + ¢’ (m’); this is well defined as the internal
sum M + M’ is direct, and it is again bijective as also the internal sum N + N’ is direct
by assumption. Altogether, we have defined a map #g(R) K $g(R) — Pg(R), and one
trivially verifies that this is strictly unital, associative, and commutative.
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Finally, the sum is clearly .M-equivariant on objects and it satisfies the relation

ugM,r) + u(()N,s) — ugM-‘rN,r-i-s)

whenever the sum is defined as both sides are simply given by restricting the action of u
on R[w x G]. We conclude from another application of [21, Corollary 1.3] that the sum
is E-M-equivariant; as it is moreover G-equivariant by a similar computation, we have
altogether defined a G-parsummable category $g (R).

Applying our equivalence G-ParSumCat> ~ Alg gxEc(G-Cat)* from Theorem
5.29 now produces a genuine permutative G-category Pg(R) from this, which we can
feed into the Guillou—May machinery.

Theorem 6.7. For every subgroup H C G there is a preferred equivalence
FPKg(Pg(R)) ~ K(Ry H). (6.1)

We emphasize again that unlike for Merling’s construction (Theorem 6.3) there is no
invertibility condition on | H | here; in particular, we can apply this to R = Z and any finite
G (acting trivially) to get a genuine G-spectrum whose H -fixed points for H C G recover
the K-theory of the integral group ring Z H .

Proof. By [14, Theorem 4.14] we can identify the left-hand side of (6.1) with the K-
theory of the H -fixed points PG (R) viewed as a permutative category in the usual way.
On the other hand, Remark 5.30 gives an explicit description of an equivalent symmet-
ric monoidal structure on (§* P (R))H . We will now show that the latter is symmetric
monoidally equivalent to P(Rg H ), which will then complete the proof of the theorem.

To this end, observe that restricting the (M x G)-action on R[w x G] to H along §
yields a semilinear H -action, so we may view R[w X G]as an Ry H-module Ry [w % G],
also cf. [31, Proposition 4.5]. By definition, an object (M, r) of §* Pg(R) is now fixed
by h € H if and only if acting with & on Ry [w x G] sends M to itself (not necessarily
identically) and » commutes with s.—; thus, (M, r) is H -fixed if and only if M is an Ry H -
submodule of Ry [w x G] and r is Ry H -linear. Similarly, a morphism ¢: (M, r) — (N, s)
of H-fixed objects is H -fixed if and only if it is Ry H -linear. Thus, we get a well-defined
functor from P (R)H into the category of Ry H-modules and Ry H-linear isomor-
phisms by sending an H-fixed object (M, r) to M with the above H-action and an
H -fixed morphism ¢ simply to ¢. This actually factors through P(Ry H): namely, M
is finitely generated as an R-module by assumption, and hence also as an Ry H-module,
and the Ry H-linear map r: Ry [w X G] — M exhibits M as an Ry H -linear summand
of Ry[w x GJ; the latter is a free Ry H-module as §*(w x G) is a free H-set, so M is
projective over Ry H as desired.

We now claim that this functor £ (R) — P(Ry H) is an equivalence of categories.
Indeed, it is fully faithful by the above discussion, so it only remains to show essential
surjectivity. For this we let M be any finitely generated projective Ry H-module, and we
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pick generators my, . ..,m,. We now choose r distinct H-orbits Oy, ..., O, of §* (0w x G),
which yields an Ry H -linear surjection

Rylw x G] - Ry[O1U---U O;] = (RgH)"

which we can postcompose with the map (Rg H)" — M sending the i -th standard basic
vector to m; to yield an epimorphism p: Ry [w x G] — M, which then admits a sec-
tion s by projectivity. As M = s(M) in P(Rg H) via s, it will then be enough to show
that (s(M), sp) defines an element of Pg(R) . Indeed, s(M) is finitely generated as an
Ry H-module and hence also as an R-module as H is finite; moreover, O U---U O, C
o x G is finite, so sp(i, g) = 0 for almost all (i, g) and hence (s(M), sp) is an object of
Pc(R). However, s(M) is an Ry H-submodule as s is Ry H -linear, and since also p is
Ry H-linear, so is sp, whence (s(M), sp) is indeed H -fixed by the above description of
the fixed points.
It remains to show that the forgetful functor (§*Pg(R))? — P(Ry H) is naturally
a strong symmetric monoidal functor with respect to the symmetric monoidal structure
from Remark 5.30. For this we will make a clever choice of coproducts of Ry H-modules:
namely, if ;£:2 X @ — w is our chosen injection and M, N C R[w X G] are any subgroups,
then a coproduct of M and N in the category of abelian groups is given by p.(M, N) with
structure maps
M [n(1,-),1] 114 (M., 0) wex (idpr ,0) 1a(M, N) wx(0,idN) 1120, N) [1(2,-),1] N. (62)
If we now simply agree to take the coproducts on the category of Ry H-modules defining
the symmetric monoidal structure on P(Rgy H) to be given by (6.2) whenever M and
N are literally Ry H-submodules of Ry [w x G], then our above functor is even strict
symmetric monoidal by direct inspection, also cf. [20, Remark 4.1.37]. This completes
the proof of the theorem. |

Remark 6.8. We end this section by giving a comparison map
K (P6(R)) — K (R)

in the quasi-category of G-spectra that on H -fixed points recovers the inclusion of finitely
generated Ry H-modules that are projective over Ry H into those modules that are only
required to be projective over R.

Given the complicated nature of the genuine permutative G-category Pg (R), this is
more easily done using the language of G-parsummable categories instead. We first define
a G-parsummable category @ (R) analogously to $g (R) where now its objects are sim-
ply finitely generated submodules of R[w x G| such that there exists an R-linear retraction
to the inclusion (but the retraction is no longer part of the data). This then receives a natu-
ral fully faithful map from £g (R) given by forgetting the retraction, and by an analogous
computation to the proof of the above theorem the effect on 6§*(—)# can be identified with
the inclusion of modules that are projective over Ry H into those projective over R.
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On the other hand, @ (R) receives a map from the G-parsummable category & (R)
modelling the G-global algebraic K-theory of rings (defined in the same way as @¢, but
using the set w instead of w x G as a basis) induced by the embedding R[w] — R[w x G,
i) ¢ < (i, g). One then easily checks that this is even a G-equivalence.

Applying our comparison between G-parsummable categories and genuine permuta-
tive G-categories, we then obtain a map in the underlying quasi-category from Pg (R)
into the genuine permutative G-category P’ associated to $#(R) that on fixed points
models the above inclusion. However, by Theorem A.l in the appendix together with
[20, Remark 4.1.43] the equivariant K-theory spectrum Kg (P’) is equivalent to Kg (R),
yielding the desired comparison map. (In fact, we already have an equivalence between
P’ and Fun(E G, B(R)) by Proposition A.2 together with [20, Remark 4.1.37]).

7. Categorical versus simplicial algebras

A classical result of Quillen (appearing for example in [18, Section VI.3]) says that the
nerve provides an equivalence between the homotopy theory of small categories (with
respect to weak homotopy equivalences) and the usual homotopy theory of spaces. This
comparison was later lifted to a comparison between the corresponding notions of E-
algebras by Mandell [26, Theorem 1.9]. In [20, Section 4.3] we proved analogous compar-
isons between permutative G-categories (i.e. naive categorical G-FE-algebras) and vari-
ous models of genuine G-equivariantly or G-globally “coherently commutative monoids.”
As an upshot of the above results we now also get a corresponding statement for genuine
categorical algebras.

Theorem 7.1. Let O be a G-global Es-operad in EM-G-Cat. Then the nerve
N: Alg@ (EM'G'Cat)G—global we. AlgN [¢] (EM'G'Sset)G—global w.e.

descends to an equivalence of quasi-localizations; here we again call a functor of EM-
G -categories a G-global weak equivalence if its nerve is a G-global weak equivalence in
the usual sense.

Proof. Appealing to Propositions 4.15 and 4.17 (2), it will be enough to prove that
N: Alg» (G -Cat) — Algy » (G -SSet)

induces an equivalence for every twisted G-global E,-operad &.

To this end, let P be the class of all twisted G-global E,-operads J for which this
holds. We will show that 8 is not empty and that it is closed under G -global equivalences;
as any two twisted G-global E-operads can be connected by a zig-zag of equivalences,
this will then imply that P8 indeed consists of all twisted G -global operads.

The closure under G-global equivalences is immediate from Proposition 4.6. For the
remaining statement we will show that {8 contains the categorified injection operad I. For
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this we observe that we have a commutative diagram

G-ParSumCat — > G-ParSumSSet

[ [

Alg ;(G-Cat) — Algy 7(G-SSet)

where the vertical inclusions come from Proposition 5.22. By Theorem 5.27 we are there-
fore reduced to showing that the top horizontal arrow induces an equivalence after local-
izing at the G-global weak equivalences, which we proved as [23, Theorem 5.8]. |

For finite G, we also get a version for G-equivariant algebras.

Theorem 7.2. Let O be a genuine G-Ex-operad in G-Cat. Then the nerve
N: Algg (G-Cat) — Algy ¢ (G-SSet)

descends to an equivalence of the quasi-localizations at the G-weak equivalences.

Proof. We pick a homomorphism j: G — M with universal image, and we consider the
homomorphism §: G — EM x G,8(g) = (j(g), g). If now P is any G-global E.-operad,
then §* P is a genuine G- E-operad, and arguing as before it suffices to prove the theo-
rem for @ = §*#. But in the commutative diagram

Alg{P (EM'G 'Cat)G—global w.e. L) AlgN P (EM'G 'Sset)G—global w.e.

| Js

AlgS* P (G 'Cat) G -equivariant w.e. T> AlgN(S* P) (G 'Sset) G -equivariant w.e.

the vertical arrows induce quasi-localizations by Theorem 4.18, while the top horizontal
arrow is an equivalence by the previous theorem. The claim follows immediately as the
lower horizontal arrow preserves and reflects weak equivalences by definition and as the
weak equivalences on the target are saturated, being part of a model structure. ]

8. Modelling genuine G - E . -algebras by naive ones

Let G be a finite group. In this section we will finally prove that the homotopy theory
of genuine permutative G-categories with respect to the G-equivariant weak equivalences
can already be modelled by the naive ones. For this, we first introduce the following new
notion of weak equivalence.

Definition 8.1. A map f:C — D in G-Cat is called a G-“homotopy” fixed point weak
equivalence (or G-“h”fp weak equivalence for short) if Fun(EH, f)H is a weak homo-
topy equivalence for every H C G.
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Warning 8.2. The scare quotes around “homotopy” refer to the fact that the above are
homotopy fixed points with respect to the underlying equivalences of categories, not with
respect to the (G-equivariant) weak equivalences, also see Example 8.6.

Remark 8.3. The G-“h”fp weak equivalences are part of a model structure on G-Cat
modelling ordinary G-equivariant unstable homotopy theory, see [22, Theorem 4.13].

Moreover, we could also impose the stronger condition that Fun(EH, ¢* ) be
a weak homotopy equivalence for every finite group H and every homomorphism ¢:
H — G. This yields the so-called G-global weak equivalences (or maybe more system-
atically G-global “h”fp weak equivalences), and G-Cat with respect to the G-global
weak equivalences is another model of unstable G-global homotopy theory, see [22, The-
orem 4.3].

We can now formally state the main result of this section, which for @ = EX, in
particular gives a precise version of Theorem A from the introduction.

Theorem 8.4. Let O be an operad in G-Cat whose underlying non-equivariant operad
is an Eqo-operad. Then the Guillou—May—Shimakawa construction

Fun(E G, _): Alg@ (G'Cat)G—“h”fp we. > AlgOEG (G'Cat)G—w.e.

(see Example 3.20) induces an equivalence of associated quasi-categories.

8.1. Comparison of weak equivalences

By now, we have encountered a variety of different classes of weak equivalences we can
put on G-Cat, in particular:
(1) the G-equivariant equivalences (functors inducing equivalences of categories on
all fixed points)

(2) the G-equivariant weak equivalences (functors inducing weak homotopy equiva-
lences on all fixed points, or equivalently functors that induce G-weak equiva-
lences on nerves)

(3) the underlying equivalences of categories (i.e. 77iv-equivalences)

(4) the G-“h”fp weak equivalences (Definition 8.1 above).

As the interplay of these notions will be crucial to the proof of Theorem 8.4, let us pause
for a moment to make the relationship between these different classes precise. Clearly,
every G-equivariant equivalence is a G-equivariant weak equivalence and an underlying
equivalence, and moreover any underlying equivalence is a G-“h”fp weak equivalence by
Remark 3.11, yielding the following diagram of implications:

G-equivariant equivalence === underlying equivalence

I T |

G-equivariant weak equivalence G-“h”fp weak equivalence

These are in fact all implications between these notions unless G = 1.
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Example 8.5. The unique functor EG — * is an underlying equivalence, but not a G-
equivariant (weak) equivalence.

Example 8.6. Not every G-equivariant weak equivalence is a G-“h”fp weak equivalence,
as the following example shows:

Let f:C — BG be a cofibrant replacement in the Thomason model structure on Cat;
in particular, C is a poset [43, Proposition 5.7]. If we now equip both sides with the trivial
G-action, then f becomes a G-equivariant weak equivalence in G -Cat, and we claim that
this is not a G-“h”fp weak equivalence. Indeed, as both sides carry trivial G-action, this
would in particular mean that Fun(BG, f): Fun(BG, C) — Fun(BG, BG) again were
a weak homotopy equivalence. But the left-hand side is equivalent to C (as C contains
no non-trivial isomorphisms), hence in particular has connected nerve, while the identity
of BG and the trivial functor BG — *x — BG belong to different components of the
right-hand side.

Example 8.7. Let f:[0] — [1] be the inclusion of either object, considered as a map
of G-categories with trivial actions. Obviously, f is not an underlying equivalence of
categories; however, it is a G-“h”fp weak equivalence: any functor from a groupoid into a
poset is constant, so f #"H is again isomorphic to f forany H C G, whence in particular
a weak homotopy equivalence.

8.2. Saturation

We now return to the proof of Theorem 8.4. For this let us first observe that we can
easily prove a variant of the theorem with respect to another of the above notions of weak
equivalence.

Lemma 8.8. The functor Fun(EG,-): Algy (G-Cat) — Alggec (G-Cat) descends to an
equivalence between the localizations at the underlying equivalences of categories.

Proof. The functor p given by restricting along the inclusion @ — O is a left homo-
topy inverse; on the other hand, @ — Of9 is a Triv-equivalence of Z-free operads, so
Theorem 3.26 shows that p induces an equivalence. The claim follows by 2-out-of-3. =

Unfortunately, this of course does not yet tell us anything about Theorem 8.4: while
any underlying equivalence is a G-“h”fp weak equivalence, the underlying equivalences
are unrelated to the G-equivariant weak equivalences in general. Nevertheless, we will be
able to reduce the theorem to the above lemma,; the crucial insight for this is that there is an
interesting and wide class of objects for which the notions of G-“h”fp weak equivalences
and G-equivariant weak equivalences coincide.

Definition 8.9. A G-category is called G-equivariantly saturated if the natural map
cH — c"H = Fun(EH, C)H

is a weak homotopy equivalence for every H C G.
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Lemma 8.10. Let O be any underlying E-operad in G-Cat. Then the inclusion
Algy (G-Cat)™ < Algy(G-Cat)

of G-equivariantly saturated O-algebras is a homotopy equivalence with respect to the
underlying equivalences of categories on both sides.

Proof. A homotopy inverse is given by applying the functor Fun(E G, —) and restricting

the operad action along the natural map @ — QFC. ]

Theorem 8.11. Let P be any genuine G -Eqo-operad in G-Cat. Then the inclusion
Alg»(G-Cat)™ < Alg,(G-Cat)

induces an equivalence after quasi-localizing at the G-equivariant weak equivalences on
both sides.

Proof. Let us consider the class 8 of all genuine G-E-operads & for which the state-
ment of the theorem holds. It again suffices to show that 8 is non-empty and closed under
G-equivariant equivalences.

For the first statement, we will show that 8 contains the operad I where we have
identified G with a universal subgroup of M. For this we apply the isomorphism of 1-
categories Algy (G-Cat) = Alg;(G-Cat) from Lemma 4.23. Under this identification,
the saturated I g-algebras correspond precisely to those I-algebras C for which the natu-
ral map

C'— C"* = Fun(EH, C)"

is a weak homotopy equivalence for every universal H C M and every injective homo-
morphism (. We call such I-algebras G-equivariantly saturated again, and it will then be
enough to show that the inclusion

Alg;(G-Cat)™ < Alg ;(G-Cat)

is an equivalence with respect to the G-equivariant weak equivalences. For this we will
prove more generally the following claim.

Claim. Consider the commutative diagram

Alg ;(G-Cat)™* —— Alg;(G-Cat)*

! I

Alg;(G-Cat)®™ —— Alg;(G-Cat)

of inclusions, where Alg;(G-Cat)™* denotes the subcategory of those I-algebras that
are both tame and saturated. Then all of the above functors induce equivalences (a) after
quasi-localizing at the underlying equivalences of categories, as well as (b) after quasi-
localizing at the G-equivariant weak equivalences.
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Proof. For the first statement we observe that the right-hand arrow induces an equiva-
lence with respect to the G-global equivalences by Theorem 5.27, hence in particular also
with respect to the underlying equivalences. Moreover, the lower horizontal arrow has a
homotopy inverse induced by Fun(E£ G, —) according to Lemma 8.10, and one immedi-
ately checks that this also provides a homotopy inverse to the top horizontal arrow. Thus,
also the left-hand vertical arrow induces an equivalence by 2-out-of-3.

For the second statement, we conclude in the same way as before that the right-hand
vertical arrow descends to an equivalence, and so does the left-hand vertical arrow by the
first statement since the G-equivariant weak equivalences between saturated G-categories
are coarser than the underlying equivalences of categories. By another application of
2-out-of-3 it will then be enough to show that the top horizontal arrow is a homotopy
equivalence.

For this we observe that the equivalence Alg ;(G -Cat) >~ G -ParSumCat from Propo-
sition 5.22 preserves underlying categories, so that it suffices to show that the inclusion
G -ParSumCat™ «— G-ParSumCat of the G-equivariantly saturated G-parsummable
categories is a homotopy equivalence. This is however immediate from [23, Theorem 5.9].

A

It remains to show that 9 is closed under G-equivariant equivalences. For this we
consider any G-equivariant equivalence f: $ — @, which induces a commutative square

Algg (G-Cat)™ «—— Algq(G-Cat)

f*l lf*

Alg»(G-Cat)™ «—— Alg,»(G-Cat).

The vertical arrow on the right induces an equivalence after quasi-localizing at the G-
equivariant equivalences by Theorem 3.26, hence in particular with respect to the G-
equivariant weak equivalences or with respect to the underlying equivalences of cate-
gories. By 2-out-of-3 it will then suffice to show that also the left-hand vertical arrow
induces an equivalence with respect to the G-equivariant weak equivalences, for which
it is as before enough to prove this for the underlying equivalences of categories. This is
however in turn immediate from Lemma 8.10 and 2-out-of-3. ]

Proof of Theorem 8.4. 1t is clear that Fun(E G, -) factors through the full subcategory
Alggre (G-Cat)*™ of G-equivariantly saturated O£ @ -algebras. As OF G is a genuine G-
E o-operad, it is therefore enough to show by the previous theorem that

Fun(EG,-): Alggy(G-Cat) — Alggze (G-Cat)™ 8.1

induces an equivalence with respect to the G-weak equivalences on the target and the G-
“h”fp weak equivalences on the source. For this we observe that Fun(E G, -) preserves and
reflects weak equivalences and that the weak equivalences on both source and target are
coarser than the underlying equivalences of categories; this again critically uses that we
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restricted to the saturated algebras in the target. It is therefore once more enough to show
that (8.1) induces an equivalence when we equip source and target with the underlying
equivalences of categories. By another application of Lemma 8.10 we are then altogether
reduced to showing that Fun(EG, -): Algg(G-Cat) — Alggzc (G-Cat) descends to an
equivalence when we equip both sides with the underlying equivalences of categories,
which is precisely the content of Lemma 8.8. |

In fact, similar arguments also prove the following comparison (for not necessarily
finite G).

Theorem 8.12. Let O be any operad in G-Cat that forgets to an E-operad in Cat. Then
Fun(EM,-): Alge (G-Cat) — Alggem (EM-G-Cat)

descends to an equivalence with respect to the G-global weak equivalences on both sides.
[

Remark 8.13. We can also equip Algezc (G-Cat) with the G-equivariant equivalences
of categories; however, in this case the resulting functor

Algy (G-Cat) — Algyes (G-Cat)

is not even essentially surjective on homotopy categories unless G = 1 as we will show
now:

Since the class of saturated G-categories is closed under G-equivalences, it suffices
to construct a non-saturated O ¢ -algebra. To this end, we pick g € G ~ {1} and write
H := (g) for the subgroup generated by g. This is cyclic, hence in particular abelian.
Thus, the category C with one object and endomorphism monoid given by H can be
equipped (in a unique way) with the structure of a commutative monoid in Cat. Equipping
C with the trivial G-action therefore yields an algebra in G -Cat over the terminal operad,
and restricting along the unique operad map @£¢ — x then gives C the structure of
an O % _algebra. To finish the proof it suffices now to show that the composition C <
Funf(EH, C) = Fun(EH/H, C) = Fun(C, C) is not an equivalence. But clearly the
identity of C is not contained in the essential image.

Remark 8.14. For G the cyclic group of order 2 (and many other groups), the gen-
uine permutative G-category P (Z) from Section 6 provides another example of a non-
saturated permutative G-category. Note that while the above theorem asserts that this is
G-weakly equivalent to Fun(E G, C) for some naive permutative G-category C, this C is
far from admitting any nice tractable description. In particular, unlike Pg (Z), it will have
to contain non-invertible morphisms in order to elicit the correct equivariant behaviour,
and these have no evident algebraic interpretation.

With this established, we can deduce Theorem B from our results in [20].
Theorem 8.15. The Guillou—May construction

Kg:Alggyee (G-Cat) . — G-Spectra™
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of equivariant algebraic K-theory [14, Definition 4.12] exhibits the quasi-category of
connective genuine G-spectra as a Bousfield localization of the category of genuine per-
mutative G-categories.

Proof. By Theorem 8.4 it is enough to show this after restricting along the above func-
tor Fun(EG, -): G-PermCat — Alg . yr (G-Cat). This is in turn immediate from [20,
Theorem 4.3.9] together with the comparison of the operadic and I'-space approach to
equivariant algebraic K-theory given in [30]. ]

9. Categories internal to G -spaces and their algebras

Let G be a finite group again. Guillou and May [14] more generally consider genuine
and naive permutative (or symmetric monoidal) G-categories in the context of categories
internal to G -Top, or, equivalently, categories internal to Top that are equipped with an
additional G-action. In this final section, we want to extend the above comparisons to this
context.

9.1. Realization

For this we first need to recall some basics about simplicial spaces and bisimplicial sets
(i.e. “simplicial simplicial sets”), and more generally about G-simplicial spaces and G-
bisimplical sets.

Construction 9.1. The categories
G -STop = Fun(A?, G-Top) and G-BiSSet = Fun(A®?, G-SSet)

come with Reedy model structures, and as both G -Top and G -SSet are simplicial model
categories, we get left Quillen realization functors

|-|l: G-STop — G-Top and |-|: G-BiSSet — G-SSet.

Definition 9.2. We say that a map of G-simplicial spaces or G-bisimplicial sets is a real-
ization G-weak equivalence if it is sent to a weak equivalence under the respective left
derived realization functor.

As every bisimplical set is Reedy cofibrant, the realization functor is actually fully
homotopical for BiSSet. Moreover, we see that applying the usual adjunction |-|: SSet =
Top : Sing levelwise yields a Reedy cofibrant replacement in G -STop. As in addition the
diagram

o Fun(A,|-]) o
Fun(A°P, G-SSet) Fun(A°P, G -Top)

IIfIIl lllfll

G -SSet G-Top
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commutes up to isomorphism (since the usual geometric realization functor is a simplicial
left adjoint), we conclude the following result.

Lemma 9.3. The functor Fun(A°P, Sing): G-STop — G-BiSSet creates realization G-
weak equivalences. ]
9.2. Topological versus simplicial categories

We write Catgse; and Catyy,p for the category of categories internal to simplicial sets and
topological spaces, respectively. Just like every ordinary category gives rise to a simplicial
set via the usual nerve construction, we have the following construction.

Construction 9.4. Let C € G-Catgg,; or C € G-Catryy,p. The nerve NC of C is the bisim-
plicial set or simplicial space, respectively, given in degree n by

(NC)n = Mor(C) Xob(c) * -+ Xob(c) Mor(C)

n factors

together with the evident structure maps. Defining N analogously on morphisms we then
get functors

N: G-Catgsey — G-BiSSet and N: G-Caty,, — G-STop.

Definition 9.5. A functor f:C — D in G-Caty,, or G -Catgge is a G-weak equivalence
if N f is a realization G-weak equivalence.

As both geometric realization as well as the singular set functor preserve finite prod-
ucts, they lift to an adjunction

|-|: G-Catgse;s = G -Catryp : Sing 9.1)
for every (finite) group G.

Proposition 9.6. The adjunction (9.1) is a homotopy equivalence with respect to the G-
weak equivalences on both sides.

Proof. As Sing preserves limits, the diagram

G -Catryp ohe G -Catgse

Nl lN
- - -Bi
G-STop —— o smD) G -BiSSet
commutes up to natural isomorphism; more precisely, the canonical maps

Sing Mor(C) Xsingob(C) *** Xsingob(c) Sing Mor(C)
— Sing(Mor(C) XOb(C) *** XOb(C) Mor(C))
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assemble into an isomorphism N(Sing C') 2= SingN(C) for every C € G-Catr,p,. Together
with Lemma 9.3 we conclude that Sing: G -Catr,p, — G-Catgse; creates G-weak equiva-
lences. It therefore only remains to show that the unit C — Sing|C| is a G-weak equiv-
alence for every simplicial G-category C. However, using that also ||| preserves finite
limits, the induced map N(C),, — N(Sing|C|), agrees up to isomorphism with the unit

Mor(C) Xon(c) *** Xob(c) Mor(C) — Sing ‘Mor(C) Xob(C) *** Xob(c) Mor(C)

’

so it is a G-weak equivalence. Thus, N(n): N(C) — N(Sing|C|) is a levelwise G-weak
equivalence in G-BiSSet and hence in particular a realization G-weak equivalence as
desired. ]

Construction 9.7. Both G-Catgse; and G -Catr,p are Cartesian closed, so we get internal
function categories that we denote by Fun again. We will make these explicit in the case
that [ is an ordinary G-category, which is the only case we will need below.

For G-Catgget, we observe that we can identify categories internal to simplicial sets
with simplicial objects in Cat as products in functor categories can be computed levelwise.
Using this, we can now describe Fun(/, C) for any C € G-Catgge very easily: namely,
it is the simplicial G-category whose G-category of n-simplices is the ordinary func-
tor category Fun(/, C,); the simplicial structure maps are given in the obvious way. Put
differently, Ob Fun(/, C) is the simplicial subset of Ob(C)°*!) x Mor(C)M'!) whose
n-simplices are the functors I — C,,, and similarly Mor Fun(/, C) is defined as a subcom-
plex of Ob(C)°PU XD s Mor(C )Mo/ XD The unit and counit are given by applying the
usual unit and counit of / x —: Cat = Cat : Fun(/,-) levelwise.

On the other hand, if D € G-Catryp, then Ob Fun(/, D) is the set of all (ordinary)
functors I — D, topologized as a subspace of Ob(D)°"@) x Mor(D)M() and similarly
for Mor Fun(/, D). The unit and counit are given by the usual unit and counit of

I x —:Cat 2 Cat : Fun(/,-).

Definition 9.8. A functor f in G-Catgse or G-Catry,y is called a G-“h”fp weak equiva-
lence if Fun(E G, f') is a G-weak equivalence.

We now want to prove the following comparison complementing Proposition 9.6.

Proposition 9.9. The adjunction (9.1) is also a homotopy equivalence with respect to the
G-“h’fp weak equivalences on both sides.

Before we can do this, we have to establish a certain compatibility property of the
above adjunction with respect to internal function categories.

Construction 9.10. As |-|: G-Catgg; — G -Catr,, preserves finite products, the calculus
of mates provides us with a natural map

az,c: [Fun(Z,C)| — Fun (|1],|C])
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for every G -Catgget, and passing to mates again then yields a natural map
B1,p:Fun(/, Sing D) — Sing Fun(|l [, D)

for every D € G-Catr,p. By the calculus of mates, 8 is actually an isomorphism (being
the total mate of the isomorphism |/ x —| = [ x |-|), and «, B are compatible with the
unit of the adjunction |-| - Sing in the sense that the diagram

Fun(I,C) —— Sing[Fun(Z, C)|
Fun(l,rnl lsmga,,c 9.2)

Fun(Z, Sing |C) B Sing Fun(|1],|C])
1,|C

commutes for all / € G-Cat and C € G -Catgge.

Lemma 9.11. Let I be a finite G-category and let C € G-Catgger. Then the above map
a:|Fun(/, C)| — Fun(/, |C]|) is an isomorphism.

Proof. We will show that o induces a homeomorphism on objects; the corresponding
claim for morphisms will then follow by replacing I by I x [1] everywhere.

An n-simplex I — C, of ObFun(/, C) corresponds to a functor / x A" — C, which
gives us amap |A"| x [ =~ |A" x I| — |C|; unravelling definitions, we see that

a: |ObFun(1, C)| — ObFun(I,|C|)

is given by gluing together all these maps. In particular, the diagram

|ObFun(Z, C)| =< [0bC x Mor CMr /|

l glcp 9.3)

ObFun(I,|C|) —— |ObC |1 x [Mor C Mo/

commutes, where the map ® on the right is the canonical homeomorphism induced by
the projections, i.e. it sends [Fp, Fi; «] to the family that sends i € Ob [ to [Fy(i), o] and
f eMor(I) to [F1(f);a].

The top horizontal arrow in (9.3) is an embedding as the geometric realization of an
inclusion of simplicial sets, and so is the lower horizontal arrow by definition. To complete
the proof it suffices now to show that any & € |Ob C! x Mor CM!| for which ®F is
a functor I — |C|, is already contained in |Ob Fun(/, C)|.

To this end, we write § = [Fy, F1; 0] with 0 € (A")° for some n > 0, and it will
be enough to prove that (Fy, F1) defines a functor / — C,. For this we will only show
that src oF; = Fy o src, the argument for the other functoriality properties being similar.
Indeed, if f:i — j is any morphism in /, then

[Fo(i).0] = (®F)(i) = src(@F)(f) = [src Fi(f). 0]:
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as o lies in the interior of A" by construction, this already implies that Fo(i) = src Fy(f)
by the basic combinatorics of simplicial sets as desired. ]

Proof of Proposition 9.9. As Sing creates G-weak equivalences, the isomorphism ¢ -
shows that Sing also creates G-*“h”fp weak equivalences. It therefore only remains to show
that the unit n: C — Sing|C| is a G-“h"fp weak equivalence for every C € G -Catgge.
For this, we specialize the commutative diagram (9.2) to the finite G-category I =
EG. Then the lower horizontal map is an isomorphism, and so is the right-hand vertical
map by the previous lemma. As moreover the top horizontal arrow is a G-weak equiv-
alence by Proposition 9.6, 2-out-of-3 shows that Fun(E G, ) is a G-weak equivalence,
i.e. 7 is a G-“h”fp weak equivalence as desired. |

Now let @ be any operad in G -Catgget. As || preserves products, it lifts to a functor
Algy(G-Catgset) — Algg|(G -Catrep), and likewise Sing induces Alg» (G -Catrop) —
Algg;o(2) (G -Catsgser) for any operad P in G -Catryyp. If P = |0, then we can compose
this with the restriction along @ — Sing|@|, yielding an adjunction

Algg (G -Catsger) 2 Algg(G-Catrep). 9.4)
Propositions 9.6 and 9.9 now immediately imply the following result.

Corollary 9.12. Let O be any operad in G-Catgget. Then (9.4) is a homotopy equivalence
with respect to the G-weak equivalences as well as with respect to the G-“h”fp weak
equivalences. ]

9.3. Simplicial versus ordinary categories

It remains to compare algebras of simplicial G-categories to those of ordinary G-cate-
gories. Here the key idea will be to again exploit the identification between simplicial
G -categories and simplicial objects in G -Cat. We begin by describing the G-weak equiv-
alences from this point of view.

Lemma 9.13. A map in G-Catgse is a G-weak equivalence if and only if it is sent to a
realization G-weak equivalence under the composition

G-Catgse = Fun(A®, G-Cat) —> Fun(A™, G-SSet),
and analogously for maps in Algq (G-Catsset) for any operad O in G-Cat.

Proof. One checks by direct inspection that the diagram

G -Catgg, = Fun(A°, G-Cat)
Nl lN o—
Fun(A%, G-SSet) —— Y . Fun(A®, G-SSet)

diag\%’c‘g*

G -SSet
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commutes, where twist denotes the functor exchanging the two factors of A°? x A°_ and
diag: A°? — A x AP is the diagonal embedding. The first statement now follows as

diag™ is isomorphic to ||—||, and the second statement is a formal consequence of the first
one as the forgetful functor Algy o (G-SSet) — G-SSet preserves geometric realization
(Proposition 2.23). [ ]

For suitably nice model categories C, [33, Theorem 3.6] shows that the homotopy
theory of simplicial objects in C with respect to the realization weak equivalences is again
equivalent to C. However, in our situation, we do not have model structures available, so
we will argue oo-categorically instead.

Lemma 9.14. Let C be a cocomplete quasi-category. Then
hocolim: Fun(N A%, €) 2 € : const
is a Bousfield localization.

Proof. We have to show that for every X € C the counit hocolimy(acryconstX — X is an
equivalence. However N(A°P) is weakly contractible as A°P has an initial object, so the
claim is simply an instance of [24, Corollary 4.4.4.10]. ]

Before we can apply this, however, there is a technical hurdle to overcome—namely,
we have to compare simplicial objects in the underlying 1-categories with simplicial
objects in the associated quasi-categories.

Proposition 9.15. Let I be any small category.
(1) Let O be a genuine G-E-operad in G-Cat. Then the natural map

00
levelwise G-w.e.

Fun (1, Algg (G-Cat)) — Fun (N1, Algy(G-Cat)y,, . )

is an equivalence.

(2) Let P be an underlying E-operad in G-Cat. Then the natural map

Fun (I, Algp(G-Cat)) — Fun (N7, Algp (G-Cat) & gy v, )

o0
lev. G-“h"fp w.e.
is an equivalence.

Proof. First some terminology: recall that a relative category [3, Section 3.1] is a pair of
a category C together with a wide subcategory W, called the weak equivalences of C; as
usual, we will also simply refer to C as a relative category if W is understood. Any relative
category (C, W) again admits an co-categorical localization Cf; (or C* for short).

We now call C hereditary if the natural map Fun(/, €){%,, . — Fun(N 7, C*) is an
equivalence for every I € Cat. Moreover, a relative equivalence f of relative categories
(i.e. a homotopical functor inducing equivalences of associated quasi-categories) will be
called hereditary if also f7 is a relative equivalence (with respect to the levelwise weak
equivalences) for every /; for example, every homotopy equivalence is hereditary.
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By 2-out-of-3 all relative equivalences of hereditary relative categories are heredi-
tary, and conversely the hereditary relative categories are closed under hereditary relative
equivalences. Moreover, [10, Theorem 7.9.8 and Remark 7.9.7] shows that the underlying
relative category of any model category is hereditary. It will therefore suffice to connect
Algy(G-Cat)g.y.. and Algp(G-Cat)g. v we. by zig-zags of hereditary relative equiv-
alences to suitable model categories.

For this we will unravel parts of the proof of Theorem 7.2. We first recall we have a
zig-zag of relative equivalences

Algg(G-Cat) > Algg, ;. (G-Cat) <= Alg;_(G-Cat) 9.5)

with respect to the G-equivariant equivalences. Since these are maps between model cat-
egories, they are hereditary, i.e. for every I € Cat also the induced functors

Algy(G-Cat)’ — Algg, 1, (G-Cat)’ — Alg; (G-Cat)’

are relative equivalences with respect to the levelwise G-equivalences of categories, hence
also with respect to the levelwise G-weak equivalences everywhere (as the latter are
saturated and each of the above functors creates G-weak equivalences). Put differently,
the zig-zag (9.5) also consists of hereditary relative equivalences with respect to the G-
equivariant weak equivalences everywhere.

Similarly, Theorem 5.27 implies that G -ParSumCat — Alg;(G-Cat) is a heredi-
tary relative equivalence with respect to the G-global equivalences and hence also for the
G-equivariant weak equivalences. On the other hand, the functor A: Alg;(G-Cat) —
Alg;, (G-Cat) is right Quillen (for the G-global model structure on the source) and
induces a quasi-localization at the G-equivariant equivalences by Lemma 4.23 and its
proof. Precomposing its left adjoint V with a functorial cofibrant replacement then pro-
vides a homotopy inverse to A with respect to the G-equivariant equivalences on both
sides, hence also for the G-equivariant weak equivalences. In particular, also A is a hered-
itary relative equivalence for the G-equivariant weak equivalences on both sides.

Moreover, the nerve G -ParSumCat — G -ParSumSSet is again a homotopy equiva-
lence (with respect to the G-global and hence also with respect to the G-equivariant weak
equivalences) by [23, Theorem 5.8], hence hereditary. Arguing just like above, we then
finally get a zig-zag of hereditary relative equivalences between G -ParSumSSet and the
model category Alg;, (G -SSet), which completes the proof of the first statement.

The proof of the second statement is similar: as above we get a zig-zag of heredi-
tary relative equivalences between Alg » (G -Cat) and Algg 5, (G -Cat) with respect to the
underlying equivalences of categories, hence also with respect to the G-“h”fp weak equiv-
alences. However, Alggy (G-Cat) is even isomorphic as a 1-category to G -PermCat
(and this isomorphism respects underlying G-categories, hence also the weak equiva-
lences in question), which is in turn homotopy equivalent to G -ParSumSSet with respect
to the G-global weak equivalences [23, Theorems 5.8 and 6.9], hence in particular with
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respect to the G-“h”fp weak equivalences on G -PermCat and the G-weak equivalences
on G -ParSumSSet. The claim follows as before. |

Proposition 9.16. For every genuine G-Eoo-operad O the inclusion
Algy(G-Cat)g.ye — Algy(G-Catgset)G-we.
induces an equivalence of associated quasi-categories.
Proof. We first observe that the composition
Algg (G -Cat) — Algy(G-Catgger) = Fun (A%, Algy (G-Cat))

is just the functor sending an (9-algebra to the constant simplicial object. By Proposi-
tion 9.15 together with Lemma 9.14 it will therefore be enough to show that a map in
Fun(A°, Algq(G-Cat)) is a G-weak equivalence if and only if its image under the com-
position

hocolim

Fun (A%, Alge (G-Cat)) — Fun (N A, Algy (G -Cat)™®) —— Algy (G -Cat)™

is an equivalence. However, N: Algq (G -Cat) — Algy ¢ (G -SSet) descends to an equiv-
alence by Theorem 7.2, so a map is inverted by the above if and only if it is inverted
by

Fun (A, Alge (G-Cat)) ~> Fun (A, Alge(G-SSet))
— Fun (N A, Alge(G-SSet)™)

hocolim

20, Alge(G-SSet)™.

Finally, as Algq (G -SSet) is a simplicial model category, the composition of the final two
arrows is induced by geometric realization. The claim therefore follows from Lemma 9.13.
(]

Now we can prove the following theorem.

Theorem 9.17. Let O be an underlying Eo-operad in G-Cat. Then all the maps in the
commutative diagram

uj G,—
Algg(G-Cat)gpy —E9D . Alggre (G-Cat)gye.

I I

Fun(EG-)
Algq (G-Catgsgser) G-n7tp . Alggrc (G-Catgset) G-we.

H) I

Algg (G'CatTop)G_“h“fp W AlgoEG (G'CatTop)G_w.e,

descend to equivalences of quasi-categories.
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Proof. The right-hand vertical inclusion in the upper square induces an equivalence of
associated quasi-categories by the previous proposition, and so do the vertical functors
in the lower square by Corollary 9.12. Moreover, the top horizontal arrow induces an
equivalence by Theorem 8.4, and together with Proposition 9.15 we see that the middle
horizontal arrow becomes an equivalence when we define a map f in the target to be a
weak equivalence if applying the nerve levelwise turns it into a levelwise weak equivalence
of G-bisimplicial sets and a map f’ in the source if Fun(EG, f”) has the same property.
Thus, it also becomes an equivalence when we quasi-localize the target at the G-weak
equivalences and the source at those maps inverted by Fun(E G, -), i.e. the G-“h"fp weak
equivalences. By 2-out-of-3 we then see that also the top left vertical map and the bottom
horizontal map descend to equivalences, which completes the proof of the theorem. ]

As an immediate consequence we now get the following version of Theorem 7.2 for
simplicial G-categories.

Corollary 9.18. In the above situation,
[[=Il o N: Alge (G-Catgset) G-we. = Algy o (G-SSet)G-ye.

induces an equivalence of associated quasi-categories. ]

Next, we come to a version of this statement for G-Caty,p. Here a slight subtlety
arises: namely, ||| o N: G-Catg,p, — G-Top is not homotopical, while the usual “fat”
realizations do not preserve products up to isomorphism. However, we can solve this issue
by composing ||—|| with the product-preserving cofibrant replacement given by the usual
geometric realization-singular set adjunction.

Corollary 9.19. The functor G-Catyo, — G-Top given on objects by
C + |||-| o Singo NC ||
and likewise on morphisms induces an equivalence
Algg(G-Catrop) Gy .. — Algg)(G-Top)™. L]

Finally, we also get a version of Theorem 8.15 in the internal context.

Corollary 9.20. The Guillou—May construction of equivariant algebraic K-theory ex-
hibits the quasi-category of connective genuine G-spectra as a quasi-localization of the
category of genuine permutative G-categories internal to Top. ]

A. Comparison of equivariant K -theory constructions

Throughout, let G be a finite group. Given a G-parsummable category C, we can use
Theorem 5.29 to build a genuine permutative G-category W(C) from this, which then via
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the general equivariant infinite loop space machinery of Guillou and May [14] gives rise to
a G-equivariant K-theory spectrum Kg ¥ (C). On the other hand, [20, Definition 4.1.10]
produces a G-global K-theory spectrum directly from C, which by considering the same
object with respect to a coarser notion of weak equivalence in particular gives us another
G-equivariant spectrum K¢ (C). The goal of this short appendix is to prove that these two
spectra actually agree. In fact, we will prove more generally.

Theorem A.1. Let ©: G-ParSumCatg, ., — Alggyrc (G-Cat)3 ;. be any functor
that preserves underlying G-categories, e.g. the equivalence WV considered above. Then

the diagram

G -PaI‘SumCat%o_equiv_ L AlgE ) E G (G - Cat) %O_equiv,

KG\ A (A1)

G-Spectragy .

commutes up to preferred equivalence.

Somewhat amusingly, we will never need to know how the above K-theory construc-
tions actually look like—instead, we will deduce the theorem formally from the results of
this paper together with [20, 23].

We begin by making the equivalence W (and more generally any ® as above) explicit in
a special case, as promised in Remark 5.3 1. For this we recall from [20, Definition 4.1.25]
that any naive permutative G-category C gives rise to an (explicit) G-parsummable cate-
gory ®*(C); again, the precise construction will not be relevant.

Proposition A.2. Let ® be as above. Then

G-PermCatg, .,

sat FUTI(E Gﬁ)
q/ \ A2)

G -ParSumCat%o_equiv' T) AlgE EEG (G -Cat) oGo_equiv,

commutes up to preferred equivalence.

Proof. Let us call a G-category strongly saturated if for every H C G the canonical map
CH — Fun(EH,C)H ~Fun(EG, C) of fixed points into (categorical) homotopy fixed
points is an equivalence (the G-global version of this was simply called saturated in [20,
23]). If A is any G-category, then Fun(E G, A) is strongly saturated [31, Lemma 2.8],
and so is the underlying G-category of ®%'(B) for any permutative G-category B by
[20, Theorem 4.1.23]. Thus, both composites in (A.2) factor through the full subcategory
spanned by the strongly saturated genuine permutative G-categories. However, a map of
strongly saturated G-categories is a G-equivariant equivalence if and only if it is an under-
lying equivalence, while the same argument as in Lemma 8.10 shows that the inclusion of



T. Lenz 1158

strongly saturated algebras into all algebras is an equivalence with respect to the under-

lying equivalences. Altogether we are therefore reduced to proving the claim when we

consider the composites as functors into Alg zy£6 (G -Cat)
However, in this case we have an isomorphism

o0
underlying*

AlgE »EG (G 'Cat)underlying = Fun(B G, AlgE $EG (Cat) equivA)
preserving and reflecting weak equivalences, hence an equivalence

Algg 56 (G-Cat) ~ Fun(BG,CMon(CatZ;,))

00
underlying equiv.

lying over the canonical equivalence G -Catgyyin, = Fun(BG, Catgy,, ) from [10, Theo-
rem 7.9.8 and Remark 7.9.7]. As taking commutative monoid objects in the co-categorical

sense commutes with functor categories, this then gives an equivalence

Algg 56 (G-Cat) ~ CMon(Fun(BG, CatZ,))

00
underlying equiv.

over the same equivalence as before, and hence by functoriality of CMon finally an equiv-
alence

Algp e (G-Cat) ~ CMon(G -Cat

oo oo )
underlying underlying

over G-Cat>° By [12, Corollary 2.5 (iii)] it therefore suffices to construct the equiv-

underlying*
alence filling (A.2) after postcomposition with the forgetful functor to G-Catl;e 1 in.s
where both paths through the diagram can simply be identified with the forgetful functor

(see [20, proof of Lemma 6.12] for the left-hand composite). ]

Proof of Theorem A.1. Both K-theory functors actually invert G-equivariant weak equiv-
alences, and so does ® by assumption; we may therefore prove the theorem after localizing
at the G-equivariant weak equivalences instead. In this case, both Fun(E G, -) and ®%*
become equivalences with respect to the G-“h”fp weak equivalences on G -PermCat by
Theorem 8.4 and [23, Theorem 6.9], respectively. By the previous proposition it therefore
suffices to prove the theorem after precomposing (A.1) with the maps from (A.2), i.e. to
construct an equivalence filling

EG.,-
G-PermCat .-, Eun(EG) Algpsee (G-Cat)g,

@sall lKG

G -ParSumCat — = G-Spectrag . ,

which is done in [20, Theorem 4.1.40]. [

Remark A.3. A slight variation of the above arguments yields the following uniqueness
result for our comparison G -ParSumCatg’, . ~ Algpyre (G-Cat)g . : for any functor

00 )
G 'ParsumcatG—equivalences g AlgE SEG (G-Cat) G-equivalences
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compatible with the forgetful maps to G -Cat%o_equw (note the finer notion of weak equiv-
alence!), the induced functor

G-ParSumCatg, . — Algpyre(G-Cat)g,

is canonically equivalent to the equivalence ¥ we constructed, in particular itself an equiv-
alence.

I do not know whether this holds more generally without the assumption that our
comparison comes from a functor of the localizations at the G-equivariant equivalences, or
equivalently, whether the space of endomorphism of Alg g zc (G -SSet)> over G -SSet*™
is contractible. Similarly, it is not clear whether Alg; yrc (G-Cat)g’ cquiv. Nas non-trivial
endomorphisms over G-Catg ., -
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