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Operads in unstable global homotopy theory

MIGUEL BARRERO

We study operads in unstable global homotopy theory, which is the homotopy theory
of spaces with compatible actions by all compact Lie groups. We show that the
theory of these operads works remarkably well, as for example it is possible to give a
model structure for the category of algebras over any such operad. We define global
E —operads, a good generalization of E—operads to the global setting, and we
give a rectification result for algebras over them.
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1 Introduction

Operads were first introduced by May [17] to study infinite loop spaces. Since then
they have found uses in many areas of mathematics, including algebra, higher category
theory, geometry, and mathematical physics. In general, an operad codifies a collection
of operations of varying arity in a symmetric monoidal category.

An algebra over an operad O is a representation of the abstract operations that the
operad encodes as actual operations in some object. For example, an algebra over the
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3294 Miguel Barrero

commutative operad Comm is a commutative monoid in the given symmetric monoidal
category. Another important example is that of an Es,—operad, which encodes a
binary operation that is unital, associative and commutative but only up to all higher
homotopies.

One area that has seen increased interest in the last decade is equivariant homotopy
theory. It is dedicated to studying the homotopy theory of spaces with an action by a
topological group G. One can construct operads in the category of G—spaces, and this
yields a theory that is remarkably different to the nonequivariant case. Unlike in the
nonequivariant case, where all E,—operads are equivalent, there are multiple possible
nonequivalent notions of what an E,—operad in G—spaces could be, all of which are
nonequivariantly E,—operads. For example, there is the naive one, an Es,—operad in
spaces given the trivial G—action. This is however not the best choice when one wants
to study objects like equivariant infinite loop spaces or equivariant spectra with some
multiplicative structure.

Instead the better choice is to look at both the G—action and the X,—action on each
O, at the same time. An E.—G-operad is an operad in G—spaces where each O,
is a universal space for the family of graph subgroups of G x X,. Algebras over
an E.—G-operad have more structure than algebras over a naive E,—operad in
G—spaces.

In this paper we look at operads in the setting of unstable global equivariant homotopy
theory. This is the homotopy theory of spaces which have simultaneous and compatible
actions by all compact Lie groups. There are important equivariant constructions, like
equivariant K—theory spectra and equivariant Thom spectra, that can be understood as
a single globally equivariant object. We work with the model for unstable global homo-
topy theory based on orthogonal spaces, introduced by Schwede [22]. An orthogonal
space can be thought of as the unstable analog of an orthogonal spectrum. There are
some similarities between the theories of operads in the global equivariant setting and
the G—equivariant setting for a single group G, but operads in the global equivariant
setting are technically better behaved.

An orthogonal space has an underlying K—space for each compact Lie group K. We
study orthogonal spaces through these compatible K—actions for each K. A morphism
of orthogonal spaces is said to be a global equivalence if it is an equivalence of
underlying K—spaces for each compact Lie group K. There is a model structure in the
category of orthogonal spaces with these global equivalences as the weak equivalences,
called the global model structure.
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A natural question to consider is whether one can construct a model structure on Al (O)
the category of algebras over a given operad O in orthogonal spaces using the global
model structure on the underlying category.

Question Does the forgetful functor create the weak equivalences and fibrations of
some model structure on the category of algebras over a given operad O?

The first place where this question was examined for a general category was in
Spitzweck’s PhD thesis [25], which provided some conditions under which this is
true. The main technical point there was a factorization for pushout diagrams in the
category of algebras over an operad. A different approach was used by Berger and
Moerdijk [3]. Pavlov and Scholbach [19] studied this question most extensively with
full generality, and White and Yau [26] studied an analogous question for semimodel
structures. We use a different factorization for pushout diagrams given by Sagave and
Schlichtkrull [21], originally from Elmendorf and Mandell [7].

The first main result that we obtain is that the desired model structure exists for any
operad in orthogonal spaces.

Theorem 4.11 Let O be any operad in (Spc, X) the category of orthogonal spaces,
with the positive global model structure and the symmetric monoidal structure given
by the box product. Then there is a cofibrantly generated model category structure on
Al (O), the category of algebras over O, where the forgetful functor U g5 (o) creates the
weak equivalences and fibrations, and sends cofibrations in Alg(O) to h—cofibrations

in Spe.

This result is surprising, in that it holds for all operads. Such a result generally holds
for all operads if the category is nice enough, for example symmetric spectra based
on simplicial sets; see the work of Harper [12]. One relevant property there is that all
simplicial sets are cofibrant. Since not all orthogonal spaces are cofibrant, the approach
of [12] does not apply to the present case.

Instead we use that the box product of orthogonal spaces is fully homotopical. By
definition, this means that the box product of two global equivalences is a global
equivalence, without any cofibrancy assumptions. This in turn removes any cofibrancy
assumptions on the operad in Theorem 4.11.

Theorem 4.11 was proven by Schwede [22] for the specific case of the commutative
operad Comm. Algebras over Comm are the commutative monoids in orthogonal
spaces with respect to the box product, which are usually called ultracommutative
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monoids, and they have a very rich structure. We generalize the result in [22] to any
operad. To accomplish this we need to use several different technical results and tools.

Some of these technical results deal with the 3, —objects in the category of orthogonal
spaces, and so we study them in detail. We consider more generally orthogonal spaces
which have an additional action by a fixed compact Lie group G, which we call
G-orthogonal spaces. Thus, the underlying K—space of a G—orthogonal space is a
(KxG)-space.

We define the notion of a G—global equivalence between G—orthogonal spaces, which
takes into account both the G—action, and the action by each compact Lie group K.
We also study various properties of these G—orthogonal spaces. In the appendix we
give a model structure for G—orthogonal spaces which has the G—global equivalences
as weak equivalences. Since G is any compact Lie group, the results of the appendix
are new in this generality.

This notion of “globally equivariant objects” with an additional action by a fixed
group G was studied extensively by Lenz in the context of algebraic K—theory [15].
There, various model structures were given for a discrete group G not necessarily finite.
Orthogonal spaces and orthogonal spectra with a G—action for a compact Lie group G
were also studied from the global point of view by Schwede [23]; however no model
structure was defined there.

Our second main result is a characterization of morphisms of operads in orthogonal
spaces that induce a Quillen equivalence between the respective categories of algebras.

Theorem 4.14 Let g: O — P be a morphism of operads in (Spc, X), the category of
orthogonal spaces, with the positive global model structure and the symmetric monoidal
structure given by the box product. Then the extension and restriction adjunction
(g1, g%) is a Quillen equivalence between the respective categories of algebras if and
only if for each n > 0 the morphism g, : O, — P, is a ¥,—global equivalence.

As was the case with Theorem 4.11, this result applies in full generality, to any morphism
between any two operads. For a morphism g between “nice” operads, it is enough
to require that the morphisms g, are weak equivalences in the underlying category
to obtain a Quillen equivalence, as shown by Spitzweck [25]. However, for arbitrary
operads in orthogonal spaces Theorem 4.14 does not hold if each g, is merely a global
equivalence, it additionally needs to be a X,—global equivalence. In particular, if O
is a topological E,—operad given the trivial global structure, A4 (O) is not Quillen
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equivalent to the category of ultracommutative monoids. Thus, as in the G—equivariant
setting mentioned at the beginning, this naive global E,—operad is not the best one to
consider.

Instead, Theorem 4.14 suggest a good notion of what an Es,—operad in the global
equivariant sense should be. We define a global E,—operad to be an operad O in
(Spc, M) such that each O, is X, —globally equivalent to *, the one-point orthogonal
space. Then the naive global E,—operads of the previous paragraph are not actually
global E,—operads. For any global E—operad O, Theorem 4.14 implies that the
category of algebras over O is Quillen equivalent to the category of ultracommutative
monoids. Thus, any algebra over a global Es,—operad can be rectified to an ultra-
commutative monoid, and so these algebras also encode the highest possible level of
commutativity.

In this article we provide several examples of global E,—operads. Some of these are
global analogs of classical operads in (equivariant) homotopy theory. These include a
global version of the little disks operad and the Steiner operad, which are constructed
in a similar way to the little disks and Steiner G—operads associated to a G—universe
for a compact Lie group G.

In the G—equivariant case, there is a whole hierarchy of nonequivalent operads between
a naive Eso—operad in G—spaces and an E,—G—-operad. These in-between operads
are called Noo—operads, and were introduced by Blumberg and Hill [4]. They codify
various levels of commutativity, by imposing the existence of certain additive trans-
fers/multiplicative norms. In the global setting, there is also a hierarchy of operads
between the naive global E,—operads and the global E,—operads. These operads in
orthogonal spaces are the global analogs of No—operads. We provide a classification
of them in [1].

Structure of this paper

In Section 2 we begin by recalling the basic properties of operads as defined in any
symmetric monoidal category. We then introduce unstable global homotopy theory,
to put in context the questions that we examine. We also give plenty of examples of
operads in orthogonal spaces, to build some intuition.

In Section 3, we study G-orthogonal spaces. We begin by defining the G—global
equivalences, and checking their basic properties. We then look at how G—global equiv-
alences interact with taking G—orbits and with the box product. Lastly we introduce
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the i—cofibrations of G—orthogonal spaces, which are used in the proofs of our main
results, Theorems 4.11 and 4.14, presented in Section 4.

In Section 5 we introduce global E,—operads, and check that several of the examples
of global operads given in Section 2 are global E,—operads.

There is a model structure on G—orthogonal spaces with the G—global equivalences as
the weak equivalences. For completeness, we present the construction of this model
structure in the appendix. We do not need this model structure to prove our main
theorems.

Notation and conventions

We introduce here various mathematical and notational conventions that are used
throughout this article.

Whenever we talk about a space we are referring to a compactly generated weak
Hausdorff topological space. We use Top to denote the category of such spaces. In
the rare cases where we refer to a general topological space, we do so explicitly. We
underline the names used for specific categories, like Set or Top, but not the variables
like 6. In particular, G denotes the one-object groupoid associated to a group G.

We often use i; to refer to the boundary map i;: D! — D! in Top for each [ > 0.
Similarly we use j; for the inclusion j;: D! = D! x {0} — D! x[0, 1] for [ > 0.

We use x for the categorical product, X for the box product of orthogonal spaces
introduced in Remark 2.6, and ® for the tensor product in a generic symmetric monoidal
category.

In this article we only consider compact Lie groups, and closed subgroups of them. By
default, an inner product space refers to a real inner product space, finite-dimensional
unless stated otherwise, and for a compact Lie group G, a G-representation means an
orthogonal G—representation in an inner product space, also finite-dimensional unless
stated otherwise.

A complete G—universe is a countably infinite-dimensional orthogonal G—representation
with nonzero fixed points, and such that for each finite-dimensional G-representation V/,
a countably infinite direct sum of copies of V embeds G—equivariantly into Ug. We
denote a complete G—universe by Ug.
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We write 3, for the symmetric group on n elements. By default, group actions are left
group actions. Sometimes we turn a right action into a left action and vice versa by
acting via the inverse, without saying so explicitly.

Let G be a compact Lie group. For any set F of closed subgroups of G, we say that a
morphism f: X — Y of G-spaces is an F—equivalence (resp. an F—fibration) if for any
H € F the restriction of f to the H-fixed points f H. xH 5 yH isaweak homotopy
equivalence (resp. a Serre fibration). For each set F of closed subgroups of G there
is a cofibrantly generated model structure on GTop the category of G—spaces, with
the F—equivalences as weak equivalences and the F—fibrations as fibrations; see [22,
Proposition B.7]. We refer to the cofibrations of this model structure as F—cofibrations.
If the set F is the set of all closed subgroups of G, we instead use G—equivalences,
G—fibrations, and G—cofibrations to refer to these classes of morphisms.

Given two compact Lie groups K and G we refer often to the set of graph subgroups of
K x G, denoted by & (K, G) and defined in Definition 3.1. We generally use I" to denote
a graph subgroup. Whenever we also need to refer to the continuous homomorphism ¢
associated to the graph subgroup, we use I'y to denote the graph subgroup.

Finally, when we talk about small objects in a category with respect to a class of
morphisms, we follow the conventions of [13, Section 2.1.1]. We use the letters I, J
and K to denote sets of generating (acyclic) cofibrations of various model categories.
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2 Background

2.1 Operads

Let 6 be a cocomplete symmetric monoidal category, where the tensor product preserves
all small colimits in both variables. We follow the exposition of [9] to define operads
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in €. Let X4+— denote the category of symmetric sequences in 6, these are sequences
{X(n)}nen of objects of € where each X(n) has a right ¥,—action. So explicitly,
%4+—€ is the functor category Fun(]_[neN 2, CG)

One can define a composition monoidal structure on ¥4—€, denoted by o; see [9, 2.2.1
and 2.2.2]. Then an operad in € is just a monoid in (X+—%, o). An operad O in 6
gives a monad F(QO) on €; see [9, 2.1.1 and 2.2.1]. An algebra over this operad is
defined as an algebra over the monad F(O). We use Al(O) to denote the category
of algebras over O, and write Fay(0) and Ugg (o) for the adjoint free and forgetful
functors between € and 4(O).

From now on, let € additionally be a cofibrantly generated model category. Given an
operad O in € we want to lift the model structure of € through the forgetful functor
Uag(o): Alg(O) — 6. That is, we want to consider the class of those morphisms which
U 24(0) sends to weak equivalences, and the class of those sent to fibrations, and ask
the question of whether these two classes determine a model structure on Al (O). If
they do, we say that the operad O is admissible.

The result [24, Lemma 2.3] gives conditions under which one can lift a model structure to
the category of algebras over a monad. Let | and J denote sets of generating cofibrations
and acyclic cofibrations of 6, respectively. Set lo = Fay(0)(1) and Jo = Fag(0)(J), and
let |o—reg and Jo-reg denote the regular |n—cofibrations and regular Jo—cofibrations
in 4z(O). Those are the transfinite compositions of cobase changes in A (O) of
morphisms in lp and Jp. Applying [24, Lemma 2.3] to the monad F(O) associated to an
operad O, and using that F(O) always preserves filtered colimits [9, Proposition 2.4.1],
one obtains the following result.

Lemma 2.1 ([24, Lemma 2.3] applied to operads) Let O be an operad in €. Assume
that the sources of morphisms in lp and Jo are small with respect to |p—reg and
Jo-reg, respectively, and that every morphism in Jp-reg is a weak equivalence in 6.
Then Alg(O) is a cofibrantly generated model category where Uy creates the weak
equivalences and fibrations and | and J» are generating sets of cofibrations and acyclic
cofibrations.

We have the following refinement of the result above, inspired by and similar to [9,
Proposition 11.1.14].

Theorem 2.2 Let € be a symmetric monoidal category which is also a cofibrantly
generated model category with sets of generating cofibrations and acyclic cofibrations |
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and J, respectively, and such that the monoidal product preserves all small colimits in
each variable. Let Hcof be a class of morphisms in ‘€ which satisfies the following:

(a) Heof is closed under retracts and transfinite compositions.

(b) The sources of morphisms in | and J are small with respect to Hcof .

(c) A map which is a transfinite composition of morphisms that are both in Hcof and
are weak equivalences, is a weak equivalence.

Fix any operad O in 6, and assume that for each pushout in Alz(O) of the form

Fago) (@)
Fago)(X) =225 Fag(o)(Y)

(1) | r |

A > B

the following hold:
(1) Ifi €l then Ugagoy(f) is in Heof .

(2) Ifi € J then Ugg(p)(f) is a weak equivalence.

Then the conditions of Lemma 2.1 are satisfied, so Alg(O) is a cofibrantly generated
model category, where U g5(0) creates the weak equivalences and fibrations, and o and
Jo are generating sets of cofibrations and acyclic cofibrations of Alg(O). Furthermore,
Uag (o) sends cofibrations to morphisms in Heof .

Note that in the conditions of Theorem 2.2 the class of morphisms Hcof is not required
to contain all the cofibrations of 6. In our application of Theorem 2.2 in Section 4.1, we
take Heof to be the class of A—cofibrations, the morphisms with the homotopy extension
property, hence the notation. In most settings, including the model of unstable global
homotopy theory we use, the class of s—cofibrations does contain all cofibrations, but
as mentioned this is not necessary.

Proof of Theorem 2.2 We have to check that the sources of morphisms in lp and Jo
are small with respect to lp—reg and Jo—reg, respectively, and that every morphism in
Jo—reg is a weak equivalence in ‘€. Then by Lemma 2.1 the claim follows.

By [5, Proposition 4.3.2], Uy (o) preserves filtered colimits. Morphisms in lp-reg are
transfinite compositions of cobase changes of morphisms with the form Fgag (o) (i) for
i €1, as in diagram (1). Therefore, by our assumptions, U gy (o) sends morphisms in
lo—reg to Heof .
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Let X be the source of a morphisms in I. By (b), X is k—small with respect to Hcof
for some cardinal k. Let A be a k—filtered ordinal, and V: A — 4lz(O) a A—sequence
which lands in Ip-reg. Then

co}kim Hom g0y (Fago)(X), V) = co}\im Home (X, Uggo)o V)
=~ Home (X, colim Usy(o) © V)
=~ Homg (X s Uago) (coiim V))
~ Homﬂq(@) (F&[ﬂ(o) (X), co}»im V)

and Fap0)(X) is k—small with respect to lo-reg. In the second isomorphism we
are using that Ugg (o) sends morphisms in lo—reg to #Hcof and that X is k—small with
respect to Heof .

Let T denote the class of morphisms with the right lifting property with respect to lp.
By adjointness these are precisely those morphisms which Ugg (o) sends to acyclic
fibrations. By adjointness again Jo has the left lifting property with respect to 7', and
then so does Jpo-reg.

Let f be a morphism of 4z(O) which has the left lifting property with respect to 7.
Use the small object argument for I» on f to obtain that f is a retract of /i € lo-reg,
and therefore Uqy(0)(f) is a retract of Ugy(o)(h) € Heof . Therefore Ugy (o) sends
Jo-reg to Heof , and so we can repeat the previous argument to obtain that sources of
morphisms in Jp are small with respect to Jo-reg.

For the second condition, let /' € Jo—reg be the transfinite composition of morphisms fq,
such that each fy is a cobase change (in A4(0)) of Fag)(Jja) for jo € J. The
morphism Fay(0) (o) has the left lifting property with respect to 7', and then so does
each fy. Then by the previous discussion Ugag(o)(fa) is in Heof, and it is a weak
equivalence by the hypothesis of the theorem. Since Uggy (o) preserves transfinite
compositions, Ugg ) (f) is a transfinite composition of morphisms that are both in
Heof and are weak equivalences, and so Ugg (o) (f) is a weak equivalence. ad

Remark 2.3 Usually in a category with both a model structure and a monoidal structure,
two compatibility conditions are required; see for example [24, Definition 3.1]. These
are the pushout product axiom, and the requirement that the unit is cofibrant. These
are not necessary to prove Theorem 2.2, but something similar to the pushout product
axiom is usually needed to actually check that condition (2) of Theorem 2.2 holds in
practice.
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Remark 2.4 The question of under which conditions on a category and on an operad
one can lift the model structure to the category of algebras over said operad has been
studied in a few different places and with diverse methods. As far as we can tell, the
first place where this was examined in generality was in Spitzweck’s PhD thesis [25].
It was proven there that a model structure can be lifted assuming that the category €
satisfies the monoid axiom and that the operad is cofibrant [25, Theorem 4].

The condition that an operad is cofibrant in the model structure on operads constructed
in [25] is quite restrictive. It is stronger than asking that each O is cofibrant, or even
Y. ,—cofibrant. In addition in the setting of global homotopy theory, it is not enough to
look at the category of algebras over a cofibrant replacement of an operad (in the usual
sense), as this gives the wrong homotopy theory, which we show in Remark 4.16.

2.2 Unstable global homotopy theory

Unstable global homotopy theory is the homotopy theory of spaces which have simul-
taneous and compatible actions by all compact Lie groups. A model for this is the
category of orthogonal spaces, studied in detail in [22, Chapter 1].

Definition 2.5 [22, Definition 1.1.1] Let L be the Top—enriched category where the
objects are finite-dimensional real inner product spaces, and the morphisms are the
linear isometric embeddings between them.

An orthogonal space is a Top—enriched functor L — Top. We use Spc to denote the
Top-enriched category of orthogonal spaces. Note the similarity of this definition to
the definition of orthogonal spectra as enriched functors.

If we have a compact Lie group K, and V is a K-representation, then X (V') inherits a
K-—action, where k € K acts via X (k). In this sense, orthogonal spaces have actions by
all compact Lie groups. For each compact Lie group K we fix a complete K—universe
Uk for the rest of this article. Let s(Ug) denote the poset of finite-dimensional
subrepresentations of /g . Then we can associate to any orthogonal space the K—space

XUg) = colim X(V),
VesUg)
which we call the underlying K—space. This yields a functor

(=) (Ux): Spe — KTop.

A global equivalence of orthogonal spaces is, roughly speaking, a morphism which for
each compact Lie group K, induces K—equivalences on suitable homotopy colimits of
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finite-dimensional K-representations and equivariant embeddings between them. The
precise definition can be found in [22, Definition 1.1.2]. It is also a special case of the
definition of a G—global equivalence that we give in Definition 3.2 of this article, with
G =e.

An orthogonal space X is said to be closed if for each linear isometric embedding v,
the map X () is a closed embedding. A morphism between closed orthogonal spaces
is a global equivalence if and only if for each compact Lie group K the induced
map on the underlying K—spaces is a K—equivalence; see [22, Proposition 1.1.17], or
Proposition 3.5 below for the analogous result for G—global equivalences.

Remark 2.6 There are two symmetric monoidal structures on Spc which are relevant
for us. The first one is the categorical product, denoted by x, which is computed
levelwise. The second is the box product, denoted by X. It is constructed as a Day
convolution product in [22, Section 1.3]. The unit of both is the terminal one-point
constant orthogonal space .

The box product can also be defined via a universal property. For each X, Y € Spc,
consider the orthogonal spaces Z with a bimorphism (X,Y) — Z from X and Y.
Then the box product of X and Y is an orthogonal space X X Y and a bimorphism
i:(X,Y)—> X XY of orthogonal spaces which is initial among such bimorphisms
with source (X, Y).

Remark 2.7 On Spc there are two cofibrantly generated model structures whose weak
equivalences are precisely the global equivalences: the global model structure [22,
Theorem 1.2.21] and the positive global model structure [22, Theorem 1.2.23]. In the
rest of this article we only consider the positive global model structure.

2.3 Examples of operads in unstable global homotopy theory

In this paper, we study operads in orthogonal spaces with respect to the box product.
This subsection is mostly devoted to showcasing several examples, which we study in
more detail in Section 5.

Remark 2.8 For orthogonal spaces X,Y € Spc, we can construct a bimorphism
(X,Y)—> X xY via

2) X(V)xY(W) XY@, vy awyx Y (Ve W)= (X xY)(V&W).
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This bimorphism yields a morphism of orthogonal spaces
pxy: XXY — X xY

which is natural in X and Y. This means that the identity functor is a lax symmet-
ric monoidal functor from (Spe, X) to (Spe, ), or equivalently an oplax symmetric
monoidal functor from (Spe, X) to (Spe, x).

Therefore given an operad O in (Spc, X), the natural transformation p gives an operad
in (Spc, X), with the same O, for all n > 0. We denote this resulting operad in (Spc, X)
by OX.

Example 2.9 (constant operads in Spc obtained from topological operads) For any
X e Top, we can consider the constant orthogonal space X, that is the constant functor
L — Top with value X. This means that for any group K the underlying K—space of
X is just X with the trivial K—action.

Any operad in spaces O induces a constant operad O in Spe, such that (0), = Oy,.

Construction 2.10 (operad from a functor to topological operads) Given a continuous
functor F from L to the category of operads in spaces, OP—-Top, we can obtain from
it an operad in (Spe, X) by permuting the functoriality on L with the functoriality on
[I,eny Zu- Thus we obtain objects

OFn=(—)noF € XpSpc

The operadic structure on each F (V') gives rise to an operadic structure on these OF ,
with respect to the categorical product of orthogonal spaces. Then the natural morphism
p from X to x turns OF into an operad with respect to the box product, O}z,'.

If the functor F' is constant, then OF is just the constant operad of Example 2.9.
However this process becomes interesting when the actions of the linear isometric
embeddings are nontrivial, as we discuss below.

Example 2.11 (little disks) For each inner product space V' consider the topological
operad LD(V) of little disks in V. These assemble into a continuous functor
LD: L — OP-Top.

We understand an element of LD(V'), as a set of n center points v; € D(V) in the
open unit disk of V' and » radii r; that parametrize a rectilinear embedding of 7 copies
of D(V) into itself. Then for a linear isometric embedding ¢ : V — W, the map
LD): LD(V) — LD(W) acts by sending each v; to ¥ (v;).
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By Construction 2.10 we obtain an operad £LD* in (Spe, X), and EDX], shortened to
LD, in (Spc, X). The operad given by the underlying spaces of each LD, is precisely
the Eo—operad of spaces obtained as the colimit of the little disks operads for R™.
Similarly, for a compact Lie group K, the underlying K—space of LD, is exactly
LD(Ug )n, the n'™ space of the K—equivariant little disks operad for the complete
K—universe Ug, described for example in [4, Definition 3.11(ii)].

Analogously, there is a global version of the Steiner operad.

Example 2.12 (Steiner operad) For each inner product space V let R(V') be the
space of distance reducing topological embeddings f: V — V', where distance reducing
means that || f(x) — f(»)|| < |x — y||. This is a continuous functor L — Top, where
for each linear isometric embedding ¥: V' — W and f € R(V), the embedding
R(Y)(f): W — W is given by

(Yo foy )@ Im(y)": Im(y) @ Im(y)" — Im(y) & Im(y)~.

A Steiner path for V is amap 4: [0, 1] - R(V) such that (1) = idy. Let K(V), be
the space of tuples (41, ..., hy,) of n Steiner paths such that the images of the /; (0)
are disjoint. These form X (V), the Steiner operad for V, and these assemble into a
continuous functor F': L — OP-Top, which gives the Steiner operad X in (Spc, K). As
in the case of the little disks, for a compact Lie group K the underlying K—space of %,
is exactly K(Ug )n, the n'™ space of the K—equivariant Steiner operad for the complete
K-—universe Uk, described for example in [4, Definition 3.11(iv)]. The underlying
nonequivariant operad of X is an Ey,—operad in spaces.

Example 2.13 (endomorphism operads) The symmetric monoidal category (Spe, X)
is closed; see [22, Remark C.12]. Let Hom denote the internal Hom functor of Spe. For
each X € Spc we can consider the endomorphism operad End(X) in (Spe, X), where
End(X), = Hom(X®" X).

Example 2.14 For each compact Lie group K the underlying K—space functor

(=) Uk ): Spc — KTop

has a right adjoint Rg, constructed in [22, Construction 1.2.25]. Being a right adjoint,
R is strong monoidal with respect to the categorical products in KTop and Spc.
Therefore if O is any operad in (KTop, x) then Rg (O) is an operad in (Spe, X), and
by Remark 2.8 we also obtain an operad in (Spe, X).
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3 G -orthogonal spaces

In order to talk about operads in Spc, we need to know more about the structure of
orthogonal spaces which have an action by the symmetric group X,. In this section we
study orthogonal spaces with an additional action by a general compact Lie group G.
We denote by G Spc the category of continuous functors from G to Spe, which we call
G-orthogonal spaces.

Definition 3.1 Let K and G be compact Lie groups. A closed subgroup I' < K x G is
a graph subgroup if ' N ({ex } X G) = {egxg}- We denote the set of graph subgroups
of K x G by F(K, G). They are called graph subgroups because for any I" € F(K, G)
there is a closed subgroup H < K and a continuous homomorphism ¢: H — G such
that I" is precisely the graph of ¢.

Let i; denote the boundary map i;: D! — D! in Top, for each / > 0. We use this
notation throughout the paper. Given a G—orthogonal space X, a compact Lie group K,
and a K-representation V', X (V') has a (KxG)-action.

Definition 3.2 (G-global equivalence) For a compact Lie group G, a morphism f of
G Spe is a G—global equivalence if for each compact Lie group K, each graph subgroup
I' e #(K, G), each K-representation V and / > 0, the following statement holds. For
any lifting problem

ap! 2 x(v)b

there is a K—equivariant linear isometric embedding ¥ : V' — W into a K—representation
W such that there exists a morphism A : D' — X(W)T which satisfies that in the diagram

ap! —oy x(v)r X0 S X(N)T

L’z T e

D! T> y(r)b YO ywyr

the upper left triangle commutes, and the lower right triangle commutes up to homotopy
relative to D! .

Note that for G = e this is just the definition of global equivalence from [22, Defini-
tion 1.1.2] mentioned in Section 2.2. As it was the case for global equivalences, this
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definition is meant to capture that for each compact Lie group K taking some suitable
homotopy colimit of K-representations yields an F(K, G)—equivalence. We can make
this more explicit with the following proposition, analogous to [22, Proposition 1.1.7].

Definition 3.3 For a compact Lie group K, we say that a nested sequence {V;};en of
K-representations
VOCVI C"'CV;’C"'

is exhaustive if for each K-representation V there is an equivariant linear isometric
embedding of V into some V;.

Proposition 3.4 A morphism f: X — Y in GSpc is a G—global equivalence if and only
if for each compact Lie group K and each exhaustive sequence of K-representations
{Vi}ien, the map

tel; f(Vi):tel; X(V;) —tel; Y(V;)

induced on the mapping telescopes of the sequences X (V;) and Y (V;) of (KxG)—
spaces and (K xG)—equivariant maps is an % (K, G)—equivalence.

Proof First we assume that for each compact Lie group K and each exhaustive
sequence of orthogonal K-representations, tel; f(V;) is an #(K, G)—equivalence of
(KxG)-spaces. Any compact Lie group K has an exhaustive sequence of representa-
tions {V;}ieN, so for any K-representation V', any graph subgroup I' € (K, G) and
any lifting problem (e, B) for £ (V)T since {V;};en is exhaustive, we can embed V/
into some V},, and so we assume that V = V,,.

Now we fix some notation. Let
cxn: X (Vi) — tel; X(V;)

be the canonical (K xG)—equivariant map. Let teljp ,) X(V;) denote the truncated
mapping telescope. Let

TTX,n- tel[O,n] X(Vi) = X(Vy)

be the (K xG)—equivariant canonical projection. Slightly abusing notation we also use
cx,n for the canonical map

cx,n: X (Vi) — teljg ) X (V3).
For n <m, let
CX,nm- tel[O,n] X(Vl) - tel[O,m] X(Vl)
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denote the inclusion of truncated mapping telescopes, and

CX,n,00- tel[O,n] X(V;) — tel; X(V;)
the canonical map.

Taking fixed points commutes with the construction of the mapping telescopes by [22,
Proposition B.1], so (tel; X (V;))F 2 tel; X(V;)T for each graph subgroup I' € (K, G).
Since we assumed that tel; f(V;)! is a weak homotopy equivalence by [18, Lemma 9.6]
there is a map A associated to the lifting problem (CX 200, CY » ©B) such that the upper-
left triangle commutes and the lower-right one commutes up to homotopy relative aD!,

witnessed by a homotopy H:

D! —— X (V)T £> tel; X(V;)F

. -y
Lz AT ltel,- FWHT

D! T> Y(V)b' —— el Y(V)T
Yn

Both A and H have compact domains, and since the I'—fixed points of the mapping
telescopes are colimits along the closed embeddings c§ 2.m» DOth A and H factor
through some stage m > n with ¥ : V;, — V},, giving

2Dl > telpg. ) X(V;))"' and H': D! x[0,1]— telpo.my Y (Vi)T.

Then JTX o) and JTX o H’ satisfy the requirements for the lifting problem

(X(W) oa, X¥)' 0 p).
so f is a G—global equivalence.

Now assume that f is a G—global equivalence. Fix a compact Lie group K, a graph
subgroup I € (K, (), and an exhaustive sequence of K-representations {V;};eN-.
We have to check that tel; £(V;)T is a weak homotopy equivalence.

For a lifting problem (a, B) for tel; £(V;)¥, since D! and D! are compact, « and 8
factor through some stage 7, as

o D! — telfo ] X' and B:D' — telfo ] Y(vi)L.

For each n, there is a homotopy from the identity on teljo ) X (V;) to cx,, omx ,, which
is (KxG)—equivariant and natural in X, given by retracting the truncated mapping
telescope. By [22, Lemma 1.1.5] this means that if there is a solution of the lifting
problem

(cxn Oy 0, G, 07y, 0 B)
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then there is a solution of the lifting problem (&', 8’). In this proof we use the
terminology solution of a lifting problem! in the sense of [22, Lemma 1.1.5] and
Definition 3.2, ie a map that makes the upper-left triangle commute and the lower-right
triangle commute up to homotopy relative aD’:

r
nX,n

r
/ Cx n
D!~ teljo ) X(Vi)T 5 X (V)T —2 teljo ) X (V)T
\[i’ ltel[o,n] o lf(Vm)F ltel[o,n] an
D! —5 o) YVl —— Y(V)' —— telp Y(Vi)¥
TrY,n cY.n
The new lifting problem (71; Loa, n; , ©B’) has as solution A after evaluating at some

larger m > n with embedding ¥ : V;, — Vj,, because [ is a G—global equivalence and

r

Cx.m © A is a solution

{Vi}ien is an exhaustive sequence of K-representations. Then
of the lifting problem

r r__r r r__r
(cxmoX(W) omy,0d, ¢y, oY) omy,op),

: r r _
and since Ty m ©C

r, I .r - i
Yom = X(W)" omy . the map ¢y oA is also a solution of

r T r r r T /
(CX,m ° T[X,m oCX,n,m oa, CY,m ° ”Y,m o CY,n,m °© /3 )

By [22, Lemma 1.1.5] and the previously mentioned homotopy from the identity
on telfg ] X (Vi) to cx,m © 7x,m, the lifting problem (cAI;n moas c,l;n m ©B') has a
solution A’. Note that we did not obtain a solution of (&', 8’), but since

r r _ T
CX,m,oo ° CX,n,m - CX,n,oo’

the map c§ m.0o O is a solution of the original lifting problem

r r r r
(Ot, 13) = (CX,m,oo °© CX,n,m oa/, CY,m,oo 0 cY,n,m ° ,3/)

Since any lifting problem for tel; £(V;)T has a solution, by [18, Lemma 9.6] the map

tel; £(V;)! is a weak homotopy equivalence. ad

Recall that an orthogonal space X is said to be closed if for each linear isometric
embedding ¥ the map X (v) is a closed embedding. We similarly define a closed G—
orthogonal space to be a G—orthogonal space X such that X () is a closed embedding

ITo avoid confusion with the more common meaning of the terminology solution of a lifting problem, we
do not use it outside of this proof.

Algebraic € Geometric Topology, Volume 23 (2023)



Operads in unstable global homotopy theory 3311

for each linear isometric embedding . We have fixed a complete K—universe g for
each compact Lie group K. The underlying (K xG)-space of a G-orthogonal space
X is the underlying K—space of X as an orthogonal space with the induced G—action.
This is precisely the colimit X (U ) = colimy ¢4,y X (V') over the finite-dimensional
subrepresentations of /g . Therefore analogously to [22, Proposition 1.1.17] we have
the following simpler characterization of G—global equivalences.

Proposition 3.5 A morphism f: X — Y in GSpc between closed G—orthogonal
spaces is a G—global equivalence if and only if for each compact Lie group K the map
induced on the underlying (K xG)-spaces

SWUg): XUg) - Y(Uk)

is an & (K, G)—equivalence of (KxG)—spaces.

Proof The colimits that define X (U{g ) and Y (U{g ) can be written as sequential colimits

colim X (V) = colim X (V;),
VesUg) ieN

for a nested sequence of finite-dimensional subrepresentations {V;};en of Ug which
cover all of g . These are colimits of (K xG)-spaces along closed embeddings because
X and Y are closed. Then for each I' € (K, G), taking I'—fixed points commutes with
this colimit along closed embeddings; see [22, Proposition B.1(ii)]. Since additionally
dD! and D! are compact, a lifting problem for (colim;ery f(V;))! factors through
some stage 7 of the sequential colimit. By [18, Lemma 9.6] we obtain that if f is a
G—global equivalence the map (colim;en f(V;))! is a weak homotopy equivalence.

For the other implication, assume that f(x)" is a weak homotopy equivalence for
each compact Lie group K and each ' € (K, G). Let V be a K-representation. Then
V embeds into Uk, so we may fix an embedding V — Uk and call it ¢. Given any
lifting problem

(a: D' > x(T, p: D! > Y(V)D)

for £(V)T, consider the lifting problem
(X)) oo, Y 0p)

for f(Ug)'. By [18, Lemma 9.6], since f(Ux)" is a weak homotopy equivalence
there exists some A: D! — X(Ug )T such that Aoi; = X(¥)T oo and f(Ug)T oA is
homotopic relative 3D’ to Y ()T o B, and we denote this homotopy by H.
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Both A and H factor through some stage of the colimits as
D' x(Vp)T and H': D' x[0,1] - Y(V))T.

We can choose j so that V; contains the image of ¥ since {V;};en covers Ug. Then
A’ and the homotopy H' witness that f is a G—global equivalence. O

Remark 3.6 When defining G—global equivalences, we could have decided to look at
all subgroups instead of only the graph subgroups of K x G. This would give a strictly
smaller class of G—global equivalences.

We consider only the graph subgroups because between G—free orthogonal spaces, the
graph subgroups tell the whole story, since the fixed points of any nongraph subgroup
are empty. This means that looking at this bigger class of G—global equivalences is
enough for the proof of Theorem 4.11. It also leads to Theorem 4.14, which states
that a map f of operads in (Spc, X) gives a Quillen equivalence if and only if each f;
is a X,—global equivalence in the sense of the graph subgroups, even if the operads
themselves are not X,—free.

The G—global equivalences are in fact a part of a model structure on G Spe, which we
call the G—global model structure. We include in this section the basic facts about
G—global equivalences, as well as the results about G—global equivalences that are
most relevant to the proofs of Section 4. We relegate the construction of this G—global
model structure to the appendix.

The characterization of G—global equivalences given by Proposition 3.4 makes it simple
to check the following general properties of G—global equivalences.

Lemma 3.7 For compact Lie groups G and H we have the following properties:

(i) 2-out-of-6 Consider three composable morphisms of G—orthogonal spaces f,
gandh. Ifgo f and ho g are G—global equivalences, then f, g, h andhogo f
are G—global equivalences.

(i1) A retract of a G—global equivalence is a G—global equivalence.

(iii) If f: X — Y is a G—global equivalence and g is homotopic to f through
morphisms of G—orthogonal spaces, then g is a G—global equivalence.

(iv) For a G-orthogonal space X, and an H—global equivalence f:Y — Z between
H —orthogonal spaces, the morphism X x f is a (G x H)—global equivalence.

(v) ForaG-global equivalence f: X — Y and an H-global equivalence f': X' —Y’,
the morphism f x f” is a (G x H)—global equivalence.
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(vi) For a G-global equivalence f: X — Y and a continuous homomorphism
n: H — G the restriction n* f is an H—global equivalence.

Proof Let K be a compact Lie group and {V;};en an exhaustive sequence of K—
representations.

(i) By Proposition 3.4 the maps
teli(go /) (Vi) =tel; g(Vi)otel; f(Vi) and teli(hog)(Vi) =tel; h(V)otel; g(Vi)

are (K, G)—equivalences. Since the class of %(K, G)—equivalences satisfies the 2-
out-of-6 property, by Proposition 3.4 again we obtain that /', g, hand hogo f are
G—global equivalences.

(i) As before, if g is a retract of f then tel; g(V;) is a retract of tel; f(V;), and
F(K, G)—equivalences are closed under retracts.

(i) If H: X x[0,1] = Y is a homotopy through morphisms of G-orthogonal
spaces then it induces a homotopy through (K xG)—equivariant maps on mapping
telescopes. Since a map (K xG)-homotopic to an F(K, G)—equivalence is an F(K, G)—
equivalence, we see that g is also a G—global equivalence.

(iv) The canonical map
tel; (X x Y)(V;) — tel; X(V;) x tel; Y(V;)

is a (K xG x H )—equivalence. Consider a graph subgroup I'y € %(K, G x H) associated
to a homomorphism ¢. Let 1g: Gx H — G and gy : G x H — H denote the respective
projections. Then

(tel; X (V) x tel; f(Vi) = tel; X(Vi)'m6o¢ x tel; f(V;) rmoe

where Iy, 04 is the graph subgroup associated to 7wy o ¢. Since tel; f(V;) is an
F(K, H)—equivalence, tel; X(V;) xtel; f(V;) is an F(K, G x H)—equivalence and by
the 2-out-of-6 property so is tel; (X x f)(V;).

(v) We have f x f" = (Y x f’)o(f x X’) and each of these is a (G x H)—global
equivalence by (iv).

(vi) Consider a graph subgroup I'y € F(K, H) associated to a homomorphism ¢.
Then

(tely * f(Vi)' = (7 (tely f(Vi))'® = (tel; (Vi) Treo

which is a weak homotopy equivalence. O

Algebraic € Geometric Topology, Volume 23 (2023)



3314 Miguel Barrero

We now turn to the box product of G—orthogonal spaces, to check that it preserves
G—global equivalences. The box product of orthogonal spaces is fully homotopical with
respect to the global equivalences; that is, the box product of two global equivalences
is a global equivalence, and this does not require any cofibrancy assumptions on the
morphisms or the orthogonal spaces involved. Our goal is to check that the box product
is also fully homotopical with respect to the G—global equivalences.

Given compact Lie groups G and H, a G—orthogonal space X and an H—-orthogonal
space Y, X XY has a canonical action by G x H, and so does X x Y. The natural
morphism py y of Remark 2.8 is (G x H )—equivariant. By [22, Theorem 1.3.2(i)] this
px,y is a global equivalence of underlying orthogonal spaces. We now adapt that proof
to show that it is additionally a (G x H )—global equivalence. We start with a technical
lemma.

Lemma 3.8 Given F': L — L a continuous endofunctor, a natural transformation
n:1d = F, and a G-orthogonal space X, the morphism X on: X — X o F is a
G —global equivalence.

Proof We use the fact that for each compact Lie group K and each K-representation V/,
the two embeddings

Ey).nrw): F(V) = F(F(V))

are homotopic relative to ny: V — F(V) through K—equivariant linear isometric
embeddings. This is shown in the proof of the equivalent result where X is just an
orthogonal space in [22, Theorem 1.1.10].

Given a compact Lie group K, a K-representation V, a graph subgroup I' € #(K, G)
and a lifting problem (c, B) as in the following diagram, the linear isometric embedding
ny and the map B together witness that X o7 is a G—global equivalence:

T
apl — = y)T — XD y(py)T

\["1 X(’?V)Fl/ / lX(nF(V))r

i B r r
D' — X(F(V)) m) X(F(F(V)))

The upper left trapezoid commutes by construction. For the lower right triangle,
F(ny) and nf(yy are homotopic through K—equivariant linear isometric embeddings,
therefore X (F(ny)) and X (nF()) are homotopic through (K xG)—equivariant maps,
and X(F(ny))' and X (1 F(V))F are homotopic. Since the original homotopy was
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relative to -, and Boi; = X ()T ow, the obtained homotopy between X (F(17y))! o
and X (n F(V))F o B is relative i;. Thus X o7 is a G—global equivalence. m|

Proposition 3.9 Given a G-orthogonal space X and an H-orthogonal space Y, the
morphism of (G x H)—-orthogonal spaces py,y is a (G x H)—global equivalence.

Proof Consider the endofunctor sh: L — L that sends V to V & V. We have two
natural transformations, ¢y, t>: Id = sh, given by the embeddings into the first and
second factor respectively. We also denote by sh the functor of orthogonal spaces given
by precomposing with sh, sh(X) = X osh.

The universal bimorphism i that exhibits X X Y as the box product of X and Y gives
a morphism of orthogonal spaces A: X x Y — sh(X X Y) through the maps

iy X(V)xY(V) = XXRY)VSV)=(sh(XXY))(V).
We need to check that A o py,y and sh(py,y) o A in the diagram
XRY 257 x xy 25 sh(X RY) ey ohx x v)

are (G x H)—global equivalences, and then we can use Lemma 3.7(i), the 2-out-of-6
property, to obtain that py y is a (G x H )—global equivalence.

We have that sh(py,y) o A evaluated at V' is the same as the map associated to px,y
at level (V, V) given in (2) of Remark 2.8, by the constructions of A and py,y. This
means that

sh(px,y) o = X (1) x Y (12),

where each morphism on the right is a G—global equivalence or an H—global equivalence
respectively by Lemma 3.8, and so their product is a (G x H)—global equivalence by
Lemma 3.7(v).

Next we use that A o py y is homotopic through (G x H)—equivariant morphisms to
(X ®Y)(t1), since the homotopy between them given in the proof of [22, Theorem
1.3.2(i)] is through (G x H)—equivariant morphisms. Additionally (X X Y)(¢1) is a
(G x H)—global equivalence by Lemma 3.8, so by Lemma 3.7(iii) Ao px,y is a (Gx H )—
global equivalence. ad

Corollary 3.10 For a G—global equivalence f: X — Y and an H—global equivalence
f': X' = Y’, the morphism f X [’ is a (Gx H)—global equivalence. If H = G then
f & [’ is a G—global equivalence. Therefore for any X € G Spc, the functor X X —
preserves G—global equivalences.
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Proof First,
pry o (f R f1)=(fxfopxx

and py,y’ and py, x- are (G x H)-global equivalences by Proposition 3.9. Since f x f’
is also a (G x H)—global equivalence by Lemma 3.7(v), by the 2-out-of-6 property so

is X f7.
If H = G, by restricting along the diagonal homomorphism A: G — G x G and using

Lemma 3.7(vi), we obtain that /' X f’ is a G—global equivalence and therefore X X —
preserves G—global equivalences. a

Now we proceed with a technical lemma which we use to prove the two subsequent
propositions. The first one discusses what happens to G—global equivalences between
G-free orthogonal spaces when taking orbits, if G is finite. The second one shows that
G—global equivalences are preserved by inducing from a finite subgroup.

Lemma 3.11 Let H be a finite group and K and G compact Lie groups. Assume
that we have equivariant maps of (KxGxH)-spaces f: X — Y and g:Y — Z such
that Z is Hausdorff and H—free. Then the map on orbits f/H: X/H — Y /H is an
F(K, G)—equivalence if and only if f is an F(K, G x H)—equivalence.

Proof First note that since Z is H—free, so are X and Y. For any graph subgroup
Iy € (K, G) given by a continuous homomorphism ¢: L — G, [22, Proposition B.17]
gives a natural homeomorphism for X, ¥ and Z,

[[x"/cw)— ox/mre.

[v]
The disjoint union on the left is indexed by the conjugacy classes of continuous
homomorphisms v : Ily — H. Here C(3) denotes the centralizer of the image of ¥
in H.
Fix a graph subgroup I, € %(K, G). A homomorphism ¥ : I, — H, as a subgroup
of K x G x H, has elements (k,¢(k), ¥ (k,p(k)) fork € L, so I, € F(K,G x H).
Conversely, for a graph subgroup I, € F(K,G x H), let ¢ be the homomorphism

ngoy: L — G where g : G x H — G is the projection. Then I3, is a graph subgroup
of Iy x H, so that ¥ can be seen as a homomorphism I, — H.

Therefore the map on orbits f/H is an #(K, G)—equivalence if and only if for each
Iy € #(K, G x H) the map [T /C(¥) is a weak homotopy equivalence.
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For each Iy, € (K, G x H), the centralizer of the image of ¥, C(¥) < H, is finite.
Additionally, Z Ty is C(¢)—free and a subspace of Z, so Hausdorff. Therefore the
C(y)—action on Zv is properly discontinuous, and since fTv and gTv are C(y)-
equivariant, the C(y)—actions on X and Y v are also properly discontinuous.

This means that
xv 5 x/cw) and YW > ¥Ylv/C(y)

are covering maps, and since f v is C(y)—equivariant, it induces a map of coverings.
Then we consider the long exact sequence of homotopy groups for these covering maps.
We obtain that fTv /C(v) is a weak homotopy equivalence if and only if fTv is a
weak homotopy equivalence. For 7, for n > 2 this can be seen by using the five lemma
and for my and m; it can be checked explicitly.

Thus we finally obtain that f/H is an (K, G)—equivalence if and only if f is an
%(K, Gx H)—equivalence. ad

This next proposition is similar to [21, Lemma 8.1].

Proposition 3.12 Let H be a finite group and G a compact Lie group. Consider
two morphisms of (G x H)—orthogonal spaces f: X — Y and g: Y — Z, where for
Z we know that for each inner product space V the space Z(V') is Hausdorff and
H-free. Then f/H: X/H — Y/H is a G—global equivalence if and only if f is a
(G x H)—global equivalence.

Proof By Proposition 3.4 we know that f/H: X/H — Y/H is a G—global equiv-
alence if and only if for each compact Lie group K and exhaustive sequence of
K-representations {V;};cn the map

tel; f/H(V;):tel; X/H(V;) —>tel; Y/H(V;)
is an F(K, G)—equivalence.

Taking H-orbits commutes with colimits and product with [0, 1], so it commutes with
taking mapping telescopes. Therefore tel; f/H(V;) = tel; f(V;)/H. Now f and g
induce (KxG x H)—equivariant maps on mapping telescopes

tel; X(V;) LD o, v (vy) ST e, (V).

Since each Z (V') is Hausdorff and H—free, so is tel; Z(V;). By Proposition 3.4 again f
is a (G x H)—global equivalence if and only if tel; f(V;) is an (K, G x H)—equivalence
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for each K and {V;};en. By Lemma 3.11 tel; f(V;)/H is an #(K, G)—equivalence if
and only if tel; f(V;) is an F(K, G x H)—equivalence, which yields the result. ad

Proposition 3.13 For a compact Lie group G, a finite subgroup H < G, and an
H—global equivalence f: X — Y, the morphism G xg f is a G—global equivalence.

Proof We first need to check that G x f is a (G x H)—global equivalence, for the
action where G acts on the left on the G factor, and H acts both on the right on the G
factor and on the left on the f factor.

Consider a compact Lie group K and an exhaustive sequence of K-representations
{Vi}ien. The functor G x — commutes with colimits and the functor — x [0, 1], so
it commutes with taking mapping telescopes. Therefore it suffices to check that
G xtel; f(V;)is an F(K, G x H)—equivalence.

For any graph subgroup Iy € #(K, G x H), the image of Iy, under the projection
TgxH.- KXGxH—KxH
is the graph subgroup I3, 04. Therefore
(tel; S (Vi)' = (tely f (Vi) Tmmee,
and the latter is a weak homotopy equivalence since tel; f/(V;) is an F(K, H)—equiva-
lence. Then
(G xtel; f(Vi)'? = GTo xtel; f(V))™®
is also a weak homotopy equivalence.

Lastly, the projection G x Y — G is a (G x H)-equivariant map, where again G acts on
G on the left and H acts on the right on G and on the left on Y. With this action G is
H—free and Hausdorff, so by Proposition 3.12, G xg f is a G—global equivalence. O

In the appendix we further explore some more technical aspects of G—orthogonal
spaces. In particular, we construct the G—global model structure on G Spc. The G—flat
cofibrations are the cofibrations of this model structure. However for our admissibility
results on operads in Spc we need to work with a bigger class of morphisms than that
of the G-flat cofibrations. This is why we now introduce the class of G—h—cofibrations
of GSpc. In the appendix we also study the compatibility of G—global equivalences
and G—h—cofibrations.

The category G Spe is tensored over Top. Thus we can define what a homotopy of
morphisms of G—orthogonal spaces is in the usual way using the interval. We can also
similarly define what a G—homotopy equivalence of G—orthogonal spaces is.
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Definition 3.14 (G—-h—cofibration) A morphism in G Spec is an h—cofibration if it has
the homotopy extension property. A morphism f: X — Y has the homotopy extension
property if and only if there is a retraction in G Spc for the induced morphism

X x[0,1]Uxy Y — Y x][0,1].
We call these morphisms the G—h—cofibrations.

Lemma 3.15 The class of G—h—cofibrations is closed under coproducts, transfinite
compositions, cobase changes and retracts. Additionally each G —flat cofibration is a
G-h—cofibration.

Proof On a category tensored and cotensored over Top the /i—cofibrations can be
equivalently defined as those morphisms that have the left lifting property with respect
to evg: X011 X for all objects X; see [22, Definition A.28]. This shows the first part.

The G-level model structure for G.Spc that we construct in Theorem A.2 is topological,
and all objects are fibrant so by [22, Corollary A.30(iii)] each G-flat cofibration is a
G—h—cofibration. O

Lemma 3.16 Let G be a compact Lie group.

(i) Consider a closed normal subgroup H < G. For a G—h—cofibration of G—
orthogonal spaces f: X — Y, the morphism on orbits f/H: X/H — Y/H isa
(G/ H)—h—cofibration.
(i1) Consider a continuous homomorphism «: H — G between compact Lie groups.
For a G—h—cofibration of G-orthogonal spaces f: X — Y, the morphism
a* fra*(X) = a®(Y)
is an H—h—cofibration.

(iii) Consider a compact Lie group H and an H-orthogonal space Z. For a G—h—
cofibration of G—orthogonal spaces f: X — Y, the morphisms ZX f and Z X f
are (H xG)—h—cofibrations.

(iv) Consider a closed subgroup H < G. For an H-h—cofibration of H-orthogonal
spaces f: X — Y, the morphism G xg f:Gxg X — G xg Y isa G-h-
cofibration.

Proof (i) Suppose that we have a retraction in G Spc
r:Y x[0,1]— X x[0,1]Ux Y.

Taking orbits commutes with pushouts and the product with [0, 1].
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Thus the morphism
r/H:Y/Hx[0,1] - (X x[0,1]Ux Y)/H = X/H x[0,1]Ux/g Y/H
is the retraction that witnesses that f/H is a G/ H—h—cofibration.

(ii) As before, the functor «* commutes with pushouts and the product with [0, 1], and
the morphism «*r is the retraction that witnesses that a™* f is an H-h—cofibration.

(iii)) The functors Z X — and Z x — commute with pushouts and the product with
[0, 1]. The (H xG)—equivariant morphisms Z X r and Z x r witness that Z X f and
Z x f are (HxG)—h—cofibrations respectively.

(iv) This follows from (i), (ii) and (iii). a

4 Main results for operads in (Spc, X)

4.1 Lifting the positive global model structure to 44;(O)

In this subsection, our goal is to prove Theorem 4.11, that states that any operad in
(Spe, X) is admissible. By this we mean that for any operad O in (Spe, X), the positive
global model structure on Spe lifts through Ugy(oy: A4 (O) — Spe to give a model
structure on Al (O).

The condition that we need to check to obtain that any operad is admissible is the
following.

Condition 4.1 For any Z € X,Spc and any generating cofibration i of Spc, the
morphism Z Ky, i O is an h—cofibration. For any Z € Y Spe and any generating
acyclic cofibration j of $pc, the morphism Z Ky, j O is an h—cofibration and a global
equivalence.

Note that the fact that we consider any possible Z here is crucial in removing any
cofibrancy assumptions on the operad. The symbol [ denotes the pushout product of
two morphisms and i7" denotes the n™ iterated pushout product of i with itself.

Remark 4.2 Condition 4.1 is strongly related to the property named symmetric h—
monoidality defined in [20, Definition 4.2.4]. Note that there are two different definitions
of h—cofibrations in the literature. The one used in [20] and [19] was first given in [2,
Definition 1.1], and it is weaker than the definition we used for Spc and G Spe.

The property of Spc being symmetric 4~—monoidal is not directly related to Condition 4.1;
however the spirit of it is the same. In [19, Theorem 5.11] it is proven that in a category
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which satisfies certain technical assumptions and is symmetric i—monoidal each operad
is admissible. Using Condition 4.1 instead of symmetric A—monoidality simplifies
some arguments in the case of orthogonal spaces. Most of this subsection is dedicated
to checking Condition 4.1.

First of all, in order to check Condition 4.1 we should give an explicit description
of the generating (acyclic) cofibrations of the positive global model structure on Spc.
They can also be obtained from the generating (acyclic) cofibrations of the G—global
model structure described in Theorem A.2 and Construction A.14 by setting G = ¢
and adding everywhere the requirement that V' # 0 (this V' # 0 requirement is the
difference between the positive global model structure and the global model structure).

Remark 4.3 (generating (acyclic) cofibrations of the positive global model structure)
In Spc we have a semifree orthogonal space for each compact Lie group G and each
G-representation V, given by Lg y = L(V,—)/G. This semifree orthogonal space
is the representing object for the functor (—)(V)© given by evaluating at V and then
taking G—fixed points.

Recall that i; denotes the boundary map i; : D! — D! in Top, for each / > 0. Similarly,
let j; denote the inclusion j;: D! = D! x {0} — D! x[0, 1] for I > 0. We use this
notation throughout the paper.

The morphisms in I, the generating cofibrations of the positive global model structure,
are of the form L p x i; for a compact Lie group G, a faithful G-representation
V #0,and/ > 0.

The generating acyclic cofibrations are J U K, where morphisms in J are of the form
LG,y x j; for a compact Lie group G, a faithful G-representation V' # 0, and
[ > 0. Morphisms in K are of the form ¢, ,, ,, O i; for a compact Lie group G,
a faithful G-representation V ## 0, a G-representation W, and / > 0. The morphism
pev.w: Leyvew — Lg,y is given by restriction to V, and ¢y, , ;- is the mapping
cylinder inclusion of pG y,w.

The generating acyclic cofibrations in the set K are more complex. Before checking
Condition 4.1 for them, we need to prove several auxiliary lemmas. We first deal with
the case of the morphisms in | and J.

Proposition 4.4 Let K be a compact Lie group, n > 1, and let Z be a (KxX,)—

orthogonal space. For a generating cofibration i € |, the morphism Z Ry, i O s a
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K—-h—cofibration. For a generating acyclic cofibration j in the set J, the morphism
Z WXy, j O js a K—h—cofibration and a K—global equivalence.

Remark 4.5 This proposition is stated in more generality than Condition 4.1 so that
we can also use it later in the proof of Theorem 4.14.

Proof Leti = LG,y xi; €l. Then
ZRi7"=ZRLE, xif",

which is a (Kx X,)-h—cofibration because i an is a X,—h—cofibration of X,—spaces.
Then by Lemma 3.16(1) Z Ky, i Ln is a K—h—cofibration.

Let j = Lg,y X j; € J. By the same argument as before we obtain that Z My, 7B is
a K—h—cofibration. Since j ID” is a X—homotopy equivalence of X;,—spaces, we also
obtain that Z X LE”’V X J an is a (K xX,)-homotopy equivalence of orthogonal spaces,
so Z Xy, 7" is a K—homotopy equivalence. Therefore it is a K—level equivalence,
and thus a K—global equivalence. a

Proposition 4.6 Let f: X — Y be a morphism of orthogonal spaces such that for
eachn > 1 the morphism f®" is a ¥, —global equivalence, and such that for each n > 1
the morphism 5" is a X,,—h—cofibration. Then for eachn > 1 the morphism f5" is a
Y,—global equivalence.

Proof We use strong induction. For the base case, fB! = f®¥! = £ is a global
equivalence.

Assume that the result holds for each i < n. We decompose /%" by applying [21,
Lemma A.8] to the pushout diagram given by X = X — Y, obtaining
Xn n n n S n Xn
X7 =00 = Q1)) => = 01 (f) — Qp(/) =Y.

Note that the last step of this decomposition is precisely /5. In the rest of this
article we also use Q% _, (/) to denote the source of the n—fold pushout product of f,
following the notation of [21], originally introduced in [7, Section 12].

For each step 1 <i < n there is a ¥,—equivariant pushout diagram of orthogonal spaces

Xn—ixg pOi
. , TaXy  .xs. X X f R X
Xn— n—i X< %i N Xn— X
S Xz, xz; XEIR QL (f) > Ty Xz, _xz, XEI @y

! |

o (f) — s 01()
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By Corollary 3.10 and the induction hypothesis, X"~ K D is a (X,_; x Z;)—global
equivalence. Then by Proposition 3.13,

)M X3, x5 X&n—i X f‘Di
is a X,—global equivalence. Additionally by Lemma 3.16 it is a X,—/—cofibration.
By Corollary A.9 this means that Q7 , (/) — O} (f) is a ¥,—global equivalence for

each 1 <i <n. Since sois f®”, by the 2-out-of-6 property for %, —global equivalences
fB" is a ©,—global equivalence. O

Lemma 4.7 For f: X — Y a homotopy equivalence between orthogonal spaces and
n > 1, the morphism ™" is a ¥,—homotopy equivalence of orthogonal spaces, and
therefore a 3, —global equivalence.

Proof Let g:Y — X be a homotopy inverse to f and H a homotopy between f o g
and Idy . Then for eachn > 1,

HB o (X®" x A): XB" % [0,1] - YB”

is a ¥ ,—equivariant homotopy between ( f o g)®” and Id?”, where A: [0, 1] — [0, 1]"
is the diagonal. The same can be done for g o f.

Then we obtain that ™" is a ¥,—~homotopy equivalence. Therefore it is a =,—level
equivalence, and thus a X,—global equivalence. |

Proposition 4.8 For each generating acyclic cofibration k € K, the morphism k5"
is a X,—h—cofibration. Concretely, let G be a compact Lie group, consider a faithful

G —representation V # 0, a G-representation W,n > 1 and [ > 0. Let (5, ,, ,, be the

morphism given in Remark 4.3. Then kD" = (tog yw O i) is a X,,—h—cofibration.

On

peyw 152 > ,—h—cofibration.

In particular, since tpg 1, ,, Uiy = tpg  y » We get that ¢
Proof Consider the decomposition of ¢y, ;, ,;, given by g oir oy, in the diagram

iLG,VeaW g
Leyew ————— Lgyvew UlLgy

[ o

L vewxii
Loyvew ULgyew Lgyew x[0,1]

> MPG,V,W

We use results from [10] that deal with the interaction between the pushout product
and operations on morphisms like composition and cobase change. The structure of
this proof is convoluted because in general we cannot prove that the pushout product
of two X,—h—cofibrations is a X, —h—cofibration. This forces us to carry the — (1 ID”
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term around. We also have to decompose (tp; 1, O i;)P" into simpler morphisms
which we can prove to be X,—h—cofibrations, using cobase changes and compositions,
because these operations preserve the class of X,—h—cofibrations.

By [10, Lemma 15] we can decompose lp G - into fogo fjo---0 fy. Here for each
0 < j <n, the morphism f; is a ¥,—equivariant cobase change of
On—j — ;0j
Yn Xz, _;x%; & Levew:

By [10, Lemma 17] we can wrlte LpG o O ilD” as fgo f{o---o f,, where each f] is
a cobase change of f; (i1 "

We also have [10, Lemma 13], which states that for any /¢ if a morphism /; is a cobase
change of /,, then #; O Ay is a cobase change of /1, [0 hg. By iterating this result,
and using the associativity of the pushout product we obtain that g5~/ is a cobase
change of (Lg,yew x i1)P"=7 . Similarly lL , 18 @ cobase change of & — LG v
Furthermore these cobase changes can be checked to be through equivariant maps.

Note that i F "I~ 2 ip—j. For each 0 < j <n we can apply [10, Lemma 13] again to

obtain that g5~/ [ ZE] L, isa (25— jxXj)—equivariant cobase change of
Xn Xn—j X j ;
(Lg'ydw xi J)D(®—>L Ty = Lgydy QLG Xinj.

We want to check that for each 0 < j <n,

Xn—j X j . .
(3) (Zn XEy_jXZ; (LG,nVejBW X LG,]V Xip—j)) O l[Dn

is a X,—h—cofibration. As a morphism of (X, xX,)-orthogonal spaces, this is isomor-
phic to
Xn—j X j . .
X X5, ;xT; ((LG,nVejaW & LG,jV Xin—j) O ’an)'
The map i,—; 00 i ID” & ip_j+in 15 @ (Zp—j X Tp)—h—cofibration of spaces. Therefore
by Lemma 3.16,
Xn—j Xj . .
Lgyaow R Lgly x (nj D™
is a (X,—j xXjxXy,)-h—cofibration and the morphism (3) is a X,—h—cofibration.

Recall that for each 0 < j < n the morphism g™~/ O iLD; ow is a cobase change of

Xn—j

Rji .
Lo yvew R LGy Xin—j-

Thus applying [10, Lemma 13] again we obtain that f; [1i ID” is a cobase change of
(3) so it is also a X,—h—cofibration. We are using the fact that the induction functor
Xn Xx,_;xx; — preserves pushouts.
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Finally, each fj/ was a cobase change of f; O i ID”, so it is also a X,—h—cofibration.
Thus their composition

O O
k=" = (lpg o Oin)~" = PGVW Dl
is a X,,—h—cofibration. ]
Proposition 4.9 For each generating acyclic cofibration k € K, the morphism k5" is a

Y.,—global equivalence.

Proof The generating acyclic cofibration k is of the form ¢, ., 00 7; for a compact
Lie group G, a faithful G-representation V # 0, a G—representation W, and / > 0.
We first check that

P%”VW L%"V@W - L%”V
is a X —global equivalence. By [22, Example 1.3.3] the orthogonal space le GV is

isomorphic to Lgn y» and thus closed. The (X, ¢ G)-representation V" is falthful o)
for each compact Lie group K by [22, Proposition 1.1.26(ii)] the restriction map

pynwnUg): L(V" & W" Ug) — L(V",Uk)
is a (K x (2,2 G))-homotopy equivalence. Using that

L(V"Ug)= colim L(V", V')
V’esUk)

and the fact that —/ G" preserves colimits, we can obtain that

P w UK) = pyn (U )/ G"

isa (KxXy,) homotopy equivalence. Therefore pg”V wUK) is an F(K, ¥,)—equiva-
lence, and so pG v is a ¥,—global equivalence.

Now we use the mapping cylinder to decompose ,0(; V W8S Tpg o ©lpg.y. - Since

Tpg.y.w 18 @ homotopy equivalence, by Lemma 4.7 2 is a X,—global equivalence,

Xn
PG VW

pG vV.w
and then so is ¢

On
oG V. W

a Xp—global equivalence. Finally, by Corollary A.10 and Proposition 4.8 again, we get

that k" = LEG”V W 0 ID” is a X,—global equivalence. O

We use Propositions 4.6 and 4.8 to obtain that for each » > 1 the morphism ¢ is

Proposition 4.10 Letn > 1 and let Z be a ¥, —orthogonal space. For each generating
acyclic cofibration k € K, the morphism Z Ky, kD" is an h—cofibration and a global
equivalence.
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Proof First,
ZRED" = Z R 1y p Oip)"

is a X,—h—cofibration by Proposition 4.8, and a X,—global equivalence by Proposition
4.9 and Corollary 3.10.

Consider the ¥,—orthogonal space L%”V =~ Lgn,yn. For each inner product space

U the group G" acts freely (since V' is faithful), smoothly and properly (since G" is
compact) on L(V",U), as long as |U| > |V |"*. Therefore

Lgnyn(U)=L(V",U)/G"
is Hausdorff; and since V" is a faithful X,-representation, L%”V(U )= Lgnyn(U)
is also X, —free.
If |U| < |V|*then L(V",U) is empty, so in particular Lgn y»(U) is still Hausdorff
and X,—free.
The morphism 7, ,, ,,, induces a ¥,—equivariant map of orthogonal spaces from the

target of Z Rk to x X L%”V x *, and so by Proposition 3.12 Z Xy, kB is a global
equivalence. It is an si—cofibration by Lemma 3.16(i). a

Note that the fact that L%”V(U ) is X,—free in this last proof is important. It lets us
avoid the assumption that the components O, of the operad O are X,—free in the
following theorem.

Theorem 4.11 Let O be any operad in (Spc, X) the category of orthogonal spaces,
with the positive global model structure and the symmetric monoidal structure given
by the box product. Then there is a cofibrantly generated model category structure on
Alg(O), the category of algebras over O, where the forgetful functor U (o) creates the
weak equivalences and fibrations, and sends cofibrations in Alg(O) to h—cofibrations

in Spe.
Proof Let #Hcof be the class of h—cofibrations in Spec. It satisfies conditions (a), (b)

and (c) of Theorem 2.2 by Lemma 3.15, Lemma A.16, and Corollary A.12 respectively,
with G = e in all of them.

Consider a morphism i : X — Y in Spc and a pushout in 24 (O) of the form

Fag0)(@)
Fag0)(X) = Fago)(Y)

| .

A > B
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We use the filtration of [21, Proposition A.16], originally introduced in the proof of
[7, Theorem 12.4], with k = 0, where Uég =U 25(0)- We obtain a decomposition of
Uag(o)(f) as the infinite composition of morphisms

Jn: Pn—1Uag(o)(B) = PrUgago)(B)

for n = 1, with PoUgg0)(B) = Ugag(o)(4). For each n > 1, [21, Proposition A.16]
gives the following pushout in Spc:

o UP(AHRs,iT"
UPL(A) Ry, Q" (i) ———"""— UP(A) Ry, (V)%

| -

fr
Py US(B) » PuUy (B)

Both the class Hcof, and the class of morphisms in Spc which are both s—cofibrations
and global equivalences, are closed under infinite composition and cobase change (see
the results of the appendix). Propositions 4.4 and 4.10 imply that if 7 is a generating
cofibration UL (4) Ky, i O is an h—cofibration, and if i is a generating acyclic cofibra-
tion then UL (4) Ky, 5" is an h—cofibration and global equivalence. Therefore all the
conditions of Theorem 2.2 hold, and 4f7(O) is a cofibrantly generated model category
where Ugg (o) creates the weak equivalences and fibrations. Furthermore U 4 (0) sends
cofibrations in 4l (O) to h—cofibrations in Spc. O

4.2 Characterizing which morphisms of operads induce Quillen
equivalences

We study now morphisms of operads and the associated functors between their respective
categories of algebras, with the goal of classifying which morphisms of operads in
orthogonal spaces induce Quillen equivalences between the respective categories of
algebras.

Consider for now a general symmetric monoidal category (6, ®, *), where the tensor
product preserves all colimits in both variables. Let g: O — P be a morphism of
operads, understood as a morphism of monoids in (X%, o). The morphism g induces
an adjoint pair of functors

gl: A (0) = al(P) :g",

called the extension functor and the restriction functor respectively. The specific details
can be found in [9, Section 3.3.5] for example.
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We use 6: F(O) = F(P) to denote the natural transformation induced by g between
the monads F(©) and F(P), associated to the operads O and P respectively. For X an
algebra over P, we use {x : F(P)(X) — X to denote its structure map. Then g*(X)
is just X" with structure map {x o 0x. Additionally, since Ugg(o) © " = Ugyy(p), We
have that gy o Fap (o) is left adjoint to Ugg(p), o it is naturally isomorphic to Fgay(p).
This is the only information about the extension functor that we need.

For the proof of Theorem 4.14 we need to consider again the functors U ,? fork >0
from [21, Proposition 10.1], originally introduced in the proof of [7, Theorem 12.4].
The functor Uko goes from Alg(O) to Xy €, the category of X;—objects in €, and

Uy = Uay(o)-

Construction 4.12 Let O and P be two operads, and let g be a morphism of operads
g: O — P. For a general O—algebra X, a P—algebra Y, and a map of O—-algebras
y: X — g*(Y), we construct certain maps

gk UL (X) = UL (Y)

in X ;€ for each k > 0, in a way that is natural in y and preserves filtered colimits. It is
important to note that the morphism gy ,, is not U ,? (y) unless k = 0. In fact, U ,? og*
is not U,ZD for k # 0, so gx ,, and U,?()/) do not have the same target for k 7 0.

Consider the functors
O(—,k): € — ;€
constructed in [21, Section A.9], which for an operad O and k > 0 are given by
oX. k) =[] on+k ®s, X"
neN
Note that O(—, 0) = F(O). The construction of the functors U’ ,? in [21, Definition A.10]
is given by the coequalizer

O(O(X.0). k) zﬁ; OX.k) = UL(X).

The morphism of operads g and the map of O-algebras y together induce a Xj—
equivariant morphism of coequalizer diagrams. The induced morphism between the
coequalizers U]? (X)and U, ,ZD (Y') is our desired gy .

This construction preserves filtered colimits because tensor powers preserve them, and
thus so do the functors O(—, k).
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Now we restrict ourselves to the case of operads in (Spe, ), where we have the model
structures on Alg(O) obtained in Theorem 4.11.

Proposition 4.13 For any morphism g: O — P of operads in (Spc, ¥), the restriction
functor g* preserves and reflects fibrations and weak equivalences. Thus the pair
(g1, &%) is a Quillen adjunction.

Proof The functors Ugy (o) and Ugg(p) preserve and reflect fibrations and weak
equivalences, and Ugg (o) © g*=U 2 (P)- m|

Theorem 4.14 Let g: O — P be a morphism of operads in (Spc, X), the category of
orthogonal spaces, with the positive global model structure and the symmetric monoidal
structure given by the box product. Then the induced adjunction (g, g*) is a Quillen
equivalence between the respective categories of algebras if and only if for eachn > 0
the morphism g, : O, — Py, is a X,—global equivalence.

Proof The right adjoint g* preserves and reflects weak equivalences. Therefore the
pair (g1, g*) is a Quillen equivalence if and only if for each cofibrant A € A (O) the
unit n4: A — g*(g1(A)) is a weak equivalence in Alz(O), that is, a global equivalence
of underlying orthogonal spaces (see for example [8, Lemma 3.3] for a proof).

We first assume that each g, is a ¥,—global equivalence, and check that for each
cofibrant 4 € Alz(O) the unit n4: A — g*(g1(A)) is a global equivalence.

First assume that the cofibrant algebra A is the colimit of a A—sequence of morphisms
{/}pes. beginning at A9 = Oy, for a limit ordinal A. Note that the initial object
of A4 (0) is Oy, since it is Fa5(0)(2). Assume that each fg is a cobase change of
a morphism of the form Fgay)(ig), for ig € 1 ig: Xg — Yp a generating positive
flat cofibration of orthogonal spaces. We want to check that Ugg(0)(14) is a global
equivalence.

By evaluating the unit of the adjunction n on the A—sequence that gives rise to A, we
obtain the diagram

Ao = O fo > Ay /i > e > Aﬂ /s >
lﬂAo lﬂAl lﬂAB
g% (g:1(fo) g (@ (1)) g% (g:1(fp)
g5 (21(A0)) ——2= g*(g1(41)) ———— - — g¥(&1(Ap)) ————
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We apply Uz (o) to the whole diagram. By Theorem 4.11, Uy (o) sends cofibrations
to h—cofibrations, so Ugg(o)(fg) is an h—cofibration. The morphism gi(fg) is a
cofibration, so

Uago)(g¥(21(/p)) = Uagyp)(21(f3)

is also an i—cofibration. Since Ugy (o) preserves filtered colimits, Uzy (o) (14) is
cglei{n Uag(o)(Nag)-

We have to check that each Usqy(0)(1.4,) is a global equivalence, and for this we follow
the proof of the similar statement in [21, Lemma 9.13]. We prove this by induction, but
we in fact need to work with a stronger property. For each # and each k > 0, let gx g
be the morphism g , » given in Construction 4.12. We check by transfinite induction
on f that for each k& > 0 the morphism

gk.p: Ug (Ag) — UL (21(4p))
is a Xz—global equivalence. For k = 0 this reduces to our desired result.

The base case concerns Ag = Oy = Fag0)(<). By [21, Lemma A.13] the X;—
orthogonal space UI?(F%(O)(Q)) is isomorphic to O(&, k), and O(2, k) equals Oy.
Similarly g1(Fag(0)(2)) is isomorphic to Fayp) (), and then

UL (Fagry (@) = P(@.k) = P,

and under these identifications, the morphism gy o corresponds to g, which is a
Y ;—global equivalence by the condition of the theorem. Remarkably, this is the only
part of the proof where this condition is used.

Then we check the induction step for a successor ordinal 8+ 1. For this we use the filtra-
tion of [21, Proposition A.16], originally introduced in the proof of [7, Theorem 12.4],
in the same way that it is used in the proof of [21, Lemma 9.13]:

UZ(Ap) = FoUP (Apy) —— FLUZ(Agyy) — -

4) lgk,ﬂ l

UL (g1(Ap)) = FoU (g1(Ag41)) — FiU[F(g1(Agy1)) — -+

e —— cjpelgnFjU,?(Aﬂ_H) = U2 (Ag41)

l/gk,ﬁ-i-l

e ijel}i;n FiU (g1(Ap41)) = Ul (g1(Ag41))

Algebraic € Geometric Topology, Volume 23 (2023)



Operads in unstable global homotopy theory 3331

Assume that for each k& > 0 the morphism gy g is a Xy—global equivalence. Each
horizontal map is a cobase change of

-0j .0
U (Ap) Bz, ig? or UL (2i(4p) B, ig”,
which are X;—h—cofibrations by Proposition 4.4.

Each vertical map is obtained from the previous by the following morphism of pushout
diagrams:

Fi U2 (Ag41) > Fi_1 U7 (g1(Ag41))

I I

. gi+k.p®x; 0 (ip) -
UP 1 (Ap)Rs; OF  (ip) e » UP 1 (81(4p) K5, 07 (ip)

Uy (Ap)Bx; iE’i lU;;k (€1(Ap) R, i

UP i (Ap) R, (Yp)™ » Ul (81(4p)) R, (Yp)™

gj+k.s%s; (Yp)

By the induction hypothesis, the morphism
girkp Ui (Ap) = U (21(Ap))

is a X1 —global equivalence. Here Yg = L,y X i;, so we can project to LE,jV and
use Corollary 3.10 and Proposition 3.12 as in the proof of Proposition 4.10 to check
that the two rightmost vertical maps are X;—global equivalences.

Then we can use induction on j and the gluing lemma, Lemma A.8, to obtain that each
vertical map of (4) is also a Xx—global equivalence. Finally, by Lemma A.11, g g1
is a X, —global equivalence.

If B is a limit ordinal, we just need to use Lemma A.11, and the fact that the construction
of g p preserves filtered colimits.

We have proven that g g is a Xy —global equivalence for each k and B. Setting k = 0
we have our original intended result that Uy (o) (1.4,) 1s a global equivalence for each 8.
By Lemma A.11 with G = e the morphism Uz;(0)(14) is a global equivalence.

If A € 4l7(O) is cofibrant, then it is a retract of an algebra A’ of the kind we were
considering at the beginning of this proof, and the unit 74 is a retract of n4/. Since
retracts preserve weak equivalences, 714 is a weak equivalence in Af;(O). Therefore
(g1, %) is a Quillen equivalence.

We prove the other implication now. Assume that (g, g*) is a Quillen equivalence.
We want to prove that for each n > 0 the morphism g, is a ¥,—global equivalence.
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Consider the free orthogonal space Lr = L(R, —), which is positively flat. Then
Fag(0)(Lr) is cofibrant in Afz(0O). Since (g, g*) is a Quillen equivalence the unit
N Fapior L) * Fag)(LR) = &7 (81(Fago)(LR)))

is a weak equivalence, so its underlying morphism of orthogonal spaces is a global
equivalence.

The P-algebra g\(Fag(0)(LR)) is naturally isomorphic to Fgagp)(LR). After post-
composing ng w0 (LR) with g* of this isomorphism, we obtain a morphism
Fago)(Lr) = &* (Fagp)(LR)).

whose underlying morphism of orthogonal spaces is precisely

Oy = | | &n X5, LE".
neN

Since 6r, is a global equivalence, each g, Ky, L%" is a global equivalence. If n = 0,
we obtain that go is a global equivalence. For each n > 1, L%” ~ Lrn, and the
orthogonal space Lgn is X,—free and Hausdorff at each inner product space V. Thus
by Proposition 3.12 the morphism g, X Ly is a 3,—global equivalence for each n > 1.

The morphisms pp,, 1.» and pp, 1, are Xy—global equivalences by Proposition 3.9
and Lemma 3.7(vi). By the 2-out-of-6 property of ¥,—global equivalences we obtain
that g, x Lgn is a ¥,—global equivalence:

nXLrn
Op R Lgn 222 DR Lgn

p@n,LRnl l/p'Pn,LRn

nXLgn
OnXLRn g—R) PnXLRn

By Proposition 3.4, for each compact Lie group K and each exhaustive sequence of
K-representations {V;};cN, the map

tel; (g(Vi) x Lrn (Vi) : teli (On(Vi) X Lrn (Vi) — tel;(Pn (Vi) X Lrn (V7))
is an F(K, Xj)—equivalence. The canonical map
tel; (On (Vi) X Lrn (V) = (tel; On(V;)) x (tel; Lrn(V}))
is also an #(K, X, )—equivalence, and the same holds for P,. Therefore
(tel; gn (V7)) % (telj Lrn (V}))

is an F(K, X,)—equivalence.

Algebraic € Geometric Topology, Volume 23 (2023)



Operads in unstable global homotopy theory 3333

For each I}y € F(K, X,), we can pull the ¥,—action on R, through ¢: H — X, to
get an H-action. Then the H-representation R” embeds into some K-representation
(see [6, Theorem II1.4.5]), which in turn embeds into some V;, so (tel; Lrn (Vj))F¢
is nonempty. Thus tel; g,(V;) is an (K, X,)—equivalence, and g, is a X,—global
equivalence for each n > 0. O

Remark 4.15 The previous theorem generalizes, in the setting of algebras over operads
in (Spc, X), the classical result that a morphism g between cofibrant operads induces
a Quillen equivalence if the underlying morphism of each g, is a weak equivalence
(see [9, 12.5.A] for example). For orthogonal spaces, and a morphism g between
operads which are not necessarily cofibrant, by the previous theorem we require the
stronger condition that each g, is not just a global equivalence, but also a X,—global
equivalence.

The question of which morphisms between more general operads induce Quillen
equivalences was also answered in [19, Theorem 7.5]. The key property there is
whether the morphisms g, are symmetric flat weak equivalences as defined in [19,
Definition 2.1(vii)]. However, ¥,—global equivalences are not necessarily symmetric
flat.

Remark 4.16 Given O, an operad in (Spe, X), we could take a cofibrant replacement
of it in the J—semimodel category OP—Spc of operads in (Spe, X), constructed in [25,
Theorem 3]. This would be a cofibrant operad (0 and a morphism of operads g: 0’ — O
such that each g, is a global equivalence. But as we just saw in Theorem 4.14, this
g does not induce a Quillen equivalence between the categories of algebras of O and
O’ unless each g, is additionally a ¥,-global equivalence. This means that simply
taking a cofibrant replacement O in OP—Spc of an operad O, and looking at the model
structure on Alz(O") does not give the correct homotopy theory of the algebras over O.

Additionally, we cannot have a functor F¢: OP—Spc — OP—Spe, with a natural trans-
formation n: F¢ = Idop_g, such that each n(0), is a X,—global equivalence, and
F¢(0) is cofibrant in the J—semimodel structure of [25, Theorem 3]. Assume that we
had such a functor F¢, then consider a morphism of operads g: O — O’ which satisfies
that each g, is a global equivalence, but does not satisfy that each g, is a X,—global
equivalence. An example of such a morphism is given by the unique morphism from
one of the naive global E,—operads of Remark 5.9 to the terminal operad Comm.

In that case each F¢(g), would be a global equivalence by the 2-out-of-6 property, so
F*¢(g) induces a Quillen equivalence between Alg(F¢(0)) and Al (F€(O')) because
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F€(0O) and F¢(0’) are cofibrant operads. The morphisms of operads n(0) and n(0O’)
would also induce Quillen equivalences by Theorem 4.14, But this would imply that g
induces a Quillen equivalence between the categories of algebras, which contradicts
the only if part of Theorem 4.14.

This means that in order to study the genuine homotopy theory of algebras over operads
in (Spc, W), we cannot restrict ourselves to looking only at cofibrant operads.

5 Global E —operads

Let Comm be the terminal operad in (Spc, X), where each Commy, is the constant one-
point orthogonal space. Algebras over Comm are precisely the commutative monoids
in Spc with respect to the box product, which are called commutative orthogonal
monoid spaces or ultracommutative monoids in [22, Definition 1.4.14]. The unit and
multiplication maps imply that a commutative monoid in (Spe, X) is precisely a lax
symmetric monoidal functor (L, @) — (Top, X).

Definition 5.1 A global E—operad in (Spe, X) is an operad O in (Spe, W) such that
each O, is X,—globally equivalent to * with the trivial 3,—action.

Remark 5.2 By Theorem 4.14, if O is a global Ec—operad in (Spe, X) and g is the
unique morphism of operads g: O — Comm, then the induced Quillen adjunction
(g1, g*) is a Quillen equivalence between 4l7(O) and Al (Comm), the category of
ultracommutative monoids. This justifies why we gave the previous definition of a
global E,—operad.

Furthermore, the algebras over a global E,—operad are endowed with plenty of
additional structure, just like ultracommutative monoids. It is also relatively simple to
characterize when a given operad in Spc (like the ones constructed in Section 2.3) is a
global E,—operad.

Proposition 5.3 Let O be a global E s—operad in (Spc, X), and let g: O — Comm be
the unique morphism of operads. There is a homotopical functor

R: 2(0) — Az (Comm)
and a zigzag of natural weak equivalences between g* o R and the identity on Alg(O).

For A € 4lg(0), R(A) is an ultracommutative monoid, thus R is a functor that rectifies
algebras over global E «,—operads into ultracommutative monoids.
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Proof Let C: Alg(O) — Alz(O) be a cofibrant replacement functor in 4(O) con-
structed via the small object argument, and let &: C = id 45(0) be the associated natural
weak equivalence. Then Ugy (o) (4) is a global equivalence for each 4 € A[(O). Fur-
thermore, the adjunction unit for C(4), the morphism nc(4): C(4) — g*(g1(C(A4))),
is a global equivalence in Spc because the right adjoint g* preserves and reflects weak
equivalences; see [8, Lemma 3.3]. Then R = gy o C is the desired functor, and « and n
form the desired zigzag of natural weak equivalences. |

Lemma 5.4 The operads LD and X constructed in Examples 2.11 and 2.12 respec-
tively are reduced (LDy = Xy = *). For each n > 0, the orthogonal spaces LD,, and
Ky are closed, and for each V € L, the X —spaces LD, (V) and K, (V') are X,,—free
and Hausdorft.

Proof This follows from the properties of the little disks operads £D(V') and Steiner
operads K (V') for an inner product space V. By construction they are reduced, and
for each n > 0 they are X, —free and Hausdorff, so the same is true for LD and X. For
a linear isometric embedding ¥ : V — W, the maps LD, () and %, () are closed
embeddings, so the operads £D and X are closed. O

We now give several examples of global Es—operads. To check that £D and X are
global E—operads we first need the following technical lemma.

Lemma 5.5 Let K be a compact Lie group, Ux a K—universe (not necessarily com-
plete), L < K, and T an L-set. Let Conf% (Ux ) denote the space of L—equivariant T —
configurations inUg , that is, L—equivariant embeddings of T in Uk . Then Conf% Uxk)
is either empty or contractible.

Proof Decompose Uk as

MK;@@A;@@Az@Un,

AeA neN neN AeA neN

where A is a set of finite-dimensional irreducible K-representations.

Let P be the linear isometric embedding

@Un—> EBU,,, (ug,ug,...)—~ (0, ug,ug,...).

neN neN

Then P is a K—equivariant nonsurjective linear isometric embedding.

Algebraic € Geometric Topology, Volume 23 (2023)



3336 Miguel Barrero

We give a homotopy H between the identity and
Po—: Conf]f Ug) — Conf]T“ Uk),

the map given by postcomposition with P. For each s € [0, 1], f € Conf% (Ug) and
t € T this homotopy H is given by

Hy(f)(1) = (1 =5)(f (@) +s(P(f (1))

It is easy to see that each Hy(f) is L—equivariant. If Hy(f)(t) = Hs(f)(t), arguing
coordinatewise we see that 1 = ¢'.

Now assume that Conf% (Ug ) is nonempty, so that f, € Conf% (Ug). Thereis anm >0
such that the image of fj is contained in @,,—,,, Uy. Then

H{(/)(0) = s(P" ([ () + (1= 5)(fo (1))
gives a homotopy between the constant map with value fy and the map
P * 1o —: Confl(Ug) — Confk(Ug).

We can easily see that H{( /) is L-equivariant, and we can check that it is an embedding
by looking at the projection to ,,<,,, Uy and to its orthogonal complement separately.

With H we can obtain a homotopy from the identity to P°"*! o —, and combining
that homotopy with H’ we obtain that Conf% (Ug ) is contractible. ad

Proposition 5.6 The operads LD and X in (Spc, X) are global E.,—operads.

Proof Both operads £D and X are closed by Lemma 5.4. For each compact Lie
group K and each K-representation V, the (KxX,)-spaces LD(V), and X(V), are
(KxX,)-homotopy equivalent to Conf,(V'), the configuration space of #n points in V',
where K acts on V' and ¥, acts by permuting the points. This is [11, Lemma 1.2] and
[11, Proposition 1.5] respectively.?

We have that
Conf, (Ug) = colim Conf, (V).
Ves(Ug)
Consider any graph subgroup Iy € #(K, Xy), with ¢: H — X, and H < K. Let T
be the set with n elements and an H-action given by ¢. Since taking fixed points

21n the proof of [11, Lemma 1.2], one has to add a small condition to ensure that the little disks are
contained in the unit disk and that the constructed maps are well defined.
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commutes with filtered colimits along closed embeddings, and the poset s(Ug ) has a
cofinal subsequence, LD, (Ux )" and %, (Ug )™ are weakly homotopy equivalent to

Conf,,(Z/{K)r‘f’ ~ Confg) Ug),

where Conf? (Uk ) is the space of H—equivariant Ty—configurations in U, that is, H—
®

equivariant embeddings of Ty in Uk . Since Uk is a complete universe, Confﬁ Uxk)

is nonempty, so by Lemma 5.5 it is contractible. Thus £D, and X are X,—globally

contractible, and £D and X are global Es,—operads. O

Recall that Ly = L(V, —) is the orthogonal space represented by V.

Proposition 5.7 Forany V € L with V # 0, the endomorphism operad End(Ly) in
(Spc, ) is a global E~—operad.

Proof We have to check that Hom(L%”, Ly) — x is a ,—global equivalence.

Let /g be a complete K—universe for K a compact Lie group. Then the underlying
K—space of End(Ly ), is
Hom(L%", Ly)(Ux) = colim Hom(L%", Ly)(W)
WesUk)

~ colim Spe(Ly,Hom(LB", L
WGS(UK)_P_( w (Ly", Ly))

~ colim Spe(Lw X Lyn, Ly)
Wes(Ug)

>~ colim L(V,.Wea V")
Wes(Ug)

~ L(V.Ug ®V").

The first three isomorphisms are induced by a chain of isomorphisms for each W,
and we have to check that they are natural in W. For the second isomorphism this
holds by the naturality of the X—Hom adjunction, and for the first and third because of
the naturality of the enriched Yoneda lemma. By the same reason they are (KxX,)—
equivariant.

For any " € (K, X,) we consider the I'—fixed points
Hom(L", Ly)Ux)" = L(V.Ug ® V") = L(V.Ug & V™).

Since U is a complete K—universe, (g D V") K>Zn is infinite-dimensional, and thus
sois Ug ® V™I, so

L(V,Ug ® VM) = L(V,R®) ~ . 0
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Remark 5.8 For any V € L with V' # 0, the orthogonal space Ly is an algebra over
the global Es,—operad End(Ly ). However, Ly cannot be given the structure of a
commutative monoid over the box product (ultracommutative monoid). In particular,
Ly (0) = L(V,0) = @, so there are no morphisms of orthogonal spaces from * to Ly,
and thus we cannot give it a unit.

Remark 5.9 Let O be an E,—operad in Top. This is an operad such that O, is
Y .—free and weakly contractible for each n > 0. Let O be the constant operad in
orthogonal spaces associated to O, which is closed. The space O, (Ux) is just O, with
the trivial K—action, which means that for # > 2 and a graph subgroup I' € #(K, X,,) not
contained in K x {e}, we have that (0, (Ug))’ = @. Therefore O, is not ,—globally
equivalent to * for n > 2, and so the constant operad O is not a global Es,—operad.

A similar situation occurs in the classical world of equivariant operads. A nonequivariant
Es—operad given the trivial G—action is not a good example of an Es,—operad in
G-spaces. Instead one wants to look at E.,—G—operads, the ones for which O, is
#(G, X,)—equivalent to a point; first defined in [16, Definition VIL.1.2].

Remark 5.10 In the G—equivariant setting, there is a hierarchy of nonequivalent
operads between a nonequivariant operad given the trivial G—action and an E—G—
operad. These in-between operads are called Noo—operads, and were introduced in [4].
They codify various levels of commutativity, by imposing the existence of certain
additive transfers/multiplicative norms, which exist for commutative monoids in G—
spaces and commutative G-ring spectra respectively.

In the global setting, there is also a hierarchy of operads between the naive global
E so—operads of Remark 5.9 and the global E,—operads. These operads in orthogonal
spaces are the global analogs of No,—operads. A classification of them will appear in a
separate article [1].

Appendix More about G —orthogonal spaces

We now construct the G—global model structure on the category of G-orthogonal
spaces, for G a compact Lie group. The process is the same as the one used in [22,
Section 1.2] to construct the global model structure on Spc, and most of the proofs are
almost identical. We first construct a level model structure on G Spc applying the results
from [22, Appendix C], and then we consider the left Bousfield localization with the
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G—global equivalences as the weak equivalences. We include here several technical
results needed to construct this G—global model structure, or used in the main part of
this paper.

In this appendix we assume the definitions and results of Section 3.

A.1 G -level model structure

For each compact Lie group G there is an isomorphism of Top—enriched categories
Fun(L x G, Top) = Fun(G. Fun(L, Top)) = G—Spe.

We have that 9 = L x G is a skeletally small Top—enriched category. On % we have a
dimension function on the objects |—| given by the dimension of the inner product space
of L. This function satisfies that if |V | > |W| then @(V, W) = @ and if |V | = |W|
then V and W are isomorphic in 9. We need to choose for each m > 0 an object of &
of dimension m2, and we pick R™.

As input to obtain the G-level model structure, we have to consider for each m > 0 a
model structure on the category of spaces with an action by Z(R”, R") = O(m) x G.
We take the model structure given by the graph subgroups, the %(O(m), G )—projective
model structure, where a morphism f of (O(m) x G)Top is a weak equivalence (resp. a
fibration) if and only if T is a weak homotopy equivalence (resp. a Serre fibration)
for each I' € #(O(m), G). Recall that F(O(m), G) is the set of graph subgroups of
O(m) x G, those I € O(m) x G such that I' N ({egm) } X G) = {€om)xG }

This #(O(m), G)—projective model structure is proper, cofibrantly generated, and
topological. See for example [22, Proposition B.7] for the construction. We call the
weak equivalences of this model structure the F(O(m), G)—equivalences, and we do
the same for the fibrations, acyclic fibrations, cofibrations and acyclic cofibrations. We
can use the results from [22, Appendix C] to construct a level model structure on G Spc
based on the graph subgroups. For this, the following consistency condition, described
in [22, Definition C.22], has to be satisfied.

Lemma A.1 (consistency condition) For each m,n > 0 and each #(0O(m), G)—
acyclic cofibration i, the morphism

(LR, R™™) X G) X 0(m)xG |

is an F(O(m+n), G)-acyclic cofibration.
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Proof The functor
(LR, R™™) x G) X 0(m)xG —

is a left adjoint to the functor given by
Map(L(Rm, Rm-i—n) x G, _)O(m-i-n)xG.

Therefore we only need to check that it sends the generating acyclic cofibrations to
acyclic cofibrations.

The generating acyclic cofibrations of the F(O(m), G)—projective model structure are
of the form ((O(m) x G)/I') x j;, for I' € #(O(m), G) and [ > 0. Then the functor
mentioned at the beginning takes this generating acyclic cofibration to

(LR™,R™™) x G)/T) % ji.

The left G—action on G is free, and because " is a graph subgroup and the O(m)-—
action on L(R™,R™*") is free, the left G-action on (L(R™,R™*") x G)/ T is also
free. We consider now L(R™,R"™*") x G as an (O(m+n)xGxO(m)xG)—space,
where the component O(m + n) x G acts on the left, and O(m) x G originally
acts on the right so we precompose with (—)~! to obtain a left action. The space
LR™ R™*") x G is a smooth (O(m+n)xGxO(m)xG)-manifold. Illman’s the-
orem [14, 7.2] provides an (O(m+n)xGx O(m)xG)—equivariant triangulation, so
L(R™ R™*") x G is cofibrant in the projective model structure with respect to all
subgroups of O(m +n) x G x O(m) x G.

By [22, B.14(i), (iii)], (L(R™,R™*")x G)/ T is cofibrant in the projective model struc-
ture with respect to all subgroups of O(m+n)xG. This in particular means that it is a re-
tract of a generalized (O (m+n)xG)-CW-complex. Each cell (O(m+n)xG)/Ax D"

for a subgroup A < O(m +n) x G and I’ > 0 that appears in this equivariant CW-
structure induces a (O(m+n)xG)—equivariant map

f:(0(m+n)xG)/Ax D" > (LR™,R™")x G)/T.

Since the target of f is G—free, so is the source; thus A is a graph subgroup. As
only graph subgroups can appear in this CW-structure, (L(R™,R™*") x G)/ T’
is also cofibrant in the (O (m+n), G)—projective model structure. Recall that the
F(0O(m-+n), G)-projective model structure is topological. Therefore, the morphism
((L(R™ ,R™*t") x G)/T) x j; is the product of a cofibrant object with an acyclic
cofibration of Top, so it is an acyclic cofibration. O
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Theorem A.2 (G-level model structure) There is a topological cofibrantly generated
model structure on the category G Spc of G—orthogonal spaces, which we call the G—
level model structure. The weak equivalences (resp. the fibrations) are those morphisms
/ such that for each m > 0 and each graph subgroup I' € #(0O(m), G), the map
F@®R™T is a weak homotopy equivalence (resp. a Serre fibration). We call these
respectively the G-level equivalences and the G-level fibrations.

A set of generating cofibrations is

lg ={((LR™,—)xG)/T)xi;|m,l>0,T € F(O(m),G)}.
A set of generating acyclic cofibrations is

Jo ={(LR™, =) xG)/T)x ji|m,[ 20, € F(O(m), G)}.
We call the cofibrations of this model structure the G-flat cofibrations.

Proof Such a model structure exists by [22, Proposition C.23(i)]. It is cofibrantly
generated by [22, Proposition C.23(iii)] because each of the chosen model structures

on (O(m) x G)Top is cofibrantly generated.

The functor
(=)(R™): GSpc — (O(m) x G)Top

given by evaluation at R has a left adjoint, which we denote by Fy,, and it is given by
Fin(4) = (LR™, =) x G) Xom)xG 4.

The generating cofibrations obtained from [22, Proposition C.23(iii)] are those of the
form F, (i) where i is a generating cofibration of (O(m) x G)Top, which are of the
form ((O(m) x G)/ ') xij for I' € #(O(m), G) and [ > 0. Similarly the generating
acyclic cofibrations are of the form F,(j) for j a generating acyclic cofibration of

(O(m) x G)Top.

Each G-orthogonal space of the form (L(R"™,—) x G)/ T is cofibrant in this G-level
model structure, because F, (((O(m)x G)/ ') xiy) is a generating cofibration. Using
[22, Proposition B.5] we obtain that this model structure is topological, taking G and 2
in the statement of that proposition to be

G={(LR™,-)xG)/T|m=>0,T €eFO(@m),G)} and z=g. O

Note that we should call this model structure on G Spc the “G-graph level model
structure” to distinguish it from other possible model structures on G Spc. In particular,
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there is at least the level model structure that we would obtain by considering all
subgroups of O(m) x G, and not just the graph subgroups. There is also a projective
model structure on Fun(G, Spc). However since we never talk about these two other
model structures on G Spe, we omit the adjective “graph” everywhere.

Lemma A.3 If f: X — Y is a G-level equivalence then for any compact Lie group
K and any faithtul K-representation V, the map f (V') is an %(K, G)—equivalence. In
particular, f is also a G—global equivalence.

Proof As a finite-dimensional inner product space, V' is isomorphic to R for some
[ >0. Let T € (K, G) be a graph subgroup. Then the image of I under the homo-
morphism K x G — O(R?) x G induced by said isomorphism is a graph subgroup I"'.
Then X (V)T is naturally (on X') homeomorphic to X(RI)F/. Since f(Rl)F/ is a weak
homotopy equivalence, so is f (V)T O

Remark A.4 For an inner product space V' and a closed subgroup H < O(V) x G,
the G—orthogonal space

DV, -)/H = (L(V.-)xG)/H,

which we denote by L g ., is special. It has a certain freeness condition, namely it
is the representing object for the functor (—)(V)# given by evaluating at V and then
taking H—fixed points. We refer to these as the semifree G—orthogonal spaces, since
they have the same property as the semifree orthogonal spaces Ly p .

Explicitly the natural isomorphism between the functors

GSpe(Lp.y.g,—) () (V)7 : GSpe — Top

is given by f +— f(V)([idy, e]). The inverse isomorphism is given on Y € G Spc by
sending a point yo € Y(V)# to the morphism of G—orthogonal spaces f given by

(LV.W)xG)/H = Y(W), [¥.g]l=Y(¥)(gyo).

Analogously to the case of the semifree orthogonal spaces, the box product of a semifree
G-orthogonal space and a semifree K—orthogonal space has a nice structure. As a
(G x K)—orthogonal space it is isomorphic to a semifree (G x K)—orthogonal space, and
this can be deduced from the result for orthogonal spaces. Note however that the box
product of two semifree G—orthogonal spaces with the G—action given by restriction
along the diagonal is not a semifree G—orthogonal space in general.

Algebraic € Geometric Topology, Volume 23 (2023)



Operads in unstable global homotopy theory 3343

Lemma A.5 For compact Lie groups G and K, inner product spaces V and V', and
closed subgroups H < O(V) x G and H < O(V') x K, Lgy.c W Ly y.x is
isomorphic as a (G x K)—orthogonal space to L xH' v &V’:GxK -

Proof Since the box product preserves colimits in both variables, we have that
(L(V. -)xG)/HR(L(V', —)xK)/H" = (L(V,—)xG)R(L(V', —)xK))/(HxH")

>~ (L(V®V',—)xGxK)/(HxH").

Here we also used the isomorphism L(V,—)X L(V',—)~ L(V & V', —) from [22,
Example 1.3.3] and its naturality on V and V. |

Lemma A.6 The pushout product of a G-flat cofibration (recall that these are the
cofibrations of the G-level model structure) and a K—flat cofibration is a (G x K)—flat
cofibration.

Proof Given a generating G—flat cofibration f = L grm.g xi; and a generating K—flat
cofibration g = L/ grn. g X ig, their pushout product is by Lemma A.5 isomorphic to

LFXF’,R’"+”;GXK x (i O i)
as a morphism of (G x K)—orthogonal spaces. The subgroup
CxT'<0Om)x0m)xGxK<0m+n)xGxK

is a graph subgroup because both I" and I' are graph subgroups. Additionally i; O iy
is homeomorphic to 774, and so f O g is a generating (G x K)—flat cofibration.

Since the box product of orthogonal spaces is closed, [13, Lemma 4.2.4] implies that
the pushout product of a G—flat cofibration and a K—flat cofibration is a (Gx K)—flat
cofibration. O

Lemma A.7 The G-level model structure is proper.
Proof First we check right properness. Consider the pullback diagram
425X
|
L7 b
B — Y

where f is a G—level fibration and / is a G-level equivalence. Let m < 0. Evaluating
at R yields a diagram of (O(m)xG)-spaces, which is a pullback diagram because
limits of G—orthogonal spaces and (O(m)xG)-spaces are computed in Top. Then
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f(R™) is an F(O(m), G)-fibration and ~A(R™) is an F(O(m), G)—equivalence, and
since the (O (m), G)—projective model structure is right proper by [22, B.7], g(R™)
is also an #(O(m), G)—equivalence. Thus g is a G—level equivalence.

To check left properness one can use the dual argument. We additionally need to
use that if a morphism f of G—orthogonal spaces is a G—flat cofibration, then it is a
G—h—cofibration (see Lemma 3.15), which means that each f(R™) is an s—cofibration
of (O(m)xG)-spaces, and then we need to use the gluing lemma [22, B.6]. ad

A.2 G -h-cofibrations and G —global equivalences

We now check that G—global equivalences are preserved by various constructions along
G-h—cofibrations. We use these results to finish the construction of the G—global model
structure, and in the main part of this paper.

Lemma A.8 (gluing lemma) Given a commutative diagram of G—orthogonal spaces

Y+l x %,z
U
Y/ J f/ X/ g/ > Z/

where o, B and y are G—global equivalences, and f and f’ are G-h—cofibrations, the
morphism induced on the pushouts Y Uy Z — Y' Uy, Z’ is a G—global equivalence.

Proof Consider a compact Lie group K and an exhaustive sequence of K-representa-
tions {V;}ien. We have the following diagram of equivariant morphisms of (KxG)-
spaces:

tel; Y(V;) <SSP e x vy YD ez

L) Jiera) Ly
tel; Y'(v;) <L g xr vy SE 0D e 2w
Here by Proposition 3.4 tel; a(V;), tel; B(V;) and tel; y (V;) are (K, G)—equivalences,
and the formation of mapping telescopes commutes with pushouts, retracts and —x |0, 1],
so tel; f(V;) and tel; f'(V;) are h—cofibrations of (K xG)-spaces. Therefore by the
gluing lemma for &(K, G)—equivalences (see for example [22, Proposition B.6]) the
induced map on the pushouts of the mapping telescopes is also an F( K, G )—equivalence.
Since again taking mapping telescopes commutes with pushouts, this means that
Y Uy Z — Y’ Uy, Z’ is a G—global equivalence. O
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Corollary A.9 For a pushout diagram of G-orthogonal spaces

x L.y

e ]

X — Y
where [ is a G—global equivalence and either f or g is a G—h—cofibration, [’ is a
G —global equivalence.

Proof Apply the previous lemma to the diagram

X — x 25 x

oo
y <L x &£, x 0

Corollary A.10 For morphisms of G-orthogonal spaces f: X1 — Y andg: X, — Y>
such that f is a G—global equivalence and either f or g is a G—h—cofibration, their
pushout product [ [ g is a G—global equivalence.

Similarly, assume instead that f: X1 — Y, is a morphism of G—orthogonal spaces
and g: X, — Y, is a map of G—spaces. If either f is a G—global equivalence or g is a
G—equivalence, and either f or g is a G—h—cofibration, their pushout product f [ g
is a G—global equivalence.

Proof By Lemma 3.7(iv) f X X, and f XY, are G—global equivalences. Depending
on the hypothesis, either /X X, or X; X g is a G—h—cofibration, so by Corollary A.9
the morphism « is a G—global equivalence, and by the 2-out-of-6 property so is f [ g:

Ry, 22 vy my,

lele ] la FRY,
YIRX, —— P _

S~._ fOg
x\_\;
Y, Rg Y1XY,

The same is true if g is a map of G—spaces, since the product of an orthogonal space with

a space is the same as the box product with the associated constant orthogonal space.
A G-equivalence between constant orthogonal spaces is a G—global equivalence, and
similarly a G—h—cofibration of spaces is a G—h—cofibration between constant orthogonal
spaces. O
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Lemma A.11 For a limit ordinal A, consider two A—sequences in G Spc, which are col-
imit preserving functors X : . — G Spc and Y : A — G Spe, and a natural transformation
J between them. If for each 8 € A the morphisms gg: Xg— Xg1andhg:Yg— Yg
are G—h—cofibrations and the morphism fg: Xg — Yg is a G—global equivalence, the
morphism induced on the colimits,

cglel){n JB: cggn Xg— cglel){n Yg,

is a G—global equivalence.

Proof By Proposition 3.4 it is enough to check that for each compact Lie group K
and exhaustive sequence of K—representations {V;};c, the map tel; (colimgey fg) (Vi)
is an #(K, G)—equivalence. The construction of the mapping telescopes commutes
with taking colimits, so this map is isomorphic to colimge; (tel; fg(V;)).

For each 8 € A the map tel; fg(V;)is an F(K, G)—equivalence, and the maps tel; gg(V;)
and tel; 71 g(V;) are h—cofibrations of (K xG)—spaces, and so in particular s—cofibrations
of underlying compactly generated weak Hausdorff spaces, and therefore closed em-
beddings.

For each ' € #(K, G) taking '-fixed points commutes with filtered colimits along
closed embeddings; see [22, Proposition B.1(ii)]. Colimits with the shape of a filtered
poset and built out of closed embeddings of compactly generated weak Hausdorff spaces
can be computed in the category of all topological spaces; see [22, Proposition A.14(ii)].
Weak Hausdorff spaces are 77, so by [13, Proposition 2.4.2] maps from compact spaces
(D! and D! in this case) into the colimit of a A—sequence of closed embeddings (for
A a limit ordinal) factor through some stage 8 € A. Therefore compact spaces are finite
in Top relative closed embeddings.

This implies that, for the A—sequences given by (tel; gﬁ(V,-))F and (tel; A 5(V,~))F,
which consist of closed embeddings, and the natural transformation between them
given by the maps (tel; f,g(V,-))F which are weak homotopy equivalences, the map
induced on the colimits

colim(iel (V)" = (calimel; fp(Vi)))"

is a weak homotopy equivalence. Therefore tel;(colimgey fg)(V;) is an F(K, G)-
equivalence. a

Corollary A.12 A transfinite composition of morphisms in G Spc that are G—h—cofibra-
tions and G—global equivalences is a G—global equivalence.
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Proof We check this via transfinite induction on the ordinal A. Let Y : A — G Spc be a
A-sequence such that for each 8 € A the morphism /1g: Yg — Yg 1 is a G—h—cofibration
and a G—global equivalence. The base case and the case where A is a successor ordinal
hold because composition of two G—global equivalences is a G—global equivalence.

If A is a limit ordinal, set X : A — GSpc as the constant functor Xg = Yj. Define a
natural transformation f: X’ = Y by letting fg be the morphism Yo — Yg. This is the
transfinite composition of Y restricted to B + 1. Then by the induction hypothesis fg
is a G—global equivalence for each € A. Then we use Lemma A.11 to obtain that
colimge; fg is a G—global equivalence, but this morphism is precisely the transfinite
composition of Y. |

A.3 G -global model structure

We now go back to constructing the G—global model structure, starting with the
fibrations.

Definition A.13 (G—global fibration) A morphism of G—orthogonal spaces f: X — Y
is a G—global fibration if it is a G-level fibration, and for each compact Lie group K,
every graph subgroup I' € #(K, G), and every linear isometric embedding of K-
representations ¥ : V' — W with V faithful, the induced map

XNE = YD) xygpyr X(W)T

is a weak homotopy equivalence. Since f is a G—level fibration, and so f(V)I and
F(W)T are Serre fibrations, this is equivalent to the following square being homotopy
cartesian:

T
x()T X yw)T

fonr l lf T
Y r
Y(V)F X9 yw)r
Construction A.14 Fix a compact Lie group G. We now construct the set Kg, where
Jeg UKg is a set of generating acyclic cofibrations for the G—global model structure
of Theorem A.20. Recall that Jg is the set of generating acyclic cofibrations of the
G-level model structure given in Theorem A.2. Let K be a compact Lie group, let V/
be a faithful K-representation, let W be a K-representation and let I' € %(K, G) be a
graph subgroup. We consider the restriction morphism of G—orthogonal spaces,

prvw:c: Lrvew,c =LV ®&@W,-)xG)/T - (L(V,-)xG)/T' =Lry,.
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The morphism pr y,w .G is a G—global equivalence because the semifree G—orthogonal
spaces are closed and given a compact Lie group L, the map

pyw: L(V@&W.UL) — L(V,UL)

is a (K x L)-homotopy equivalence by [22, 1.1.26(ii)] (recall that I/ here is a complete
L—universe).

Now let k be a set of representatives of isomorphism classes of triples (K, I', V, W) con-
sisting of a compact Lie group K, a faithful K-representation V', a K—representation W,
and a graph subgroup I' € %(K, GG). Let Kg be the set

Ke = U {orvw.e Oir |1 =0}
(K,T,V,W)ex

Recall that ¢y, ., denotes the inclusion of the mapping cylinder

Lrvew;c = Mopr yw.c-

Note that here we allow V to be 0. For the generating acyclic cofibrations of the
positive global model structure on Spc, we do require that V' # 0. If we did that here,
in Definition A.13, and in Theorem A.2, we would obtain the positive G—global model
structure.

Lemma A.15 Any morphism in Jg U Kg is a G—global equivalence and a G—flat
cofibration. Any morphism obtained from Jg U Kg by transfinite composition and
cobase changes is also a G—global equivalence and a G—flat cofibration.

Proof Any morphism f € Jg is an acyclic cofibration in the G—level model structure,
so it is a G—flat cofibration and by Lemma A.3 a G—global equivalence.

Fix a compact Lie group K, a faithful K—representation V', a K—representation W,
a graph subgroup I' € #(K, G), and [/ > 0. Consider [ = (5., .. Oi; in Kg. We
saw in Construction A.14 that pr y,w.¢ is a G—global equivalence. The projection
My w.c = Lr,v;c from the mapping cylinder of pr y, ;g to its target is a homotopy
equivalence in GSpe. Therefore it is a G-level equivalence, and thus a G—global
equivalence. By the 2-out-of-6 property ¢y, ;. 18 also a G—global equivalence.

The G-orthogonal spaces L ygw ;¢ and Lr,y.¢ are G—flat orthogonal spaces because
they are isomorphic to L/ gn+m.g and L rn;G respectively, for some n,m = 0,
I'" € #(O(n+m),G) and I'” € F(0O(n), G). Then we obtain that

Lryew;c = Lryvew;c ULryc
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is a G—flat cofibration. Also since the G-level model structure of Theorem A.2 is
topological, Lr yew.c x i1 is a G—flat cofibration. Putting this together we obtain
that (. ). is a G—flat cofibration, and again because the G-level model structure is
topological so is f. By Corollary A.10, f = tpr. 1, .. 017 is a G—global equivalence.

Using the closure properties of Corollaries A.9 and A.12, we obtain the second part of
the lemma. o

Lemma A.16 The sources of all morphisms in lg, Jg and Kg are finite (and thus
small) with respect to the class of maps that are levelwise closed embeddings. Since
G -h—cofibrations are levelwise closed embeddings, they are also finite with respect to
the class of G—h—cofibrations.

Proof We first check that for any compact Lie group K, faithful K-representation V,
graph subgroup I' € (K, G), and compact space A4, the G—orthogonal space L1 p.g x4
is finite with respect to morphisms which are levelwise closed embeddings.

We recalled in the proof of Lemma A.11 that compact spaces are finite in Top relative
closed embeddings. Taking I'-fixed points commutes with filtered colimits along
closed embeddings. Consider a limit ordinal A, and a A—sequence X : A — G.Spc of
levelwise closed embeddings. By the semifreeness property of Lt .G x A, and since
colimits in G Spc are computed levelwise, we have that

GSpe(Lry:g X A, cgli{n Xp) = Top(A4, (cgn{n Xg) ("))
€ €
= Top(A4, colim(Xg(V)"))
BeA
= colim Top(4, (Xp(V)"))
Be
= cgli}r»n GSpe(Lr,v.c x A, Xﬂ).
€
So for a generating cofibration i € |g, its source is of the form Ly grm.g X aD!, so it
is finite relative levelwise closed embeddings. Similarly the source of a generating

acyclic cofibration j € Jg is Lt rm:G X D!, so it is also finite relative levelwise closed
embeddings.

For a generating acyclic cofibration k = (5. , .. O ij in Kg, its source is
l l
LI‘,V@W;G xD ULr!V@W;GXBDI MPF.V,W;G X aD :

The G-orthogonal space My}, . X dD! is a finite colimit of objects of the form
Lr y.c x A. Therefore it is also finite relative levelwise closed embeddings, because
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in Set finite limits commute with filtered colimits. By the same argument, the source
of k is also finite relative levelwise closed embeddings.

G-h—cofibrations are levelwise i—cofibrations of spaces, which are closed embeddings
in the category of compactly generated weak Hausdorff spaces. Therefore G—/—
cofibrations are levelwise closed embeddings. O

Lemma A.17 A morphism in GSpc is a G—global fibration if and only if it has the
right lifting property with respect to Jg U Kg.

Proof Every linear isometric embedding of K-representations is isomorphic to an
embedding of the form iy : V — V @ W. Thus Definition A.13 can be altered slightly to
say that a morphism f is a G—global fibration if and only if it is a G-level fibration and
for each compact Lie group K, graph subgroup I' € %(K, G), and K-representations
V and W, the square

N
x() X x (v @ wyr
f(V)Fl lf(VGBW)F

:NT
Yo r Y% yv e w)r

is homotopy cartesian. By Remark A.4, the morphism pr y,w .G represents the natural
transformation
G GO = O ew)t

By applying [22, Proposition 1.2.16] to the G—level model structure we obtain that the
previous square is homotopy cartesian if and only if f has the right lifting property
with respect to tp 1, ;.. 07 for all / > 0. The set Jg is a set of generating acyclic
cofibrations of the G—level model structure, so a morphism is a G—level fibration if
and only if it has the right lifting property with respect to Jg. Therefore a morphism in
G Spe is a G—global fibration if and only if it has the right lifting property with respect
to Jg UKg. O

Lemma A.18 A pullback of a G—global equivalence along a G—level fibration is also
a G—global equivalence.

Proof Consider the pullback square

p—*.x
(5) glJ lf
ZT>Y
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where f is a G—global equivalence and / is a G—level fibration. Consider a compact
Lie group K, a K-representation V', a graph subgroup I' € %(K, G), and a lifting
problem given by «: D! — P(V)T and B: D! — Z(V)T with g(V)T oo = B o 1.
Since f is a G—global equivalence, there is a K—representation W, a K—equivariant
linear isometric embedding ¥ : V' — W, and a morphism A: D! — X(W)T such that

roij =X)L ok(V) o
and there is a dD’—relative homotopy H from Y (¥)T o h(V)T o B to f(W)T o A
relative 3D’ . Since h(W)T is a Serre fibration, there is a lift A’ in the diagram

1—‘O 1—‘0 1—‘O
Dl x 01U ap! x [0, 1] (Z@) oBU(g(W) o P(¥) Ot)X[Oi]’); Z(W)F

l e lh(W)F

D! x[0,1] - a s Y(W)T

Since the square (5) is a pullback there is a unique A’: D! — P(W)T such that
gW)FoX = H'(—, 1) and k(W)T oA’ = A. Also by the universal property of the
pullback (5) we obtain that A’ oi; = P(y)! ow. Since H’ is a homotopy relative aD!
between g(W)F o)’ and Z(¥)T o B, we obtain that g is a G—global equivalence. O

Lemma A.19 If f: X — Y is a G—global equivalence and a G—global fibration then
it is also a G—level equivalence.

Proof Consider m > 0, a graph subgroup I € %#(O(m), G) given by a homomorphism
H — G with H < O(m), and a lifting problem of the form

ap! 2 x(R™)T

\[il lf(Rm)r

pl P ywmr

Since f is a G—global equivalence, there is an embedding of H-representations
V:R™ -V andamap A: D! — X (V)T such that A oi; = X(¥)F o and f(V)F oA
is homotopic relative D’ to Y (y)! o B.

Since f"is a G-level fibration, f(V)! is a Serre fibration. By lifting against
D! x {0y uaD! x[0,1]— D' x[0, 1],

which is a cofibration of spaces, we can replace A with a A’ such that A’ oi; = X ()T o

and f(V)T o} = Y(¥)T o B.
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Since f is a G—global fibration,
(RN, X)) x®™T - YR™T xypyr X(V)T

is a weak homotopy equivalence. This means that by [18, Lemma 9.6] there is a map A"
in the diagram

apl —& - x®R™MT
. 7 ,/’?
L/ A - l(f(R'")F,X(x/f)F)

-
-

Dl /(ﬂ—k/)> Y(Rm)r XY(V)T‘ X(V)F

such that the upper-left triangle commutes and the lower-right triangle commutes up to
homotopy relative dD. Thus by [18, Lemma 9.6] again f(R™)T" is a weak homotopy
equivalence, and so f is a G—level equivalence. ad

Theorem A.20 (G-global model structure) There is a proper topological cofibrantly
generated model structure on the category G Spc of G—orthogonal spaces, with the G—
global equivalences as the weak equivalences, the G—global fibrations as the fibrations,
and the G—{flat cofibrations of the G—level model structure as the cofibrations. We call
this model structure the G—global model structure.

lg is a set of generating cofibrations of this model structure. The set Jg U K¢ is a set of
generating acyclic cofibrations. Recall that |g, Jg and Kg were given in Theorem A.2
and Construction A. 14.

Proof GJSpc is complete and cocomplete. The G—global equivalences satisfy the
2-out-of-6 property and are closed under retracts by Lemma 3.7(i) and (ii) respectively.
The G—global fibrations and G—flat cofibrations are closed under retracts because they
can be defined via lifting properties, see Lemma A.17 and Theorem A.2 respectively.
Now we have to check the lifting and factorization axioms.

Given a morphism in GSpe, we can use the G—level model structure of Theorem A.2
to decompose it into f oi where i is a G—flat cofibration and f is a G—level fibration
and a G-level equivalence, so it is also a G—global equivalence by Lemma A.3. Given
¥:V — W alinear isometric embedding of faithful K-representations, in the square
T
x()E X9 )T
f (V)rl lf )T
Y I
y(v)§ X905 yow)r
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the two vertical morphisms are weak equivalences by Lemma A.3. Therefore this
square is homotopy cartesian and f is a G-global fibration. This gives one of the
factorization axioms.

For the second factorization axiom, we apply Quillen’s small object argument to the set
J6 UKg, which we can do by Lemma A.16. This factors any morphism into f o j, where
by Lemma A.15 we know that j is a G—flat cofibration and a G—global equivalence,
and f has the right lifting property with respect to Jg U Kg, so by Lemma A.17 it is a
G—global fibration. This gives the second factorization axiom. Note for later that this
J by construction has the left lifting property with respect to G—global fibrations.

One of the lifting axioms can be obtained from the G—-level model structure. By
Lemma A.19, a morphism which is both a G—global fibration and a G—global equiva-
lence is a G—-level equivalence, so it has the right lifting property with respect to the
G—flat cofibrations.

Lastly, consider a morphism g which is both a G—flat cofibration and a G—global
equivalence. We can use Quillen’s small object argument on the set Jg U Kg again
to decompose g into f o j, where f is a G—global fibration and j is a G—global
equivalence which has the left lifting property with respect to G—global fibrations.
By the 2-out-of-6 property f is also a G—global equivalence. Then by the previously
proven lifting axiom g is a retract of j, so it also has the left lifting property with
respect to G—global fibrations.

This model structure is right proper by Lemma A.18 (G—global fibrations are G—level
fibrations) and left proper by Corollary A.9. Using [22, Proposition B.5] we obtain
that this model structure is topological, taking G and Z in that statement to be

G={Lrgmc|m=0.TeF(Om).G)}. Z={ppppe|KT.V.W)ek}. O

Remark A.21 As mentioned in Remark 3.6, we can define a different class of G—
global equivalences by checking the condition from Definition 3.2 on all subgroups of
K x G instead of only on the graph subgroups. We can do the same for all the results
of this appendix, replacing F(K, G) everywhere by the set of all closed subgroups
of K x G. We can take the G—level model structure given by all subgroups briefly
mentioned right after Theorem A.2, and localize it at this smaller class of G—global
equivalences. This gives us a model structure with this smaller class of G—global
equivalences as the weak equivalences, as well as fibrations and cofibrations that are
similarly defined by looking at all subgroups instead of just the graph subgroups.

Algebraic € Geometric Topology, Volume 23 (2023)
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However, as shown by the various results of this article, the G—global model structure

constructed in this appendix is more relevant when looking at operads in Spc.

References

(1]
(2]

(5]

[6]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

M Barrero, Global N—operads, Bull. Lond. Math. Soc. 55 (2023) 1275-1301 MR

M A Batanin, C Berger, Homotopy theory for algebras over polynomial monads,
Theory Appl. Categ. 32 (2017) 148-253 MR Zbl

C Berger, I Moerdijk, Axiomatic homotopy theory for operads, Comment. Math. Helv.
78 (2003) 805-831 MR Zbl

A J Blumberg, M A Hill, Operadic multiplications in equivariant spectra, norms, and
transfers, Adv. Math. 285 (2015) 658-708 MR Zbl

F Borceux, Handbook of categorical algebra, 1I: Categories and structures, Ency-
clopedia of Mathematics and its Applications 51, Cambridge Univ. Press (1994) MR
Zbl

T Brocker, T tom Dieck, Representations of compact Lie groups, Graduate Texts in
Math. 98, Springer (1985) MR Zbl

A D Elmendorf, M A Mandell, Rings, modules, and algebras in infinite loop space
theory, Adv. Math. 205 (2006) 163-228 MR Zbl

M A Erdal, A Giicliikan Ilhan, A model structure via orbit spaces for equivariant
homotopy, J. Homotopy Relat. Struct. 14 (2019) 1131-1141 MR Zbl

B Fresse, Modules over operads and functors, Lecture Notes in Math. 1967, Springer
(2009) MR Zbl

S Gorchinskiy, V Guletskii, Symmetric powers in abstract homotopy categories, Adv.
Math. 292 (2016) 707-754 MR Zbl

B J Guillou, JP May, Equivariant iterated loop space theory and permutative G—
categories, Algebr. Geom. Topol. 17 (2017) 3259-3339 MR Zbl

J E Harper, Homotopy theory of modules over operads in symmetric spectra, Algebr.
Geom. Topol. 9 (2009) 1637-1680 MR Zbl

M Hovey, Model categories, Mathematical Surveys and Monographs 63, Amer. Math.
Soc., Providence, RI (1999) MR Zbl

S Illman, The equivariant triangulation theorem for actions of compact Lie groups,
Math. Ann. 262 (1983) 487-501 MR Zbl

T Lenz, G—global homotopy theory and algebraic K—theory, preprint (2020) arXiv
2012.12676 To appear under Mem. Amer. Math. Soc.

L G Lewis, Jr, JP May, M Steinberger, J E McClure, Equivariant stable homotopy
theory, Lecture Notes in Math. 1213, Springer (1986) MR Zbl

Algebraic € Geometric Topology, Volume 23 (2023)


http://dx.doi.org/10.1112/blms.12790
http://msp.org/idx/mr/4605670
https://www.emis.de/journals/TAC/volumes/32/6/32-06abs.html
http://msp.org/idx/mr/3607212
http://msp.org/idx/zbl/1368.18006
http://dx.doi.org/10.1007/s00014-003-0772-y
http://msp.org/idx/mr/2016697
http://msp.org/idx/zbl/1041.18011
http://dx.doi.org/10.1016/j.aim.2015.07.013
http://dx.doi.org/10.1016/j.aim.2015.07.013
http://msp.org/idx/mr/3406512
http://msp.org/idx/zbl/1329.55012
http://dx.doi.org/10.1017/CBO9780511525865
http://msp.org/idx/mr/1313497
http://msp.org/idx/zbl/0843.18001
http://dx.doi.org/10.1007/978-3-662-12918-0
http://msp.org/idx/mr/781344
http://msp.org/idx/zbl/0581.22009
http://dx.doi.org/10.1016/j.aim.2005.07.007
http://dx.doi.org/10.1016/j.aim.2005.07.007
http://msp.org/idx/mr/2254311
http://msp.org/idx/zbl/1117.19001
http://dx.doi.org/10.1007/s40062-019-00241-4
http://dx.doi.org/10.1007/s40062-019-00241-4
http://msp.org/idx/mr/4025600
http://msp.org/idx/zbl/1432.55034
http://dx.doi.org/10.1007/978-3-540-89056-0
http://msp.org/idx/mr/2494775
http://msp.org/idx/zbl/1178.18007
http://dx.doi.org/10.1016/j.aim.2016.01.011
http://msp.org/idx/mr/3464032
http://msp.org/idx/zbl/1355.14015
http://dx.doi.org/10.2140/agt.2017.17.3259
http://dx.doi.org/10.2140/agt.2017.17.3259
http://msp.org/idx/mr/3709647
http://msp.org/idx/zbl/1394.55008
http://dx.doi.org/10.2140/agt.2009.9.1637
http://msp.org/idx/mr/2539191
http://msp.org/idx/zbl/1235.55004
https://bookstore.ams.org/surv-63-s
http://msp.org/idx/mr/1650134
http://msp.org/idx/zbl/0909.55001
http://dx.doi.org/10.1007/BF01456063
http://msp.org/idx/mr/696520
http://msp.org/idx/zbl/0488.57014
http://msp.org/idx/arx/2012.12676
http://msp.org/idx/arx/2012.12676
http://dx.doi.org/10.1007/BFb0075778
http://dx.doi.org/10.1007/BFb0075778
http://msp.org/idx/mr/866482
http://msp.org/idx/zbl/0611.55001

Operads in unstable global homotopy theory 3355

[17]

(18]
[19]

(20]

(21]

[22]

(23]

[24]

[25]

[26]

JP May, The geometry of iterated loop spaces, Lecture Notes in Math. 271, Springer
(1972) MR Zbl

JP May, A concise course in algebraic topology, Univ. Chicago Press (1999) MR Zbl

D Pavlov, J Scholbach, Admissibility and rectification of colored symmetric operads, J.
Topol. 11 (2018) 559-601 MR Zbl

D Pavlov, J Scholbach, Homotopy theory of symmetric powers, Homology Homotopy
Appl. 20 (2018) 359-397 MR Zbl

S Sagave, C Schlichtkrull, Diagram spaces and symmetric spectra, Adv. Math. 231
(2012) 2116-2193 MR Zbl

S Schwede, Global homotopy theory, New Mathematical Monographs 34, Cambridge
Univ. Press (2018) MR Zbl

S Schwede, Global stable splittings of Stiefel manifolds, Doc. Math. 27 (2022) 789-845
MR Zbl

S Schwede, B E Shipley, Algebras and modules in monoidal model categories, Proc.
London Math. Soc. 80 (2000) 491-511 MR Zbl

M Spitzweck, Operads, algebras and modules in general model categories, part of
PhD thesis, Universitidt Bonn (2001) arXiv math/0101102

D White, D Yau, Bousfield localization and algebras over colored operads, Appl.
Categ. Structures 26 (2018) 153-203 MR Zbl

Institute for Mathematics, Astrophysics and Particle Physics, Radboud University
Nijmegen, Netherlands

m.barrero@math.ru.nl

Received: 4 October 2021 Revised: 24 January 2022

Geometry & Topology Publications, an imprint of mathematical sciences publishers :.msp


http://dx.doi.org/10.1007/BFb0067491
http://msp.org/idx/mr/0420610
http://msp.org/idx/zbl/0244.55009
http://msp.org/idx/mr/1702278
http://msp.org/idx/zbl/0923.55001
http://dx.doi.org/10.1112/topo.12008
http://msp.org/idx/mr/3830876
http://msp.org/idx/zbl/1405.18016
http://dx.doi.org/10.4310/HHA.2018.v20.n1.a20
http://msp.org/idx/mr/3785971
http://msp.org/idx/zbl/1390.18023
http://dx.doi.org/10.1016/j.aim.2012.07.013
http://msp.org/idx/mr/2964635
http://msp.org/idx/zbl/1315.55007
http://dx.doi.org/10.1017/9781108349161
http://msp.org/idx/mr/3838307
http://msp.org/idx/zbl/1451.55001
http://dx.doi.org/10.4171/DM/885
http://msp.org/idx/mr/4452225
http://msp.org/idx/zbl/1497.55014
http://dx.doi.org/10.1112/S002461150001220X
http://msp.org/idx/mr/1734325
http://msp.org/idx/zbl/1026.18004
http://msp.org/idx/arx/math/0101102
http://dx.doi.org/10.1007/s10485-017-9489-8
http://msp.org/idx/mr/3749666
http://msp.org/idx/zbl/1397.18023
mailto:m.barrero@math.ru.nl
http://msp.org
http://msp.org




ALGEBRAIC & GEOMETRIC TOPOLOGY
msp.org/agt

EDITORS

PRINCIPAL ACADEMIC EDITORS

John Etnyre

etnyre @math.gatech.edu

Georgia Institute of Technology

Julie Bergner

Steven Boyer

Tara E Brendle

Indira Chatterji
Alexander Dranishnikov
Tobias Ekholm

Mario Eudave-Muiioz
David Futer

John Greenlees

Ian Hambleton
Matthew Hedden
Hans-Werner Henn
Daniel Isaksen
Thomas Koberda

Christine Lescop

Kathryn Hess
kathryn.hess@epfl.ch

BOARD OF EDITORS

University of Virginia
jeb2md@eservices.virginia.edu
Université du Québec a Montréal
cohf@math.rochester.edu
University of Glasgow
tara.brendle @ glasgow.ac.uk
CNRS & Univ. Céte d’ Azur (Nice)
indira.chatterji @math.cnrs.fr
University of Florida
dranish@math.ufl.edu

Uppsala University, Sweden
tobias.ekholm @math.uu.se

Univ. Nacional Auténoma de México
mario @matem.unam.mx

Temple University
dfuter@temple.edu

University of Warwick
john.greenlees @warwick.ac.uk
McMaster University
ian@math.mcmaster.ca
Michigan State University
mhedden @math.msu.edu
Université Louis Pasteur
henn@math.u-strasbg.fr

Wayne State University

isaksen @math.wayne.edu
University of Virginia
thomas.koberda@virginia.edu
Université Joseph Fourier

lescop @ujf-grenoble.fr

Robert Lipshitz
Norihiko Minami
Andrés Navas
Thomas Nikolaus
Robert Oliver
Jessica S Purcell
Birgit Richter
Jérome Scherer
Vesna Stojanoska
Zoltan Szab6
Maggy Tomova
Nathalie Wahl
Chris Wendl

Daniel T Wise

Ecole Polytechnique Fédérale de Lausanne

University of Oregon
lipshitz@uoregon.edu

Nagoya Institute of Technology
nori@nitech.ac.jp

Universidad de Santiago de Chile
andres.navas @usach.cl
University of Miinster

nikolaus @uni-muenster.de
Université Paris 13

bobol @math.univ-paris13.fr
Monash University
jessica.purcell@monash.edu
Universitit Hamburg
birgit.richter @uni-hamburg.de
Ecole Polytech. Féd. de Lausanne
jerome.scherer @epfl.ch

Univ. of Illinois at Urbana-Champaign
vesna@illinois.edu

Princeton University
szabo@math.princeton.edu
University of Iowa
maggy-tomova@uiowa.edu
University of Copenhagen
wahl@math.ku.dk
Humboldt-Universitit zu Berlin
wendl @math.hu-berlin.de
McGill University, Canada
daniel.wise@mcgill.ca

See inside back cover or msp.org/agt for submission instructions.

The subscription price for 2023 is US $650/year for the electronic version, and $940/year (4 $70, if shipping outside the US)
for print and electronic. Subscriptions, requests for back issues and changes of subscriber address should be sent to MSP.
Algebraic & Geometric Topology is indexed by Mathematical Reviews, Zentralblatt MATH, Current Mathematical Publications
and the Science Citation Index.

Algebraic & Geometric Topology (ISSN 1472-2747 printed, 1472-2739 electronic) is published 9 times per year and continu-
ously online, by Mathematical Sciences Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall
#3840, Berkeley, CA 94720-3840. Periodical rate postage paid at Oakland, CA 94615-9651, and additional mailing offices.
POSTMASTER: send address changes to Mathematical Sciences Publishers, c/o Department of Mathematics, University of
California, 798 Evans Hall #3840, Berkeley, CA 94720-3840.

AGT peer review and production are managed by EditFlow® from MSP.

PUBLISHED BY
:I mathematical sciences publishers
nonprofit scientific publishing
http://msp.org/
© 2023 Mathematical Sciences Publishers


http://dx.doi.org/10.2140/agt
mailto:etnyre@math.gatech.edu
mailto:kathryn.hess@epfl.ch
mailto:jeb2md@eservices.virginia.edu
mailto:cohf@math.rochester.edu
mailto:tara.brendle@glasgow.ac.uk
mailto:indira.chatterji@math.cnrs.fr
mailto:dranish@math.ufl.edu
mailto:tobias.ekholm@math.uu.se
mailto:mario@matem.unam.mx
mailto:dfuter@temple.edu
mailto:john.greenlees@warwick.ac.uk
mailto:ian@math.mcmaster.ca
mailto:mhedden@math.msu.edu
mailto:henn@math.u-strasbg.fr
mailto:isaksen@math.wayne.edu
mailto:thomas.koberda@virginia.edu
mailto:lescop@ujf-grenoble.fr
mailto:lipshitz@uoregon.edu
mailto:nori@nitech.ac.jp
mailto:andres.navas@usach.cl
mailto:nikolaus@uni-muenster.de
mailto:bobol@math.univ-paris13.fr
mailto:jessica.purcell@monash.edu
mailto:birgit.richter@uni-hamburg.de
mailto:jerome.scherer@epfl.ch
mailto:vesna@illinois.edu
mailto:szabo@math.princeton.edu
mailto:maggy-tomova@uiowa.edu
mailto:wahl@math.ku.dk
mailto:wendl@math.hu-berlin.de
mailto:daniel.wise@mcgill.ca
http://dx.doi.org/10.2140/agt
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.ams.org/bookstore-getitem/item=cmp
http://www.isinet.com/products/citation/wos/
http://msp.org/
http://msp.org/

ALGEBRAIC & GEO

Volume 23 Issue 7 (page

Differential geometric invariants for time-revers
low-dimensional “quaternionic” case

GIUSEPPE DE NITTIS and KIYONORI GO
Detecting isomorphisms in the homotopy categc
KEVIN ARLIN and J] DANIEL CHRISTENS
Mod 2 power operations revisited
DYLAN WILSON
The Devinatz—Hopkins theorem via algebraic g
ROK GREGORIC
Neighboring mapping points theorem
ANDREI V MALYUTIN and OLEG R MUS
Stable cohomology of the universal degree d h
ISHAN BANERIJEE
On the wheeled PROP of stable cohomology of
NARIYA KAWAZUMI and CHRISTINE VES
Anchored foams and annular homology
ROSTISLAV AKHMECHET and MIKHAIL

On a problem of Hopf for circle bundles over as
fundamental groups

CHRISTOFOROS NEOFYTIDIS

The mod 2 cohomology of the infinite families
as almost-Hopf rings

LORENZO GUERRA

Operads in unstable global homotopy theory
MIGUEL BARRERO

On some p—differential graded link homologies
You QI and JOSHUA SUSSAN

Leighton’s theorem and regular cube complexes

DANIEL ] WOODHOUSE




	1. Introduction
	Structure of this paper
	Notation and conventions
	Acknowledgements

	2. Background
	2.1. Operads
	2.2. Unstable global homotopy theory
	2.3. Examples of operads in unstable global homotopy theory

	3. G-orthogonal spaces
	4. Main results for operads in (Spc)
	4.1. Lifting the positive global model structure to Alg(O)
	4.2. Characterizing which morphisms of operads induce Quillen equivalences

	5. Global E-infinity-operads
	Appendix. More about G–orthogonal spaces
	A.1. G-level model structure
	A.2. G-h-cofibrations and G-global equivalences
	A.3. G-global model structure

	References
	
	

