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ABSTRACT

In this thesis we consider the interaction between extra structures present
in category of rational free G-spectra, namely the monoidal structure and
the change of groups adjunctions, and the passage to the algebraic model.
We prove that the category of rational cofree G-spectra admits a monoidal
algebraic model in terms of L-complete modules. In order to prove this, we
develop the Left Localization Principle which gives mild conditions under
which a Quillen adjunction descends to a Quillen equivalence between left
Bousfield localizations.

We give a model categorical argument showing that the induction, restric-
tion and coinduction functors between categories of (co)free rational equivari-
ant spectra correspond to functors between the algebraic models for connected
compact Lie groups. In order to do this, we provide general tools to check
whether Quillen functors correspond. Since the construction of algebraic mod-
els relies upon the fact that polynomial rings are strongly intrinsically formal
as commutative DGAs, we pay careful attention to the interaction of model
structures on commutative algebras and modules. In particular, we prove that
Shipley’s algebraicization theorem respects the extra compatibility between
commutative algebras and modules in the flat model structure on spectra.
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CHAPTER 1

Introduction



1. RATIONAL EQUIVARIANT COHOMOLOGY THEORIES

The field of algebraic topology is concerned with the classification of spaces up to a weak notion
of equivalence which disregards information about distance. Instead, this notion of ‘homotopy
equivalence’ records information about holes. In order to distinguish spaces (up to homotopy
equivalence), one creates rigid algebraic information from the slippery topological data, using
invariants.

Cohomology theories are powerful invariants for topological spaces. A cohomology theory is
a contravariant functor from spaces to graded abelian groups, satisfying several axioms which
enable effective computation. Cohomology theories are represented by objects called spectra, in
the sense that given a cohomology theory E*(—), there is a spectrum E such that for all spaces
X,

EY(X) = [X, E].

where [—, —|, denotes the graded set of homotopy classes of maps. Similarly, given a spectrum
one may define a cohomology theory in this way.

We can mimic this result for spaces with the action of a (compact Lie) group G. Equivariant
cohomology theories are powerful invariants which take into account the action of G. There are
countless examples, such as equivariant K-theory, equivariant cobordism and Borel cohomology.
As in the non-equivariant setting, G-equivariant cohomology theories are represented by objects
called G-spectra.

If one seeks to find good invariants, it is important to be able to look at all invariants and choose
those that are particularly well structured, or which capture the properties one cares about.
Therefore, studying the collection of all cohomology theories provides crucial information about
invariants. From this point of view, it is valuable to package the category of G-spectra into a
rigid format which is well understood. In other words, we would like to find an algebraic model
for G-spectra.

A priori, this goal is unreasonably difficult. Indeed, even in the non-equivariant case, the
endomorphism ring of the unit object in the category of spectra is the ring of stable homotopy
groups of spheres. This is a notoriously complicated ring, and therefore one must reassess the
goal. Instead of seeking a full integral understanding, one might ask for a classification modulo
torsion. In other words, we would aim to classify all G-equivariant cohomology theories which
take values in rational vector spaces. This idea takes its cue from the unstable rational homotopy
theory pioneered by Quillen and Sullivan, where the goal was to classify spaces (under finiteness
conditions) up to rational homotopy type. Sullivan [19] proved that the rational homotopy type
of a simply connected space of finite type is determined by a Sullivan model which is a certain
type of commutative DGA.

In order to classify rational spaces, Quillen developed the framework of model categories [12]. A
model category € is a category with a notion of a homotopy theory. It is a category with a class
of maps called weak equivalences, along with additional structure and axioms which allow the
construction of a homotopy category hC. A map is an isomorphism in the homotopy category
if and only if it is represented by a weak equivalence in the model category. For example, for
a commutative ring R, the category of chain complexes of R-modules with weak equivalences
given by quasi-isomorphisms can be made into a model category, and has homotopy category
equivalent to the derived category D(R). A Quillen equivalence between model categories € and
D, is the correct formalism of the fact that € and D present the same homotopy theory. In
particular, a Quillen equivalence € ~¢g D implies that their homotopy categories hC and hD are
equivalent. Modern introductions to the theory of model categories can be found in [9] and [8].

The following conjecture of Greenlees seeks to extend the programme of classifying rational
homotopy type into the equivariant and stable setting.
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Conjecture (Greenlees). For every compact Lie group G, there is a (graded) abelian category
A(G) and a Quillen equivalence

Spe/Q ~q dA(G)
where dA(G) denotes objects in A(G) with a differential. Furthermore, the algebraic model
comes equipped with an Adams spectral sequence converging to the set of equivariant stable
maps [X,Y]¢.

For the rest of this introduction, everything is implicitly rationalized without comment. For
example, Sp; now denotes the category of rational G-spectra and S denotes the rational sphere
spectrum.

Considering the case where G is the trivial group shows that the goal of classifying rational
equivariant cohomology theories algebraically is now more achievable. Indeed, Serre’s calculation
of the homotopy groups of spheres shows that the rational sphere spectrum has homotopy Q,
concentrated in degree zero. Combining this with Morita theory [15], one can conclude that
Sp ~g Chg, so that rational cohomology theories are determined by graded Q-modules.

This conjecture has been proved in many cases: G finite [1], G = SO(2) [16], G = O(2) [2],
G = SO(3) [10] and G a torus of any rank [7]. Throughout this thesis, we will mainly be
interested in certain classes of G-spectra, rather than in certain groups. In particular, we will
focus on the classes of free and cofree G-spectra, see below for definitions.

One can also strengthen this conjecture to ask for more structure. For example, one could
ask that the zig-zag of Quillen equivalences is monoidal, so that it gives rise to an algebraic
model for ring G-spectra and module spectra. The consideration of extra structure with the
zig-zag of Quillen equivalences is a key theme in this thesis. Firstly, we will deal with monoidal
considerations for equivariant cohomology theories on free G-spaces, and then we turn to studying
algebraic counterparts of change of groups functors.

2. FREE AND COFREE EQUIVARIANT SPECTRA

For a compact Lie group G, we write EG for a contractible space with a free G-action. It is
characterized by the fact that the fixed point space (EG)! is contractible for H = 1 and is
empty otherwise. Collapsing EG to a point gives rise to the isotropy separation cofibre sequence

EG, — S° = EG.

A G-spectrum X is said to be free if the natural map FG. A X — X is an equivalence, and is
said to be cofree if the natural map X — F(EG4, X) is an equivalence.

Free and cofree G-spectra are interesting for several reasons. Firstly, they represent cohomology
theories on free G-spaces. Secondly, the understanding of the free case is an important step
towards understanding the general case, since the algebraic models for general compact Lie
groups G should be built up from information at each closed subgroup, where the model resembles
that of free spectra.

Greenlees-Shipley [4, 6] have given an algebraic model for free G-spectra for G any compact
Lie group. Write N for the identity component of G and W = G//N for the component group.
There is a zig-zag of Quillen equivalences
free torsion
Spe™ =@ Mody "o
between the categories of rational free G-spectra and torsion dg-modules over the skewed group
ring H* BN[W]. The category of torsion modules has no tensor unit and therefore this Quillen
equivalence cannot be refined to a monoidal algebraic model. Providing a solution to the lack of
monoidality is the first goal of this thesis.

The full subcategories of the homotopy category of G-spectra of free and cofree G-spectra are
equivalent. This suggests an alternative approach to modelling rational equivariant cohomology
10



theories on free G-spaces, via the category of cofree G-spectra. In order to describe the algebraic
model for cofree G-spectra, we firstly need to set the algebraic backdrop. Given an ideal I in
a graded commutative ring R, the I-adic completion functor is neither left nor right exact in
general. We therefore regard its zeroth left derived functor Lé to be the correct homological
notion of completion. Note that the right exactness of a functor F' is not needed to construct
the left derived functors L;F. It is only used to prove that LoF is isomorphic to F', which is not
true in our case of interest, where F' is the adic completion functor.

We say that a module is L-complete if the natural map M — LM is an isomorphism, and
is derived complete if the natural map M — L(—)7(M) is a quasi-isomorphism, where L(—)}
denotes the total left derived functor of I-adic completion.

The following is the first main result of this thesis, which appears in Chapter 2 and was proved
in joint work with Luca Pol [11].

Theorem. Let G be a compact Lie group with identity component N and component group W.
There is zig-zag of symmetric monoidal Quillen equivalences

L-complete
H*BN[W]

Spgy™e ~¢ Mod
between the categories of rational cofree G-spectra and L-complete dg-modules over the skewed
group ring H* BN[W] with respect to the augmentation ideal.

We restrict to connected groups for simplicity in the following discussion, and write I for the
augmentation ideal of H*BG. A Quillen equivalence between rational cofree G-spectra and
derived complete H* BG-modules was already known by passing through free G-spectra in the
following way:

free G-spectra PSRN -power torsion-H* BG-modules

~o| [z

cofree G-spectra <----» derived complete- H* BG-modules.

The horizontal Quillen equivalence is the algebraic model for free G-spectra of Greenlees-
Shipley [4] and the right vertical Quillen equivalence follows from Morita theory [3] (also known
as the MGM equivalence), together with the identification of I-power torsion modules as an
abelian model for derived torsion modules [5, §5]. However this approach is unsatisfactory for
two main reasons. Firstly, it does not give rise to a symmetric monoidal Quillen equivalence
since the category of I-power torsion modules has no tensor unit. Secondly, it does not give
an abelian model as desired in the conjecture of Greenlees. In light of this, our contribution is
threefold: we prove the algebraic model for rational cofree G-spectra directly, we upgrade it to a
symmetric monoidal Quillen equivalence, and we give an abelian model for derived complete
modules.

3. CHANGE OF GROUPS FUNCTORS

Let ¢: H — G be the inclusion of a closed subgroup H into a compact Lie group G. This induces
an adjoint triple of Quillen functors

—— ix
i* — Spy
<

Spa

where i, = G4 A —, i* is the forgetful functor and i) = F (G4, —).

If algebraic models for G-spectra and H-spectra are known, one could ask for functors between
the algebraic models corresponding to this adjoint triple. Diagrammatically, we can try to find
functors

11



i i* 0

L

Spy +——=—— dA(H)

which model those in topology.

In this thesis we consider this question for the cases of free and cofree equivariant spectra for
connected compact Lie groups. Recall that the algebraic model for free G-spectra (where G
is connected) is torsion modules over H*BG. The inclusion i: H — G induces a ring map
0: H*BG — H*BH, and hence an adjoint triple

— 0 ——
MOdH*BG — 0 —— MOdH*BH
0 ——

where 0, = H*BH ®py+pa — is extension of scalars, 8* is restriction of scalars, and 6, =
Homp+pa(H*BH, —) is coextension of scalars. Comparing the two adjoint triples, one notices
that there is a mismatch. In topology, two of the functors go from H-spectra to G-spectra,
but in algebra only one functor goes in this direction. Therefore one must construct additional
functors in algebra to model the functors in topology.

The following is the main result of the thesis which appears in the preprint [20]. We will not
state precisely what we mean by a ‘correspondence of Quillen functors’ in this introduction.
Instead we direct the reader to Chapter 4 for more details. Recall that the restriction functor
1* is both left and right Quillen. Therefore, there are two functors which correspond to it in
algebra; one as a left Quillen functor and one as a right Quillen functor. This can be seen in the
diagram below where there are four functors in algebra rather than the three in topology.

Theorem. Let i: H — G be the inclusion of a connected subgroup into a connected compact
Lie group. We have the following correspondence of Quillen functors

free G-spectra « 79 derived torsion H* BG-modules
i I [
B i Tag* Loeg 6 0*
L Ll
free H-spectra ME~r— derived torsion QH*BH-modules

where a = dim(G/H) and QH*BH s a cofibrant replacement of H*BH as a commutative
H*BG-algebra. In other words, (ix,i*) corresponds to (X%6*,£7%) and (i*,41) corresponds to
(0., 0%). Similarly, when the induction, forgetful functor and coinduction functors are viewed as
functors between the categories of cofree spectra, they correspond to the same functors as in the
free case, now viewed as functors between the categories of derived complete modules.

If the ranks of G and H are equal there is a stronger statement. In this case, the restriction of
scalars along H*BG — H*BH is both left and right adjoint to the extension of scalars functor.
Theorem. Let i: H — G be the inclusion of a connected subgroup into a connected compact

Lie group and assume that tkG = rkH. Then we have the correspondence of functors

free G-spectra e I-power torsion H* BG-modules

[ 117

s i i! o* 9* 0*

L L]

free H-spectra —= J-power torsion H* BH -modules
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where I and J are the augmentation ideals of H* BG and H*BH respectively. Similarly, when
the induction, forgetful functor and coinduction are viewed as functors between the categories of
cofree spectra, they correspond to 0%, 0, and 0 respectively, between the categories of L-complete
modules.

We take a moment to discuss the model categorical underpinnings of this result. Given a monoid
in a monoidal model category, we equip the category of modules with the projective model
structure in which weak equivalences and fibrations are created by the forgetful functor. If we
have a map of monoids 6: S — R in a monoidal model category, the extension-restriction of
scalars adjunction 6, - 6* is always a Quillen adjunction. However, the restriction-coextension
of scalars adjunction 8* 4 6, need not be a Quillen adjunction in general. If the unit of the
underlying monoidal model category is cofibrant, then 6* - 6, is Quillen if and only if R is
cofibrant as an S-module. For more details, see Proposition 3.8 in Chapter 4. Providing a
context appropriate for our goal in which one can force this condition is subtle. One might expect
that a cofibrant replacement of R as an S-algebra would suffice here since Schwede-Shipley [14,
4.1] have proved that if the unit of the underlying monoidal model category is cofibrant, a
cofibrant S-algebra is cofibrant as an S-module. However, this breaks another step in the proof,
the formality step, as we now describe.

In order to provide the necessary context to describe this issue, we recall the general procedure for
constructing algebraic models. We do so in the case of free G-spectra for G a connected compact
Lie group, since this is the main case of interest in this thesis. Firstly, one notices that every
free G-spectrum is a module over the commutative ring G-spectrum DEG | = F(EG,,SY), the
G-spectrum representing Borel cohomology. Change of rings along the ring map S° — DEG
yields a Quillen equivalence after a suitable cellularization of the model structures. Taking
G-fixed points produces a Quillen equivalence to (a cellularization of) the category of modules
over the commutative ring spectrum DBG.. Since DBG is a commutative HQ-algebra, we
can apply Shipley’s algebraicization theorem [18] which gives a Quillen equivalence

Modppa, ~¢ Modepsa,

where © DBG . is a commutative DGA. Moreover we know that
H.,(©0DBG;) =mDBG+ = H*'BG = Q[zxy, ...,z

where r is the rank of G. The next step is to apply a formality argument. The necessary
formality statement is that polynomial rings are strongly intrinsically formal as commutative
DGAs. This means that given a commutative DGA X with polynomial homology, there is a
quasi-isomorphism H,X — X. One can see this by choosing cocycle representatives for the
polynomial generators and noting that this is a quasi-isomorphism by construction. Change of
rings along the quasi-isomorphism H* BG = ©DBG., gives a Quillen equivalence between the
category of modules over © D BG . and the category of modules over H* BG. The commutativity
assumption is crucial for the formality step; polynomial rings are strongly intrinsically formal as
commutative DGAs but not as DGAs.

Let H be a connected subgroup of G. There is a ring map §: DBG. — DBH, but DBH need
not be cofibrant as a DBG-module and therefore 6* will not be left Quillen. In order to force
this, we must replace DBH . In light of the formality step described above, any replacements we
perform must be as commutative objects. From this point of view, it seems sensible to cofibrantly
replace DBH as a commutative DBG -algebra. However, the analogue of [14, 4.1] is not
true in general anymore. In particular, in the stable model structure on spectra, a cofibrant
commutative algebra need not be cofibrant as a module. Shipley [17] constructed a model
structure on spectra called the flat model structure which does satisfy this extra compatibility.
This model structure is vital for our proof of the correspondence for change of groups functors.
However, we therefore must also show that all the necessary Quillen equivalences still hold in
the flat model structure.
13



4. SHIPLEY’S ALGEBRAICIZATION THEOREM

As described above, the flat model structure is crucial for our approach to finding counterparts
of the change of groups functors. Given a commutative HQ-algebra S, Shipley [18] has proved
that there is a commutative DGA ©.S and a zig-zag of Quillen equivalences

Modg ~¢g Modegs

using the stable model structure on spectra. This is a key step in the zig-zag of Quillen
equivalences in the construction of algebraic models. Therefore, we require the zig-zag of Quillen
equivalences given by Shipley to still hold in the flat model structure.

In Chapter 3 we prove the following result, which appears in the preprint [21].

Theorem. There is a zig-zag of symmetric monoidal Quillen equivalences

Mod?f@ ~qg Chg
where the intermediate categories have the flat model structure. It follows that for A a commutative
HQ-algebra, there is a zig-zag of symmetric monoidal Quillen equivalences

1\/[Odlj‘aLt ~Q MOd@A

where © A is a commutative DGA and the intermediate categories have the flat model structure.

In addition to providing the correct formal context for studying change of groups functors,
the use of the flat model structure also has benefits in the algebraic model for commutative
HQ-algebras. Richter-Shipley [13] have showed that there is a zig-zag of Quillen equivalences

commutative H R-algebras ~g F.-dg-R-algebras

where R is any commutative ring. In the case that R = Q, E-algebras can be rectified to
strictly commutative ones, and therefore one obtains a zig-zag of six Quillen equivalences

commutative HQ-algebras ~g commutative dg-Q-algebras.

Using the flat model structure instead gives a zig-zag of only three Quillen equivalences between
the category of commutative HQ-algebras and the category of commutative dg-Q-algebras.
Moreover, this zig-zag of Quillen equivalences does not use the rectification step and therefore
provides a more concrete approach.

5. STRUCTURE OF THE THESIS

As described above, this thesis is in ‘publication format’ Chapter 2 consists of a joint paper
with Luca Pol which has been accepted for publication in the Journal of Pure and Applied
Algebra [11]. Chapter 3 is a revised version of the preprint [21] and Chapter 4 comprises the
preprint [20], both of which have been submitted for publication. Finally, Chapter 5 contains a
discussion of possible future directions of research related to the work in this thesis.
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1.

THE LEFT LOCALIZATION PRINCIPLE, COMPLETIONS, AND COFREE
G-SPECTRA

LUCA POL AND JORDAN WILLIAMSON

ABSTRACT. We show under mild hypotheses that a Quillen adjunction between stable model categories
induces another Quillen adjunction between their left localizations, and we provide conditions under which
the localized adjunction is a Quillen equivalence. Moreover, we show that in many cases the induced Quillen
equivalence is symmetric monoidal. Using our results we construct a symmetric monoidal algebraic model
for rational cofree G-spectra. In the process, we also show that L-complete modules provide an abelian
model for derived complete modules.
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In this paper we investigate the interplay between adjoint pairs and localizations. In homotopy theory there
are two versions of localizations available: the left and right Bousfield localization. The former is ubiquitous
in chromatic stable homotopy theory, while the latter has seen interesting applications in the study of torsion
objects in algebraic categories, see [24, §5]. Often in the literature the right Bousfield localization is called
cellularization since in the stable setting it picks out the localizing subcategory on the set of cells (if they
are stable).

We now give an informal overview of our results and refer to the main body of the paper for the precise
statements.

2010 Mathematics Subject Classification. 55P42, 55P60, 55P91, 13B35.
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The Cellularization Principle. Let C be a stable model category, and let IC be a set of objects of C.
The Cellularization Principle of Greenlees-Shipley [24] provides conditions under which a Quillen adjunction
F:C2D: G descends to a Quillen equivalence

F: CellcC 2 CellpeD : G

between the cellularizations. The Cellularization Principle is a crucial ingredient in the construction of
algebraic models for rational equivariant spectra, see for instance [27]. There is also a version of the Principle
where the cells are passed along the right adjoint, and a variant [9, §5.1] in which symmetric monoidal
structures are taken into account. The main limitation of the Cellularization Principle is that the preservation
of symmetric monoidal structures is not automatic.

Since the symmetric monoidal structure need not be preserved by cellularization, the symmetric monoidal
version of the Cellularization Principle requires stronger assumptions. For instance, when passing cells along
the right adjoint, the Cellularization Principle gives a symmetric monoidal Quillen equivalence between the
cellularizations if the original adjunction was already a symmetric monoidal Quillen equivalence [9, 5.1.7].

On the other hand, the monoidal structure is often preserved by left Bousfield localization.

The Left Localization Principle. The Left Localization Principle which we develop, gives mild conditions
under which a symmetric monoidal Quillen adjunction F': € &= D : G descends to a symmetric monoidal
Quillen equivalence between the homological localizations. For an object E of a stable, symmetric monoidal
model category C, the homological localization LgC is the localization of € at the class of E-equivalences,
that is those morphisms that become equivalences after tensoring with F.

Theorem (3.15). Let C and D be stable, symmetric monoidal model categories, E an object of C and
F:C2D: G be a symmetric monoidal Quillen adjunction. Suppose that C is homotopically compactly
generated by a set K of objects and that D is homotopically compactly generated by FK. Suppose that:

(i) The derived unit map K — GFK is an E-equivalence for all K € K;
(ii) G sends FE-equivalences to E-equivalences.

Then the induced Quillen adjunction
FLEGzLFEDG

s a symmetric monoidal Quillen equivalence.

The major advantage of the Left Localization Principle over the Cellularization Principle is that the sym-
metric monoidal structure is preserved automatically. There are several variations of the Principle that we
do not include in this introduction. Of particular note is the Compactly Generated Localization Principle,
see Theorem 3.16. Although the assumptions of this last Principle are quite restrictive, there are interesting
examples where it applies, as we show in our applications.

We now turn to the applications of the Left Localization Principle. The main motivation of the authors for
developing the Left Localization Principle comes from rational equivariant stable homotopy theory.

Algebraic models. The programme of finding algebraic models for rational G-spectra was begun by Green-
lees, who conjectured that for every compact Lie group G, there is an abelian category A(G), together with
a Quillen equivalence between the category of rational G-spectra and the category of differential objects in
A(G). The programme looks for abelian categories with finite homological dimension so that calculations can
easily be performed, and equipped with an Adams spectral sequence to calculate homotopy classes of maps
between G-spectra. This programme has so far been successful in the cases of G finite [6], G = SO(2) [43, 9]
G=0(2) [7], G=5S0(3) [32], G a torus of any rank [27], the toral part of G-spectra [8], and free G-spectra
for G a compact Lie group [23, 25]. One can also ask for equivalences with extra structure such as being
monoidal, so that the equivalence passes to ring and module spectra.

When attempting to find algebraic models for categories of interest, there are several techniques we can apply.

One approach is to use Morita theory [42] which gives an equivalence with modules over the endomorphism

ring of a generator. However, the endomorphism ring need not be commutative so that formality arguments

are inaccessible, and the module category often has infinite homological dimension. Another alternative is
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to use the Cellularization Principle to reduce the problem to checking conditions on generating cells. In
this paper, we show that the Left Localization Principle is another technique that we can use. Balchin-
Greenlees [4] show that stable model categories can be split into pieces determined by left localizations in
an adelic fashion, by proving that the stable model category is a homotopy pullback of an ‘adelic cube’. We
hope that the Left Localization Principle may be applied in these situations as well, to simplify the adelic
cube.

Completions. In order to verify the conjecture of Greenlees in our case of interest, we discuss some homo-
topical aspects of completion. We briefly recall the relevant results about the different types of completions
in algebra and we refer the reader to Section 5 for a more detailed exposition and references.

Let I be a finitely generated ideal in a commutative ring R. The [-adic completion functor is a fundamental
tool in algebra, but has poor homological properties as it is neither left nor right exact. Our approach is
to work with its zeroth left derived functor which we denote by L{. We say that an R-module M is L{-
complete if the canonical map M — L{ M is an isomorphism. The full subcategory of L{-complete modules is
a symmetric monoidal abelian category which supports a projective model structure under a mild condition
on the ideal considered. This condition is called weak pro-regularity and holds in many cases; for example,
any ideal in a Noetherian ring is weakly pro-regular.

For homotopical purposes it is often convenient to consider the derived I-completion functor. This is defined
in terms of the stable Koszul complex whose filtration provides a spectral sequence making the derived
completion accessible. Under the weak pro-regularity hypothesis on the ideal I, the derived I-completion
functor is equivalent to the total left derived functor of I-adic completion, and therefore calculates the local
homology modules, see [20, 36].

We give a proof using the language of model categories that derived I-complete modules can be modelled
via the abelian category of L{-complete modules, see Theorem 6.11. It follows that a dg-module is derived
I-complete if and only if its homology is L{-complete. This generalises a result of Dwyer-Greenlees [16, 6.15]
and clarifies an observation of Porta-Shaul-Yekutieli [36, 4.33] that derived I-complete modules need not
have I-adically complete homology. We note the related work of Barthel-Heard-Valenzuela who have given
an oo-categorical approach to derived completion in the general setup of comodules over Hopf algebroids [12].

Rational cofree G-spectra. The equivariant stable homotopy category contains two classes of objects of
particular note: the free and cofree G-spectra. An algebraic model for rational free G-spectra was constructed
by Greenlees-Shipley [23, 25] in terms of torsion modules over the group cohomology ring. However, the
abelian category of torsion modules is not monoidal as it has no tensor unit and therefore the Quillen
equivalence in the free case cannot be refined to a symmetric monoidal Quillen equivalence.

By exploiting the equivalence between free and cofree G-spectra, we give a symmetric monoidal algebraic
model for the category of rational cofree G-spectra. For convenience, we only state the result for the
connected case in this introduction. See Theorem 9.6 for the general case.

Theorem (8.4). Let G be a connected compact Lie group and I be the augmentation ideal of H*BG. Then
there is a symmetric monoidal Quillen equivalence

Spg)frcc ZQ MOd/I\{*BG

between rational cofree G-spectra and L}-complete dg-H* BG-modules. In particular, there is a tensor-
triangulated equivalence

cofree G-spectra ~p D(L}-complete H* BG-modules).

In this application, the Left Localization Principle manifests its advantages over the Cellularization Principle.
Firstly, the proof of the equivalence is formal as it only requires a few elementary iterations of the Left
Localization Principle and some formality arguments in algebra. In particular we avoid any “topological”
formality argument using the Adams spectral sequence. Secondly, it gives a tensor-triangulated equivalence
of the homotopy categories.

Free and cofree G-spectra are interesting for three particular reasons. Firstly, they represent cohomology
theories on free G-spaces, the most prominent example of which is Borel cohomology. Secondly, the techniques
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employed in the construction of the algebraic models for free and cofree G-spectra are instructive for more
general cases, such as that of torus-equivariant spectra [27]. Finally, the algebraic models for free and
cofree G-spectra fit in the general picture of a local duality context in the sense of [11]. This means that
the equivalence between free and cofree G-spectra in equivariant stable homotopy theory translates to the
equivalence between torsion and complete modules in algebra.

Contribution of this paper and related work. Let us restrict to connected groups for simplicity, and
continue to write I for the augmentation ideal. A Quillen equivalence between rational cofree G-spectra
and derived complete H* BG-modules was already known by passing through free G-spectra in the following
way:

free G-spectra PR RN -power torsion-H* BG-modules

~o] J=e

cofree G-spectra <----> derived I-complete-H* BG-modules.

The horizontal Quillen equivalence is the algebraic model for free G-spectra of Greenlees-Shipley [23] and
the right vertical follows from Dwyer-Greenlees’ Morita theory [16] together with [24, §5]. However this is
unsatisfactory for two main reasons. Firstly, it cannot be refined to a symmetric monoidal Quillen equivalence
since the category of I-power torsion modules has no tensor unit. Secondly, it does not give an abelian model
as desired in the conjecture of Greenlees. In light of this, our contribution is threefold: we prove the algebraic
model for rational cofree G-spectra directly, we upgrade it to a symmetric monoidal Quillen equivalence,
and we give an abelian model for derived complete modules. In addition, we collect several results about
homotopical aspects of algebraic completions which we believe will be of independent interest.

Although our strategy is analogous to that employed by Greenlees-Shipley in the study of free G-spectra,
the tools we use differ. In particular, the Left Localization Principle which we develop is a new and key
ingredient in our proof.

Outline of the paper. The paper is divided into two main parts.

In the first part we give some necessary background on left Bousfield localizations and then state and prove
the Left Localization Principle. We then investigate the implications in the case of homological localizations,
which provide many key examples.

In the second part of the paper we focus on the applications of the Left Localization Principle. We apply the
Left Localization Principle to understand completions of module categories and to construct a symmetric
monoidal algebraic model for rational cofree G-spectra. We have decided to first construct the algebraic
model for a connected compact Lie group and then show how to generalize our proofs to the non-connected
case. In the final section, we construct a strongly convergent Adams spectral sequence to calculate homotopy
classes of maps between cofree G-spectra.

Conventions. We shall follow the convention of writing the left adjoint above the right adjoint in an
adjoint pair. We will use ¢: QX — X and r: X — RX to denote cofibrant and fibrant replacements of X
respectively.

Acknowledgements. We are extremely grateful to John Greenlees for many helpful discussions and sug-
gestions. We would also like to thank Scott Balchin, Magdalena Kedziorek and Gabriel Valenzuela for their
interest and comments.

Part 1. The Left Localization Principle
2. LEFT BOUSFIELD LOCALIZATION OF MODEL CATEGORIES

In this section we recall some necessary background on left Bousfield localizations following [28] and [10].

Definition 2.1. Let € be a model category and let S be a collection of maps in C.
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e An object W in C is S-local if it is fibrant in C and for every s: A — B in S, the natural map
Map(B, W) — Map(A, W) is a weak equivalence of homotopy function complexes.

e Amap f: X — Y in C is an S-local equivalence if for every S-local object W, the natural map
Map(Y, W) — Map(X, W) is a weak equivalence of homotopy function complexes.

Remark 2.2. If the model category is stable, then the homotopy function complexes in the previous Defi-
nition can be replaced with the graded set of maps in the homotopy category, see [10, 4.5].

In many cases, we can endow the model category € with a new model structure, the left Bousfield localization
of €, in which the weak equivalences are the S-local equivalences, the cofibrations are unchanged, and the
fibrant objects are the S-local objects. If it exists, we denote this model category by LgC.

Hypothesis 2.3. Throughout this paper we assume that all the required left Bousfield localizations exist.

Remark 2.4. The left Bousfield localization exists under mild conditions on the model category €. For
example, when € is left proper, cellular and S is a set [28, 4.1.1], or when € is left proper, combinatorial
and S is a set [14, 4.7]. In particular, left Bousfield localizations (at sets of morphisms) exist for the stable
model structure on spectra [34, 9.1], the stable model structure on equivariant spectra for any compact Lie
group [33, I11.4.2] and the projective model structure on dg-modules [13, 3.3].

Recall that a model category is symmetric monoidal if it is a closed symmetric monoidal category and it
satisfies the pushout-product axiom: if f: A — B and g: X — Y are cofibrations, then the pushout-product
map
fOg: AvY | J B X > BoY
ARX
is a cofibration, which is acyclic if either f or g is acyclic; and the unit axiom: the natural map Q1 ® X —
1® X = X is a weak equivalence for all cofibrant X. We denote the internal hom functor by F(—, —).

Definition 2.5. We say that a stable model category € is homotopically compactly generated by a set IC of
objects if its homotopy category hC€ is compactly generated by K:

e for all K € K and collections {M;} of objects of €, the natural map @hC(K, M;) — hC(K, P M;)
is an isomorphism;
e an object X of hC is trivial if and only if h@(X"K, X) =0 for all K € K and n € Z.

Next we recall the definition of a monoidal Quillen adjunction from [41].

Definition 2.6. Let F': € 2 D : G be a Quillen adjunction between symmetric monoidal model categories.

(1) We say that (F,G) is a weak symmetric monoidal Quillen adjunction if the right adjoint G is
lax monoidal (which gives the left adjoint F' an oplax monoidal structure) and the following two
conditions hold:

(a) for cofibrant A and B in C, the oplax monoidal structure map ¢: F(A® B) — F(A) ® F(B) is
a weak equivalence in D

(b) for a cofibrant replacement Qle of the unit in €, the map ¢p: F(Qle) — 1p is a weak
equivalence in D.

(2) If the oplax monoidal structure maps ¢ and ¢q are isomorphisms, then we say that (F, G) is a strong
symmetric monoidal Quillen pair.

(3) We say that the adjunction (F, G) is symmetric monoidal if it is a weak symmetric monoidal Quillen
adjunction.

(4) We say that the adjucntion (F,G) is a symmetric monoidal Quillen equivalence if it is a symmetric
monoidal adjunction and a Quillen equivalence.

Remark 2.7. A Quillen adjunction is symmetric monoidal if the left adjoint is strong monoidal and the
unit object of € is cofibrant.

Definition 2.8. A set of morphisms S of a stable model category C is said to be stable if the collection
of S-local objects is closed under (de)suspensions. We say that a stable set of cofibrations S of a stable,
cellular, symmetric monoidal model category C is monoidal if SOI = {s0i | s € S, i € I} is contained in
the class of S-equivalences, where I is the set of generating cofibrations for C.
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We will need the following result.

Proposition 2.9 ([10, 5.1]). Let C be a proper, cellular, stable, symmetric monoidal model category and let
S be a stable set of cofibrations between cofibrant objects. Then the localization LgC is a symmetric monoidal
model category if and only if S is monoidal.

Remark 2.10. Any map in a model category can be replaced up to weak equivalence by a cofibration
between cofibrant objects: first cofibrantly replacing the source and then factoring the composite into a
cofibration followed by an acyclic fibration. Since left Bousfield localization depends only on the homotopy
type of the class of maps, we can assume without loss of generality that S consists of cofibrations between
cofibrant objects.

Remark 2.11. Since we work with stable model categories throughout this paper, one could formulate
the Bousfield localizations differently. In particular, given a collection of objects A in hC one can take
S = {f | cofibre(f) € A}. The objects of A then become acyclic in the localized model structure. In order
to be consistent with the model categorical literature, for example [28], we will always take a set of maps S
in the stable model category C.

3. THE LEFT LOCALIZATION PRINCIPLE

We are now ready to work towards the Left Localization Principle. Before we can prove an induced Quillen
equivalence, we must check that the Quillen adjunction descends to the localizations. Recall that @ and R
denote cofibrant and fibrant replacement in the original model structures on € and D respectively.

Proposition 3.1. Let F : C &2 D : G be a Quillen adjunction between stable model categories satisfying
Hypothesis 2.3. Let S and T be stable sets of morphisms in C and D respectively, and suppose that F' sends
S-equivalences between cofibrant objects to T-equivalences. Then the adjunction

F:LsC=2LyD:G

is a Quillen adjunction. Furthermore, it is a symmetric monoidal Quillen adjunction if F:C 2D : G is a
symmetric monoidal Quillen adjunction and S and T are monoidal.

Proof. By Hirschhorn [28, 3.3.18], to prove that LgC = LD is a Quillen adjunction, it is sufficient to check
that F sends S-equivalences between cofibrant objects to T-equivalences, which was our hypothesis. The
claim about the monoidality follows from the fact that the cofibrations in a left Bousfield localization are
the same as in the original category, and the local equivalences contain the original weak equivalences. [J

Remark 3.2. If we apply the previous Proposition with S = GRT', then the hypothesis that F' sends GRT-
equivalences between cofibrant objects to T-equivalences may seem hard to verify in practice. However,
we show in Lemma 3.14 that in the case of homological localization, this hypothesis can be replaced by a
condition which is much easier to verify.

Remark 3.3. If S is monoidal, it often happens that F'QS is also monoidal. Write Ie and Ip for the
sets of generating cofibrations in € and D respectively. For instance, one can easily check that FQS is
monoidal when (F,G) is a strong symmetric monoidal Quillen pair and Iy C F(Ie), or, when (F,G) is a
weak symmetric monoidal Quillen pair, the domains of Ie are cofibrant and Ip C F(Ie). Note that the
condition that I, C F(le) is satisfied in the case when the model structure on D is right induced from C.

We can now state and prove the Left Localization Principle. We note that as the cofibrations are the same
in the left Bousfield localization as in the original model structure, we continue to write ) for the cofibrant
replacement in the localization. However, since being fibrant in the localization is a stronger condition than
being fibrant in the original model structure, we write R for the fibrant replacement in the localization.

Theorem 3.4 (Left Localization Principle). Let C and D be stable model categories satisfying Hypothesis 2.3
and let F: €2 D : G be a Quillen adjunction.

(1) Suppose that C is homotopically compactly generated by a set K and that D is homotopically compactly
generated by FQK. Let S and T be stable sets of morphisms in C and D respectively. Suppose that
the following conditions hold:
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(i) The derived unit map ni: QK — GRFQK is an S-equivalence for all K € K;
(ii) G sends T-equivalences between fibrant objects in D to S-equivalences.
(iii) F sends S-equivalences between cofibrant objects to T-equivalences.
Then the induced Quillen adjunction

F:LsC=2LyD:G

is a Quillen equivalence. Moreover, if F : C = D : G is a symmetric monoidal Quillen adjunction

and S and T are monoidal, then F : LgC = LD : G is a symmetric monoidal Quillen equivalence.
(2) Suppose that D is homotopically compactly generated by a set L and that C is homotopically compactly

generated by GRL. Let T be a stable set of morphisms in D. Suppose that the following conditions

hold:

(i) The derived counit map €r,: FQGRL — RL is a weak equivalence in D for all L € L;

(ii) G sends T-equivalences between fibrant objects in D to GRT -equivalences;

(iii) F sends GRT-equivalences between cofibrant objects to T-equivalences.

Then the induced Quillen adjunction

F: LGRTG = LT® -G
is a Quillen equivalence. Moreover, if F : C &= D : G is a symmetric monoidal Quillen adjunction

and T and GRT are monoidal, then F' : LgrrC & LD : G is a symmetric monoidal Quillen
equivalence.

Proof. Let us prove (1). Note that condition (iii) ensures that the Quillen adjunction descends to the
localizations, see Proposition 3.1. We now show that the derived functor GR preserves sums, so that the
subcategories

A={X ehC|ny: QX =5 GRFQX} and A ={Y €hD|ey: FQGRY = RY}
are localizing. Let (X;);er be a collection of objects in hD. Using compactness we see that for all K € K
he(K, GR(EP X,)) = hD(FQK, P X;) = PhD(FQK, X;) = (P he(K, GR(X;)) = he(K, P GR(X,)).
il iel il i€l iel
Since IC generates hC we conclude that GR preserves arbitrary sums.

By assumption (i), we know that C C A thus A = hC as K generates hC. Note that FQng is a T-equivalence
by condition (iii). Using the triangular identity of the derived adjunction

FOK F9 FOQGRFOK

S Joror

RFQK

and 2-out-of-3, we obtain that FQK € A’ and hence A’ = hD as FQK generates hD.
We must prove that 7y : QX — GRFQX is an S-equivalence for all X € hC and that €y : FQGRY — RY
is a T-equivalence for all Y € hD. Note that the canonical map GRFQX — GRFQX is an S-equivalence
by condition (ii). Therefore the derived unit

My: QX =% GRFQX =% GRFQX
is an S-equivalence. For the derived counit, note that the canonical map GRY — GRY is an S-equivalence
and therefore FQGRY — FQGRY is a T-equivalence by condition (iii). By considering the diagram

FQGRY —“+ RY

o JNT

FQGRY —— RY

we see that €y is a T-equivalence if and only if €y is so. Since A’ = hD the claim follows.

The proof of part (2) follows from (1) by taking S = GRT. O
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Remark 3.5. Notice that the conditions in (1) imply that the derived functor F@Q preserves all compact
objects. Moreover, in the proof we showed that G R preserves sums so it also follows that under the conditions
in (2) the derived functor GR preserves all compact objects.

Remark 3.6. In [29, 2.3] Hovey gives criteria for when left Bousfield localization preserves Quillen equiva-
lences. His result does not assume stability but does not treat the case where the original adjunction is not
a Quillen equivalence.

In the Left Localization Principle we assumed that € and D are homotopically compactly generated whereas
in the following we assume that the localizations are homotopically compactly generated. This is a stronger
condition but holds in certain cases when the localization is homological, see Remark 3.18.

Theorem 3.7 (Compactly Generated Localization Principle). Let C and D be stable model categories sat-
isfying Hypothesis 2.3 and let F' : C 2 D : G be a Quillen adjunction. Consider stable sets S and T of
morphisms in C and D respectively.

(1) Suppose that LsC is homotopically compactly generated by a set K and that LD is homotopically
compactly generated by FQK. Suppose that the derived unit map Ny : QK — GRFQK is an S-
equivalence for all K € K and that F' sends S-equivalences between cofibrant objects to T-equivalences.
Then the induced Quillen adjunction

F:LsC=2LyD:G

is a Quillen equivalence. Moreover, if F': C = D : G is a symmetric monoidal Quillen adjunction

and S and T are monoidal, then F : LgC = LD : G is a symmetric monoidal Quillen equivalence.
(2) Suppose that L1D is homotopically compactly generated by a set L and that LgsC is homotopically

compactly generated by GRL. Suppose that the derived counit €y FQGRL — RL is a T-equivalence

for all L € L and that F sends S-equivalences between cofibrant objects to T-equivalences. Then the

induced Quillen adjunction

F: Lse = LTD -G
is a Quillen equivalence. Moreover, if F : C = D : G is a symmetric monoidal Quillen adjunction
and S and T are monoidal, then F : LgC = LD : G is a symmetric monoidal Quillen equivalence.

Proof. Apply the Cellularization Principle [24, 2.7] to the Quillen adjunction F': LgC &= LD : G obtained
from Proposition 3.1. g

3.1. Homological localization. We now rephrase the Left Localization Principle for homological Bousfield
localizations. This setting provides a large family of examples in which our result simplifies.

Definition 3.8. Let C be a symmetric monoidal model category. We say that an object E € C is flat if
E ® — preserves weak equivalences.

Remark 3.9. If F is a cofibrant object in a symmetric monoidal model category €, then F ® — preserves
weak equivalences between cofibrant objects by Ken Brown’s lemma. However, in many cases of interest all
cofibrant objects are in fact flat:

(i) The cofibrant objects in the projective model structure on dg-modules are the dg-projective modules.
Any dg-projective module P has the property that P ® — preserves quasiisomorphisms [3, 11.1.6,
11.2.1] and so any cofibrant object is flat in the projective model structure on dg-modules.

(ii) Any cofibrant object in the stable model structure on modules over a ring spectrum is flat [34,
12.3, 12.7]. Similarly, any cofibrant object in the stable model structure on modules over a ring
G-spectrum is flat [33, 7.3, 7.7].

Definition 3.10. Let € be a stable and symmetric monoidal model category, and let E be a flat cofibrant
object of C. We say that f: X — Y is an E-equivalence if E® f: E® X — EQ®Y is a weak equivalence.

When it exists, localizing at the E-equivalences produces a model structure on € in which the weak equiva-

lences are the F-equivalences, the cofibrations are unchanged and the fibrant objects are the E-local objects.

We call this new model category the homological localization of € at E and write LgC. One can prove that
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the weak equivalences in LgC are the E-equivalences as follows. Write S for the collection of E-equivalences.
It is immediate that any E-equivalence is an S-equivalence, so it remains to show the converse. This follows
from the universal property of h€[S~!] applied to the functor E A —: h€ — hC.

Hypothesis 3.11. From now on we assume that the required homological localizations exist.

Remark 3.12. The homological localization exists if € is a stable, symmetric monoidal, proper and com-
pactly generated model category in the sense of [45, 1.2.3.4]; see [17, §VIIL.1] for the special case of spectra,
and [4, §6.A] for the general case.

Proposition 3.13. Let C be a symmetric monoidal model category satisfying Hypothesis 3.11, and let E be
a flat cofibrant object of C. Then the homological localization LgC is a symmetric monoidal model category.

Proof. Take two cofibrations 7 and j. Since the cofibrations in LgC are the same as in €, the pushout-product
map ¢[]j is a cofibration since C satisfies the pushout-product axiom. Now suppose that i is an E-equivalence
also. We have that F® (idj) = (E®4)0(E®J) since E® — is a left adjoint. The functor E® — is left Quillen
since E is cofibrant, so F ® i is an acyclic cofibration and E ® j is a cofibration. Therefore, £ ® (iLJj) is a
weak equivalence by the pushout-product axiom for €. In other words, i(Jj is an E-equivalence as required.
The unit axiom follows immediately from the unit axiom for €, since the cofibrations are the same in the
left Bousfield localization as in the original model category. O

Lemma 3.14. Let F': C = D : G be a symmetric monoidal Quillen adjunction between stable symmetric
monoidal model categories and let E' be a flat bifibrant object in D. Ifegp: FQGE' — E’ is a weak equivalence
in D, then F sends QGE’-equivalences between cofibrant objects to E’-equivalences.

Proof. Let X — Y be a QG E’-equivalence between cofibrant objects. By Ken Brown’s lemma, F(QGE' ®
X) — F(QGE' ®Y) is a weak equivalence. We have the commutative diagram

F(QGE' © X) —~— FQGE' @ FX —~ F'® FX

| | l

F(QGE'®Y) — FQGE' @ FY —— E'® FY

in which the first horizontal maps are equivalences by definition of a symmetric monoidal Quillen pair, and
the second horizontal maps are equivalences since ep: FQGE' — E’ is a weak equivalence and tensoring
with a cofibrant object preserves weak equivalences between cofibrants by Ken Brown’s lemma. Hence by
two-out-of-three, £/ ® FX — E' ® FY is a weak equivalence as required. (]

Recall that the homological localization at an object E is a special case of left Bousfield localization which
inverts the E-equivalences. Therefore we can combine this Lemma with the Left Localization Principle to
obtain our version for homological localizations.

Theorem 3.15 (Left Localization Principle). Let C and D be stable, symmetric monoidal model categories
satisfying Hypothesis 3.11 and let F : C = D : G be a symmetric monoidal Quillen adjunction.

(1) Suppose that C is homotopically compactly generated by a set K and that D is homotopically compactly
generated by FQIK. Let E € C be a flat cofibrant object. Suppose that the following conditions hold:
(i) The derived unit map QK — GRFQK is an E-equivalence for all K € K;
(ii) G sends FE-equivalences between fibrant objects in D to E-equivalences.
Then the induced Quillen adjunction

FLEG:LFE'DG

is a symmetric monoidal Quillen equivalence.
(2) Suppose that D is homotopically compactly generated by a set £ and that C is homotopically compactly
generated by GRL. Let E' € D be a flat bifibrant object. Suppose that the following conditions hold:
(i) The derived counit map FQGRL — RL is a weak equivalence in D for all L € L;
(ii) G sends E'-equivalences between fibrant objects in D to QGE'-equivalences.
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(iii) The map FQGE' — E’ is a weak equivalence in D;
Then the induced Quillen adjunction

F: LQGE,G = LE/® -G

is a symmetric monoidal Quillen equivalence.

We now give a mixing of the Left Localization Principle and the Cellularization Principle. Note that we
again write R for a fibrant replacement in the Bousfield localization.

Theorem 3.16 (Compactly Generated Localization Principle). Let € and D be stable, symmetric monoidal
model categories satisfying Hypothesis 3.11 and let F : C 2 D : G be a symmetric monoidal Quillen
adjunction.

(1) Let E be a flat cofibrant object of C. Suppose that LgC is homotopically compactly generated by
a set K and that LpgD is homotopically compactly generated by FQK. If the derived unit map
QMg K - GRFQK is an E-equivalence for all K € IC then the induced Quillen adjunction

FLEG;)LFEDG

is a symmetric monoidal Quillen equivalence.

(2) Let E' be a flat bifibrant object of D. Suppose that LyD is homotopically compactly generated by
a set L and that LogrC is homotopically compactly generated by GRL. Suppose that the derived
counit €;,: FQGRL — RL is an E'-equivalence for all L € L and that FQGE' — E' is a weak
equivalence in D. Then the induced Quillen adjunction

F: LQGE/G = LE/D -G
is a symmetric monoidal Quillen equivalence.

Remark 3.17. Barnes-Roitzheim have compared left and right Bousfield localizations of stable model
categories at dualizable objects [10, 9.6]. More precisely, they proved that the identity functors

LAG s CellDAG

give a Quillen equivalence, where D = F(—, 1) is the dual functor and A is dualizable. Accordingly, in some
cases the Left Localization Principle can be replaced by the Cellularization Principle and vice versa. However,
there are some subtleties that need to be considered. Firstly, the two principles are “exchangeable” only if
the functors interact well with taking duals and we localize at dualizable objects. This a big disadvantage for
instance in global stable homotopy theory where almost no compact objects are dualizable. This was one of
the main motivations of the authors to develop the Left Localization Principle. Secondly, the two principles
have quite different behaviour when we take into account the symmetric monoidal structure. While the Left
Localization Principle for homological localization automatically yields a monoidal Quillen equivalence, the
Cellularization Principle requires strong conditions, in particular when passing cells along the right adjoint,
see [9, 5.1.7].

Remark 3.18. If we want to apply the Compactly Generated Localization Principle we need to know that
the category of local objects is compactly generated. This holds for instance, when we localize at dualizable
objects. More precisely, let € be a stable, symmetric monoidal model category, and let A be a dualizable
object of C. It is not difficult to see that if C is homotopically compactly generated by a set IC then the
homological localization L 4C is homotopically compactly generated by DA ® K. Firstly, DA ® K is A-local
for all K € K since if A® Z ~ 0, then hC(Z, DA® K) = hC(Z,F(A,K)) = hC(Z® A, K) = 0. Compactness
follows from the fact that A ® — : hL,C — hC preserves colimits, and the generation is an immediate
consequence of the duality adjunction. For more details, see for instance [35, 2.27].

4. COMPLETION OF MODULE CATEGORIES

In this section we apply the Left Localization Principle to obtain symmetric monoidal Quillen equivalences
relating a ring to its completion. We provide a general statement and then give several concrete examples
of interest.
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Notation 4.1. Given a commutative monoid R in a symmetric monoidal model category C, we denote by
Modg(C) the category of R-modules equipped with the projective model structure (if it exists) in which
the weak equivalences and fibrations are created by the forgetful functor Modg(€) — €. If the underlying
category is clear, we will often write Modg.

Hypothesis 4.2. Throughout this paper we assume that the projective model structure on Modg(C) exists
and that it is left proper, so that left Bousfield localizations exist.

Remark 4.3. Note that the projective model structure exists if € satisfies the monoid axiom [40, 4.1], and
it is left proper in many cases: for instance in categories of (equivariant) spectra [34, 12.1(i)] and [33, 111.7.6],
and in dg-modules [13, 3.3].

Proposition 4.4. Let C be a stable, symmetric monoidal model category with cofibrant monoidal unit, which
is homotopically compactly generated by a set K.

(i) Let S be a stable, monoidal set of maps in Modg(C) and 6: R — R’ be a map of commutative
monoids in C which is an S-equivalence. The map 6 induces an extension-restriction of scalars
Quillen adjunction

R ®r — : Modg(€) 2 Modg/ (@) : 6*
and if 6* sends R' ® r QS-equivalences between fibrant objects to S-equivalences, the Left Localization
Principle applies to give a symmetric monoidal Quillen equivalence

LsModg(€) ~¢ Lrg,gsModg: (C).

(ii) Let E be a flat cofibrant R-module and 6: R — R’ be a map of commutative monoids in C which is
an E-equivalence. The map 0 induces a symmetric monoidal extension-restriction of scalars Quillen
adjunction

R/ ®r —: ModR(G) = MOdR/(G) 1 0*
between the categories of modules, and the Left Localization Principle applies to give a symmetric
monoidal Quillen equivalence

LEMOdR(G) =~Q LEMOdR/ (G)

Remark 4.5. Note that there is an abuse of notation in the second part of the proposition above since in
general there is no natural R’-module structure on E at the model category level. More precisely, on the
right hand side of the Quillen equivalence above we should have localized at R’ ® g F instead of E. However,
this abuse of notation does no harm since there is a natural weak equivalence E = R’ ®g F in € and the
class of R’ ® rp F-equivalences is detected in the homotopy category of C.

Proof. Without loss of generality we may assume that K consists of cofibrant objects. The set R® K provides
a set of compact generators for hModg(€). The left adjoint is strong monoidal and maps compact generators
to compact generators since R’ @r (RQ K) = R' @ K.

Since S is a monoidal set, the class of S-equivalences is closed under tensor product with cofibrant objects.
Let K € K and consider the diagram

QROK — R ®r (QR® K)

Nsl |~

in which the top horizontal arrow is the derived unit. Since QR — R is an S-equivalence and K is cofibrant,
the left vertical is an S-equivalence. As R — R’ is an S-equivalence, the bottom horizontal is also an
S-equivalence since K is cofibrant. By Ken’s Brown’s lemma, it follows that the right hand vertical is also
an S-equivalence. Therefore, the derived unit is an S-equivalence for K € K. Therefore, Part (i) of the
statement follows from the Left Localization Principle.

Part (ii) is a consequence of Part (i), once we show that the right adjoint 6* automatically preserves E-
equivalences between fibrant objects. Note that there is a natural map F ®r 6*M — 0*(F ®g M) of
27



R-modules, which is a weak equivalence as E ~ R’ ®g E. Now suppose that M — N is an E-equivalence
between fibrant R’-modules. By considering the diagram

EFERQr0*M — EQgr0*N
0*(F @rr M) —— 0*(FE Qg N)

we see that §* M — 0*N is an E-equivalence of R-modules. O

Example 4.6. Let Z, denote the p-adic integers and consider the ring map 6: Z — Z, which induces a
symmetric monoidal Quillen adjunction between the categories of chain complexes

Zyp ®z — : Modz = Modg,, : 0"

via extension and restriction of scalars. We can apply Proposition 4.4 to obtain a symmetric monoidal
Quillen equivalence
LZ/pMOdZ ~Q LZ/pMOde'

By [21, 4.2], we can identify the homotopy categories of the two localizations with the subcategories of the
derived categories consisting of derived p-complete modules which we denote Az,,Modz and Az,,Modz,
respectively. Putting everything together we get a tensor-triangulated equivalence

AZ/pMOdZ ey N AZ/pMOde .

Before stating the next example, we discuss the construction of a commutative ring orthogonal G-spectrum
which presents the homotopy type of the functional dual of EF,, for F a family of subgroups of a compact
Lie group G.

Construction 4.7. Let G be a compact Lie group, and F a family of subgroups of G. We briefly discuss
the construction of an orthogonal G-spectrum modelling the homotopy theory of the functional dual DEF, .
Since S° is not a fibrant G-spectrum, the point-set object F(EFy,S%) does not have the same homotopy
type as the derived hom. Since we desire a model for DEF, which is a commutative ring G-spectrum, the
construction requires some care.

Let fS° be a fibrant replacement of S° as a commutative ring G-spectrum. This will be positive fibrant as
a G-spectrum but need not be fibrant. Write fS° — £S° for a fibrant replacement of fS° as a G-spectrum.
We claim that if i: A — B is cofibration and p: X — Y is a positive fibration, that the pullback-product
map

F(B7X) - F(AaX) XF(A)Y) F(B,Y)

is a positive fibration. To prove this, by adjunction it is sufficient to show that the pushout-product of a
cofibration with a positive cofibration is a positive cofibration. Recall that a map is a positive cofibration if
and only if it is a cofibration which is an isomorphism in all levels V with V¢ = 0, see [33, I11.2.10]. Since
G-spectra is a monoidal model category, it remains to check that the pushout-product of a cofibration with
a positive cofibration is an isomorphism for all levels V' with V& = 0. This follows from the definitions of
the generating cofibrations. It follows by Ken Brown’s lemma that if A is cofibrant and p: X — Y is a weak
equivalence between positively fibrant objects, then F(A, X) — F(A,Y) is a weak equivalence.

Note that EF, is a cofibrant G-spectrum, and since fibrant G-spectra are also positively fibrant, this shows
that the natural map F(EF,, fS°) — F(EF,, fSO) is a weak equivalence. Since EF, is cofibrant and fSO
is fibrant, the mapping spectrum F(EF, fSO) has the homotopy type of the derived mapping spectrum,
and hence so does F(EF,, fS°). Since fS° is a commutative ring G-spectrum we note that F(EF,, fS°)
is a commutative ring G-spectrum via the diagonal A: EF, — EF, N EF,.

If we work rationally, then more concretely one can take F(EF,,infHQ) as a model for DEF, since the
inflated Eilenberg-MacLane spectrum is a commutative ring G-spectrum (as inflation is strong monoidal)
and is fibrant (as inflation is right Quillen). This spectrum will play an important role in the second part of
this paper for the family of subgroups consisting of only the trivial subgroup. In this case we write DEG
for this mapping spectrum.
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Example 4.8. Let G be a compact Lie group and F a family of subgroups of G. Note that the G-spectrum
DEF, is a commutative ring G-spectrum as discussed in Construction 4.7. It is easy to check that the
unit map n: S° — DEF, is a EF,-equivalence. We can then apply Proposition 4.4 to obtain a symmetric
monoidal Quillen equivalence

LE_7:+SpG ~Q LEf+MOdDEf+ (SPG)

Example 4.9. Let § be the global family of compact Lie groups. Denote by Spg the category of orthogonal
spectra with the G-global model structure which is proper [39, 4.3.17]. By [39, 4.5.21, 4.5.22(ii)], there
exists a morphism of ultracommutative ring spectra is: S — bS between the global sphere spectrum and the
global Borel construction which exhibits bS as a localization of the global sphere spectrum at the class of
non-equivariant equivalences. Note that the projective model structure on Mody,s(Spg) exists by [39, 4.3.29]
and it is proper by a similar argument as in [34, 12.1(i)] so that we can perform left Bousfield localizations.
Since 4§ preserves non-equivariant equivalences, it follows from Proposition 4.4 that by localizing at the class
1 of non-equivariant equivalences (see Remark 4.10 for justification of its existence), we obtain a symmetric
monoidal Quillen equivalence
L1Spg ~¢ LiMody,s(Spg)-

We note that this is a symmetric monoidal Quillen equivalence using Remark 3.3, since the model structure
on Modps(Spg) is right induced from the G-global model structure on Spg. Finally using the language of [39]
we can identify the homotopy category of LiSpg with the full subcategory of the global stable homotopy
category consisting of those global spectra which are right induced from the trivial family.

Remark 4.10. It is not immediate that the left Bousfield localization of Spg at the class of non-equivariant
equivalence actually exists. This localization cannot be constructed as a homological localization since
in global stable homotopy theory an analogue of the free G-space EG does not exist. Instead we apply
Bousfield-Friedlander localization [15, 9.3] to the natural transformation ix: X — bX which is a non-
equivariant equivalence. By construction, the global Borel functor b has the property that for all G € G,
the underlying G-spectrum of bX is cofree, see [39, 4.5.16, 4.5.22]. In particular this shows that f: X =Y
is a non-equivariant equivalence if and only if bf: bX — bY is a global equivalence. The conditions (A1)
and (A2) from [15, 9.2] easily follow from this observation. The final condition (A3) follows from the right
properness of Spr for the trivial family F = {1}, together with the fact that any G-global fibration is a
F-global fibration. The argument for Modys(Spg) is similar as the weak equivalences and fibrations are
created by the forgetful functor Modys(Spg) —+ Spg.

Part 2. Rational cofree G-spectra

We give a symmetric monoidal algebraic model for the category of rational cofree G-spectra for G a compact
Lie group, in the sense of [18]. We will initially prove the result for G connected and then show how to
extend our proofs to any compact Lie group. In the final section we construct a strongly convergent Adams
spectral sequence calculating homotopy classes of maps between cofree G-spectra.

5. COMPLETIONS IN ALGEBRA

We now recall some results about complete modules following [20].

Let R be a graded commutative ring and let I be a finitely generated homogeneous ideal. The [-adic
completion of a module M is defined by

M} =lim, M/I"M.
We say that a module M is I-adically complete if the natural map M — M7 is an isomorphism. A dg-module
is said to be I-adically complete if its underlying graded module is.

Since the I-adic completion functor is neither left nor right exact in general, our approach is to consider the
zeroth left derived functor L{ of I-adic completion as the ‘correct’ notion.

Definition 5.1.

e We say that a module M is L{-complete if the natural map M — L} M is an isomorphism.
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e We say that a dg-module N is L} -complete if its underlying graded module is L{-complete.

We write Modg for the category of dg-R-modules, and Mod) for the full subcategory of Li-complete dg-
modules. We denote the internal hom of R-modules by Homp(—, —).

Lemma 5.2.

(a) The category Mod/}b is abelian, and the inclusion functor i: Mod — Modg is evact. In particular,
the homology of an L}-complete dg-module is L-complete.

(b) The inclusion functor is right adjoint to the L-completion functor L{.

(¢) The category Modpy has all limits and colimits.

Proof. The proofs of (a) and (b) can be found in [30, A.6(e), A.6(f)]. Their proofs depend only upon the
fact that L{ is right exact and the existence of a long exact sequence of derived functors. Therefore, the
restriction to local rings and regular ideals made in [30] does not affect the stated results. It follows from
(b) that limits of L{-complete modules are calculated in Modg, and that colimits of Li-complete modules
are calculated by L{-completion of the colimit in Modg. O

Proposition 5.3.

(a) If N is Li-complete, then Homp(M, N) is L}-complete.
(b) The category Mod is closed symmetric monoidal with tensor product LY(M ®r N) and internal
hom Hom (M, N).

Proof. By taking a free presentation R’* — R’ — M — 0, we obtain an exact sequence

0 — Homp(M,N) = [[N = [V
.]o .]1
which proves (a), since Li-complete modules are closed under products and kernels.

For (b) we follow the argument of Rezk [37, 6.2]. We first prove that the map L{(M ®grN) — L (LM ®@g N)
induced by nar: M — LIM is an isomorphism. It is enough to check that for any L{-complete module C,
the map

Hom(Lg(LyM ®r N),C) — Homp(L§(M ©r N), C)
is an isomorphism. By adjunction, it is an isomorphism if and only if the induced map
Hom p(L{M,Homg (N, C)) — Homp (M, Homg (N, C))

is. This now follows as Hom z(N, C) is Li-complete by part (a). Therefore L} (M @r N) — L{(LIM @, N)
is an isomorphism. By symmetry, we also have that L{(M ®g N) — L{(M @ L{N) is an isomorphism, and
therefore so is L{(M @ N) — L} (L) M ®r LIN). This completes the proof of (b). O

We will also be concerned with a homotopical version of completion that we shall now recall. For any = € R,
we define the unstable Koszul complex

K(z) = fib(Z"IR = R),
and the stable Koszul complex
Koo (x) = fib(R — R[1/x])
where the fibre is taken in the category of dg-modules. For an ideal I = (z1,...,x,) we put
K(I)=K(z1)®r - Qr K(zn) and Ko(I)=Ke(21) Qr -+ Qr Koo(y).

If no confusion is likely to arise, we suppress notation for the ideal and write K for the unstable Koszul
complex and K for the stable Koszul complex. We will also write Hompg(—, —) for the derived internal hom
functor. We say that a dg-module M is derived complete if the natural map M — Homp(K, M) =: A;M
is a quasi-isomorphism. Then the nth local homology of M is defined to be HI(M) = H,,(A;M).

30



Definition 5.4. Let I = (z1,...,x,) be a finitely generated homogeneous ideal. For all s € N and z € R,
we put

K (z) = fib(2IR 25 R) and K,(I) = K(21) ®g - ®r Kq(x).

We say that I is generated by the weakly pro-regular sequence (21 ..., x,,) if the inverse system (Hy(K(I)))
is pro-zero for all k # 0. That is, for each s € N there is m > s such that the natural map

Hk(Km(I)) — Hk(Ks(I))

S

is zero.

Note that if R is Noetherian then any finitely generated ideal is weakly pro-regular [36, 4.34]. Indeed this is
true even when weakly pro-regular is replaced by pro-regular [20].

Theorem 5.5. Let R be a graded commutative ring and let I be a finitely generated homogeneous ideal that is
generated by a weakly pro-reqular sequence. Then for all dg-modules M, there is a natural quasi-isomorphism

telf,MI Ar(M) = L(=)7 (M)

between the derived completion functor and the total left derived functor of I-adic completion, making the

diagram

AM ————— L(=)NM)
tclI M

commute. Moreover, taking homology on both sides we get

HI(M) = LI(M).

Proof. Greenlees-May proved that if R has bounded torsion and I is pro-regular then HIM = LIM | see [20,
2.5]. Schenzel [38, 1.1] proved the above result for ideals generated by weakly pro-regular sequences and
bounded complexes with R bounded torsion. Finally, Porta-Shaul-Yekutieli [36, 5.25] removed the hypothesis
that R has bounded torsion and extended the result to unbounded complexes. g

As an application, we prove the following result which we will use in the construction of an Adams spectral
sequence, see Theorem 10.8.

Proposition 5.6. Let R be a graded commutative Ting and let I be a finitely generated homogeneous ideal
that is generated by a weakly pro-regular sequence.

a) If M is an L-complete module and Py — M is a projective resolution of M, then LLPy — M is a
0 0
projective resolution in L -complete modules.

(b) Write Ex\tR for the Ext-groups in the abelian category of L{-complete modules. Then
Extr(M, N) 2 Extp(M, N)
for all LE-complete modules M and N.

Proof. Given an L}-complete module M, choose a projective resolution Py — M in R-modules. Since
L} is left adjoint to the inclusion, L{P, is a complex of projective Li-complete modules. We now show
that L{P, — M is a projective resolution in L{-complete modules. Note that A;Py — A;M is a quasi-
isomorphism. Using Theorem 5.5 and [20, 4.1] we have that L{P, ~ A;P, and M ~ A;M. Therefore
L{P, — M is a projective resolution in L{-complete modules. By adjunction we deduce that for all L{-
complete modules M and N we have

Extz(M,N) = H,(Homg(LLP,, N)) & H, (Hompg(Ps, N)) = Extp(M, N).
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6. AN ABELIAN MODEL FOR DERIVED COMPLETION

In this section we use the language of model categories to show that the category of Li-complete modules
forms an abelian model for derived complete modules, see Theorem 6.11. Our result can be thought as
“dual” to the fact that I-power torsion modules forms an abelian model for derived torsion modules [24, §5].
We will be working under the following:

Hypothesis 6.1. We will assume our ideal I to be generated by a weakly pro-regular sequence and we
continue to write K for its associated unstable Koszul complex.

In order to prove our main result we need to consider model structures on the categories of interest. Recall
that the category of dg-modules Modg has a projective model structure in which the weak equivalences are
the quasi-isomorphisms, the fibrations are the epimorphisms and the cofibrations are the monomorphisms
which have dg-projective cokernel and are split on the underlying graded modules, see [13, 3.3] and [1, 3.15].
A dg-module M is said to be dg-projective if Hompg(P,—) preserves surjective quasi-isomorphisms. It is
important to note that any dg-projective module is (graded) projective, but the converse is not generally
true. For example, the complex

X=57/4357/4%7/4—...

of free Z /4-modules with each differential given by multiplication by 2 is not dg-projective, since the surjective
quasi-isomorphism X — 0 is not preserved by Homg,4(X, —). For more details on dg-projectivity see [3, §9].

Lemma 6.2. If P is dg-projective, then there is a natural quasi-isomorphism A;P = LLP.

Proof. This is the trivial case of Theorem 5.5. g

Lemma 6.3. Consider a dg-module M.

(a) If the map M — L{M is a quasi-isomorphism, then LL(M) =0 for alln > 0.
b) If H.(M) is LL-complete, then M is derived complete.
0

Proof. Part (a) follows from the fact that LL (M) = LL(L{M) = 0 for n > 0 by [20, 4.1]. For part (b) we
consider the spectral sequence [21, 3.3]

EIQJ,q = (L;;H*M)q = Hpiq(A1M)
which collapses by part (a), hence showing that M — A; M is a quasi-isomorphism. O

We will now put a projective model structure on L{-complete modules following Rezk’s unpublished note [37,
10.2].

Lemma 6.4.

(a) The functor L} takes cofibrations in Modg to morphisms which have the left lifting property with
respect to surjective quasi-isomorphisms of L}-complete modules.

(b) The functor L} takes acyclic cofibrations in Modg to morphisms which have the left lifting property
with respect to surjections of L{-complete modules.

(c) If M — N is a cofibration in Modg, the homology H.N is Li-complete and M — L{M is a
quasi-isomorphism, then N — L(I)N s a quasi-isomorphism.

Proof. Part (a) and (b) follow from the lifting properties in Modg. For part (c), note that by definition
M — N is an injection with dg-projective cokernel P so we have a diagram

0 M N P 0
g | |
0 >y LM —— LIN —— LIP —— 0
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in which the top row is exact and the bottom row is right exact. By Lemma 6.3, M and N are derived
complete, and so it immediately follows that P is derived complete too. Therefore P — LEP is a quasi-
isomorphism by Lemma 6.2, and L (P) = 0 for n > 0 by Lemma 6.3. The long exact sequence of left derived
functors shows that LI M — LIN is injective, and so by the five lemma we conclude that N — L{N is a
quasi-isomorphism. O

Proposition 6.5. There is a model structure on Mod/}i in which the weak equivalences are the quasi-
isomorphisms, the fibrations are the surjections, and the cofibrations are the maps with the left lifting property
with respect to the acyclic fibrations. Furthermore, the adjunction

L{ : Modr = Modf, : i

18 Quillen.

Proof. The only parts that need elaboration are the factorization axiom and the lifting axiom. Firstly we
prove the factorization axiom.

Let f: M — N in Mod}. Take a factorization M L5DE Nin Modpg where one of i or p is acyclic. Since
L} is left adjoint to the inclusion, maps LD — N are in bijection with maps D — N. Therefore, there is a
unique ¢: LYD — N making the square

S

LiD

a lq

N

@I

commute. Note that ¢ is a fibration since ¢ = L{p and L{ preserves surjections.

If p is acyclic, Lemma 6.4(c) shows that « is a quasi-isomorphism since H,D = H,N, and hence by the
two-of-three property, ¢ is a weak equivalence. Lemma 6.4(a) shows that the factorization f = g(ai) is a
factorization into a map with the left lifting property with respect to acyclic fibrations, followed by an acylic
fibration. This completes the first part of the proof of the factorization axiom.

For the other part we suppose that i is a weak equivalence. Since ai = L{(i), Lemma 6.4(b) shows that
i has the left lifting property with respect to fibrations in Mod. Lemma 6.4(c) shows that a is a quasi-
isomorphism since H,D = H,M. Therefore f = g(ai) is a factorization into a weak equivalence with the
left lifting property with respect to fibrations followed by an fibration, which completes the proof of the
factorization axiom.

For the lifting axiom, we note that one part is by definition. For the other part, we use the standard method
of the retract argument. Consider the square

A—— X

i It

B—Y

in which 7 is an acyclic cofibration and f is a fibration. Factor i into a map with the left lifting property
with respect to fibrations followed by a fibration to give A 2+ C' £ B. Since j has the left lifting property
with respect to fibrations, there is a lift g: C' — X.

As i and j are weak equivalences, p is an acyclic fibration. Since i has the left lifting property with respect
to acyclic fibrations, there exists a lift h: B — C. Therefore gh: B — X gives the required lift in the square.

It is clear that the adjunction is Quillen by the definition of the weak equivalences and fibrations. O

Remark 6.6. One might first think of attempting to prove the existence of this model structure via right

inducing it from Modg. However, in order to be able to do this, we need to know that the inclusion

i: Modg — Modp preserves filtered colimits. This is false; take R = Z and I = (p) and consider the direct
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system Zj, LN Ly, 2,y ... Then the colimit in the category of abelian groups is Qp, while the colimit in the
category of L{-complete abelian groups is Lgp )(Qp) which is zero.

Proposition 6.7. The model structure on Mod% is symmetric monoidal.

Proof. The category of L{-complete modules is closed symmetric monoidal with tensor product given by
L{(M ® N); see Proposition 5.3.

Let M — N and X — Y be fibrations in Mod%. Since the inclusion i: Mod} — Modp preserves limits, we
have that the pullback product map is

Homp(iN,iX) — Homp(iM,iX) X Hom p,(iM,iY) Homp(iN,iY).

Since Modp is a symmetric monoidal model category and 4 is right Quillen, the pullback product map is
a fibration. A similar proof shows that the pullback product of a fibration with an acyclic fibration is an
acyclic fibration. The unit axiom is immediate since the unit in Mod} is L{R which is cofibrant as R is
cofibrant in Modg. O

We need a model category modelling the homotopy theory of derived complete dg-modules. The left Bousfield
localization of R-modules at the unstable Koszul complex is such a model category by the following result.

Lemma 6.8 ([21, 4.2]). There is an equivalence of categories
hLgModg >~ AModg

where AModg denotes the full subcategory of the derived category of dg-modules consisting of derived complete
dg-modules.

We relate the model category of Li-complete modules to derived complete modules. We will use these results
to show that cofree G-spectra have an abelian model in terms of L{-complete modules.

Lemma 6.9. There is a symmetric monoidal Quillen adjunction

L{ - Lxg(Modg) = Modj, : 4.

Proof. The cofibrations in LxModpg are the same as the cofibrations in Modg so they are preserved since
L{: Modr — ModY}; is left Quillen. Now suppose that f: M — N is an acyclic cofibration in Lx(Modg)
so that the cokernel C is dg-projective. In particular, K ® C and Homp (K, C) are acyclic as K is self-dual
up to suspension. We also know that K, is built from K so A;C = Hompg (K, C) is acyclic as well. By
Lemma 6.2, we have A;C ~ LIC and so LM — L{ N is a quasi-isomorphism. This is a symmetric monoidal
Quillen adjunction since L{ is strong monoidal by Lemma 5.2, and the unit in Lx(Modg) is cofibrant. [

Before we can prove that the above Quillen adjunction is actually a Quillen equivalence, we need the following:
Lemma 6.10. For any dg-module M, the natural map K @ M — A;(K ® M) is a quasi-isomorphism.
Proof. There is a fibre sequence Ko, — R — CR where CR = Yker(Ko — R) is the Cech complex. This
gives rise to another fibre sequence
Homp(Kas, N) < N < Homg(CR, N)

for any dg-module N. Now let I = (z1,...,,). Note that C'R is finitely built from R[%] and that the
multiplication map x;: K — K is null-homotopic. Thus HomR(éR,K ®@M) ~0and K ® M is derived
complete. n

We can now prove that L{-complete modules are a model for derived complete modules.

Theorem 6.11. There is a symmetric monoidal Quillen equivalence

L{ : Lxg(Modg) = Mod}, : 4.
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Proof. We now show that this Quillen adjunction is in fact a Quillen equivalence. Let P be cofibrant (i.e.,
dg-projective) in Ly (Modg) and M be fibrant in the category of L{-complete R-modules. We must show
that LP — M is a quasi-isomorphism if and only if K ® P — K ® M is a quasi-isomorphism.

Firstly, if L{P — M is a quasi-isomorphism, then K ® L{P — K ® M is a quasi-isomorphism since K is
homotopically flat. Now note that there is a weak equivalence K ® A;P = A;(K ® P) since K is small.
By Lemma 6.2, K ® L{P ~ A;(K ® P) as P is projective. Hence K ® LYP ~ K ® P by Lemma 6.10. We
conclude that K ® P - K ® M is a quasi-isomorphism as required.

Conversely, if K ® P - K ® M is a quasi-isomorphism then Homg(K, P) — Hompg (K, M) is too since K
is self-dual up to suspension. Since K, is built from K, we also deduce Hompg (K, P) = Homp(Ky, M)
is a quasi-isomorphism. It follows that A;P — A;M is a quasi-isomorphism. By Lemma 6.2, we have
LiP~A;P and M ~ A;M. Hence LYP — M is a quasi-isomorphism. O

As a consequence we obtain the following corollary which extends [16, 6.15] to non-Noetherian rings.

Corollary 6.12. A dg-module M is derived complete if and only if its homology H.M is L}-complete.

Proof. Let M be derived complete. By Theorem 6.11, M is quasi-isomorphic to its L{-completion L{ M. As
the homology of an L{-complete object is still L{-complete by Lemma 5.2, we deduce that M has L{-complete
homology. The converse is Lemma 6.3(b). O

7. THE CATEGORY OF RATIONAL COFREE (GG-SPECTRA

From now on we will be working rationally. This means that all spectra are rationalized without comment
and all homology and cohomology theories will be unreduced and with rational coefficients.

Notation 7.1. Fix G a compact Lie group. We denote by Sp, the model category of rational orthogonal
G-spectra with the rational G-stable model structure, which is a compactly generated, stable, symmetric
monoidal model category, see [33, II1.7.6]. We write A for the tensor product and F(—, —) for the internal
hom functor. We also write hSp, for its associated homotopy category.

Definition 7.2. A G-spectrum X is said to be cofree if the natural map X — F(EG,, X) is an isomorphism

cofree

in the homotopy category. We denote by hSps“° the full subcategory of hSp. of cofree G-spectra.

Lemma 7.3. There is a natural equivalence

cofree

hLgc,Spg =~ hSpg ™.

Furthermore, Lpa, Spg s a symmetric monoidal model category.

Proof. A fibrant replacement functor in Lpg, Spg is given by F(EG, R(—)) where R is the fibrant replace-
ment in Spg. Therefore, the collection of bifibrant objects in Lrg, Spg is equivalent to the full subcategory
of cofree G-spectra. The model category Lgg, Spg is symmetric monoidal by Proposition 3.13. |

8. THE SYMMETRIC MONOIDAL EQUIVALENCE: CONNECTED CASE

In this section we fix a connected compact Lie group G. We aim to find an algebraic model for the category
of rational cofree G-spectra. There are several steps needed. Recall that our model for cofree G-spectra is
the homological localization Lra, Spg-

Step 1. Consider the complex orientable commutative ring G-spectrum DEG, = F(EG4,infHQ), see
Construction 4.7 for more details. Restriction and extension of scalars along the unit map S° — DEG
induces a symmetric monoidal Quillen adjunction

DEG{ AN—: Lga,(Spg) & Leg, Modpgg, ) : U

between the localizations, since DEG+ A EG4 ~ EG,. By the Left Localization Principle this is a sym-
metric monoidal Quillen equivalence, since the unit is an EG-equivalence and U preserves non-equivariant
equivalences.

Remark 8.1. This is a special case of Proposition 4.4 and Example 4.8.
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Step 2. We can now take categorical fixed points to remove equivariance. As a functor from G-spectra to
non-equivariant spectra, the categorical fixed points is right adjoint to the inflation functor. Using [41, §3.3]
we have a symmetric monoidal Quillen adjunction

(7)G . N[OdDEGJr = 1\/IOC1DBG+ : DEG+ ®DBGJr -
between the categories of modules. Note that we suppress notation for the inflation functor. A more detailed
discussion of this adjunction can be found in [26].

Since G is connected, DEG generates Modpgg, by [19, 3.1] and so the counit is an equivalence on all
objects as it is an equivalence on DEG, and the fixed points functor preserves sums. In order to apply
the Left Localization Principle, it remains to check that the fixed points functor (—)¢ sends non-equivariant
equivalences between fibrant D EG -modules to BG-equivalences. This is equivalent to the derived functor
of (—)% sending non-equivariant equivalences to BG y-equivalences, which follows from [19, 3.3]. Therefore
the Left Localization Principle applies and we get a symmetric monoidal Quillen equivalence

(—)G : LEGJFI\/[OCIDEG+ = LBG+1\/IOdDBG+ :DEG4 ®DBG, —-

Step 3. We now apply Shipley’s theorem [44, 2.15] (see also [46, 7.2]) which gives a symmetric monoidal
Quillen equivalence

O: N[OdDBGJr =~Q NIOd@)DBGJr
where ©DBG is a commutative dga with the property that H.(@DBG,) = 7n.(DBG4) = H*BG. It
follows that there is a symmetric monoidal Quillen equivalence

Lpg,Modpgpa, ~q Lepca, Modeppa.
where H,(©0BG.) = m.(BG+) = H.BG.

Step 4. Since H*BG is a polynomial ring it is strongly intrinsically formal as a commutative dga. In
other words, for any commutative dga R with H,R = H*BG, there is a quasi-isomorphism H*BG — R.
Therefore, taking cycle representatives we have a quasi-isomorphism z: H*BG — ©DBG,. We also need
the following result to identify ©BG ..

Lemma 8.2. There is a natural weak equivalence © BG4 — H,.BG.

Proof. Write (—)¥ = Homg(—, Q) and note that it is exact. There is a canonical map ©BG, — (0BG4)vY
which is a quasi-isomorphism since the homotopy groups of BG, are degreewise finite. There is a natural
map ODBG, — (©BG,)Y obtained as the transpose of the natural composite

OBG. ® ©DBG+ — (BG4 AN DBG4) — Q.
Since © gives a symmetric monoidal equivalence of homotopy categories, the natural map ©DBGL —
(6BG4)Y is a weak equivalence.

Since DBG 4 is a commutative HQ-algebra, © DBG ., is a commutative dga by [44, 1.2]. As H*BG is
strongly intrinsically formal as a commutative dga, there exists a quasi-isomorphism H*BG — ©DBG,.
Putting all this together, we have quasi-isomorphisms

©BG, — (0BG4)YY — (H*BG)Y — H,BG.

Extension and restriction of scalars along the map z: H*BG — ©DBG
©DBG,®u+pc—
Modepsa. ————— Modg+Ba
r4

is a symmetric monoidal Quillen equivalence since chain complexes satisfies Quillen invariance of modules.
Therefore we have a symmetric monoidal Quillen equivalence

Ly, sgModeppa, ~q L, secModgy«pa-
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Step 5. It remains to internalize the localization. Let I be the augmentation ideal of H*BG and let K
denote its unstable Koszul complex.

Proposition 8.3. The homology H.BG finitely builds K and K builds H,BG.

Proof. Suppose that H* BG = Q[x1, ..., ). There is a cofibre sequence
SEUQzy, ..., 2n] =2 Qa1 ..., 2] = LK (21)
and applying Homg(—, Q) gives the cofibre sequence
H.BG — ™= H,BG — YK (2,)V.

Since K (x1) is self-dual up to suspension, this shows that K(x1) is finitely built from H,BG. A repeated
argument using the cofibre sequence L%/ K; | — K; | — K; where K; = K(x1,...,2;) and Ky = H*BG
shows that K is finitely built from H,BG.

Conversely, since H, BG is torsion it is built by K as K generates torsion modules [23, 8.7]. g

Therefore, a map is a H,BG-equivalence if and only if it is a K-equivalence. It follows that

LH*BgMOdH* BG = LKMOdH*Bg.
Combining all the statements of this section with Theorem 6.11 gives the following result.

Theorem 8.4. Let G be a connected compact Lie group and I be the augmentation ideal of H*BG. Then
there is a symmetric monoidal Quillen equivalence

Lpc.Spe ~q Modj. g

between rational cofree G-spectra and L(I)—complete dg-H* BG-modules. In particular, there is a tensor-
triangulated equivalence

cofree G-spectra ~p D(L{-complete H* BG-modules).

9. THE SYMMETRIC MONOIDAL EQUIVALENCE: NON-CONNECTED CASE

In this section we extend the algebraic model for cofree G-spectra from connected G to any compact Lie
group. The blueprint is the same as for the connected case, however some extra care is required which
arises from taking categorical fixed points. We fix a compact Lie group G with identity component N and
component group W = G/N, and write r for the rank of G.

9.1. Skewed Model Categories. We recall some results about model categories with a action of a finite
group W from [31, §5.2] and [5, §7]. For any cofibrantly generated model category C, we denote by C[W] =
Fun(BW, €) the category of objects of € with a W-action. We endow C[W] with the projective model
structure where the weak equivalence and fibrations are created by the forgetful functor C[W] — €. We will
need the following result:

Lemma 9.1 ([31, 5.3]). There is a symmetric monoidal Quillen equivalence Lpw, Spy ~q Sp[W].

More generally, we can consider the category EW with objects the elements of W and a unique morphism
connecting each pair of objects. Let C be a category with a W-action, that is, with functors w,: € — € for
each w € W satisfying (ww'). = w,w, and e, = 1. The category of objects of € with a skewed W -action is
the category of equivariant functors EW — € and equivariant natural transformations, which we denote by
C[W]. Note that if the W-action on € is trivial, then C[W] is equivalent to C[W]. We say that an adjunction
between categories with a W-action is a W -adjunction if both the functors are W-equivariant and the unit
and counit are W-equivariant natural transformations. We say that a model category € with a W-action
is skewable if w, : € — € is left Quillen for each w € W. Note that w, : € — C is left adjoint to w !, so
equivalently, we could ask for w, to be right Quillen for all w € W.

Lemma 9.2.
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(a) Let C be a skewable, symmetric monoidal, cofibrantly generated model category with a W -action.
Then G[W] admits a closed symmetric monoidal structure and a projective model structure making
it into a symmetric monoidal model category.

(b) Let € and D be skewable, symmetric monoidal model categories. Suppose that C = D is a W-
adjunction which is a symmetric monoidal Quillen equivalence. Then we have a symmetric monoidal
Quillen equivalence

CW] ~qg D[W].
Proof. One can check that C[W] is a symmetric monoidal model category in which the weak equivalences

and fibrations are determined levelwise, and that Quillen equivalences extend to the skewed model category;
see [5, §7.3] for the case W = Cs. O

9.2. The algebraic model. The component group W acts on N by conjugation and hence on its cohomol-
ogy H*BN. We write H *BN for the polynomial ring H* BN equipped with this W-action. Accordingly, the
model category ModH* BN inherits a W-action as follows. For w € W and a H* BN-module M , we define
w, M to be the same underlying abelian group as M but with module structure now defined by r-m := (wr)m
for r € H*BN and m € M. This model category is skewable since the action preserves weak equivalences
and fibrations. Therefore, we can consider the model category Mod éTV[W] of modules with a skewed
W-action. More explicitly, we can identify this category with the category of modules over the skewed ring
H*BN [W], that is, the ring whose elements are formal linear sums » _ z,w where 2, € H *BN , with
pointwise addition and multiplication defined by

(zw) - (2/w') = (z(w-2))(ww') for w,w' € W and z,2’ € H*BN.
We now turn to define a suitable notion of Li-completion for a module over the skewed ring.

Definition 9.3. Let I denote the augmentation ideal of H*BN. We say that a dg—H*ﬁV[W]—module

M is L{-complete if M is Li-complete as a H* BN-module. We denote by Modg*é\fv[w] the category of

L{-complete dg modules over the skewed ring.
Lemma 9.4.

(a) The category of left H*E]JV[W]—modules admits a closed symmetric monoidal structure and a projec-
tive model structure making it into a_symmetric monoidal model category.

(b) The category of Li-complete left H* BN[W]-modules is abelian and is a symmetric monoidal model
category with the projective model structure.

Proof. The results follow from the previous sections and Lemma 9.2 by noticing that the category of (L{-
complete) H* BN [W]-modules is equivalent to C[W] for C the category of (L{-complete) H* BN-modules. [J

Lemma 9.5. (Eilenberg-Moore) Consider the family [C N] ={H < G | H C N} and the Quillen adjunction

(=)™ : Modpre, (Spe) S Mod  ~ (Spy/) : DEG4 ®

DBN, DBN,

where we set DBN, = (DEG.)N. Then for all DEG.-modules Y, the counit map

. N N
ev: DEGL @0 YN =Y

is a E[C N]i-equivalence.

Proof. A map of G-spectra is an E[C N]-equivalence if and only if its restriction to N-spectra is a weak
equivalence. Therefore, it is sufficient to check that DEN, ®ppn, YN - Y is a weak equivalence. The
full subcategory of DEN -module spectra Y for which ey is a weak equivalence is localizing and clearly
contains DEN,. Since DEN, generates Modpgn, by [19, 3.1] the claim follows. O

We now ready to prove our main result.
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Theorem 9.6. Let G be a compact Lie group with identity component N and component group W = G/N.
Let I be the augmentation ideal of H*BN. Then there is a symmetric monoidal Quillen equivalence

LEG+ (SpG) =Q MOd/\ *é\J/V[W]
between rational cofree G-spectra and L{-complete dg—H*E\J/V[W}—modules. In particular, there is a tensor-
triangulated equivalence

cofree G-spectra ~p D(LL-complete H* BN [W]-modules).

Proof. We will prove the theorem using the Compactly Generated Localization Principle 3.16. To have a
better control on the compact generators of the localized categories, it is convenient to change our model for
cofree G-spectra. Thus we note that

LEG+ SpG = LG+ SpG

since the EG-equivalences are the same as the GG -equivalences. Using Proposition 4.4 we have a symmetric
monoidal Quillen equivalence Lg, (Spg) ~q Lo, (Modpra., ).

Taking categorical G-fixed points loses too much information since Modpgg, is no longer generated by
DEG,. Instead we slightly modify the model structure and then take N-fixed points. Consider the family
[C N]={H <G| H C N}. There is a symmetric monoidal Quillen equivalence

LG+M0dDEG+ = LGJFLE[QN]_*_NIOdDEGJr
since G4 A E[C N]; — G4 is a weak equivalence.

We now take categorical N-fixed points to remove equivariance. We use the tilde in DBN + = (DEG )N
to emphasize that it may have a non-trivial W-action. We apply the Compactly Generated Localization
Principle to the symmetric monoidal Quillen adjunction
N

(=) : Lgicny).Modpra, (Spg) S Modmﬁhr (Spw) : DEG+ ®p5N, ~
to obtain a symmetric monoidal Quillen equivalence after localization. There are several conditions that
need to be checked. Firstly, we claim that Lo, Lgcny), Modppg, is compactly generated by DG, ~
DG NDEG,. 1t is clear that it generates so we only show that it is compact. By definition of sum in the
localized category, we have to show that

(1) hModpga, (DG4, F(EG,,\/ Vi) ~ @D hModpre, (DG4, Vi)

where Y; is cofree for all i. This is now clear since DG is small and DG4 A EG, ~ DG,. We also claim

that (DG )N ~ W, compactly generates Lw,Mod = (Spy ). Since W has a trivial DBN ,-action, it
+

builds DETVJF AW, in ModDéij+ and hence it generates Ly, MOdDE;TV+ (Spw). It is also compact by a

similar argument to (1). By the Compactly Generated Localization Principle it remains to check that the
derived counit is a G -equivalence on DG, and that the derived counit is an E[C N];-equivalence for G .
These are true by the Eilenberg-Moore Lemma. Hence we have a symmetric monoidal Quillen equivalence

LG+LE[§N]+MOdDEG+ ~Q LW+M0dD§T\7+ (Spw)

Note that have an equality of model categories
LW+MOdD]§\1/V+ (Spw) = LW+MOle§\J/V+ (LEW+SpW)

since EW, AW, ~W,.

We can rewrite the target category as Ly, Mod §7V+(Sp[W]) and apply Shipley’s theorem [44] to obtain

symmetric monoidal Quillen equivalences

Ly, Mod , ~ (Sp[W]) ~¢ Lew, Mod

DBN. Modgw1) ~¢ Lew,)Mod

onaw, ¢ ODBN W]
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One can construct a Q[W]-module map H*BN — ©DBN . which is a quasi-isomorphism as in [25, §7].
Since the map is compatible with the W-action, there is a symmetric monoidal Quillen equivalence

Mod ~o Mod

©DBN W] H*BN[W]’

Note that H,(©(W,)) = Ho(O(W,)) = Q[W] and hence O(W,.) is formal as a H*B\]/V[W]—module since
we have a zig-zag of quasi-isomorphisms ©(Wy) + 750(0(W,)) — Ho(©(W,)) where 7> denotes the
connective cover functor. Putting all this together, we deduce a zig-zag of symmetric monoidal Quillen
equivalences

We now claim that LgpMod = (LgModg~pn)[W]. As the underlying categories are equal and

H*BN[W]
the acyclic fibrations are easily seen to be the same, we only need to argue that the model categories have

the same weak equivalences. This is clear since

QW]e M=Q®u-gNn M

H*BN[W]
for all H*BN [W]-modules M. Hence the two model categories are equal.

Finally, using Lemma 9.2 and Theorem 6.11, we conclude that there are symmetric monoidal Quillen equiv-
alences

(LogMod g gn)[W] ~g Modfy. g [W] ~g Mod?{*g]«v[w].

O

Remark 9.7. Our proof bridges a gap in [25]. In the cited paper it is stated that there is a Quillen
equivalence

(=) : Cellg, Modppe, (Spg) S Cellw, Mod .~ (Spy,) : DEG+ ®

DBN, DBN,

obtained by the Cellularization Principle. The claim as it is stated it is not correct. Indeed, if we want to
apply the Cellularization Principle we need to check that the counit DEG, ® BN, (GL)N — G is a weak
equivalence of G-spectra, which in general is false. Nonetheless, we can modify the argument as follows.
Firstly there is a Quillen equivalence

CellGJrl\/[Od[)EGJr = CGHGJr LE[QN]_'_NIOdDEGJr .

We note that the localization Cellg, Lgjcn), Modpeg, exists, since left Bousfield localizations of right
proper, stable model categories are right proper by [10, 4.7]. We can then apply the Cellularization Principle
to the Quillen adjunction

CORE Lgicn,Modpra, (Spg) S MOdngVJr (Spw) : DEG ®D§;\,+ -

and the Eilenberg-Moore Lemma to show that this is a Quillen equivalence after cellularization.

10. ADAMS SPECTRAL SEQUENCE

In this section, we construct an Adams spectral sequence for cofree G-spectra. It provides a tool for calcu-
lating the space of maps between two cofree G-spectra in terms of L{-complete modules, and furthermore
gives intuition for the Quillen equivalence given in the previous section.

We describe the construction of an Adams spectral sequence based on projective resolutions as in [2].

Let 7 be a triangulated category and let A be a Z-graded abelian category with enough projectives. Note

that 7(X,Y) is a Z-graded abelian group via 7(X,Y),, = T(X"X,Y). Assume that we are given a Z-graded

exact functor 71 T — A. We aim to construct a conditionally convergent Adams-type spectral sequence
Byt = Ext% (nA(X),7A(Y)) = T(X,Y)i—s

for all X,Y € 7. We list the steps needed.

Step 0: Choose a projective resolution of 74(X) in A

0 mMX) ¢ Py P Py« ...
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Step 1: Realize the projectives, i.e., find P; € T so that 7 (P;) = P;.
Step 2: Let X € 7 and IP; as above. Show that the functor 72 induces an isomorphism

T(P;, X) = Homa(Pj, 74(X)).

Step 3: Using Step 0 and Step 1, we can formally produce a tower

Py »ip, Y2P, Y3Py
X =X, X Xo X3

Step 4: Apply T(—,Y) to get a spectral sequence with E;-page:
By = T(Ps,Y) = Homa(Ps, w1 (Y).
By construction, we will have a conditionally convergent spectral sequence

Ey* = Ext{ (n(X), nA(Y)) = T(X,Y).

where X is the fibre of the canonical map X — hocolim, X.

Step 5: Show that hocolim, X, = 0.

We apply the recipe above in the following setting. Fix a compact Lie group G with identity component
N and component group W, and fix I to be the augmentation ideal of H*BN. We consider the abelian
category Mod?{ « BRW] of graded L{-complete modules over the skewed group ring H*BN[W], and the
homotopy category of rational cofree G-spectra. Before we give the exact functor, we need a preliminary
result.

Lemma 10.1. Any cofree G-spectrum is (weakly equivalent to) a DEG -module.

Proof. Recall that we write DEG . to mean the mapping spectrum F(EG,inf HQ). Throughout this proof
we will simply write Q for the inflated Eilenberg-MacLane spectrum.

Let X be a cofree G-spectrum and without loss of generality suppose that X is bifibrant. Firstly, EG4 A Q
is a DEG-module with action map defined by

F(EG4,Q) AQAEG, 22 F(EG,, Q) AQAEG: AEG, <5 QAQAEG, % QA EG,.

We have a composite
X S F(EGL,X) = F(EG+,QAX) =Homg(EG+ ANQ,QA X)

which is a weak equivalence as X is cofree and S® — Q is a (rational) weak equivalence. The DEG-module
structure on EG1 AQ passes to give a DEG-module structure on Homg(EG4+ AQ, QA X) which completes
the proof. O

Remark 10.2. We recall a spectral sequence relating local homology to equivariant homotopy groups,
see [22]. Let R be a ring G-spectrum and M an R-module. For J = (x1, ..., z,) a finitely generated ideal in
7ER define
M} = F(K(J), M)
where K(J) = fib(R — R[l/z1]) Qg --- ®g fib(R — R[1/z,]) is the Koszul spectrum. Then there is a
convergent spectral sequence
Ey* = L{(nlRini M) = 7l(M}).
In the special case that R has Thom isomorphisms and J is the augmentation ideal of 7¢R, there is an
equivalence M) = F(EG,, M) by [22, 2.5].
Lemma 10.3. Let X be a cofree G-spectrum. Then N X is L-complete.
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Proof. For any DEN_-module M, there is a convergent spectral sequence
E;" = L{(H*BN;n} M) = «l'(F(EG, M))
by Remark 10.2. If in addition M is cofree, we also have that M ~ M.

Now let X be a cofree G-spectrum. The restriction of X to an N-spectrum is still cofree, and so by
Lemma 10.1, the discussion above tells us that we have a convergent spectral sequence

Ey* =LI(H*BN;7Y¥X) = VX,
Since the Ep-page of the spectral sequence consists of L{-complete modules by [20, 4.1], and the kernel and

cokernel of a map of L{-complete modules is L{-complete, we have that 72 X is L{-complete.

Finally, note that W acts on 7¥ (X) by conjugation, making it naturally a module over H *BN [W]. g

Therefore we may use the exact functor

N . cofree N
m,  hSpg ¢ — ModH*BN[W]

for the construction of the Adams spectral sequence.

Lemma 10.4 (Step 1). The abelian category Mod?{*év

W] has enough projectives. Moreover, the projectives

are realized, that is

N (F(EGL,\/ =™ 8%) AW,) = L@ =™ H*BN)[W).

Proof. Using that LY is right exact and left adjoint to the inclusion, we see that Li(€) £ H* BN)[W] is
projective in Mod?{ BN and that there are enough projectives. It is left to show that the projectives are
realized. Note that

(W]

N (F(EG,, \/ 5 8%) AWy) = ol (F(BEG,, \/ £m8))[W]
so it is enough to show that
mN(F(ENy,\/ £"S%) = Lj(X" H*BN).
By isotropy separation,
F(ENy,\/2"8% = F(EN,,\/ =" DEN,).
There is a spectral sequence
By* = LI(xY M) = [EN4, M)Y =z (F(EN,, M)
and when M =\/ X" DEN, the Es-page has the form
LixY(\/S“DEN,) = L{(®X" H*BN) = L{(&X" H* BN)
by Proposition 6.2. Since the Es-page is concentrated in one line, the spectral sequence collapses so that
L{(®X™H*BN) =« (F(EN,,\/ " DEN,)).
O

Before we can prove Step 2 we need to recall some terminology and give a preliminary result. Let T be a
triangulated category and let X be an object of T; for us, T will be the (homotopy) category of rational cofree
N-spectra. A full replete subcategory of T which closed under retracts is said to be thick. If in addition it is
closed under arbitrary coproducts (resp. products) it is said to be localizing (resp. colocalizing). The thick
(resp. localizing, resp. colocalizing) subcategory of T generated by X is the smallest thick (resp. localizing,
resp. colocalizing) subcategory of T which contains X. We then say that an object Y of T is:

e finitely built from X if Y is in the thick subcategory generated by X;
e built from X if Y is in the localizing subcategory generated by X;
e cobuilt from X if Y is in the colocalizing subcategory generated by X;

Lemma 10.5. Let N be a connected compact Lie group.
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(a) Rationally, ENy finitely builds N.

(b) The rational spectrum @, £™ Ny is a retract of [[, X N,.

(¢) The category of rational cofree N-spectra coincides with the colocalizing subcategory generated by
DEN,. The same holds for the rational spectrum DN, .

Proof. Since N is connected, we know that H*(BN;Q) = Q|xz1,...,x,| with generators in even degrees.
Note that [EN,, EN,]¢ = H*(BN;Q) so we can view each generator x; as an endomorphism of EN,. By
the Wirthmiiller isomorphism, we have that 72¥ (N, ) = X?Q where d is the dimension of N. This suggests
that we can build Ny from ENy via a Kozsul resolution. We put
EN.//z; = fib(X~ " EN, 2% ENY)

and _

EN+//(1’17 e Ij) = ﬁb(E_lr‘?lEN+//(:rl7 e ,I’jfl) —7) EN+//(1‘1, .o 71‘]‘,1))
for 1 < j < r. By construction, EN, finitely builds EN;//(z1,...,2,). The latter spectrum can be
identified with the bottom cell of EN, which is ©X~¢N, . This concludes the proof of (a).

For part (b), we first note that in the category of Q-vector spaces the direct sum is a retract of the product.
It follows that the rational spectrum @ S™ is a retract of [[.S™. The claim then follows by applying the
functor N4 A — to this splitting together with the identification

Nen(J]s™) =S PN ]S = [ =N
using that N, ~ 2?DN, where d is the dimension of N by the Wirthmiilller isomorphism.

We now prove part (¢). Note that Ny builds EN, as it is free. It follows that DN, cobuilds DEN,, and
so to prove part (c) it is sufficient to show that DE N, cobuilds any rational cofree N-spectrum Y. We have

seen in Lemma 10.4 that any free resolution of 72 (Y) can be realized in rational cofree N-spectra by R =
F(EN,,\/ X" DEN,). Since the homological dimension of L{-complete H* BN-modules is r = rank(N), it
follows that Y is finitely built from the collection of E Therefore it suffices to show that each F ; 1s cobuilt
from DEN,.

We write F = \/S%DEN, and F = F(EN,,\/S"DEN,) for its cofree-ification. Since EN, finitely
builds N, , applying the dual functor shows that DE N, finitely builds N, by the Wirthmiiller isomorphism.
Note that DEN, A Ny ~ N, and therefore DEN, cobuilds [[(X" DEN, A Ny ). Hence DEN, cobuilds
FANy =\ X*"DEN, A N4 since it is a retract of the product.

As EN_%_") is a finite free N-CW-complex, F A N, finitely builds F A DEN_%_"). Therefore DEN, cobuilds
F A DENin). Finally, we note that F = holim(F A DENJ(F")) since ENJ(r”) is finite. This completes the proof

of (c). O
We also need to realize the maps.

Lemma 10.6 (Step 2). Taking homotopy groups gives an isomorphism

¥ [F(BGL, \/ 2" 8% AW, Y] = Hom . éTV[W](Lé(@E”iH*E]/\I)[W}, N(Y).

Proof. We apply the change of groups adjunctions on both sides to reduce to showing that
¥ [F(EN,, \/ xS, Y]Y = Homp-py (X" H*BN, 7 (Y)).
Since there is a weak equivalence EN, A X = EN, A F(EN,, X) for any X, we see that
[F(ENy,\/£"S°), F(EN,, V)N = [\/ F(EN,,5" 8%, F(EN., V)",
Accordingly, it is enough to show that
7N IDEN,, Y)Y = Hompy. gy (H*BN, 7N (Y))

for all Y cofree N-spectra. We note that the collection of Y for which the above map is an isomorphism
is colocalizing. As every rational cofree N-spectrum is cobuilt from DN, by Lemma 10.5 it is enough to
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prove the claim for Y = DN,. It is easy to see that both sides evaluated at DN, give Q. Thus we only
have to argue that the natural transformation Y is non-zero. Observe that a nontrivial N-equivariant
map f: DEN,y — DN, corresponds to a nontrivial N-equivariant map f: N, — EN, which gives a map
f/N+: SY — BN, which is nontrivial in reduced Hy. It remains to note that for a free N-spectrum we have
7N(X) = H.(X/N) up to an integer shift. O

*

Since 7Y maps homotopy direct limits to direct limits, it is left to show the following:

Lemma 10.7 (Step 5). Let X be a cofree G-spectrum with w2 (X) = 0. Then X ~ 0.

Proof. We first prove the claim for the connected case and then we show how to extend it to all compact
Lie groups. Note that there is an equivalence EN, ~ EN_ A DEN, so that EN, € Modpgy,. We claim
that N € Loc(EN.); that is N is in the localizing subcategory generated by ENy. Note that DN, is
cofree and hence a DEN, -module. Since DEN generates the category Modppn, by [19, 3.1], we get that
DNy € LocModppy, (DENL). Since the forgetful functor Modpgn, — Spy and ENy A —: Spy — Spy
preserve colimits we get EN. A DN, € Loc(ENy ADEN_,). By the Wirthmiiller Isomorphism, we see that
DN, ~ ¥~4N, where d is the dimension of N. Putting all this together, N, € Loc(EN,) as required.
Let us now prove that for a cofree N-spectrum X with 72V (X) = 0, then m,(X) = 0 and hence X ~ 0. By
hypothesis, we have
0=7N(X)=[EN,, XV

By a localizing subcategory argument we get m,(X) = [Ny, X]V = 0 as required. Finally, let G be any
compact Lie group and let X be a cofree G-spectrum with 72¥(X) = 0. By the previous paragraph, we know
that X is N-equivariantly contractible, that is F(W,, X) ~ 0 and hence F(EW,, X) ~ 0. Therefore

X ~ F(EW,X)~ F(EW AEG,,X) ~0

since X is cofree. O

Finally, we have our Adams spectral sequence:

Theorem 10.8. For X and Y cofree G-spectra, there is a strongly convergent Adams spectral sequence

By =Ext™ _ (7 X,7)Y) = [X,Y]°.
H*BN[W]

Proof. Combining the results of this section with Proposition 5.6, we have constructed a conditionally con-
vergent spectral sequence as above. Note that H* BN[W] has global homological dimension smaller or equal
to r = rank(N) since the projectives are induced from the category of H* BN-modules, see Lemma 10.4. It
follows that the spectral sequence is concentrated in rows 0 to 7, and hence is strongly convergent. O
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FLATNESS AND SHIPLEY’S ALGEBRAICIZATION THEOREM

JORDAN WILLIAMSON

ABSTRACT. We provide an enhancement of Shipley’s algebraicization theorem which behaves
better in the context of commutative algebras. This involves defining flat model structures as in
Shipley and Pavlov-Scholbach, and showing that the functors still provide Quillen equivalences
in this refined context. The use of flat model structures allows one to identify the algebraic
counterparts of change of groups functors, as demonstrated in forthcoming work of the author.
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1. INTRODUCTION

Many concepts and constructions in algebra can be understood in a homotopy invariant sense,
and the derived category of a ring is the universal category in which to study these. In turn,
these homotopy invariant algebraic notions can be translated into stable homotopy theory [13]
and this translation to spectral algebra has led to a powerful new point of view on many areas
such as modular representation theory [12, 14]. Robinson [31] showed that the category of
spectra contains ‘extraordinary’ derived categories generalizing the derived category of a ring.
Shipley [39] gave a more precise and general version of Robinson’s result in terms of a zig-zag
of Quillen equivalences. This paper is a contribution to the understanding of the relationship
between spectral and homological algebra.

Passing between the worlds of spectral algebra and homological algebra is a valuable technique.
It allows the reduction of topological questions to algebraic questions, and conversely, allows
the importation of algebraic methods to the realm of spectra. Associated to any ring R there
is an Eilenberg-MacLane spectrum H R, and the homological algebra of R is equivalent to the
spectral algebra of HR. This relation is particularly striking in the case that R = Q, as the
rational sphere spectrum is equivalent to HQ.

Let R be a commutative ring. It was shown by Shipley [39] that there is a zig-zag of Quillen

equivalences between H R-module spectra and chain complexes of R-modules. Moreover, this

is a zig-zag of symmetric monoidal Quillen equivalences, so that it gives a zig-zag of Quillen

equivalences between H R-algebra spectra and differential graded R-algebras. Shipley’s alge-

braicization theorem shows that spectral algebra is a vast generalization of homological algebra.
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Moreover, it provides a bridge between the worlds of topology and algebra. This bridge has
been widely used in the construction of algebraic models for rational equivariant cohomology
theories by Barnes, Greenlees, Kedziorek and Shipley, see [1, 2, 5, 15, 16, 17, 23, 29, 36].

By Shipley’s algebraicization theorem, an H R-algebra X corresponds to a differential graded R-
algebra ©X and there is a Quillen equivalence Modx ~g Modgx. However, if X is in addition
a commutative H R-algebra, it does not correspond to a commutative differential graded R-
algebra, but rather to a differential graded E-R-algebra, see [30].

When R = Q, more is true. A commutative HQ-algebra X does correspond to a commutative
differential graded Q-algebra by [39, 1.2]. More precisely, there is zig-zag of natural weak
equivalences ©X ~ ©'X where ©’X is a commutative DGA. However, despite the fact that the
categories of modules have symmetric monoidal structures, the Quillen equivalence Modx ~q
Modgrx is mot a symmetric monoidal Quillen equivalence. This is because the upgrading of a
Quillen equivalence to the categories of modules involves cofibrant replacement of monoids [34,
3.12(1)] which will destroy commutativity and hence the symmetric monoidal structure.

The stable model structure on spectra does not behave well with respect to commutative alge-
bras, in the sense that for a commutative ring spectrum S, cofibrant commutative S-algebras
are not cofibrant as S-modules in general. Shipley [37] constructed the flat model structure
(also called the S-model structure) on symmetric spectra, which does satisfy the property that
cofibrant commutative algebras are cofibrant as modules. Pavlov-Scholbach [28] extended this
to the case of symmetric spectra in general model categories. This extra compatibility between
commutative algebras and modules provides several useful tools that would otherwise not be
valid. For a concrete example of where this compatibility can be useful, see the next section of
the introduction.

In light of these considerations, the goal of this paper is threefold. Firstly, we show that the
zig-zag of Quillen equivalences in Shipley’s algebraicization theorem still holds in flat model
structures which satisfy the extra compatibility between commutative algebras and modules
discussed above. See Section 5 for a precise statement of the zig-zag of symmetric monoidal
Quillen equivalences in this first theorem.

Theorem 1.1. There is a zig-zag of symmetric monoidal Quillen equivalences
Modf}f‘é ~qg Chg

where the intermediate categories have the flat model structure.

In fact we show that the flat model structures on the intermediate categories are the same as
the stable model structures used by Shipley [39], see Corollary 4.13.

Secondly, we use this theorem to give a new proof of the following theorem, which appears in
the body of the paper as Theorem 6.6. In particular, our approach does not pass through the
category of E.-algebras as in the proof given by Richter-Shipley [30].

Theorem 1.2. There is a zig-zag of Quillen equivalences between the category of commutative
HQ-algebras and the category of commutative rational DG As.

Finally, we prove the following theorem which appears as Theorem 7.2 in the main body of the
paper.

Theorem 1.3. For a commutative HQ-algebra X there is a zig-zag of weak symmetric monoidal
Quillen equivalences Modx ~g Modgx where ©X is a commutative DGA.

Motivation and related work. The author’s main motivation comes from the study of al-

gebraic models for rational equivariant cohomology theories. A key step in the construction of

algebraic models is the passage from modules over a commutative HQ-algebra to modules over

a commutative DGA via Shipley’s algebraicization theorem. Therefore, a deep understanding
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of Shipley’s algebraicization theorem provides key insights into the understanding of algebraic
models for rational equivariant cohomology theories.

Working in the flat model structure provides valuable techniques which are not valid in the
stable model structure. In forthcoming work [44], the author considers the correspondence of
the change of groups functors in rational equivariant stable homotopy theory with functors be-
tween the algebraic models. In particular, this includes studying how the extension-restriction-
coextension of scalars adjoint triple along a map of commutative HQ-algebras 8: S — R behaves
with respect to the Quillen equivalences in Shipley’s algebraicization theorem.

The restriction of scalars functor along a map of commutative monoids §: S — R in a symmetric
monoidal model category is always right Quillen in the model structure right lifted from the
underlying category, but it is not left Quillen in general. If the monoidal unit of the underlying
category is cofibrant, then restriction of scalars is left Quillen if and only if R is cofibrant
as an S-module. Since a key step in the proof of algebraic models is a formality argument
based on the fact that polynomial rings are formal as commutative DGAs, one needs to be
able to replace R in such a way that it is still a commutative S-algebra, and is cofibrant as
an S-module. This replacement is possible in the flat model structure, but not in the stable
model structure on spectra. Therefore, Theorem 1.1 provides the necessary setup in which to
attack the correspondence of functors along the bridge which Shipley’s algebraicization theorem
provides between topology and algebra.

The use of the flat model structure allows the extension of the result to commutative algebra
objects, so that we prove a Quillen equivalence between the category of commutative HQ-
algebras and the category of commutative rational DGAs. Richter-Shipley [30] prove that
the category of commutative H R-algebras is Quillen equivalent to the category of differential
graded F..-R-algebras for any commutative ring R. Since E,.-algebras in chain complexes of
Q-modules can be rectified to strictly commutative objects, see for example [25, §7.1.4], as a
corollary [30, 8.4] of Richter and Shipley’s result one obtains that the category of commuta-
tive HQ-algebras is Quillen equivalent to the category of commutative rational DGAs. We
give a concrete zig-zag of Quillen equivalences which lands naturally in commutative DGAs,
bypassing the need for the rectification step. We expect that this direct approach will enable
a better understanding of algebraic models for naive-commutative rational G-spectra as stud-
ied by Barnes-Greenlees-Kedziorek [3, 4]. White-Yau [43] give an alternative approach to this
zig-zag of Quillen equivalences by using the stable model structure and their theory of lifting
Quillen equivalences to categories of coloured operads. The generality of their theory leads to
more stringent hypotheses than our approach, see for example [43, 3.27]. Our approach exploits
the fact that in the flat model structure, cofibrant commutative algebras forget to cofibrant
modules.

Finally we give a concrete zig-zag of symmetric monoidal Quillen equivalences between the
category of modules over a commutative HQ-algebra and the category of modules over a com-
mutative DGA. The result is assumed without proof in the literature, see for example [6, 3.4.4].
Due to the importance of this result in the construction of algebraic models, we believe it is
valuable to make the proof explicit. Shipley proved that there is a Quillen equivalence [39, 2.15]
between modules over an H R-algebra X and modules over a DGA ©X for any ring R. In the
case that R = Q, Shipley furthermore proves that ©X is naturally weakly equivalent to a com-
mutative DGA ©'X [39, 1.2]. A dual of a result of Schwede-Shipley [34, 3.12(2)] allows one to
conclude moreover that there is a commutative DGA ©X and a zig-zag of symmetric monoidal
Quillen equivalences Modx ~g Modex. The fact that this is a symmetric monoidal Quillen
equivalence has been a vital ingredient in the construction of symmetric monoidal algebraic
models, see [6, 3.4.4] and [29, 9.6].

Outline of the paper. We recall the key background on model categories in Section 2, and
on symmetric spectra in general model categories in Section 3. In Section 4, we recall results
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from Pavlov-Scholbach [28] which enable the construction of flat model structures on symmetric
spectra in general model categories, and apply these results to our cases of interest. Section
5 is dedicated to the proof of Theorem 1.1. In Section 6 we extend our results to show that
the category of commutative HQ-algebras is Quillen equivalent to the category of commutative
rational DGAs. Finally, in Section 7 we consider the extension to modules over commutative
HQ-algebras.

Conventions. We write the left adjoint above the right adjoint in an adjoint pair displayed
horizontally, and on the left in an adjoint pair displayed vertically.

Acknowledgements. I am grateful to John Greenlees and Luca Pol for their comments on
this paper and many helpful discussions. I would also like to thank Brooke Shipley and Sarah
Whitehouse for many useful conversations and suggestions. I am also grateful to the referee for
their helpful comments and suggestions on the preliminary version of this paper.

2. MODEL CATEGORICAL PRELIMINARIES

In this section we recall the necessary background on model categories which we require for the
paper.

2.1. Bousfield localization. Firstly we recall the definitions and key properties of left Bous-
field localizations from [18].

Definition 2.1. Let C be a model category and let S be a collection of maps in €.

e An object W in C is S-local if it is fibrant in € and for every s: A — B in S, the natural
map map(B, W) — map(A4, W) is a weak equivalence of homotopy function complexes.
e Amap f: X — Y in Cis an S-local equivalence if for every S-local object W, the natural
map map(Y, W) — map(X, W) is a weak equivalence of homotopy function complexes.

The left Bousfield localization of € at S (if it exists), denoted LgC, is the model structure on C
in which the weak equivalences are the S-local equivalences and the cofibrations are the same
as in C. The fibrant objects are the S-local objects. We call the fibrations the S-local fibrations.

The left Bousfield localization of € at S exists if S is a set of maps and € is left proper and
cellular [18, 4.1.1], or if S is a set of maps and C is left proper and combinatorial [7, 4.7]. Any
weak equivalence in € is an S-local equivalence, so it follows that the identity functors give a
Quillen adjunction € & LgC.

Proposition 2.2 ([18, 3.3.16], [22, 7.21]). Let C be a model category and S a set of maps in C.

(1) If f is an S-local equivalence between S-local objects, then f is a weak equivalence in C.
(2) If f is a fibration between S-local objects, then f is an S-local fibration.

We now recall a result of Dugger [11, A.2], which when used in conjunction with Proposition 2.2
simplifies the process of proving a Quillen adjunction between left Bousfield localizations.

Proposition 2.3. Let F': C 2 D : G be an adjunction, where C and D are model categories.
Then G is right Quillen if and only if G preserves fibrations between fibrant objects and all
acyclic fibrations.

2.2. Algebras and modules. We next recall the theory of (commutative) monoids, (commuta-
tive) algebras and modules in symmetric monoidal model categories due to Schwede-Shipley [33]
and White [42].

Recall that a model category is said to be symmetric monoidal if it has a closed symmetric
monoidal structure and satisfies the following two conditions:
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(1) pushout-product axiom: if f: A — B and g: X — Y are cofibrations, then the pushout-
product map
fOg: AQY U B X - BRY
ARX
is a cofibration, which is acyclic if either f or g is acyclic;
(2) unit axiom: for ¢l — 1 a cofibrant replacement of the unit, the natural map ¢l ® X —
1® X = X is a weak equivalence for all cofibrant X.

Definition 2.4. Suppose that F' : € =2 D : U is a Quillen adjunction between symmetric
monoidal model categories. We say that (F,U) is a weak symmetric monoidal Quillen adjunction
if the right adjoint U is lax symmetric monoidal (which gives the left adjoint F' an oplax
symmetric monoidal structure) and the following conditions hold:

(1) for cofibrant A and B in €, the oplax monoidal structure map ¢: F(A® B) - FAQFB
is a weak equivalence in D;

(2) for a cofibrant replacement cle of the unit in €, the map F(cle) — 1p is a weak
equivalence in D.

If the oplax monoidal structure maps are isomorphisms, then we say that (F,U) is a strong
symmetric monoidal Quillen adjunction. We say that (F,U) is a weak (resp. strong) symmetric
monoidal Quillen equivalence if (F,U) is a weak (resp. strong) symmetric monoidal Quillen
adjunction which is also a Quillen equivalence. Note that if F' is strong monoidal and the unit
of C is cofibrant, then the Quillen pair (F,U) is a strong symmetric monoidal Quillen pair.

In this paper, we will be particularly interested in the interaction of model structures and
Quillen functors with categories of modules and (commutative) algebras. Let (€, ®,1) be a
symmetric monoidal model category. For a monoid S in €, we denote the category of (left)
S-modules by Modg(€). If the underlying category is clear, we will instead write Modg.

The categories of modules and algebras often inherit a model structure from the underlying
category in the following way. Let F' : € 2 D : U be an adjunction in which € is a model
category and D is a bicomplete category. Kan’s lifting theorem [18, 11.3.2] provides conditions
under which D inherits a model structure in which a map f in D is a weak equivalence (resp.
fibration) if and only if U f is a weak equivalence (resp. fibration) in €. We call such a model
structure right lifted.

Under mild hypotheses, the categories of modules and (commutative) algebras obtain right
lifted model structures. We refer the reader to [33, 2.4] for the precise smallness condition in the
following theorem, and instead note that it is satisfied if € is locally presentable. Similarly, we
refer the reader to [33, 3.3] and [42, 3.1] for the definitions of the monoid axiom and commutative
monoid axiom respectively.

Theorem 2.5 ([33, 4.1], [42, 3.2]). Let C be a cofibrantly generated, symmetric monoidal model
category (with some smallness condition) and let S be a commutative monoid in C.

(1) If C satisfies the monoid axiom then the categories of S-modules and S-algebras have
right lifted model structures in which a map is a weak equivalence (resp. fibration) if
and only if it is a weak equivalence (resp. fibration) in C.

(2) If C satisfies the commutative monoid aziom and the monoid axiom, then the category
of commutative S-algebras has a right lifted model structure in which a map is a weak
equivalence (resp. fibration) if and only if it is a weak equivalence (resp. fibration) in C.

We say that a symmetric monoidal model category € satisfies Quillen invariance of modules
if for any weak equivalence #: S — R of monoids in C, the extension-restriction of scalars
adjunction
R®s—
Modg - * Modg
0*
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is a Quillen equivalence, see [33, 4.3]. Throughout we write 6, = R ®g — for the left adjoint of
the restriction of scalars functor 6*.

2.3. Cofibrations of modules and (commutative) algebras. In general there is not an
explicit description of the cofibrations in a right lifted model structure, but in many situations
they have desirable properties.

Theorem 2.6 ([33, 4.1]). Let C be a symmetric monoidal model category and let S be a commu-
tative monoid in C. Fvery cofibration of S-algebras whose source is cofibrant as an S-module is
also a cofibration of S-modules. In particular, if the unit of C is cofibrant, then every cofibrant
S-algebra is a cofibrant S-module.

The case of commutative algebras is more subtle. White [42, 3.5, 3.6] has given an answer
to this question in general, but it requires stronger assumptions that just the existence of the
model structure on commutative algebras. We recall some relevant examples.

Example 2.7. If S a commutative DGA over a field of characteristic zero and R is a cofi-
brant commutative S-algebra, then R is cofibrant (i.e., dg-projective) as an S-module, see for
instance [42, §5.1]. Note that it fails in non-zero characteristic since Maschke’s theorem does
not apply.

Example 2.8. In categories of spectra the situation is more complicated. It is well known
by Lewis’ obstruction [24] that the stable model structure on (symmetric) spectra cannot be
right lifted to a model structure on commutative algebra spectra as the sphere spectrum is
cofibrant. Indeed, a fibrant replacement of the sphere spectrum as a commutative ring spectrum
would be an -spectrum whose zeroth space is a commutative topological monoid which is
weakly equivalent to colim(Q"%"S?). This implies that colim(Q2"¥"S?) is weakly equivalent to
a product of Eilenberg-MacLane spaces which is false. Instead, one must consider the positive
stable model structure in which the sphere spectrum is not cofibrant. This model structure
can be right lifted to give a model structure on commutative algebras, however, a cofibrant
commutative algebra in the positive stable model structure on spectra need not be cofibrant as
a module. Nonetheless there is a model structure on spectra called the flat model structure, for
which this property is true, see Corollary 4.11.

3. SYMMETRIC SPECTRA IN GENERAL MODEL CATEGORIES

In this section we recall the definition of the category of symmetric spectra in general model
categories and its properties and stable model structure as in [20]; see also [30, §2].

Let (C,®,1) be a bicomplete, closed symmetric monoidal category and K € C. Let ¥ be the
category whose objects are the finite sets n = {1,...,n} for n > 0 where 0 = (), and whose
morphisms are the bijections of n. The category of symmetric sequences in € is the functor
category C. The category C* inherits a closed symmetric monoidal structure from € via the
Day convolution, with tensor product given by

(AoB)(n)= [[ n xsz,xx, Alp) ® B(q).
ptg=n

The category of symmetric spectra SpZ(G,K) is the category of modules over Sym(K) in C*,
where Sym(K) = (1, K, K%2,--.) is the free commutative monoid on K. Therefore, Sp*(€, K)
inherits a closed symmetric monoidal structure with tensor product defined by the coequalizer

XANY =coeq(XOSym(K) oY =X 0Y)
of the actions of Sym(K) on X and Y. More explicitly, an object X of Sp*(€, K) is a collection
of ¥,,-objects X (n) € € with X,-equivariant maps

K®X(n)— X(n+1)
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for all n > 0, such that the composite
K®" @ X(n) — X(n+m)

is 3, X Y,-equivariant for all m,n > 0. Note that taking € = sSet, and K = S! recovers the
usual notion of symmetric spectra as defined and studied by Hovey-Shipley-Smith [21].

We now sketch the construction of the stable model structure on Sp>(C, K) due to Hovey [20].
If C is a left proper and cellular model category, one can equip SpE(G, K) with a level model
structure in which the weak equivalences and fibrations are levelwise weak equivalences and
levelwise fibrations in € respectively [20, 8.2]. One can then left Bousfield localize this level
model structure to obtain the stable model structure [20, 8.7]. We call the weak equivalences
in this model structure the stable equivalences and the fibrations the stable fibrations.

There is also a positive stable model structure, which allows the construction of right lifted
model structures on commutative algebras, see for instance [26, §14]. However, these model
structures do not have the property that cofibrant commutative algebras are cofibrant modules.
In order to rectify this, we turn to the flat model structure in the next section.

Notation 3.1. We set notation for the categories of symmetric spectra of interest.

e We write Sp” = Sp*(sSet,, S') for the category of symmetric spectra in simplicial sets.

e We write Sp™(sQ-mod) for the category SpE(SQ—mod,@S 1) where sQ-mod is the cat-
egory of simplicial Q-modules and @: sSet, — sQ-mod is the functor which takes the
levelwise free Q-module on the non-basepoint simplices.

o We write SpE(Cha) for the category Sp™(Chg, Q[1]) where Cha is the category of non-
negatively graded chain complexes of Q-modules and Q[1] is the chain complex which
contains a single copy of Q concentrated in degree 1.

4. FLAT MODEL STRUCTURES

In this section we show that the categories used in Shipley’s algebraicization theorem support
a flat model structure. Recall from Example 2.8 that a cofibrant commutative algebra need not
be a cofibrant module in the stable model structure on spectra. To rectify this, Shipley [37]
constructs a flat (and a positive flat) model structure on symmetric spectra in simplicial sets
in which this property holds. Pavlov-Scholbach [28] extended these flat model structures to
symmetric spectra in general model categories. The flat model structure has the same weak
equivalences as the stable model structure on spectra (i.e., the stable equivalences), but has
more cofibrations. In particular, the identity functor from the stable model structure to the flat
model structure is a left Quillen equivalence.

4.1. Equivariant model structures. The stable model structure on symmetric spectra dis-
regards the actions of the symmetric groups on each level. Instead, the flat model structure
proceeds by remembering this equivariance and building it into the model structure. There are
two extreme cases: the naive case is where no equivariance is recorded and the genuine case is
when all equivariance is recorded. The flat model structure on Sp(C, K ) (when it exists) is
built from the blended model structure on G-objects in € which is intermediate between the
naive and genuine structures. Note that some authors refer to this model structure as the mixed
model structure, but we do not since it is not mixed in the sense of Cole mixing [10].

From now on, we assume that C is a pretty small model category [27, 2.1]. We note that this
condition is satisfied for simplicial sets, simplicial Q-modules and non-negatively graded chain
complexes of (Q-modules.

We now recall the conditions needed for the genuine and blended model structures to exist, see
for instance [40]. Let G be a finite group. We write GC for the category of G-objects in C;
that is, the functor category [BG, €] where BG is the one-object category whose morphisms are
elements of G.
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Definition 4.1. We say that C satisfies the weak cellularity conditions for G if the following
are true for all subgroups H, K < G:

(1) (=) preserves directed colimits of diagrams in GC where each underlying arrow in €
is a cofibration,

(2) (=) preserves pushouts of diagrams where one leg is of the form G/K ® f for f a
cofibration in C,

(3) (G/K @ —) takes generating cofibrations to cofibrations and generating acyclic cofi-
brations to acyclic cofibrations.

We say that it satisfies the strong cellularity conditions for G if (1) and (2) from above hold,
and for any H, K < G and any X € C,

(G/H @ X)X =2 (G/H)¥ @ X.
Definition 4.2. We say that a map f: X — Y in GC is:

e a naive weak equivalence if the underlying morphism is a weak equivalence in C;

a naive fibration if the underlying morphism is a fibration in C;

a naive cofibration if it has the left lifting property with respect to the naive acyclic

fibrations;

e a genuine weak equivalence if for every subgroup H of G, the map f7: X# — YH isa
weak equivalence in C;

e a genuine fibration if for every subgroup H of G, the map f7: X# — Y is a fibration
in C;

e a genuine cofibration if it has the left lifting property with respect to all genuine acyclic

fibrations.

a blended fibration if it has the right lifting property with respect to maps which are

both naive weak equivalences and genuine cofibrations.

The cellularity conditions control when the genuine model structure on GC€ exists.

Proposition 4.3. If the weak cellularity conditions hold for C then the genuine weak equiva-
lences, genuine cofibrations and genuine fibrations give a cofibrantly generated, model structure
on GC called the genuine model structure. Furthermore, if C is proper, then so is the genuine
model structure on GC, and if C is a monoidal model category with cofibrant unit, then so is the
genuine model structure on GC.

Proof. The claim that the genuine model structure exists and is cofibrantly generated is due to
Stephan [40, 2.6]. The generating cofibrations and generating acyclic cofibrations are given by
Un<c{G/H ®i|i€ I} and Ug<g{G/H ® j | j € J} respectively, where I and J are the sets
of generating cofibrations and acyclic cofibrations for € respectively.

We now prove that the genuine model structure is left proper. It suffices to prove that in a
diagram of pushouts of the form

G/ H®A — C —— X

[ ]

G/H®B —— D ——Y

where A — B is a generating cofibration for C, the map D — Y is a genuine weak equivalence.
This is because as C is pretty small, weak equivalences are closed under transfinite composi-
tion [27, 2.2], and therefore the class of maps for which pushing out along them preserves weak
equivalences is closed under retracts, pushouts and transfinite compositions. By the second
cellularity condition, after taking K fixed points, the left hand square and the outer rectangle
are still pushouts. It follows that the right hand square is also still a pushout.
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By the third cellularity condition, the left most vertical map is still a cofibration after taking K
fixed points. Since cofibrations are stable under pushout, the map C¥ — DX is a cofibration,
and since C is left proper, we have that DX — Y is a weak equivalence for all K. Hence the
genuine model structure is left proper. The fact that the model structure is right proper follows
immediately from the fact that fixed points determine fibrations and weak equivalences.

We now prove that the genuine model structure is monoidal. Firstly we must show that the
pushout-product of two genuine cofibrations is a genuine cofibration. We use the description of
the generating cofibrations Ug<g{G/H ® i | i € I} for the genuine model structure where I is
the set of generating cofibrations for €. Take generating cofibrations

G/H®i:G/H®A—G/H®B and G/K®i:G/K®X - G/KQY

for the genuine model structure. Since G/H ® — and G/K ® — are left adjoints, the pushout
product map (G/H ® i)0(G/K ® i’) can be identified with the map (G/H ® G/K) @ (iLJ'),
which in turn can be identified with

II ¢/HnzKz™") e (G00)
z€[H\G/K]

by the double coset formula. Since € is monoidal, i[Ji’ is a cofibration in € and hence the
pushout product map (G/H ® i)0J(G/K ® ') is a genuine cofibration as required. It follows
by a similar argument that the pushout product of a genuine cofibration with a genuine acyclic
cofibration is a genuine acyclic cofibration.

For the unit axiom, note that the monoidal unit in G€ is the unit of € equipped with the trivial
G-action. The functor which equips an object with the trivial G-action is left adjoint to the
G-fixed points functor, and hence is left Quillen. It then follows that since the unit of C is
cofibrant, the unit in GC€ is genuine cofibrant. O

We can then localize the genuine model structure to give the blended model structure.

Theorem 4.4. Let C be a simplicial, proper model category which satisfies the weak cellularity
conditions. Then the naive weak equivalences, genuine cofibrations and blended fibrations give a
proper, cofibrantly generated model structure on GC which we call the blended model structure.

Proof. We apply Bousfield-Friedlander localization [9, 9.3] to the genuine model structure on GC,
with QX = map(FEG, fX ) where f is a genuine fibrant replacement functor and map denotes
the simplicial cotensor. We must verify that the conditions (A1), (A2) and (A3) from [9, 9.3]
are satisfied. Note that a map f: X — Y in GC is a naive weak equivalence if and only if
Qf: QX — QY is a genuine weak equivalence. To see this, if f: X — Y is a naive weak
equivalence, then map(G, f) is a genuine weak equivalence. Therefore, map(Z, f) is a genuine
weak equivalence if Z is built from free cells. Conversely, since FG — x is a naive weak
equivalence, if map(EG, f) is a genuine weak equivalence then f is a naive weak equivalence.
The conditions (A1) and (A2) follow from this observation. Since ) preserves fibrations and
pullbacks, condition (A3) follows from the right properness of the genuine model structure on
GC. O

Note that [9, 9.3] also gives an explicit description of the blended fibrations as those maps
X — Y which are genuine fibrations and have the property that

X —— map(EG, ]?X)

(+) J |
Y —— map(EG, fY)
is a homotopy pullback square. The genuine fibrant replacement ensures that this is equivalent

to the square being a homotopy pullback after taking H-fixed points for all H < G.
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Proposition 4.5. The blended model structure exists on GC for C = sSet,, sQ-mod and Ch&.

Proof. The categories of based simplicial sets and simplicial Q-modules satisfy the strong cellu-
larity conditions by [40, 2.14]. The category of non-negatively graded rational chain complexes
satisfies the weak cellularity conditions by [40, 2.19]. Therefore the result follows from Theo-
rem 4.4. (]

Finally we note that in these cases, the blended model structure can be identified with the
injective model structure in which the weak equivalences and cofibrations are both underlying.

Proposition 4.6.

1) A ma in G-sSet,. is an underlying cofibration if and only if it is a genuine cofibration.
D ying Y g
ii) For € = sQ-mod and Ch, a map f in GC is an underlying cofibration if and only if it
Q
s a naive cofibration if and only if it is a genuine cofibration.

Proof. Part (i) is well known; see for example [37, 1.2] or [40, 2.16].

For part (ii), let C = Cha or sQ-mod and note that we can give the same style of proof since
they are both Q-additive. From the description of the generating cofibrations of the genuine
model structure given in the proof of Proposition 4.3, it is clear that any genuine cofibration
is an underlying cofibration. Since any naive cofibration is also a genuine cofibration it follows
that any naive cofibration is an underlying cofibration.

We now turn to proving the forward implication. Since any naive cofibration is a genuine
cofibration, it suffices to show that if f is an underlying cofibration then it is a naive cofibration.
Let f: X — Y be an underlying cofibration in GC. In order to prove that f is a naive cofibration
we must show that it has the left lifting property with respect to the naive acyclic fibrations.
Consider a commutative square

X 2= A
A

YTB

in GC, in which h is a naive acyclic fibration. Since f is an underlying cofibration, there is a
lift 0: Y — A making the diagram commute, but this need not be an equivariant map. Define
p:Y = Aby
o(y) G > 9097 My).
e e
This is an equivariant map, so it remains to check that it is indeed a lift.

Since f and « are equivariant maps,
o(f ngé’ ngaglw = o(z).
16l & 16l &
In a similar way, one can show that hy = . Therefore ¢ is a lift, and the map f is a naive

cofibration and hence also a genuine cofibration. (]

Corollary 4.7. For C = sQ-mod and Ch&, the blended model structure, injective model struc-
ture and the naive model structure on GC are the same.

Proof. The weak equivalences in all three model structures are the naive weak equivalences.
The cofibrations in each coincide by Proposition 4.6. U

We emphasize that in the case of € = sSet,, the blended model structure is the same as the
injective model structure on GC, but is not the same as the naive model structure.
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Corollary 4.8. For C = sSet,, sQ-mod and Cha, the blended model structure on GC is
monoidal.

Proof. Note that in each case, C is monoidal and has cofibrant unit. Since the blended model
structure is the same as the injective model structure by Proposition 4.6, it is immediate that the
pushout-product axiom holds. The unit axiom holds by the same argument as in Proposition 4.3.

O

4.2. The flat model structure. We can equip Sp*, Sp>(sQ-mod) and SpZ(Cha) with the
level flat model structure, in which the weak equivalences (resp. fibrations) are the levelwise
naive weak equivalences (resp. levelwise blended fibrations) [28, 3.1.3]. The cofibrations in the
level flat model structure are the flat cofibrations; that is, the maps which have the left lifting
property with respect to maps which are both levelwise naive weak equivalences and levelwise
blended fibrations. In a similar manner, Sp”, Sp*(sQ-mod) and SpE(Cha) can be given the
positive level flat model structure in which the weak equivalences (resp. fibrations) are the maps
which are naive weak equivalences (resp. blended fibrations) for each level n > 0.

A left Bousfield localization of the level flat model structure yields the flat model structure. The
weak equivalences in the flat model structure are the stable equivalences, and the cofibrations
are the flat cofibrations. We call the fibrations in the flat model structure the flat fibrations.
Similarly, a left Bousfield localization of the positive level flat model structure gives the positive
flat model structure in which the weak equivalences are also the stable equivalences.

Theorem 4.9. The flat and positive flat model structures on Sp™, Sp*(sQ-mod) and SpE(Cha)
(and on modules over monoids in these categories) exist. Furthermore, they satisfy Quillen
invariance of modules, and are stable, left proper, symmetric monoidal and combinatorial model
structures.

Proof. Since the genuine cofibrations are the same as the underlying cofibrations by Proposi-
tion 4.6, the blended model structure coincides with the injective model structure. The injective
model structure is strongly admissible by [28, 2.3.7] and therefore the flat model structure ex-
ists by [28, 3.2.1]. Quillen invariance holds by [28, 3.3.9], monoidality follows as it is defined
to be a monoidal left Bousfield localization, stability by [28, 3.4.1] and left properness and
combinatoriality follows from [28, 3.4.2]. O

We now record some key properties of the flat model structure which we will use throughout
this paper.

Proposition 4.10.

(i) A map is an acyclic flat fibration if and only if it is a levelwise acyclic flat fibration.
(ii) A map between flat fibrant objects is a flat fibration if and only if it is a levelwise flat
fibration.
(iii) The identity functor is a left Quillen equivalence from the stable model structure to the
flat model structure.

Proof. Part (i) follows from the fact that left Bousfield localization does not change the acyclic
fibrations and part (ii) follows from Proposition 2.2. For part (iii), since the stable model
structure and the flat model structure have the same weak equivalences, it suffices to show that
any stable cofibration is a flat cofibration. A map is a stable cofibration if and only if it has
the left lifting property with respect to maps which are levelwise naive acyclic fibrations, and a
map is a flat cofibration if and only if it has the left lifting property with respect to maps which
are both levelwise naive weak equivalences and blended fibrations. Any blended fibration is a
naive fibration, and therefore a stable cofibration is also a flat cofibration. O
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Corollary 4.11. Let S be a commutative monoid in Sp~, sz(s(@—mod) or SpE(Ché). The
positive flat model structure can be right lifted to give a model structure on commutative S-
algebras. Moreover, a positively flat cofibrant commutative S-algebra is also flat cofibrant as an
S-module.

Proof. Since the blended model structure coincides with the injective model structure in these
cases by Proposition 4.6, and the injective model structure is strongly admissible [28, 2.3.7],
this is a consequence of [28, 4.1, 4.4]. O

The flat model structure is a left Bousfield localization of the level flat model structure where
weak equivalences and fibrations are determined levelwise in the blended model structure. We
can give a characterization of the fibrant objects in the flat model structure.

Proposition 4.12 ([28, 3.2.1]). An object X of Sp™(C, K) is flat fibrant if and only if X is
level flat fibrant and X,, — Hom (K, X,,11) is a naive weak equivalence where Hom (K, —) is the
right adjoint to K ® —.

The following corollary shows that stable model structures on Sp>(sQ-mod) and SpE(Cha)
satisfy extra compatibility between commutative algebras and modules, unlike the stable model
structure on Sp~.

Corollary 4.13. The flat (resp. positive flat) model structure on Sp*(sQ-mod) and SpE(Cha)
is the same as the stable (resp. positive stable) model structure.

Proof. The weak equivalences in both the flat and stable model structure are the stable equiv-
alences. Therefore it suffices to show that they have the same acyclic fibrations. A map is
an acyclic fibration in the stable model structure if and only if it is a levelwise naive acyclic
fibration. By Corollary 4.7, this is the case if and only if it is a levelwise acyclic fibration in the
blended model structure, i.e., an acyclic flat fibration. O

In light of the previous corollary, we could call the model structure which we use on Sp™ (sQ-mod)
and SpZ(Cha) either flat or stable. However, we will often refer to it as the flat model structure
to remind the reader of the extra compatibility between commutative algebras and modules
given by Corollary 4.11, which we will use throughout the paper.

Remark 4.14. One can give explicit characterizations of the stable and flat cofibrations in
terms of latching objects. Define an object Sym(K) of Sp™(€, K) to be 0 in level 0 and K®" in
level n, with the evident structure maps. The nth latching space of X € sz((? , K) is defined by
L, X = Ev,(X ASym(K)). This is an object in %,,€, and the natural map Sym(K) — Sym(K)
induces a ¥,-equivariant map i,: L,X — X. Recall from [20, 8.5] that a map f: X — Y in
SpE(G, K) is a stable cofibration if and only if the pushout-product map X,, Uy, x L,Y — Y, is
a naive cofibration in 3,,C for all n > 0. In a similar way, one can show that a map f: X — Y
is a flat cofibration if and only if X,, Uy, x L,Y — Y, is a genuine cofibration in 3,,C for all
n > 0. This observation together with Proposition 4.6 gives another proof of Corollary 4.13.

Remark 4.15. Recall that in Sp” every m,-isomorphism is a stable equivalence [21, 3.1.11],
but the converse fails [21, 3.1.10]. However, since we work rationally throughout this paper, the
situation can be somewhat simplified. Shipley [35] constructs a detection functor D: Sp> — Sp~
with the property that a map f is a stable equivalence if and only if Df is a m,-isomorphism.
The functor D is defined in terms of a homotopy colimit over the injection category. Since
colimits over the injection category are exact rationally, it follows that in the rational setting a
map is a stable equivalence if and only if it is a m.-isomorphism. Moreover, m,(DX) = 7, (LX)
where L is a stable fibrant replacement functor [35, 2.1.3], so that rationally the genuine stable
homotopy groups (i.e., maps from the sphere in the homotopy category) coincide with the naive
homotopy groups. For more details, also see [32, 8.49].
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5. SHIPLEY’S ALGEBRAICIZATION THEOREM IN THE FLAT SETTING

In this section we show that the chain of Quillen equivalences given by Shipley [39] for the stable
model structure are still Quillen equivalences in the flat model structure, for the rational case.
The identity functor from the stable model structure to the flat model structure is a left Quillen
equivalence by Proposition 4.10. Therefore by the 2-out-of-3 property of Quillen equivalences, it
is sufficient to check that we get Quillen adjunctions in the flat model structure. In fact, since the
stable and flat model structure are the same on Sp™(sQ-mod) and SpZ(Cha) by Corollary 4.13,
this reduces to just checking that the first adjunction is a Quillen adjunction. The following
diagram summarises all of the adjunctions between HQ-modules and chain complexes of Q-
modules.

Z L D

Modf " Sp” (sQ-mod)ga; | Sp” (Ch{))fiat " Chg
U p*N R

(T) 1 2Q 1 1| = |1 1] = |1 1l = |1

Z L D

Modj'® =@ Sp” d ~@ Sp”(Ch} ~q@ Ch

odpg Q@ Sp”(sQ-mod)stable ~Q@ Sp~(Chf))stanle ~@ Chg
U P*N R

The functors will be defined throughout the rest of the section.

The model structure on simplicial Q-modules is right lifted from simplicial sets along the
forgetful functor sQ-mod — sSet,. Applying this functor levelwise gives a forgetful functor
U: Sp”(sQ-mod) — Sp>. Note that USym(QS') = (Q,QS*,QS2,...) which is HQ [21, 1.2.5].
Therefore the forgetful functor U can be viewed as a functor U: Sp”(sQ-mod) — Mod HQ-

Firstly, we show that the forgetful functor U is right Quillen when Sp” is equipped with the
flat model structure. Even though the flat model structure and the stable model structure
on Sp*(sQ-mod) are the same by Corollary 4.13, in order to prove the following it is actually
convenient to work with the description of the acyclic fibrations in the flat model structure.

Lemma 5.1. The forgetful functor
U: Sp™(sQ-mod)ga; — Spiy;

preserves fibrations, and preserves and detects weak equivalences.

Proof. The forgetful functor preserves and detects weak equivalences by [39, Proof of 4.1]. We
now show that it preserves the fibrations. By Proposition 2.3 it is sufficient to show that U
preserves the acyclic flat fibrations and the flat fibrations between flat fibrant objects.

A map is an acyclic flat fibration if and only if it is a levelwise acyclic flat fibration, so it
suffices to show that the forgetful functor sQ-mod — sSet, preserves naive weak equivalences
and blended fibrations. Since the model structure on sQ-mod is right lifted from sSet,, the
forgetful functor preserves naive weak equivalences and genuine fibrations. It remains to check
the homotopy pullback condition (), which is an immediate consequence of the fact that the
forgetful functor preserves homotopy pullbacks.

A flat fibration between flat fibrant objects is a levelwise flat fibration and hence U sends it to a
levelwise flat fibration by the previous paragraph. Therefore, it remains to show that U preserves
flat fibrant objects. Let X be a flat fibrant object in Sp”(sQ-mod)ga;. By Proposition 4.12,
X is level flat fibrant and X, — @(@Sl,Xn+1) is a naive weak equivalence. It follows
that UX is level flat fibrant, and since U preserves naive weak equivalences, we also have that
UX, — [7Ho7m(@SI,Xn+1) is a naive weak equivalence. By the @ - U adjunction, it follows
that
UX, — Hom(S', UX,41)
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is a naive weak equivalence, and hence by Proposition 4.12, UX is flat fibrant. Therefore, U
preserves flat fibrant objects. O

Corollary 5.2. The forgetful functor
U: Sp”(sQ-mod)gas — Mod{}?@

preserves fibrations, and preserves and detects weak equivalences.

Recall from [39, 4.3] that the forgetful functor U: Sp*(sQ-mod) — Modyq has a left adjoint Z
defined by

Z(X)=HQ D3m0 QX
where HQ is viewed as a QHQ-module via the ring map f: QHQ — HQ given by the monad

structure on Q.

Proposition 5.3. The adjunction
z
Modf}fé ?’ Sp™ (sQ-mod)ga;
18 a strong symmetric monoidal Quillen equivalence with the respect to the flat model structures.

Proof. The forgetful functor U preserves weak equivalences and fibrations in the flat model
structure by Corollary 5.2. Therefore, Z 4 U is a Quillen adjunction and hence by the 2-out-
of-3 property of Quillen equivalences, is a Quillen equivalence; see Diagram (}). It is a strong
symmetric monoidal Quillen equivalence as Z is strong symmetric monoidal and the unit HQ
is a cofibrant HQ-module. O

Applying the normalization functor V: sQ-mod — Ché levelwise yields a functor
N: $p*(s@-mod) — Mody ((Chg)¥)

where N = N(Sym(QS)). There is a ring map ¢: Sym(Q[1]) — A induced levelwise by the
lax symmetric monoidal structure on NN, and therefore composing N and ¢* gives a functor
©*N: Sp”¥(sQ-mod) — SpZ(Cha). This functor has a left adjoint denoted L by [34, §3.3]. It is
important to note that the left adjoint is not just the composite of the left adjoints of N and
©*. Shipley [39, 4.4] shows that

L
Sp™(sQ-mod) %FM Sp”(Chg)
[02]

is a weak symmetric monoidal Quillen equivalence.

The final step is the passage from symmetric spectra in non-negatively graded chain complexes
to unbounded chain complexes. The inclusion Ch& — Chg of non-negatively graded chain
complexes into unbounded complexes has a right adjoint Cy called the connective cover. This
is defined by (CoX), = X, for n > 1 and (CyX)o = cycles(Xp). Using the connective cover,
one defines a functor R: Chg — SpZ(Cha) by (RY), = Co(Y ® Q[n]). Recall from [39] that
this functor has a left adjoint D. Moreover, D is strong symmetric monoidal as proved by
Strickland [41]. Note that this fact has been subject to some confusion, see [38]. Shipley [39,
4.7] shows that

D
Sp”(Chy) ? Chg

is a strong symmetric monoidal Quillen equivalence where Chg is equipped with the projective
model structure.

Combining the results of this section gives a proof of Theorem 1.1.
61



6. EXTENSION TO COMMUTATIVE ALGEBRAS

Let F: € =2 D : G be a weak symmetric monoidal Quillen pair. As G is lax symmetric monoidal,
it preserves commutative monoids and therefore gives rise to a functor G: CMon(D) — CMon(C).
If the Quillen pair is a strong symmetric monoidal Quillen pair, then F' also lifts to a functor
on commutative monoids. However, when F' is only oplax symmetric monoidal, it will not
necessarily preserve commutative monoids.

We always equip the category of commutative monoids with the model structure right lifted
along the forgetful functor, see Theorem 2.5. The forgetful functor U: CMon(C) — € has a left
adjoint given by
Pe(X) = \/ X""/Zy.
n>0
The adjoint lifting theorem [8, 4.5.6] implies that the lift of G to the categories of commutative

monoids has a left adjoint F' defined by the coequalizer diagram
PpFPeX —= PpFX —— FX.

One of the maps is obtained from the counit of the Pe 4 U adjunction, and the other map is
adjunct to the natural map

FPeX = \/ F(X")/S, — \/ (FX)"\"/%, 2 PpFX
n>0 n>0
obtained from the oplax structure on F. Since G preserves commutative monoids, there is a
natural isomorphism UG = GU and by adjunction there is a natural isomorphism

PpF = FPe.

Before we can state a theorem about lifting weak symmetric monoidal Quillen equivalences to
Quillen equivalences on commutative monoids, we need to impose a hypothesis.

Hypothesis 6.1. Let F': C &2 D : G be a weak symmetric monoidal Quillen equivalence. For
any cofibrant object X of C, the natural map

F(X") /%, = (FX)"/%,
is a weak equivalence in D.

Lemma 6.2. Let F : C 2 D : G be a weak symmetric monoidal Quillen equivalence. This
satisfies Hypothesis 6.1 if either of the following conditions hold:

i :C 2D : G is a strong symmetric monoidal Quillen equivalence;
i) F:C&2D:G i t tri idal i1l val

ii) wnderlying cofibrant objects in X, D are naive cofibrant.

ii derlyi brant objects in 3,D j brant

Proof. The first part follows immediately from the definition. For the second part, let X be
cofibrant in C. By definition of a weak symmetric monoidal Quillen pair, the natural map
F(X"") — (FX)"" is a weak equivalence between cofibrant objects in the injective model struc-
ture on X, D. By hypothesis, this is moreover a naive weak equivalence between naive cofibrant
objects. From the description of the generating (acyclic) cofibrations given in Proposition 4.3
one can see that the orbits functor (—)/3,: £,D — D is left Quillen when ¥,D is equipped
with the genuine model structure. Since the identity is a left Quillen functor from the naive
model structure on ¥,D to the genuine model structure, it follows that (—)/%,: X,D — D is
left Quillen when X,,D is equipped with the naive model structure. By Ken Brown’s lemma, it
then follows that F'(X"\")/%, — (FX)"\"/%, is a weak equivalence in D. O

We now state when weak symmetric monoidal Quillen equivalences lift to Quillen equivalences

between the categories of commutative monoids. This result is closely related to work of

Schwede-Shipley, White and White-Yau. Schwede-Shipley [34, 3.12(3)] consider the related
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question on associative monoids without the commutativity assumption, White [42, 4.19] pro-
vides hypotheses under which strong monoidal Quillen equivalences lift to the categories of
commutative monoids and White-Yau [43, 5.8] provide hypotheses under which weak monoidal
Quillen equivalences lift. The most general of the statements is that of White-Yau where the
result follows from a more general result about lifting Quillen equivalences to categories of
coloured operads.

For orientation in the following statement and proof, the reader might like to consider C being
the positive flat model structure on spectra and € being the flat model structure on spectra.
The hypotheses are designed in such a way that this example fits into the framework. We note
that we write left adjoint functors on the left in an adjoint pair displayed vertically.

Theorem 6.3. Let F': C 2 D : G be a weak symmetric monoidal Quillen equivalence between
cofibrantly generated model categories which satisfy the commutative monoid axiom and the
monoid axiom. Suppose that the underlying categories of C and D support other model structures
denoted C and D respectively, with the same weak equivalences, such that

€4>®

(T " ]

i —)
G

are all Quillen adjunctions. Suppose that cofibrant commutative monoids in C (resp. D) are
cofibrant in € (resp. @), the generating cofibrations I of C have cofibrant source (and hence
target), the monoidal unit 1e of € is cofibrant and that Hypothesis 6.1 is satisfied. Then there
18 a Quillen equivalence

F : CMon(€) = CMon(D) : G.

Proof. Since the model structures are right lifted, G preserves fibrations and acyclic fibrations
and therefore is right Quillen as a functor CMon(D) — CMon(C). Let A be a cofibrant com-
mutative monoid in € and B be a fibrant commutative monoid in D. We must show that the
map A — GB is a weak equivalence in C if and only if FA — B is a weak equivalence in D.

The adjunction unit of FAaG gives rise to a map UA — UGFA =~ GUFA and hence by
adjunction there is a natural map F'A — I'A where we neglect to write the forgetful functors.
The composite FA — FA — B is adjunct to the map A — GB in C.

Let X € D. Write fX for a fibrant replacement of X in D and fX for a fibrant replacement of
X in D. Consider the square

X —— X

L]

fX —— x

in which the left vertical arrow is an acyclic cofibration in D, and the right vertical is a fibration
in D and hence in D. By lifting properties, we obtain a map fX — fX which is a weak
equivalence.

We must show that the map A — GB is a weak equivalence in € if and only if FA — B is a
weak equivalence in D, where A is cofibrant in CMon(€) and B is fibrant in CMon(D). By the
previous paragraph, we have a weak equivalence B — fB where fB is fibrant in D and hence
in D. By Ken Brown’s lemma, GB — G f B is a weak equivalence, and therefore A — GB is a
weak equivalence if and only if A — G f B is a weak equivalence.

Note that since € and € have the same weak equivalences, the identity functor € — Cisa

left Quillen equivalence, and similarly for D. Therefore, by the 2-out-of-3 property of Quillen

equivalences, F' : € 2 D : G is a Quillen equivalence. Since A is cofibrant in CMon(C€) and
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hence in é, and fB is fibrant in fb, A= G fB is a weak equivalence if and only if FA — fB
is a weak equivalence. Since B — fB is a weak equivalence, FA — fB is a weak equivalence
if and only if FA — B is a weak equivalence. Since the composite FA — FA — B is adjunct
to the map A — GB in C, it follows that it is enough to show that Asy: FA — FA is a weak
equivalence.

As @ is cofibrantly generated, A is a retract of a Pe(l)-cell complex where I is the set of
generating cofibrations for C, i.e., ) — A is a retract of a transfinite composition of pushouts of
maps in Pe(I). We proceed by transfinite induction on the transfinite composition which defines
a cofibrant object. The base case is the claim that F(le) — F(1e) is a weak equivalence. The
left adjoint F takes the initial object 1 of CMon(€) to the initial object 15 of CMon(D). Since
1¢ is cofibrant, F'(1e) — 1p is a weak equivalence by the unit axiom of the weak monoidal
Quillen adjunction F' 4 G. Therefore the base case holds.

Write P"X = X" /%, | so that PX = V,,>0P"X. By Hypothesis 6.1, if X is a cofibrant object
of €, F(PEX) = F(X")/%, — (FX)"/%, = P}(FX) is a weak equivalence. Since X is
cofibrant in €, PgX is cofibrant in € and therefore F (PEX) is cofibrant in D. In a similar
way, one sees that PR (FX) is cofibrant in D. Therefore F(X")/%, — (FX)M/S, is a

weak equivalence between cofibrant objects in D and Ken Brown’s lemma shows that taking
coproducts preserves this weak equivalence. Therefore,

FPeX =F \/ X"/8, = \/ F(X")/S, & \/ (FX)"/S, =PpFX

n>0 n>0 n>0

is a weak equivalence. Hence using the isomorphism PpFX = FPeX, if X is cofibrant in €,
one sees that both FPeX — FPeX and FPg X — FPpX are weak equivalences.
We now prove that if
PeX — Y
L
PeX' —— P
is a pushout square in CMon(C), and FY — FY is a weak equivalence where Y is cofibrant,

then FP — FP is a weak equivalence. Since I consists of cofibrations with cofibrant source,
we may assume that X and X’ are cofibrant in €. By [42, B.2], f: Y — P has a filtration

Y=FP—-P— -
where P,,_1 — P, is defined by the pushout

Y/\Qn(f)/zn — Pnfl

| |

YAPIX —— P,

in €. For our purposes, it is not important precisely what @, (f) is, apart from the fact that it
is a colimit of a punctured n-dimensional cube whose vertices are given by tensor products of
X, X" and Y. It follows from the commutative monoid axiom that Q,(f)/%y is cofibrant in C,
see [42, Proof of 4.17] for details.

Since F' sends pushouts in € to pushouts in D,

FY ANQun(f)/%,) —— FP_1

| !

F(Y AP2X') —— FP,
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is a pushout in D. Since F' preserves pushouts of commutative monoids,

PprFX — FY

| I

PpFX' —  FP

is a pushout in CMon(D) using the isomorphism PpF = FPe. Applying [42, B.2] again, we
obtain a filtration F'Y = Ry - Ry — --- of Ff: FY — FP where R,_1 — R, is defined by
the pushout

FY AQu(Ff)/%n — Rn_1

| |

FY APRFX' — > R,

in D. This filtration is compatible with the filtration of Y — P and therefore Ay sends F P, to
R,,. By applying F' to the pushout square shown Diagram 1 in [42, Proof of A.1] and using that
F +4 G is a weak monoidal Quillen pair, one argues by induction that there is a natural weak
equivalence FQ,(f) = Qn(ﬁ f). Similarly, since taking orbits commutes with taking pushouts,
there is a natural weak equivalence FQy(f)/Sn = Qn(Ff)/Sn by an inductive argument on
Diagram 6 in [42, Proof of A.3].

We now show by induction that Ap,: F'P, — R, is a weak equivalence. The base case holds
since Ap, = Ay which was a weak equivalence by assumption. Suppose that Ap, , is a weak
equivalence. Consider the diagram

F(Y A Qu(f)/Zn) FY A Qu(Ff)/Zn
\ \
FP, J R,
F(Y APEX) FY NPRFX'
\ FP, \ R,

in which the leftmost face and the rightmost face are pushouts in D. The horizontal map
FP,_1 — R,_1 is a weak equivalence by the inductive hypothesis.

The horizontal map F(Y A Qn(f)/En) = FY A Qn(Ff)/S, factors as the composite
F(Y AQu(£)/Sn) = FY NFQu(f)/Sn = FY AFQu(£)/Sn = FY N Qu(Ff)/%n

where the first map is a weak equivalence since F' 4 G is a weak monoidal Quillen pair. The map
FY — FY is a weak equivalence between cofibrant objects in D, and the map FQ.(f)/%n =
Qn(Ff)/S, is a weak equivalence between cofibrant objects in D. Since cofibrant objects in
D are also cofibrant in @, both of these maps are weak equivalences between cofibrant objects
in D. By Ken Brown’s lemma, tensoring with cofibrant objects preserves weak equivalences
between cofibrant objects, and hence the second and third map are weak equivalences.

The horizontal map F(Y APgX') — FY A P} FX' is a weak equivalence since it factors as the
composite
F(Y APRX') = FY A FPRX' — FY A FPRX' = FY APRFX'.
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Therefore, the map F P, — R, is a weak equivalence by [19, 5.2.6]. Each filtration map is a
cofibration between cofibrant objects and hence by Ken Brown’s lemma and [19, 5.1.5], the map
FP — FP is a weak equivalence.

It remains to show that the property is preserved under the transfinite compositions used to
build relative cell complexes which again follows from [19, 5.1.5]. Therefore for any cofibrant
commutative monoid object A of €, we have that the map FA — FA is a weak equivalence
which concludes the proof. O

Remark 6.4. The hypothesis that € and D satisfy the commutative monoid axiom and the
monoid axiom ensures that the categories of commutative monoids inherit a right lifted model
structure [42, 3.2].

Remark 6.5. In some cases such as rational chain complexes, cofibrant commutative algebras
are cofibrant as modules, see Example 2.7. In such examples, one can take € = € in the previous
theorem.

Theorem 6.6. There is a zig-zag of Quillen equivalences between the category of commutative
HQ-algebras and the category of commutative rational DG As.

Proof. Consider the adjunctions
z L D
Modb;g %T Sp™ (sQ-mod) ¢ Tﬁ Sp™(Chd)pr %T Chg

where pf denotes the positive flat model structure. Recall from Corollary 4.13 that on Sp* (sQ-mod)
and SpE(Cha) the positive stable and positive flat model structures are the same.

Firstly, we must justify that these are Quillen adjunctions. The adjunction D 4 R is Quillen
since it can be viewed as the composite of Quillen adjunctions

1 D
Sp™ (Ch))pt @ Sp*(Chy) ? Chg
where the second adjunction was proved to be Quillen in [39, 4.7].

For the adjunction Z - U, by Proposition 2.3 it is sufficient to check that the right adjoint U
preserves acyclic positive flat fibrations and positive flat fibrations between positive flat fibrants.
Recall that a map is an acyclic positive flat fibration if and only if it is a levelwise acyclic blended
fibration for levels n > 0, and that a map is a positive flat fibration between positive flat fibrants
if and only if it is a levelwise blended fibration for levels n > 0 between positively flat fibrant
objects. By [28, 3.2.1], an object X of Sp*(€, K) is positively flat fibrant if and only if X is
levelwise blended fibrant for levels n > 0 and X,, — Hom(K, X,,+1) is a naive weak equivalence
for all n > 0 where Hom(K, —) is the right adjoint to K ® —. One notes that all the conditions
that must be checked, except for the last condition, are all levelwise. Therefore, applying the
arguments given in Lemma 5.1 and to levels n > 0 verifies the necessary levelwise conditions.
The remaining condition that X,, — Hom(K, X,,;+1) is a naive weak equivalence is unchanged
between the flat model structure and the positive flat model structure. This condition was also
verified in Lemma 5.1. For the L 4 ¢*N adjunction one can argue similarly, using [39, 4.4].

We now apply Theorem 6.3. For each of the categories of symmetric spectra, we take C to be
the version equipped with the positive flat model structure, and € to be equipped with the flat
model structure. For the category of chain complexes, we take € = €. In each case, cofibrant
commutative algebras forget to flat cofibrant modules by Corollary 4.11. Hypothesis 6.1 holds
for the first and last adjunctions since they are strong symmetric monoidal Quillen equivalences
and therefore they give Quillen equivalences on the commutative monoids by Theorem 6.3.

For the L 4 ¢*N adjunction, we argue that condition (ii) in Lemma 6.2 holds. We show that for

a finite group G, if f: X — Y is an underlying cofibration in G-Sp™(sQ-mod),¢ then f is a naive

cofibration in G-Sp*(sQ-mod),s. A G-object X in Sp*(sQ-mod) consists of G'x ¥,-objects X (n)
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in sQ-mod with G x ¥,-equivariant structure maps. Similarly, a map ¢: X — Y between objects
in G-Sp™(sQ-mod) consists of a collection of G x ¥,-equivariant maps ¢(n): X(n) — Y(n)
making the evident diagrams commute.

Write U for the forgetful functor G-Sp™(sQ-mod) — Sp*(sQ-mod). Suppose that f: X —
Y is an underlying cofibration in G—sz(s@—mod)pf, ie, Uf: UX — UY is a positive flat
cofibration, and that p: A — B is a naive acyclic fibration in G—sz(s(@—mod)pf, ie., Upis
an acyclic positive flat fibration. Therefore U f has the left lifting property with respect to
Up. It remains to argue that the lift #: UY — UA can be made into an equivariant map
v:Y — A. Thelift §: UY — UA is a collection 6(n): Y(n) — A(n) of ¥,-equivariant maps.
Since the maps are determined levelwise, one can apply the averaging method as in the proof
of Proposition 4.6 to construct G x ¥,-equivariant maps ¢(n): Y(n) — A(n) and it follows
that ¢ is a map in G-Sp™(sQ-mod) which is also a lift. Therefore, f is a naive cofibration
in G—SpE(sQ—mod). Hence by Theorem 6.3, the middle Quillen equivalence also lifts to the
commutative monoids. O

7. A SYMMETRIC MONOIDAL EQUIVALENCE FOR MODULES

In this section, we give a symmetric monoidal Quillen equivalence between the categories of
modules over a commutative HQ-algebra and a commutative DGA. We note that this result
has been assumed without proof in the literature; for more details see the introduction. We
firstly explain why this result is not an immediate corollary of the zig-zag of Quillen equivalences
MOdHQ =Q Ch@.

Let F: €2 D : G be a strong symmetric monoidal Quillen equivalence and suppose that the
unit objects of € and D are cofibrant. If S is a cofibrant monoid in €, Schwede-Shipley [34,
3.12] show that F' : Modg(C) = Modps(D) : G is a Quillen equivalence. Now suppose that S
is a commutative monoid in €, which is not cofibrant as a monoid. Since S is commutative,
the category Modg(C) of modules is symmetric monoidal, with tensor product defined by the
coequalizer of the two maps

M ®s N =coeq(M@S®N —= M®N)

defined by the action of S on M and N.

However, a cofibrant replacement ¢: ¢S — S as a monoid will no longer be commutative, and
hence the zig-zag of Quillen equivalences

—®csS F
Modg(€) & Mod.s(€) ? Modp.s(D)

*

q
cannot be symmetric monoidal. We explain how to rectify this.

Before we can prove the desired symmetric monoidal Quillen equivalence, we require an abstract
lemma about lifting symmetric monoidal Quillen equivalences to the categories of modules. We
note that this first statement is a counterpart to [34, 3.12(2)]. The proof is effectively the same.

Lemma 7.1. Let

F
e =D

be a strong symmetric monoidal Quillen equivalence and let S be a commutative monoid in
C. Suppose that C and D satisfy the monoid axiom. If F' preserves all weak equivalences and
Quillen invariance holds in C and D, then
F
MOdS <:> MOdFS
G
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s a strong symmetric monoidal Quillen equivalence.

Proof. Let q: ¢S — S be a cofibrant replacement of S as a monoid in €. As F preserves all
weak equivalences Fq: FcS — F'S is a weak equivalence. Consider the diagram of left Quillen
functors

MOdS & Modcs

Modprg <7FS®FCS— Modrcs

which is commutative since F' is strong monoidal. By [34, 3.12(1)] the right hand vertical is a
Quillen equivalence, and by Quillen invariance the horizontals are Quillen equivalences. Hence
by 2-out-of-3 the left vertical is a Quillen equivalence as required. As a functor between the
module categories, F' is strong symmetric monoidal since the tensor product in the module
category Modg is defined by a coequalizer which F' preserves. Therefore

F
Modgs =—— Modrs
G

is a strong symmetric monoidal Quillen equivalence. O

We recall from Shipley [39, 1.2] the zig-zag of natural weak equivalences between Zc and a*Q
where « is the ring map HQ — QHQ induced by the unit of the monad structure on Q. Let
6: QHQ — HQ be the ring map induced by the multiplication map of the monad structure.

We have Zc¢ = B*@c = 04*5*[3’*@0 since Sa = 1. There is then a natural map a*@c — a*ﬁ*ﬁ*@c
arising from the unit of the 8, 4 5* adjunction. This is a weak equivalence since @ preserves
cofibrant objects, the 5, - f* adjunction is a Quillen equivalence and a* preserves all weak
equivalences. Finally there is a natural map a*@c — a*@ which is a weak equivalence as o*
and @ preserve all weak equivalences. We can now apply the previous lemma to obtain the
desired statement.

Theorem 7.2. Let A be a commutative HQ-algebra. There are zig-zags of weak symmetric
monoidal Quillen equivalences

ModsP® ~5 Modga and Mod®* ~5 Mode
where QA = D(p*NOé*@A is a commutative DGA.

Proof. The proof for each part of the theorem follows the same method. Namely, we apply [34,
3.12(2)] together with Lemma 7.1 to the underlying Quillen equivalences given by Shipley [39]
in the stable case, and given by Theorem 1.1 in the flat case. Since the weak equivalences in
both the stable model structure and the flat model structures are the same, the following proof
applies in both cases.

The first step is the adjunction

Q
% - -~
Moda(Modg) = Modg, (Modg,, ).
Since @ preserves all weak equivalences, this is a strong symmetric monoidal Quillen adjunction
by Lemma 7.1.

Recall that there is a ring map a: HQ — @H Q. Since o is lax symmetric monoidal it gives
rise to a functor

Modg , (MOd@HQ) = MOda*@A(sz(S@—mod)).
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It follows from [34, §3.3] that the left adjoint to a* at the level of modules, is given by a@A(M ) =

QA® .M. We claim that a@4 is strong monoidal. As o, preserves colimits and is strong

a*a*@A
monoidal, we have
o (M ® 4 N) = ascoeq(M @ a*QA® N = M ® N)
= coeq(aM & a*a*@A ® axN = M @ a,N)
= o.M ®a*a*@A aN.

From this, one sees that

oMM ®,,5, N) = a0 g, o34 (WN)
and hence ai@A is strong symmetric monoidal. Since a* preserves all weak equivalences, it
follows from [34, 3.12(2)] that
k2
Modg , (Modg,,) a: Mod, .5, (Sp™(sQ@-mod))
is a strong symmetric monoidal Quillen equivalence.

The next step is the passage along the Dold-Kan type equivalence. Recall that applying the
normalization functor levelwise gives a lax monoidal functor

Sp™(sQ-mod) — Mod ((Ch5)2>

where N = N(Sym(QS?), and that there is a ring map ¢: Sym(Q[1]) — A. The composite
¢*N: Sp*(sQ-mod) — Sp™(Chy)) is lax monoidal.

Let S be a commutative monoid in Sp¥(sQ-mod). We now show that the induced functor
©*N: Modg(Sp™(sQ-mod)) — Mod@*NS(SpZ(Cha))

on the categories of modules is lax symmetric monoidal. Recall that colimits in categories of
modules are calculated in the underlying category of symmetric spectra where they are computed
levelwise. Therefore, N preserves colimits as it is an equivalence of categories sQ-mod — Cha.
The restriction of scalars ¢* also preserves colimits since it is left adjoint to the coextension of
scalars functor. Therefore we have the following map

P'NA®yng " NB = coeq(¢*NA® ¢*NS @ p*NB = ¢"NA® ¢*NB)
— coeq(p*N(A® S® B) = ¢"N(A® B))
= p*N(coeq(A® S® B =3 A® B)
= p"N(A®g B)

giving ¢* N a lax symmetric monoidal structure as a functor between the categories of modules.
We now must show that L% 4 ¢*N is a weak monoidal Quillen pair, where L° denotes the left
adjoint of ©*N. We use the criteria [34, 3.17]. Since the monoidal unit ¢*NS is cofibrant in
Mody« g the first condition is that L3p*NS — S is a weak equivalence. Since p* N preserves
all weak equivalences [39, 4.4] and ¢*NS is cofibrant, this map is the derived counit of the
Quillen equivalence L® 4 ©*N and as such is a weak equivalence. The second condition holds
since p*N S is a generator for the homotopy category of Mod «ns.

By taking S = a*QA in the previous discussion, the adjunction

La*@A

Moda*@A(sz(SQ—mod)) T Mod

is a weak symmetric monoidal Quillen adjunction. Since @*N preserves all weak equiva-
lences [39, 4.4], it follows from [34, 3.12(2)] that this is moreover a weak symmetric monoidal
Quillen equivalence.
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The final step in the zig-zag is the adjunction

D
Mod (Sp™(Chy)) ﬁR Modg 4 (Chg)

@*Na*@A

which is a strong symmetric monoidal Quillen equivalence by Lemma 7.1, since D preserves all
weak equivalences rationally [39, 4.8]. O
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ALGEBRAIC MODELS OF CHANGE OF GROUPS FUNCTORS IN
(CO)FREE RATIONAL EQUIVARIANT SPECTRA

JORDAN WILLIAMSON

ABSTRACT. Greenlees-Shipley [19, 21] and Pol and the author [36] have given an algebraic model
for rational (co)free equivariant spectra. We give a model categorical argument showing that
the induction-restriction-coinduction functors between categories of (co)free rational equivariant
spectra correspond to functors between the algebraic models in the case of connected compact
Lie groups.
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1.1. Rational equivariant cohomology theories. Rational equivariant cohomology theories
are represented by objects called rational G-spectra. Greenlees [12] conjectured that for each
compact Lie group G, there is an abelian category A(G) and a zig-zag of Quillen equivalences

Spg ~q dA(G)

between rational G-spectra and differential objects in A(G). The conjecture has been proved in
many cases: G finite [4], G = SO(2) [39], G = O(2) [5], G = SO(3) [29] and G a torus of any
rank [22].
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Rather than focusing on a particular group G, we are interested in certain classes of rational
G-spectra: those of free and cofree G-spectra. These are the G-spectra for which the natural
map FG4+ A X — X or the natural map X — F(EG4, X) are equivalences respectively. There
are several reasons why these objects are of particular interest. Firstly, they represent equivariant
cohomology theories on free G-spaces. In addition, these cases provide insight into the general
case, where the algebraic models are built from contributions at each closed subgroup, where the
model resembles that of the free case. Greenlees-Shipley [19, 21] constructed an algebraic model
for free G-spectra and Pol and the author have given an algebraic model for cofree G-spectra [36],
where G is any compact Lie group.

1.2. Change of groups. The inclusion of a subgroup i: H — G in a compact Lie group
gives rise to an adjoint triple. The restriction functor ¢*: Sp; — Spy has both a left adjoint
ix = G4 N — called induction and a right adjoint iy = Fy (G4, —) called coinduction. Moreover
the adjoint triple

i ——

i* — Spy
— 1

Spa

is a Quillen adjoint triple. In other words, both adjunctions are Quillen with respect to the
same model structures. Such a situation is a rare occurrence since it forces the middle functor
to be both left and right Quillen. In particular, such a functor must preserve all of the classes of
maps in the model structure, including the weak equivalences.

In a setting where we have algebraic models for G-spectra and H-spectra, it is a natural
question to ask what functors between the algebraic models correspond to this adjoint triple.
Diagramatically, we want to find functors

Spa — % 44 G)

IR
|

(
l
L l

Spy — dA(H)

which are algebraic counterparts of the functors in topology. We emphasise that our approach
to this is model categorical; we view the functors as Quillen functors and we want to show that
there are natural maps at the point-set level which realise the correspondence of functors. At
the homotopy category level, the correspondence of functors has been studied by Greenlees-
Shipley [19] and Greenlees [14] in the free case. We also note that in the non-free case,
Greenlees [13] has given an account of the correspondence of change of groups functors between
SO(2)-spectra and H-spectra for H a subgroup of SO(2), again at the derived level.

If G is connected, the algebraic model for free G-spectra is I-power torsion modules over the
polynomial ring H*BG [19, 1.1] where I is the augmentation ideal of H*BG. The algebraic
model for cofree G-spectra is L-complete modules over H*BG [36, 8.4], where a H* BG-module
is said to be L-complete if the natural map M — L{)M is an isomorphism, where Lé is the
zeroth left derived functor of the I-adic completion. The inclusion i: H — G gives rise to a ring
map 0: H*BG — H*BH, and therefore an adjoint triple between the categories of modules.
The adjoint triple

— 0 ——>
MOdH*BG — 0 —— MOdH*BH
0 ——

is given by the restriction of scalars 6%, extension of scalars 6, = H* BH Q= pg — and coextension
of scalars §y = Hompy~pg(H*BH, —).
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Despite this, one notices that it is not routine to write down the algebraic models as there is a
mismatch in directions. In topology, two of the functors go from H-spectra to G-spectra, but in
algebra only one functor goes in this direction. Therefore, one must construct extra functors in
algebra to model the adjoint triple in topology.

Before we can state the main theorem of this paper, we must explain what we mean by a
correspondence of Quillen functors. We do this by considering the following example. The
notation we have chosen is suggestive of the special case we have in mind. In particular, we
are not assuming the existence of any group actions on the model categories in this general
framework. Suppose that we have a diagram

Fg Fg
Ca Da Ea
Ua Uy,
L\H\R L’\H\R’
Fy Fiy
Cu Dy &
Uy Uy,

of model categories where each of the horizontal adjunctions is a Quillen equivalence, and (L, R)
and (L', R") are Quillen adjunctions. We say that (L', R") corresponds to (L, R) if there exists a
Quillen adjunction L” : Dg 2 Dy : R” together with natural weak equivalences FyL ~ L" Fg
and L"F}, ~ Fi;L' on cofibrant objects. Such a correspondence of Quillen adjunctions gives
natural isomorphisms of derived functors

RUp o LFg o LL 2 LL' o RU} o LFg

and

RU{ o LFgoRR = RR o RUp o LFy
using the theory of mates. For more details, see Section 4. In a similar way one can define
correspondences of Quillen adjunctions along zig-zags of Quillen equivalences of any length. We
note that this is a particularly structured form of correspondence since the intermediate steps
are required to be Quillen adjunctions too.

We can now state the main theorem of this paper. Recall that the restriction functor ¢* is both
left and right Quillen. Therefore, there are two functors which correspond to it in algebra; one
as a left Quillen functor and one as a right Quillen functor. This can be seen in the diagram
below where there are four functors in algebra rather than the three in topology.

Theorem 1.1. Leti: H — G be the inclusion of a connected subgroup into a connected compact
Lie group. We have the following correspondence of Quillen functors

free G-spectra « 79 derived torsion H* BG-modules
[ [
i i Tag* oo 6 0*
L] I
free H-spectra — derived torsion QH*BH-modules

where a = dim(G/H) and QH*BH is a cofibrant replacement of H*BH as a commutative
H*BG-algebra. In other words, (is,i*) corresponds to (X%6*,X~%6)) and (i*,41) corresponds to
(04, 0%). Similarly, when the induction, forgetful functor and coinduction functors are viewed as
functors between the categories of cofree spectra, they correspond to the same functors as in the
free case, now viewed as functors between the categories of derived complete modules.

Remark 1.2. The functors 6, and %~%6) are not isomorphic in general at the model categorical
level. However, at the derived level this is true. For more details, see Corollary 3.11.

Remark 1.3. It would be interesting to investigate whether the natural isomorphism L6, =
R 7?0 in algebra corresponds to the natural isomorphism L¢* = Ri* in topology. However,
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since the natural isomorphism L6, = RX7%0, is a zig-zag of equivalences due to the relative
Gorenstein condition, it is not clear how to approach this at a model categorical level. For more
details on these natural isomorphisms see Section 3. We also note that the existing applications
do not require this additional correspondence.

If the ranks of G and H are equal there is a stronger statement, see Remark 10.5 and Proposi-
tion 10.3. In this case Remark 1.2 does not apply, and the restriction of scalars is both left and
right adjoint (without a shift) to the extension of scalars along the ring map §: H*BG — H*BH.

Theorem 1.4. Let i: H — G be the inclusion of a connected subgroup into a connected compact
Lie group and assume that tkG = rkH. Then we have the correspondence of functors

free G-spectra =@ I-power torsion H* BG-modules

[ [

i 3* 4 0* 0. 0*
L] [
free H-spectra = J-power torsion H* BH-modules

where I and J are the augmentation ideals of H* BG and H* BH respectively. Similarly, when
the induction, forgetful functor and coinduction are viewed as functors between the categories of
cofree spectra, they correspond to 0%, 0, and 0* respectively, between the categories of L-complete
modules.

1.3. Summary of the method. The first part of the paper is dedicated to producing the
required setup to prove the main theorem. In particular, the results are not restricted to this
example, and we expect that they can be applied in other cases, such as the disconnected case
or the non-free case. We consider diagrams of model categories and Quillen functors of the form

Ca :52,2 De
THIT T
ot 0 0. 0~ ot Px) Px o
L] 1L

Cy . AT Dy

where RO,y = L0, and Ry(,) = L., and Fg 4 Ug and Fy -+ Uy are Quillen equivalences.
As described above, in this general framework the notation is purely suggestive and does not
indicate the existence of any group actions.

This encompasses all of the cases that arise in our proof of the correspondence for (co)free
spectra and connected groups. There are eight squares of derived functors which one would like
to show commute:

(1) Loy o LFg = LFy o Lé,,

) RO* o RUy = RUg o Rp*,
3) ]LFG o LT = Lot o LFy,
4) ORUG:RUHORQO(),
5) ]LGT o RUy = RUg o Lof,

6) LFg o RO* = Ryp* o LFy,
7) Rpy o LFg = LEFy o ROy,
(8) L, o RUG = RUp o Ly,.

(2
(
(
(
(
(

By virtue of the natural isomorphisms Rf,) = L, and Ry(,) = L., we note that (7) is
equivalent to (1) and (8) is equivalent to (4). Since the functors in (1) and (4) have the same
handedness, these conditions are the ones which are more natural to check. Therefore, from now

on we refer to six derived squares, rather than eight.
76



We show that instead of checking that all six squares commute, it is sufficient to prove that only
two do, see Theorem 4.4. Moreover, we check these conditions at a model categorical level; that
is, we construct natural weak equivalences which realize the isomorphisms of derived functors.

We then verify that these squares do commute in many general settings. In particular, we treat
the cases where the horizontals are strong monoidal Quillen equivalences (Proposition 4.6), weak
monoidal Quillen equivalences (Proposition 4.9) and Quillen equivalences arising from Quillen
invariance of modules (Proposition 4.7), and the vertical functors are given by change of rings
adjunctions. The proof of our main theorem then reduces to showing that the zig-zag of Quillen
equivalences between (co)free equivariant spectra and their algebraic models satisfy the relevant
hypotheses. This requires the construction of ten different squares of the form shown above
which satisfy the relevant hypotheses. See Section 5.2 for a more comprehensive discussion.

1.4. Conventions. We follow the convention of writing the left adjoint on the left in an adjoint
pair displayed vertically, and on top in an adjoint pair displayed horizontally. In the second
part of this paper, everything is rationalized without comment. In particular, H*(—) denotes
the (unreduced) cohomology with rational coefficients. We write ¢: QX — X for cofibrant
replacement. All monoidal model categories are assumed to be symmetric monoidal as in [37].
We use the standard convention that ‘subgroup’ means ‘closed subgroup’.

Acknowledgements. I am grateful to John Greenlees for his comments on this paper and
many helpful discussions. I would also like to thank Brooke Shipley and Sarah Whitehouse for
many useful conversations and suggestions.

Part 1. The formal setup
2. BACKGROUND

In this section we provide the necessary background. In particular, we recap flat model structures
and their importance for our method. We also recall key facts about monoidal structures and
Quillen pairs from [38].

2.1. Flat model structures. We will always use the model structure on (commutative) algebras
and modules which is right lifted from the underlying category along the forgetful functor,
meaning that the weak equivalences and fibrations are the maps which are weak equivalences
and fibrations respectively in the underlying category. We write CAlgg(€) and Modg(€) for the
categories of commutative S-algebras and S-modules respectively. If the underlying category is
clear, we will often omit it from the notation.

Hypothesis 2.1. We shall always assume that the required model structures on (commutative)
algebras and modules exist; in particular, we implicitly assume that all our model categories are
cofibrantly generated. For general existence theorems see [37] and [44]. See Examples 2.2 for
more details on the existence of these model structures in our cases of interest.

We next record the key examples for this paper.
Examples 2.2. There is a right lifted model structure on modules in each of the following cases:

e dg-modules over a DGA [6, 3.3];

e modules over a ring spectrum in the stable model structure [31, II1.7.6] and flat model
structure, see [40, 2.6] and [35, 3.2.1];

e modules over a ring G-spectrum in the stable model structure [30, II1.7.6] and flat model
structure [43, 2.3.33].

Similarly, there is a right lifted model structure on commutative algebras in each of the following
cases:
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e commutative DGAs over a field of characteristic zero [44, §5.1];

e commutative algebra spectra in the positive stable model structure and in the positive
flat model structure, see [40, 3.2] and [35, 4.1];

e equivariant commutative algebra spectra in the positive stable model structure and in
the positive flat model structure, see [30, I11.8.1] and [43, 2.3.40].

Definition 2.3. Let € be a monoidal model category and suppose that there exists another
model structure € on the same underlying category as C, which has the same weak equivalences
and for which the identity functor € — € is left Quillen. We say that (e, G) is convenient if the

forgetful functor CAlgg(€) — Modg(C) preserves cofibrant objects, for all commutative monoids
S ecC.

The following lemma summarizes the key feature of a pair (C, é) of convenient model structures.

Lemma 2.4. Suppose that (C, é) is convenient and let 6: S — R be a map of commutative
monoids in C. A cofibrant replacement of R as a commutative S-algebra in the model structure
right lifted from C is cofibrant as an S-module in the model structure right lifted from C.

Before turning to the examples, we describe the importance of this property. The restriction of
scalars functor along a map of commutative monoids #: S — R in a monoidal model category €
is always right Quillen, but it is not left Quillen in general. If the monoidal unit of the underlying
category is cofibrant, then restriction of scalars is left Quillen if and only if R is cofibrant as an
S-module, see Proposition 3.8. Since a key step in the proof of algebraic models is a formality
argument based on the fact that polynomial rings are intrinsically formal as commutative DGAs,
one needs to be able to replace R in such a way that it is still a commutative S-algebra, and
is cofibrant as an S-module. If (€, C) is convenient, then this is possible by replacing R as a
commutative S-algebra in the model structure right lifted from e.

The pair of model structures (stable, positive stable) on spectra is not convenient. To rectify
this, Shipley [40] constructs the flat and positive flat model structures on symmetric spectra
which are convenient. This has since been generalised by Stolz [43] to equivariant spectra and
by Pavlov-Scholbach [35] to symmetric spectra in general model categories. It is important to
note that in the flat model structures on (equivariant) spectra, the weak equivalences are the
same as in the stable model structure. Therefore for each of these flat model structures, the
identity functor is a right Quillen equivalence from it to the stable model structure.

In summary, we have the following crucial result.

Theorem 2.5. The following pairs of model categories are all convenient in the sense of

Definition 2.3:

(projective, projective) on chain complezes over a field of characteristic zero;

(flat, positive flat) on symmetric spectra;

(flat, positive flat) on symmetric spectra in simplicial Q-modules;

(flat, positive flat) on symmetric spectra in non-negatively graded chain complexes of
Q-modules;

o (flat, positive flat) on equivariant spectra.

Proof. The proofs can be found in [44, §5.1], [40, 4.1], [35, 4.4] together with [45, 4.11], and [43,
2.3.40] respectively. O

2.2. Flat cofibrants. In a monoidal model category, if X is cofibrant, then X ® — is left Quillen
and hence preserves weak equivalences between cofibrant objects by Ken Brown’s lemma. It is
often convenient to work with monoidal model categories which satisfy something stronger.

Definition 2.6. We say that cofibrants are flat in a monoidal model category, if for every
cofibrant object X, the functor X ® — preserves all weak equivalences.
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This is satisfied in all of the model categories of interest in this paper. In particular it holds in
the following examples:

e Projective model structure on dg-modules: The cofibrant objects in this model category
are the semi-projective modules P, and these have the property that P ® — preserves
quasiisomorphisms [2, 11.1.6, 11.2.1].

e Fquivariant spectra: Cofibrants are flat in both the stable and flat model structure on
G-spectra and in modules over a ring G-spectrum, see [30, 7.3, 7.7] and [43, 2.3.40].

o Symmetric spectra: Cofibrant objects are flat in both the stable and flat model structure
on symmetric spectra (in general model categories) and in modules over a ring spectrum,
see [27, 5.3.10] and [35, 3.5.1].

2.3. Lifting Quillen adjunctions to module categories. Recall that a Quillen adjunction
F : C =2 D : U between monoidal model categories is said to be a weak monoidal Quillen
adjunction if the right adjoint U is lax symmetric monoidal (which gives the left adjoint F' an
oplax symmetric monoidal structure) and the following conditions hold:

(1) for cofibrant A and B in €, the oplax monoidal structure map ¢: F(A® B) - FA® FB
is a weak equivalence in D;

(2) for a cofibrant replacement cle of the unit in €, the map F(cle) — 1p is a weak
equivalence in D.

If moreover the oplax monoidal structure maps are isomorphisms, we say that it is a strong
monoidal Quillen adjunction.

Throughout the paper we will make use of categories of modules and how Quillen pairs are lifted
to the categories of modules, for more detail see [38, §3.3]. If F': € = D : U is a weak monoidal
Quillen adjunction then U preserves commutative monoids. Let S be a commutative monoid
in D. The adjoint lifting theorem [7, 4.5.6] shows that the Quillen adjunction lifts to a weak
monoidal Quillen adjunction

FS
MOdUS(G> ? MOds('D) .

If the original pair (F,U) is a strong monoidal Quillen pair, then we have the formula F’ SM =
S ®@pys FM and the lifted Quillen pair (F*,U) is strong monoidal. For example, this arises in
the case of the fixed points-inflation adjunction, see Section 7.

In addition, when (F,U) is a strong monoidal Quillen pair, F' preserves commutative monoids. It
follows that for S a commutative monoid in €, the adjunction lifts to a strong monoidal Quillen
adjunction

F
Mods(e) ? Modps(Q).

3. FUNCTORS BETWEEN CATEGORIES OF MODULES

3.1. The derived story. Let R and S be commutative ring spectra (for concreteness, commu-
tative monoids in the category of orthogonal spectra) with a ring map 6: S — R. This ring map
induces a restriction of scalars functor 6*: Modgr — Modg and this has left and right adjoints.
If R is (derived) small as an S-module, i.e., the natural map

O[R, M;]° — [R, ®M,)°

is an isomorphism for any set of S-modules {M;}, then there are further adjoints (at least in the

derived categories).
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We write DR for the relative dualizing complex RHomg(R, S), which is an (.S, R)-bimodule.
We begin with a discussion in the derived categories. Ultimately, we want to lift these derived
functors to Quillen functors. In this subsection, all functors are implicitly derived.

There are functors

— gt —

——0(x)
D(R) +— 0. —— D(S)
0* —
+— 6

defined as follows, where D(S) denotes the derived category of S-modules.

(1) Twisted extension of scalars: 0T (M) = DR ®r M

(2) Twisted coextension of scalars: 0,y (N) = Homg(DR, N)

(3) Extension of scalars: ,(N) = R®g N

(4) Restriction of scalars: 60*(M) is the S-module with underlying object M and action
defined by the composite S@ M — R® M — M

(5) Coextension of scalars: 6i(N) = Homg(R, N)

Since DR is an (S, R)-bimodule, we have an adjoint pair 67 0(+)- In addition, we have the
adjoint triple 6, 4 60* - 0,.

We always require R to be small as an S-module. This can often be checked using the following
result.

Proposition 3.1 ([15, 10.2]). Let S be a ring spectrum such that m.S is reqular. Then an
S-module M is small if and only if m. M is a finitely generated m.S-module.

By Venkov’s theorem, H* BH is a finitely generated H* BG-module. Since H* BG is polynomial,
it is regular. Therefore, any map 6: .S — R of ring spectra with 7,.S = H*BG and n.R = H*BH
has the property that R is a small S-module. The majority of ring maps that we use in this
paper fall into this category.

3.2. Relatively Gorenstein maps. Throughout this paper we will rely upon a helpful rela-
tionship between the dual of an S-algebra and itself. In particular, this will allow us to show
that the derived functors LA, and R6, are isomorphic up to a shift.

Definition 3.2. Let € be a stable, monoidal model category. A map 6: S — R of commutative
monoids in € is relatively Gorenstein of shift a if DR ~ 3*R as R-modules, where D =
RHomg(—, S) is the derived hom of S-modules.

All the relatively Gorenstein maps that we use will arise from one particular example. Whilst we
do not state the theorem in its full generality, we note that the fact that we work with connected
compact Lie groups is vital. We write DBG = F(BG,S°) and note that this is a special
case of the cochain spectrum C*(BG,k) = F(BG4, Hk) for k = Q, since the rational sphere
spectrum is equivalent to HQ.

Theorem 3.3 ([16, 6.1]). Let H be a subgroup of G where both H and G are connected compact
Lie groups. The ring map 0: DBGy — DBH_ is relatively Gorenstein of shift d, where d is the
codimension of H in G.

We now prove that relatively Gorenstein maps are preserved by monoidal Quillen equivalences.
Let F: € 2 D : U be a weak monoidal Quillen equivalence. Under certain hypotheses, given a
monoid S’ € D, there is an induced Quillen equivalence Modg/ (D) ~¢g Modys/(C); see [38, 3.12].
There is an analogous result where one begins with a monoid in €. Recall that whilst U passes
to a functor of the module categories (as it is lax monoidal), the left adjoint of U will not be F'
anymore in general.
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Remark 3.4. As the Gorenstein condition is a derived condition, we may assume that objects
are suitably (co)fibrant in order to satisfy the hypotheses of [38, 3.12].

Proposition 3.5.

(1) Let F: €= D : U be a strong monoidal Quillen equivalence between stable, monoidal
model categories and let 0: .S — R be a relatively Gorenstein map of shift a of commutative
monoids in C. Then F0: FS — FR is relatively Gorenstein of shift a.

(2) Let F : € =D : U be a weak monoidal Quillen equivalence between stable, monoidal model
categories and let ¢: S’ — R’ be a relatively Gorenstein map of shift a of commutative
monoids in D. Then Ugp: US" — UR' is relatively Gorenstein of shift a.

Proof. Throughout this proof all functors are derived, however we abuse notation and fail to
record this in the notation. For the first statement we have

DFR ~ FUDFR = FUHompg(FR, FS) ~ FHomg(R,UFS) ~ FHomg(R, S) ~ S°FR

since the Quillen equivalence provides equivalences of derived categories D(S) ~ D(F'S) and
D(R) ~ D(FR), see Remark 3.4. This shows that F'0 is relatively Gorenstein of shift a.

Similarly we have
DUR' = Homyg (UR',US") ~ UHomg/(FS/UR', S"y ~ UHomg/ (R, S") ~ X*UR’

where F'5": D(US') — D(S’) is the left adjoint to U. This shows that U6 is relatively Gorenstein
of shift a. U

The previous proposition shows that all of the ring maps we consider in the second part of
this paper are relatively Gorenstein of the same shift, since they all arise via monoidal Quillen
equivalences from the ring map DBG+ — DBH,.

3.3. Quillen functors. In this section we show how to give Quillen functors whose derived
functors present the functors of interest. One can define the extension, restriction and coextension
of scalars functors at the model categorical level. However, defining Quillen functors whose
derived functors are the twisted extension and twisted coextension of scalars is more complex,
due to the fact that the (underived) dual has poor homotopical properties.

Let 6: S — R be a map of monoids in a monoidal model category. Recall that unless otherwise
stated, we use the projective model structure on modules in which the weak equivalences and
fibrations are created by the forgetful functor to the underlying category.

Proposition 3.6. The adjoint pair 0, = 0* is Quillen.

Proof. 1t is immediate that 8* preserves weak equivalences and fibrations since they are tested
in the underlying model category. O

In order to discuss the 6* 4 6 adjunction we first need a lemma about enriched model categories.
We refer the reader to [23, §4.3] for definitions and basic properties of enriched model categories.
Recall that we implicitly assume that our model categories are cofibrantly generated, see
Hypothesis 2.1.

Lemma 3.7. Let C be a monoidal model category and let S be a monoid in C. Then Modg is a
C-enriched model category.

Proof. By cofibrant generation, it suffices to check the required condition on generating (acyclic)
cofibrations. The generating cofibrations (resp. acyclic cofibrations) of Modg are of the form
S'A f where f is a generating cofibration (resp. acyclic cofibration) for €. Therefore, it suffices to
show that for a cofibration ¢: X — Y in € and a generating cofibration SA f: SAM — SAN
of Modg, that iCJ(S A f) is a cofibration in Modg which is acyclic if either i or f is.
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We have that iCJ(S A f) = S A (iOf). As € is a monoidal model category, i(Jf is a cofibration in
€ which is acyclic if either ¢ or f is. Since S A — is left Quillen, iCJ(S A f) is a cofibration in
Modg which is acyclic if either ¢ or f is. U

Proposition 3.8. Let C be a monoidal model category with cofibrant unit. The adjoint pair
0* 40, is Quillen if and only if * R is cofibrant as an S-module.

Proof. As Modg is an C-enriched model category by Lemma 3.7, it follows by lifting properties
that for i: M — N a cofibration in Modg and p: E — B a fibration in Modg that

Homg (N, E) — Homg(M, E) Xtomg(amr,5) Homs (N, B)

is a fibration which is acyclic if either ¢ or p is. Taking ¢ to be the map * — 6*R shows
that Homg(R, —) is right Quillen if §*R is cofibrant as an S-module, as fibrations and weak
equivalences are determined in C.

Conversely, as 1 is cofibrant in € we have that R is cofibrant as an R-module. Therefore if 0 is
left Quillen, then 6* R is a cofibrant S-module. (]

The (underived) dual Homg(R, S) behaves badly in general at the model category level. For
example, consider the ring map 0: Q[c] — Q where |¢| = —2. This example is pertinent since it
is the map H*BSO(2) — H*B1. Then Homg(Q, Q[c]) = 0 but RHomg4(Q, Q[c]) ~ Q. We

now explain how to resolve these issues and produce Quillen functors which model 61 and 04)-
Write D for the functor RHomg(—,S). There is a natural morphism ¢y n: DM @5 N —
RHomg (M, N) which is defined to be the transpose of the natural map

DM @5 N @5 M 2 DM % M o N &2 sk N~ N.

There is also a natural morphism ¢y;: M — D?M defined to be the transpose of the evaluation
map
DM ®% M = S.

The following result is well known. Its proof can be found in [26, 2.1.3] for instance. Note that
we implicitly assume that our categories are generated by small objects (i.e., are algebraic stable
homotopy categories in the sense of [26]).

Lemma 3.9.

(1) The natural map Yy n: DM ®H§ N — RHomg (M, N) is an equivalence if M is a small
S-module.
(2) The natural map opr: M — D2M is an equivalence if M is a small S-module.

Proposition 3.10. Let 0: S — R be a map of commutative monoids such that R is a small
S-module. There is a natural isomorphism of derived functors L, —» RO,
Proof. Note that since R is a small S-module by assumption, we have that DR is also a small

S-module. We define «: L6, = RQ(*) to be the composite

YDR,N

LO.(N) = Rk N 2225 DR ol N 225 RHomg (DR, N) = RO, (N).

By Lemma 3.9, a is an equivalence. U

The following result summarises the key points of this section.

Corollary 3.11. Let 0: S — R be a relatively Gorenstein map of shift a, such that R is a small

S-module and R is cofibrant as an S-module. Then 0, - 0* and 6* - 0, are Quillen pairs and

there are natural isomorphisms of derived functors L0, = LR, and LO* = RO* = X —LoT.
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Proof. The fact that 0, 4 0* and 0* - 6, are Quillen pairs is Propositions 3.6 and 3.8. By
Proposition 3.10 we have a natural isomorphism L6, = R(,). Then

R(,)M = RHomg (DR, M) = RHomg (SR, M) = $~9R6, M.

Since 0* is both left and right Quillen, L6* = RO*. Therefore the other natural isomorphism
follows by adjunction. O

4. COMPARING QUILLEN FUNCTORS
In this section, we set up the general techniques for showing when Quillen functors correspond.

4.1. The calculus of mates. We firstly recap the calculus of mates, see [28, §2] for a compre-
hensive account.

Consider the diagram

in which Fz 4 Ug and Fy 4 Uy are adjunctions and L and L’ are functors (not necessarily
left adjoints). As stated in the introduction, in this general framework the notation is only
suggestive and does not indicate the existence of any group actions.

Given a natural transformation « : FyL = L'Fg, one can define its mate & : LUg = Uy L’ to
be the natural transformation

LUg 2229 Uy Py LU 22255 1y L FaUe 2225 Uy L.

Conversely, given 3 : LUg = Uy L' one defines its mate 3 : FyL = L'Fg by the composite

FyL Fy BF, L'F,
FyL 222 FpLUGFq 22258, Uy L'Fg 22259 IRy,
These two operations are inverse to one another by the triangle identities and therefore give a
bijection between the two kinds of natural transformation.

In general, the mate of a natural isomorphism need not be a natural isomorphism. However,
this does hold in certain cases.

Proposition 4.1. If Fo 4 Ug and Fg 4 U are adjoint equivalences, then a natural transfor-
mation FgL = L'Fg is a natural isomorphism if and only if its mate is.

Proof. Since Fg 1 Uq and Fyr 4 Uy are adjoint equivalences, the units and counits are natural
isomorphisms. The result then follows by the 2-out-of-3 property of isomorphisms. U

Unfortunately, there is no analogous result at the level of model categories, saying that a map is
a natural weak equivalence if and only if its mate is. However, the mates correspondence does
give us a way to attack questions about the commutativity of derived functors.

Note that natural weak equivalences of Quillen functors of the same handedness pass to natural
isomorphisms of the derived functors by virtue of the natural isomorphism L(F o F') 2 LF oLF".
However, a natural weak equivalence between composites of left and right Quillen functors
does not imply that the composites of derived functors are naturally isomorphic. An explicit
counterexample can be found in [33, 0.0.1].

We give a short overview of how we will use the machinery of mates. Suppose we are given a

square
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in which L and L’ are left Quillen functors and Fg < Ug and Fyy 4 Uy are Quillen equivalences.
Suppose we want to know that LL o RUg = RUp o LL'. Instead we can check that there is
a natural weak equivalence L'F ~ FyL on cofibrant objects, and then since they have the
same handedness, we have a natural isomorphism LL' o LFg = LFy o LL. Since the Quillen
equivalences will descend to adjoint equivalences at the level of derived categories, it follows from
Proposition 4.1 that taking mates gives the desired natural isomorphism LL o RUg = RUg oILL'.

Remark 4.2. Shulman [42] develops a method for comparing composites of left and right
derived functors. Since we will be interested in the case where the horizontal adjunctions are
Quillen equivalences, we can always compare composites of left and right derived functors by
instead comparing their mates, as described above. This allows us to only ever have to consider
Quillen functors of the same handedness. Therefore, Shulman’s method is unnecessary for our
purposes.

4.2. Proving commutation of derived functors. Consider the diagram

Cc 8 Dg
TIHIT T1]7
ot 0y 0. 6~ ot P P
LU, L

of model categories and Quillen functors, where Rf,) = L0, and Ryp(,) = Le,, and Fg - Ug
and Fg 4 Ug are Quillen equivalences. We note that we have chosen names in keeping with
the example that we have in mind, where the top horizontal is a Quillen equivalence arising in
the construction of an algebraic model for G-spectra. We are in interested in using a model
categorical approach to show that all of the six squares of derived functors listed in Section 1.3
commute. In this section we prove that in order to check that all six of the derived squares
commute, it is sufficient to check that only two squares commute.

Lemma 4.3. Let

Ca Fg Da

1 |1

9* 9* Px 50*

L L

be a diagram of model categories and Quillen functors.

(1) There is a natural weak equivalence p.Fg = Fg0, on cofibrant objects if and only if
there is a natural weak equivalence 0*Ug = Ugp* on fibrant objects.
(2) There is a natural weak equivalence Fyf, = @.Fg on cofibrant objects if and only if

there is a natural weak equivalence Ugp* = 0*Up on fibrant objects.
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Proof. Given a natural weak equivalence o : ¢, Fg => Fp0,, we have a natural map & : 0*Uy =
Ugp* defined by
% n0*Un % % Ugp*ad*Un % % Ugp*e %

Uy —= Ugp  ps Fo0' Uy —=—= Ugp " Fy0.0"Uy —— Ugyp
where 7 is the unit of the p.Fg 4 Uge* adjunction and ¢’ is the counit of the Fy6, 4 6*Uy
adjunction. To check that this is a natural weak equivalence on fibrant objects, it suffices to
check that

ax: map(X, 0*UgY) = map(X,Ugp*Y)

is a weak equivalence of homotopy function complexes for all cofibrant X and fibrant Y [25,
17.7.7]. Left Quillen functors preserve cosimplicial resolutions of cofibrant objects, so the
adjunction passes to the level of homotopy function complexes [25, 17.4.16] to give the following
diagram

map(Fp0.X,Y) ——— map(p.FcX,Y)

~| B

map(X,0*UpY) —— map(X, Uge*Y).

Therefore, the natural map 0*Uy = Ugp* is a weak equivalence on fibrant objects by 2-out-of-3.
The converse to (1) and the proof of (2) follow similarly. O

We now state the theorem which allows us to reduce the problem of checking that all six squares
commute, to only checking that two squares commute. Note that in the following theorem,
saying ‘there is a natural weak equivalence F' ~ G’ means that there is either a natural weak
equivalence F' = G or G = F. We do not permit zig-zags of weak equivalences.

Theorem 4.4. Consider the square

Cc ¢~ Dg
THIT T 1
ot 0(x) 04 6% ot Pl P o
1L L

ey . AT Dy

in which all the adjoint pairs are Quillen, Fo 4 Ug and Frp 4 Ug are Quillen equivalences,
and suppose that there are natural isomorphisms L0, = RO,y and Ly, = Rep,). Consider the
statements:

a) There is a natural weak equivalence p.Fg ~ Fr0, on cofibrant objects.
b) There is a natural weak equivalence 6*Ug ~ Ugyp™ on fibrant objects.

¢) There is a natural weak equivalence Fobt ~ ot Fy on cofibrant objects.
d) There is a natural weak equivalence 00U ~ Unp on fibrant objects.

If either (a) or (b) is true and either (c) or (d) is true, then each of the siz derived squares listed
in Section 1.3 commutes.

Proof. Statement (a) is equivalent to statement (b) by taking adjoints (see Lemma 4.3), and
similarly (c) is equivalent to (d). Since all of the functors in each statement have the same
handedness, the natural weak equivalences descend to isomorphisms of derived functors.

It just remains to show that these statements are sufficient to conclude that we have natural

isomorphisms LéT o RUy = RUg o Ly’ and LFg o RA* = Ry* o LFy. By statement (¢) we have

a natural isomorphism (: LFg o L' 2 Lyf o LFy. Since Fg 4 Ug and Fy 4 Uy are Quillen

equivalences and hence their derived adjunctions are adjoint equivalences, by Proposition 4.1 we
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find that the mate of 8 is also a natural isomorphism §: LAt o RUy = RUg o L', Similarly,
applying Proposition 4.1 to the natural isomorphism RUg o Rp* & RO* o RUp from statement
(b) we obtain a natural isomorphism LFg o RO* = Ry* o LFy. O

4.3. Checking commutativity. In this section we give some lemmas which verify when the
hypotheses of Theorem 4.4 hold. These fall into three types: strong monoidal Quillen pairs,
weak monoidal Quillen pairs and Quillen equivalences which arise from Quillen invariance of
modules.

If (F,U) is a strong monoidal adjunction, then UHom(FX,Y) = Hom(X,UY) where Hom
denotes the internal hom. However, if the adjunction is a weak monoidal Quillen pair, there is a
natural weak equivalence relating the two.

Lemma 4.5. Let (F,U) be a weak monoidal Quillen pair. For X cofibrant, there is a natural
weak equivalence

UHom(FX,Y) = Hom(X,UY).

Proof. There is a natural map UHom(FX,Y) — Hom(X,UY) which is adjunct to the natural
map

F(X ® UHom(FX,Y)) » FX ® FUHom(FX,Y) 25 FX ® Hom(FX,Y) <5 Y

constructed using the oplax monoidal structure map of F. We use the Yoneda lemma for
homotopy function complexes [25, 17.7.7] to show that this is a weak equivalence. Let A be
cofibrant. We then have the following string of equivalences:
map(A, UHom(FX,Y)) = map(FA, Hom(FX,Y))

“map(FA® FX,Y)

= map(F(A® X),Y)

=~ map(A® X,UY)

= map(A4, Hom(X,UY))

which completes the proof. Il

Firstly we deal with the case of strong monoidal Quillen pairs.

Proposition 4.6. Let
F

C——1D
U

be a strong monoidal Quillen pair and let 0: S — R be a map of commutative monoids in C.
Write F0 = ¢: F'S — FR. There are natural isomorphisms 0*U = Up* and FO0* = o*F, i.e.,
the diagrams

Modg (@) «Y— Modpg(D) Modg(€) —X— Modpg(D)
g [ d [
MOdR(G) <T MOdFR(p) MOdR(G) T> MOdFR(D)

commute up to natural isomorphism.

Proof. Take N € Modgg. The underlying objects of 8*UN and Up*N are the same so it remains
to check that the module structures agree. We write ® for the lax monoidal structure map on
U, and a: FRA N — N for the action map.
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U(pAl)

SAUGN L UFS AUQ*N —2 U(FS A ¢*N) U(FRAN) Y% UN

I S N

1 2N} UFON U(FOA1) 1 1

N I N

SNOPUN ——— RANUN A UFRANUN —— U(FRAN) — UN
The first triangle commutes by definition, the following square by naturality of n, the following
square by naturality of ®, and the remaining triangle and square by definition.

The second natural isomorphism can be proved similarly. O

We now turn to the case of Quillen equivalences which arise from Quillen invariance of modules.

Proposition 4.7. Let C be a monoidal model category. Suppose that we have a commutative
square of commutative monoids

in C whose horizontal arrows are weak equivalences.
(1) There is a natural isomorphism f*0* = ¢*g*, i.e., the diagram

Modg —— Modg

Q*T TW

Modg T) Mod g/

commutes up to natural isomorphism.

(2) If cofibrants are flat in Modp: (see Definition 2.6) and there is a natural weak equivalence
S ®g R = R, then there is a natural weak equivalence fop*M = 0*g,M for cofibrant
R'-modules M, i.e., the diagram

Modg <L MOdS/

Q*T }Z}*

Modg ¢— Modp

commutes up to natural weak equivalence on cofibrant objects.

Proof. The isomorphism f*0* = )*g* follows from the fact that f*6* = (0f)". The natural weak
equivalence follows from applying — ® gz M to the natural weak equivalence S ®¢ R = R. We
note that — ® g M preserves weak equivalences since M is cofibrant and cofibrants are flat. [

Remark 4.8. We note that in the category of commutative monoids, the pushout of a span
S+ S" — R’ is given by the tensor product S ®g R’. Therefore, the condition that there is a
natural weak equivalence S ®g¢ R’ =+ R is satisfied if f is an acyclic cofibration of commutative
S’-algebras as pushouts preserve acyclic cofibrations, or if the model category of commutative
S’-algebras is left proper and ) is a cofibration of commutative S’-algebras. Alternatively, the
condition clearly holds if the square is a pushout of commutative S’-algebras.

Finally, we treat the case of weak monoidal Quillen pairs. In this case we have to argue with
the right adjoint since the left adjoint at the level of modules is different to the underlying left
adjoint.
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Proposition 4.9. Let

F
e =D

be a weak monoidal Quillen pair and let 0: S — R be a map of commutative monoids in C. Write
p=U0:US — UR. Suppose that there exists another model structure C on the same underlying
category as C so that (C, é) is convenient (see Definition 2.3). Let q: QUR — UR be a cofibrant
replacement of UR in CAlgUS(é) and write ¥: US — QUR for the unit map of the US-algebra
structure on QUR.

(1) There is a natural isomorphism ¥*q*U = UG*, i.e., the diagram

Modg(€) v Modys(D)

9{ M*

MOdR(e) T> MOdUR('D) T MOdQUR(D)

commutes up to natural isomorphism.
(2) Suppose that R is cofibrant as an S-module and that

FS
Modg(€) —= Modys(D)
U

s a Quillen equivalence. Assume that either R is fibrant, or that U preserves all weak
equivalences. Then there is a natural weak equivalence ¢*UOM = (p UM for M fibrant
in Modg(C), i.e., the diagram

Modg(C) v Modys(D)

)| J

MOdR(G) T> MOdUR('D) T MOdQUR('D)

commutes up to natural weak equivalence on fibrant objects.

Proof. For an R-module N the underlying objects of ¥*¢*UN and U#* N are equal so it suffices
to check that the module structures agree:

USAUS'N —2 5 u(sne*N) Y R ANy Yoy UN
{ \so/\l \U(G/\l) b ll
T~ ~

US/\Q,Z)*(]*UN W URANUN T U(R/\N) T UN

This diagram commutes by using the naturality of the lax monoidal structure map ® on U,
which completes the proof of (1).

For (2), note that since (€, é) is convenient, QUR is a cofibrant US-module. Since F* 4 U is a
Quillen equivalence, the derived counit F*QUR — R is a weak equivalence (using either that R
is fibrant or that U preserves all weak equivalences). Since M is fibrant, Ken Brown’s lemma
shows that Homg(—, M) sends weak equivalences between cofibrant objects to weak equivalences
between fibrant objects, where Homg(—, —) denotes the internal hom of S-modules. Therefore,
Homg(R, M) — Homg(F QUR, M) is a weak equivalence between fibrant objects. Another
application of Ken Brown’s lemma gives

¢*UOM = ¢*UHomg (R, M) = ¢*UHomg(FSQUR, M) = Homyg(QUR, M) = UM

where the last equivalence follows from Lemma 4.5. O
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4.4. Quillen pairs post localization. In this section we will give conditions under which the
Quillen pairs 8, - 6* and 6* 4 6, descend to Quillen pairs between Bousfield localizations.

We first must recall the projection formula.

Definition 4.10. Let € and D be monoidal categories with adjunctions

b —>
C +—*
i) ——>

D

where ¢* is strong monoidal. We say that the projection formula for i, holds if the natural map
p:i(i"(X)ANY) = X Ain(Y) defined by

LX) AY) G (0 A (Y)) —22 it (XA (Y)) — X A(Y)

is an isomorphism for all X € D and Y € €, where ® denotes the monoidal structure map of i*.

Remark 4.11. There is also a natural map p': X A4)(Y) = ¢)(i*(X)AY) for X € Dand YV € C,
defined by

X ni(Y) o (X Ai(Y) 25 i () A i) S

W(i*(X)AY)
so it also makes sense to ask when 4 satisfies the projection formula. However, this is not relevant
for our purposes.

The projection formula clearly holds for the extension of scalars functor along a map of commu-
tative monoids in a symmetric monoidal category. It also holds for the induction functor from
H-spectra to G-spectra, see [30, V.2.3].

We can now deal with the case of left Bousfield localizations. We write (E) for the Bousfield
class of F, that is, for the class of objects X for which FA X ~ 0.

Theorem 4.12. Let

0*
C+——or
0 ——

D

be a Quillen adjoint triple between stable monoidal model categories, and suppose that 0, satisfies
the projection formula. Let E € € and E' € D be cofibrant. Then

— O —
LgC +—ox—— LD
0 ——

is a Quillen adjoint triple if (E') = (0.E).

Proof. As (E') = (0.E), the left Bousfield localizations Lg/D and Lg, gD are equal as model
categories. Therefore it suffices to prove the result for the case when E' = 0, E.

By [36, 3.1] the adjunction 6, - 6* is Quillen between the localizations as the objects correspond.
For the 6* 4 6, adjunction, by Hirschhorn [25, 3.3.18], it suffices to check that 6* sends 6, E-
equivalences between cofibrant objects to E-equivalences. Let f: A — B be an 6, F-equivalence
between cofibrant objects. As 0*(6.E ®r f) = E ®g 0" f by the projection formula, the result
follows. O

We now give a means of checking the hypotheses of the previous theorem in a certain case. We
note that if £’ ~ 6, F (up to suspension) then they have the same Bousfield class. The following
proposition shows that the condition that E' ~ 0, F is preserved by Quillen equivalences.

Proposition 4.13.
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(1) Let FF HU be a strong monoidal Quillen pair. Let 0: S — R and write p = F0: F'S —
FR. Let E € Modg and E' € Modg, with both cofibrant. If E' ~ 0,E, then FE' ~
. FE.

(2) Let F 4 U be a weak monoidal Quillen equivalence. Let 8: S — R and write ¢ =
UB:US — UR. Let E € Modg and E' € Modg, with both cofibrant. If E' ~ 0, F, then
QU]?E’ ~ <p*QUfE where f denotes fibrant replacement.

(8) Suppose that we have a commutative square of commutative monoids

S(%S/

|

R« — I
in which the horizontal maps are weak equivalences and Quillen invariance of modules
holds.
(a) Let E € Modg: and E' € Modg with both cofibrant, such that E' ~ ¢,FE. Then
(b) Let E € Modg and E' € Modg with both cofibrant, such that E' ~ 0,E. Then

U QI E ~ g E'.

Proof. Statement (1) is a consequence of the fact that F' is strong monoidal, together with Ken
Brown’s lemma.

For (2), by Proposition 4.9 we have that U8* = o*U. Taking mates, we have an equivalence
0sQUfE ~ QU f0,E ~ QU fE’ as required.

For (3), we have an isomorphism of functors f*6* = ¢*g* by Proposition 4.7. Taking left adjoints
yields an equivalence 0, f,F ~ g..E ~ g.E' as required for (a). For (b), taking mates of
fr0* = op*g* gives an equivalence ¥, Qf*E ~ ¢*0,F ~ g*E'. (]

Now we turn to the case of cellularizations. Let D be a stable model category and X and Y
be objects in D. We say that X builds Y if Y is in the localizing subcategory generated by X,
that is, if Y is in the smallest replete, triangulated full subcategory of hD which is closed under
arbitrary coproducts and contains X.

Theorem 4.14. Let

— 0 ——>
C «—o*
0 ——

D

be a Quillen adjoint triple between stable monoidal model categories. Let K € D be cofibrant. If
K builds 0,0*K, then

— 0 —
Cellg x € «— o~ CellgD
6 ——

1s a Quillen adjoint triple.

Proof. By [20, 2.7], the adjunction 6* 4 6, is Quillen between the cellularizations as the objects
correspond. To check that the adjunction 8, - 6* is Quillen between the cellularizations, we must

check that 6* sends K-cellular equivalences between fibrant objects to 8* K-cellular equivalences
by Hirschhorn [25, 3.3.18].

Suppose that M — N is a K-cellular equivalence between fibrant objects. By adjunction,
0*M — 0*N is a 0* K-cellular equivalence if and only if M — N is a 0.0% K-cellular equivalence.
As K builds 6,60*K, M — N is an 0,0* K-cellular equivalence as required. O

Remark 4.15. If : S — R is a map of commutative ring spectra such that R is small over S,
then for any R-module K, K finitely builds 6,0* K.
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Part 2. The correspondence of functors
5. THE GENERAL STRATEGY

5.1. Recap of the algebraic model. In this section we recap the construction of the algebraic
model for (co)free G-spectra for G connected. The free case is due to Greenlees-Shipley [19, 21],
and the cofree case is work of Pol and the author [36]. We note that in the free case, we follow
the Eilenberg-Moore approach taken in [21], rather than the approach via Koszul duality taken
in [19]. It is important to note that the correspondence of functors we obtain by using the
zig-zag of Quillen equivalences in [21] is different from the correspondence obtained in [19] by
using the Koszul duality approach. In the cofree case we follow the direct approach given in [36],
rather than the approach given by first passing to free G-spectra and then using the equivalence
between derived torsion and derived complete modules.

Free G-spectra are modelled by the cellularization Cellg, Spg;, and cofree G-spectra are modelled
by the homological localization Lgg, Spg. We now recall the Quillen equivalences used in the
construction of the algebraic model. Note that not all of the Quillen adjunctions below are
Quillen equivalences, but they all become so after appropriate localization/cellularization.

(1) Change of rings: Beginning in G-spectra, the first step is to change rings along the map
k: SY = DEG, where DEG, = F(EG,S°). Therefore the first stage is the extension
and restriction of scalars adjunction

— DEGiA—
Spa - - ModpEa., (Spg)-

K

(2) Fized points-inflation adjunction: The next step is to use categorical fixed points to
remove equivariance. More precisely, the next stage is the adjunction

+—DEG®ppa, —

(_)G o MOdDBG+(Sp)

N[OdDEG+ (SpG)

where we have suppressed notation for the inflation functors in the left adjoint.

(3) Shipley’s algebraicization theorem: The next stage is to use Shipley’s algebraicization
theorem [41] to pass from modules over the commutative ring spectrum DBG; to
modules over a commutative DGA which we denote © D BG .. This is a zig-zag of Quillen
equivalences. See Section 8 for more details on the zig-zag of Quillen equivalences.

(4) Formality: One can next use the fact that polynomial algebras are strongly intrinsically
formal as commutative DGAs to construct a quasiisomorphism z: H*BG — ©DBG ...
This gives a Quillen equivalence

— 9DBG+®H*BG7 R
MOd@DBG+ N MOdH* BG-

z

via extension and restriction of scalars.

(5) Torsion and completion: The final step is to identify the resulting localization or
cellularization with an abelian model. In the localization case, this is the category
of Li-complete modules, and in the cellularization case this is the category of torsion
modules.

5.2. Proving the correspondence of functors. In this section we explain the general process
for proving that the functors correspond. We give the details here rather than in the following
sections since the principle remains the same throughout the zig-zag of Quillen equivalences.

The general process is that we will have a square
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of model categories and Quillen functors, where R,y = L6, and Ry, = L., and Fg 4 Ug
and Fy - Uy are Quillen equivalences. Depending on the type of square we can then apply
Theorem 4.4 in conjunction with Propositions 4.6, 4.7 and 4.9 to conclude that all six squares of
derived functors commute.

In general the vertical functors will be the extension-restriction-coextension of scalars functors
along a map of commutative rings #: S — R. In general, R need not be cofibrant as an S-module,
so that 6* 4 6, will not be a Quillen adjunction by Proposition 3.8. To rectify this, we must
cofibrantly replace R as a commutative S-algebra to obtain S — QR. In a convenient model
structure, this implies that QR is also cofibrant as an S-module, see Section 2.1. Quillen
invariance of modules also shows that extension and restriction of scalars gives a Quillen
equivalence Modg ~¢g Modgg.

In summary, each step will consist of:

(1) Construct a square of Quillen functors. This may involve taking cofibrant replacements
of commutative algebras in a convenient model structure.

(2) Check that under the relevant localizations/cellularizations which make the horizontals
Quillen equivalences, the vertical functors are still Quillen. In general, this can be
achieved by using Theorem 4.12, Proposition 4.13 and Theorem 4.14.

(3) Use Propositions 4.6, 4.7 and 4.9 to verify that the hypotheses of Theorem 4.4 are
satisfied and hence deduce that the Quillen functors correspond.

6. CHANGE OF RINGS

6.1. The setup. The first step in the series of Quillen equivalences is a change of rings along the
map S — DEG. The construction of adjoints between ModpEea, (Spg) and Modpem, (Spy)
requires some explanation, because we not only have to change the underlying category between
Spe and Spy, but also the rings that we take modules over.

Lemma 6.1. Let C and D be monoidal categories and R be a monoid in C. Suppose that we
have adjunctions

T —>
C—ir
i) ——

D

where i* is strong monoidal. If the projection formula for i is satisfied (see Definition 4.10)
then we have adjunctions

Iy —
Modi*R(G) —

i) ——

Modg(D)

between the categories of modules.

Proof. Since i* is strong monoidal it sends monoids in € to monoids in D. Moreover, it follows
that 7, is oplax monoidal and 7, is lax monoidal. Let M be an ¢* R-module.

To give i+ M a R-module structure define the action map by

. Pl ix(a) .
RAWM T)z*(z RAM) —i.M
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where p is the projection formula map and a: i*R A M — M is the module structure map for
M. Similarly, we define a R-module structure on 1M by

RAGM % iR A M) MY i1

where p’ is the natural map in the projection formula for i;, see Remark 4.11.

It remains to check that the action maps defined above are associative and unital. So as to avoid
interrupting the flow, we defer the remainder of the proof to Appendix A. O

Proposition 6.2. There is a Quillen adjoint triple of functors

Ty —>
MOdDEH+(SpH> <7i{*
1 —>

N[OdDEG+ (SpG)

where i* is the restriction from G-spectra to H-spectra, ix = G4 A — and iy = Fg (G4, —).

Proof. Recall that the projection formula holds for i, : Spy; — Spg, see [30, V.2.3]. By Lemma 6.1,
it follows that we have adjunctions as described, so it only remains to check that they are
Quillen. Since the weak equivalences and fibrations in the categories of modules are created by
the forgetful functors to the underlying equivariant spectra, i* and 4, are right Quillen, since
they are right Quillen when viewed as functors between G-spectra and H-spectra. O

6.2. Quillen functors. In this section we show that all the functors of interest are Quillen
after the relevant localizations and cellularizations.

Proposition 6.3. There are Quillen adjoint triples of functors

Ty —>
LEHJrSpH —g*
i ——

LEG+ SpG

and

T —>
Lgu,Modpgn, (Spy) «—
1 —>

Lgg,Modpga., (Spg)

Proof. The Bousfield classes (EG4) and (G4 Ay EH, ) are equal since for a free G-spectrum F,
X A F ~ 0 if and only if X is non-equivariantly contractible. Therefore the result follows from
Theorem 4.12. g

Proposition 6.4. There are Quillen adjoint triples of functors

Z'*
Celly, Spy +—*
i) ——

Cellg, Spg

and

Ty —>
CeHHJrN[OdDE}rLr (SpH) <—i‘*
1 —>

Cellg, Modppe, (Spe)

Proof. Since i, H, ~ Gy, we have that the i, 4 ¢* adjunction passes to the cellularizations. For

the i* 4 i) adjunction, by Hirschhorn [25, 3.3.18] it suffices to check that i sends H-cellular

equivalences between fibrant objects to G -cellular equivalences. We have that ¢*G4 is built

from Hy as FHy AN i*G4 ~ i*G4. Therefore 4y sends Hy-cellular equivalences between fibrant

objects to G -cellular equivalences. O
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6.3. The corresponding adjoints. We consider the square

Modgo(Spe) , ZZ __Modpga, (Spe)
[T [T

L L

- RH
Modgo(Spr) , 2. — Modpgn, (Spy)

where the horizontals are given by extension and restriction of scalars along the ring maps
kg: S° 2 F(S° 8% — F(EG,,S°) = DEG, and ky: S — DEH, and the verticals are the
change of groups adjunctions of equivariant spectra.

Firstly, the forgetful functor +* commutes with the restrictions x* on underlying spectra since
none of the functors change the underlying spectra. It remains to show that the module structures
agree. Let M be an object of Modpga, (Spg) with module action map a: DEG AN M — M.
We write ® for the monoidal structure map of ¢*.

SO/\K*Hi*M L EN DEH, Ni*M LN i*DEG, Ni*M - s i"(DEG4 A M) 2, i (a) M
— >
% e i*(kgA1) ll f
/ _—
0 Sk % % o0 A = % 0 % »
SENCEGM —— ST AN RGM —— i*(S° N kM) ﬁ)z(DEGJF/\M)WzM

The top row is the module structure defined by x%7*M and the bottom row is the module
structure defined by i*k¢,. This diagram commutes by naturality of ® using that i*kg = kg,
and hence the module structures agree (i.e., the identity is a module map). Therefore we have a

natural isomorphism x7i* = i*kg.

We now check that the identity gives a natural isomorphism i1k} = ki, Let M be a DEH -
module with action map a: DEH, AN M — M. Then the underlying objects of #1x3;M and
ke M are the same so it remains to check the module structures agree.

ZI(KH/\I)

SO Nyt M 2 iy (S0 Ak M) Y s (DEHL A M) Y

~_ ~
ll KAl i1 (kg Al) ll
™~ ~

0 * . . .
The top row is the module structure on 41x7; M and the bottom row is the module structure on
ke M. The diagram commutes by the naturality of p, and hence we have a natural isomorphism
Ky = k. It follows from the special case of Theorem 4.4 in which the two downward pointing
arrows are the same, that all the squares commute at the derived level.

7. THE FIXED POINTS-INFLATION ADJUNCTION

In this section we describe how the passage from equivariant module spectra to non-equivariant
module spectra interacts with change of groups functors.

7.1. Quillen pairs. Stolz [43] constructs a flat model structure on orthogonal G-spectra such
that the identity functor is a left Quillen equivalence from the stable model structure to the flat
model structure. The flat model structure has all the necessary properties to apply our general
results from Sections 3 and 4. In particular, the flat model structure on orthogonal G-spectra is
a monoidal model structure which satisfies the monoid axiom (so that the categories of modules
inherit a right lifted model structure), is convenient, and has flat cofibrant objects, see Section 2
for more details. Before we can show a correspondence of functors we need to prove that certain
functors are Quillen in the flat model structure on equivariant spectra.
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The flat model structure is built from the blended model structure on GG-spaces. In the blended
model structure, the weak equivalences are the naive weak equivalences and the fibrations are
the maps which are genuine fibrations and for which

X —— F(EG4, fX)

J !

Y —— F(EG4, fY)
is a homotopy pullback (in the genuine model structure), where f denotes a genuine fibrant
replacement functor.

Lemma 7.1. There is a Quillen adjoint triple

— s
Spe* ——i* — Spi;*
—n

where both categories are equipped with the flat model structure.

Proof. Firstly we claim that 4, is right Quillen between the level flat model structures. To prove
this it is sufficient to check that 4, is right Quillen as a functor Top?}ended — Topgended. Let
g: X — Y be a blended H-fibration between blended H-fibrant objects, i.e., g is a genuine
H-fibration and

X —— F(EH,, fX)

| |

Y —— F(EH,,JY)

is a homotopy pullback (in the genuine model structure). We know that i; sends genuine
H-fibrations to genuine G-fibrations. Since the objects in the homotopy pullback square are
fibrant, 4 sends this homotopy pullback square to a homotopy pullback square. In other words,

WX —— i F(EH,, fX)

| |

WY —— iWF(EH,, fY)

is a homotopy pullback square. A simple adjunction argument shows that i) F(EFH, fX ) =
F(EG,,ifX) and therefore iig is a blended G-fibration. In a similar fashion, one sees that
1) sends blended H-fibrant objects to blended G-fibrant objects. Therefore, ¢; sends blended
H-fibrations between blended H-fibrants to blended G-fibrations between blended G-fibrants.
As the blended model structure is a left Bousfield localization of the genuine model structure, the
acyclic fibrations in both model structures coincide and hence 4, preserves the acyclic fibrations in
the blended model structure. Therefore by [9, A.2], ir: Top'}’}ended — Topg‘“1ded is right Quillen.
It follows from [36, 3.1] that as 4, is right Quillen between the level flat model structures, it is
right Quillen between the flat model structures.

By [8, 2.6.11] the adjunction i, 4 ¢* is Quillen with respect to the level flat model structures. Let

S denote the set of morphisms with the property that Lg,, Splce;Vel flat — Spgat. By Hirschhorn [25,

3.3.18] it is sufficient to check that i, sends Spy-local equivalences between flat cofibrant objects

to Sg-local equivalences. Since Lg,, SpléVel flat — Sp%at, the Sg-local equivalences are precisely

the 7,-isomorphisms (the usual weak equivalences of G-spectra). It follows that i, sends Sp-local
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equivalences between flat cofibrant objects to Sg-local equivalences as induction i, preserves all
T ~-isomorphisms. O

Proposition 7.2. There is a Quillen adjunction

< inf
SpﬂG’at 7(1_11)(;*}

Spﬂat

where the categories are equipped with the flat model structure.

Proof. By mimicking the proof that 4,: Spigve! fat — gplevel flat jg right Quillen, one can show
that (—)%: SpIGevel flat _, gplevel flat j¢ 1ioht Quillen. To complete the proof, by Hirschhorn [25,
3.3.18] it is sufficient to check that inflation sends m,-isomorphisms between flat cofibrant spectra
to m,-isomorphisms. This is clear since inflation preserves weak equivalences. O

7.2. A coinduction Quillen equivalence. The coinduction functor ¢: Spy — Spg is lax
symmetric monoidal since the forgetful functor i*: Sps — Spgy is strong symmetric monoidal.
Therefore the coinduction functor 4y takes (commutative) ring H-spectra to (commutative) ring
G-spectra.

Proposition 7.3. Let H < G and R be a ring H-spectrum. If R generates Modr(Spy ), then
iR generates Mod;, r(Spg)-

Proof. Any iyR-module M is a retract of iWR A M. By the Wirthmiiller isomorphism and the
projection formula for i, we have 4yR A M ~ iy(R A i*M) and the result follows. O

As H is connected (and we work rationally), the commutative ring H-spectrum DFEH generates
its category of modules [16, 3.1]. Therefore we obtain the following corollary.

Corollary 7.4. The commutative ring G-spectrum Fp (G4, DEH,) generates ils category of
modules.

Proposition 7.5. The adjunction

DEH @ py (G, ,pEH,)V (=)
Modpew, (Spy) Modg, ¢, ,pEH,)(SPG)

7

18 a Quillen equivalence.

Proof. The existence of the Quillen adjunction follows from [38, §3], also see Section 2.3. The
derived counit is an equivalence on DEH; and therefore as DEH  and Fy (G4, DEH ) generate
their categories of modules, by the Cellularization Principle [20, 2.7] the adjunction is a Quillen
equivalence. O

Remark 7.6. Since the adjunction

DEH @ pyp (G4, pEH, )V (—)
Modpew, (Spy) : Modpy, a,,pEH,)(SPG)

i

is Quillen in both the stable and flat model structures, the previous proposition holds in both
the stable and flat model structures.

Remark 7.7. Proposition 7.5 could be viewed as an analogue of the results of Balmer-
Dell’ Ambrogio-Sanders [3, 1.1] on étale extensions, also see [32, 5.32].
96



7.3. Commutativity. Let w: DEG; — Fy(G4+, DEH) be the natural map which is adjoint
to the identity map on DEH (i.e., the unit map DEG — 4i* DEG,). By taking a cofibrant
replacement of Fy(G4+, DEH,) as a commutative DEG ;-algebra, we obtain a commutative
diagram

DEG,

o \

G+,DEH+ (% QFH G+,DEH+)

Taking categorical G-fixed points yields a map
G ~
DBG. s (QFy(G+,DEH,))S —~% Fy(G.,DEH,)¢ —= DBH,

The isomorphism follows by the fact that there is a natural isomorphism (4 M)¢ = M which
can be proved by an adjointness argument using the Yoneda lemma.

By factoring this map into a cofibration followed by an acyclic fibration of commutative DBG -

algebras, we obtain a commutative diagram

DBG,

| >

DBH, «~— QDBH,.

Since DBG4 — QDBH, is a cofibration and (QFy (G4, DEH.))% — Fy (G4, DEH)¢ is an
acyclic fibration, we may use the lifting properties to obtain a natural map x: QDBH, —
(QFu(G+, DEH L))

Notation 7.8. We set the notation a = dim(G/H). Note that this is the shift that arises in
the Wirthmiiller isomorphism and in the Gorenstein condition for the map DBG. — DBH,
see Theorem 3.3.

To complete the necessary setup, we must check that Fy (G4, DEH) is a small DEG ;-module.
We note that this is not covered by Proposition 3.1 as we are in the land of equivariant spectra.
Nonetheless, one sees that Fy (G4, DEH ) is a small DEG -module since

[Fu(Gy, DEHY), —]PF%+ = [$7°G/H A DEG,, —|PP% = [$7°G/H,, -]

by the Wirthmiiller isomorphism. Since G/H is a small G-spectrum (as induction is left adjoint
to the restriction functor ¢* which preserves sums), the result follows.

Now that we have set up the appropriate groundwork, we can move on to showing that we have
a correspondence of functors. The first stage is the diagram

1

Modpra, (Spg) ) Modprc, (Spe)
ix * U D P*
l DEH+®7;*FH(G+,DEH+)i*q*(_) l l
Modprn, (Spgy) Modgry, (a,,pEH,)(SPEG)
q*i

We must firstly show that the functors pass to the localizations and cellularizations.

Proposition 7.9. There is a Quillen adjoint triple of functors
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— P

Lo ry(ay,mH)Modgry, (6., pEH, ) (SPG) 72@ — Lpg,Modpea, (Spg)
<— Y

Proof. Since the diagram

DEG,

o \

G+,DEH+ (% QFH G+,DEH+)

commutes, we have an isomorphism of functors w, = ¢,,. Taking mates, we have an equivalence
Yy >~ ¢*wy on cofibrant objects. Note that w, FGy ~ Fy(G4+, EH,) since

Fy(G4+,DEH,) ®ppe, BEGy ~ F(G/H4,S°) NEG; ~ Fy (G4, EH,)

by smallness of G/Hy. Therefore ,EG,+ ~ ¢*Fy(Gy, EHy) and the result follows from
Theorem 4.12. O

Since #1H+ ~ G4 (up to shift) by the Wirthmiiller isomorphism, Theorem 4.14 yields the
following.
Proposition 7.10. There is a Quillen adjoint triple of functors

Y ——

Cellq sz+MOdQFH(G+,DEH+)(SPG) 7"5)* g CQIIG+MOdDEG+ (SPG)
— Y

We can now show that the functors correspond. We note that for a DEH -module M, the
coinduction 7/ M is both a DEG-module and a Fy (G4, DEH)-module: the DEG-module
structure arises from the projection formula map and the Fy (G4, DEH )-module structure by
using the lax monoidal structure on 7.

Proposition 7.11. Let M € Modpgn, . Then i M = ¢*q*iM as DEG -modules.

Proof. The underlying objects are the same so it is sufficient to check that the module structures
agree. Note that *¢* = (qu)* = w*. We write R = DEG to ease the notation. We must
check that

i1(a)

RA@M>——E——»uURAAn

! \\\wm \\\\\\\\
. \

RAw* M —— — WRAGM — U (i*RAM) —> uM

commutes, where p’ is the projection formula map and [ is the lax monoidal structure on 4.
By definition w is the adjoint of the identity map on ¢*R, or in other words it is the unit
7n: R — 417" R and hence the first triangle commutes. From this one sees that it is enough to just
check that the middle square commutes. Spelling out the definitions of p’ and [, this amounts to
checking that

i!¢_1

RAWM —1— §i*(R A iyM) i(i*R A" M)

| "

nAl 411* (nAl) i1 (nAl) i1(1NAe)

RN OGWM T> i!i*(ili*R/\in) — i!(i*i!i*R/\ Z*ZIM) —_— i[(i*R/\M)
7P i1(eNne)
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commutes, where going right and down is the map p’ and going along the bottom row is the lax
monoidal structure map [. This diagram commutes using (from left to right) naturality of 7,
naturality of ®~! and the triangle identities. (]

Proposition 7.12. For any fibrant DEG-module M, there is a natural weak equivalence
S M S g*ii* M.

Proof. The Wirthmiiller isomorphism gives a natural weak equivalence G Ay DEH,; —
YFy(G4+,DEH,). Since L*QFy(G4+,DEH,) — X*Fy(G4+,DEH,) is an acyclic fibra-
tion and G4 Ag DEH, is cofibrant, by liting properties we have a natural weak equivalence
G4 Ag DEH, — YX*QFy (G4, DEH. ) between cofibrant objects. We then have the string of
natural weak equivalences

Y7 M = ¥ "Homppag, (QFr (G4, DEH,), M)
— ¢"Homppq, (G+ Ay DEH.), M)
= ¢"Homppgg, (G/H N DEG, M)
>~ g nitM

where the first equivalence follows from Ken Brown’s lemma. O

Therefore, by Theorem 4.4 all six squares of derived functors commute.

The next square in this step is the diagram
<—— DEG4+®pBg, — ——
MOdDEG+ (SpG) (_)G "

T | T T

Euw* E_aw! ¢* w* EEQO* Z_aw! O 50*

L] ||

< QFp(G4+,DEHL)® (=) -
Modgr, (. ,pEH,)(SPG) H+ X*((i)c)QDBHJr ., Modgpp, (Sp)

MOdDBG+ (Sp)

where x: QDBH, — (QFy (G4, DEH,))% is the natural map constructed by lifting properties
of the cofibration DBG,y — QDBH, against the acyclic fibration (QFy (G, DEH.))¢ —
Fu(Gy, DEH)C.

Firstly we check that the vertical functors are Quillen after localization. In order to do this
we require a lemma. We write 'y, for the k-cellularization functor, i.e., the right adjoint to the
inclusion of the localizing subcategory generated by k.

Lemma 7.13. Let 0: S — R be a map of ring spectra such that R is small over S, and let k be
an R-algebra. Then for M an S-module, we have R ®g I'yM ~ T'p(R ®g M).

Proof. We must check that R ®g I'y M satisfies the universal properties of the cellularization.
Firstly, there is a natural map R ®g 'y M — R ®g M as there is a natural map I'yM — M.
Since S finitely builds R, k finitely builds R ®g k, so R®g 'y M is k-cellular. It remains to check
that R®g I'yM — R ®g M is a k-cellular equivalence.

Note that there are natural equivalences
Homp(k, R ®s —) ~ Homp(k,Homg(DR, —)) ~ Homg(DR, Homg(k, —))

since R is a small S-module. It follows that R®g 'y M — R®g M is a k-cellular equivalence as
I'vM — M is a k-cellular equivalence. O

Corollary 7.14. There is an equivalence DBH | @ppa, »dim(@) G, ~ ydim(H) g
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Proof. This follows from Lemma 7.13 and the fact that Dgo DBG, ~ 4™ BG, by Gorenstein
duality [11]. O

Proposition 7.15. There is a Quillen adjoint triple of functors

— P

Lpr, ModgppH, (Sp) — ¢*— Lpa, Modppa, (Sp)
——

Proof. By Corollary 7.14, we have that ¢,BG, ~ BH, up to suspension. The result then
follows from Theorem 4.12. (]

Applying Theorem 4.14 we have the following.

Proposition 7.16. There is a Quillen adjoint triple of functors

—px
CellgoModgppH, (Spg) — ¢* — CellgoModppa, (Spa)
— ¢

It follows from Proposition 4.9 and Theorem 4.4 that all six derived squares commute.

8. SHIPLEY’S ALGEBRAICIZATION THEOREM

In this section we use the results of [45] to pass between modules over the commutative ring
spectra DBG 4 and QDBH, to modules over commutative DGAs, whilst keeping track of the
change of rings adjunctions. This consists of three steps which we will deal with separately. The
first step involves passage from symmetric spectra in simplicial sets to symmetric spectra in
simplicial Q-modules, the second step is a stabilized version of the Dold-Kan equivalence and
the final step is the passage to algebra. Shipley [41] proved that these Quillen equivalences hold
in the stable model structure. For our purposes, the flat model structure is crucial, and the
Quillen equivalences are proven to hold in the flat model structures in [45].

8.1. Recap of the equivalences. We provide a brief recap of the Quillen equivalences used
in Shipley’s algebraicization theorem and use this as an opportunity to set notation. For more
details see [41] and [45].

Let C be a bicomplete, closed symmetric monoidal category. Let > be the category whose objects
are the finite sets n = {1,...,n} for n > 0 where 0 = ), and whose morphisms are the bijections
of n. The category of symmetric sequences in € is the functor category €*. For an object K € C,
the category of symmetric spectra Sp>(C, K) is the category of modules over Sym(K) in €%,
where Sym(K) = (1, K, K2, -..) is the free commutative monoid on K.

We write @: sSet™ — sQ-mod™ for the functor which takes the free simplicial Q-module levelwise.
Recall that we define Sp*(sQ-mod) to be the category of modules over Sym(@S 1) in sQ-mod*.
The object Sym(@Sl) is equivalent to HQ. There is a ring map a: HQ — @HQ, and the
composite a*@ gives a zig-zag of strong monoidal Quillen equivalences between Modpg and
Sp™(sQ-mod).

We write SpE(Ché) for the category of modules over Sym(QI[1]) in (Chz)f)Z where Q[1] is the
chain complex which contains a single copy of Q in degree 1. Applying the normalized chains
functor N: sQ-mod — Ch6 levelwise gives a functor Sp™(sQ-mod) — ModN((Cha)E) where

N = NSym(QS?). There is a ring map ¢: Sym(Q[1]) — N, and the composite
©*N: Sp™(sQ-mod) — Sp™(Chj)

is a right Quillen equivalence. This forms a weak monoidal Quillen equivalence.
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Finally, there is a functor R: Chg — Sp™(Chg) which is defined by RY;, = Co(Y @ Q[n]) where
Cy denotes the connective cover, and this functor is a right Quillen equivalence. Together with
its left adjoint D, this forms a strong monoidal Quillen equivalence.

Since all of these functors are appropriately monoidal, they lift to give Quillen equivalences
between the categories of modules over monoids as described in Section 2.3.

8.2. To simplicial Q-modules. To ease the notation, we will work in the general setting of
a map of commutative ring spectra ¢: S — R. Suppose that R is a cofibrant S-module and
write Kk = Q«p QS — QR. Since Q is left Quillen, QR is cofibrant as a QS-module. Cofibrantly
replacing a*QR as a commutative a*@S—algebra gives a commutative diagram

a*@S

o

o*QR «Z— Qa*@R

The passage to simplicial Q-modules can be seen as the two squares

Modg g Mod@s z MOda*@s
| T
DT X%y P YT gl*gam J J 2(1* ‘aé. ‘ 5[
T CT Y
Mod, e Modg , o Mod,, .5

The vertical functors are still Quillen after the appropriate localization and cellularization by
Theorems 4.12 and 4.14 and Proposition 4.13. The first square satisfies the hypotheses of
Proposition 4.6 and the second square satisfies the hypotheses of Proposition 4.9, so it follows
from Theorem 4.4 that each of the six squares of derived functors commutes.

8.3. The Dold-Kan type equivalence. Since ¢*N is lax symmetric monoidal, we obtain a
map of commutative monoids ¢*NJ, and by cofibrant replacement in commutative algebras, we
obtain a commutative diagram

cp*Na*@S

v

©*NQo*QR 5 Qv*NQa*QR

From these we get the square which gives the passage from symmetric spectra in simplicial
Q-modules to symmetric spectra in non-negatively graded chain complexes of Q-modules, as
shown in the following diagram. Note that since (L, p*N) is only a weak monoidal Quillen pair
as an adjunction between Sp”(sQ-mod) and SpZ(Cha), the left adjoint to ¢*N at the level of
modules is not L.

— La*@S

Moda*@s Mod

©*N ©*Na*QS
T 17 T |1
Yag* LT O« o* Yot Bman, Y A
[ I
Mod),.5, 33“13: Mod,_. ygarGr fZ?ﬁE Mody, . Ngarr
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The vertical functors are Quillen after the appropriate localization and cellularization by Theo-
rems 4.12 and 4.14 and Proposition 4.13. Using Theorem 4.4 along with Proposition 4.9, we
obtain that all six possible squares of derived functors commute.

8.4. To algebra. The final stage in the process is the passage from symmetric spectra in
non-negatively graded chain complexes to chain complexes. This can be realized by a single
square

D—
MOd<p*Na*@s — R MOdD@*Na*@S

T T 1 11

DL S e NN BTN A AF
L Ll
— P77 Mod

MOdQSD*NQa*@R <—R—— DQy*NQo*QR

in which A = D~. Since D is left Quillen, DQy* NQa*QR is a cofibrant Do* Na*QS-module.

The vertical functors are still Quillen after the appropriate localization and cellularization by
Theorems 4.12 and 4.14 and Proposition 4.13. By Theorem 4.4 and Proposition 4.6 we have
that all of the derived squares commute.

Taking S = DBG4 and R = QDBH shows that the functors correspond through Shipley’s
algebraicization theorem in our setting. We note that despite starting in the flat model structure
on spectra, we are now in the usual projective model structure on chain complexes.

9. THE FORMALITY SQUARE

To ease notation we write S, and R, for the images of DBG, and QDBH  respectively under
the Quillen equivalences in Shipley’s algebraicization theorem described in the previous section.
They are commutative models for the cochains on BG and BH respectively but they are not
good models for us since it is not clear how build a commutative square

S, +—— H*BG

| |

R, «+—— H*BH.

We now describe how to alter these models so that a commutative square can be built with the
desired properties.

Firstly factor the map A: S, — R, as an acyclic cofibration followed by a fibration
S, 29, 8! % R,

Since v: S, — R, is a fibration (i.e., a surjection) we can build a commutative square

S, <29 8"« H*BG

~

LA l

R, = H*BH.
w

To do this first define w’: H* BH — R, by choosing cocycle representatives g; of the polynomial

generators y; of H* BH. Write H* BG = Q[z1, ..., z,]. Choosing cocycle representatives Z; for the

polynomial generators will not yield a commutative square in general. However, the cohomology

classes v(Z};) and w'6(x;) are cohomologous since the map DBG4 — DBH . which gives rise to

A Sqg = R, via Shipley’s algebraicization theorem represents the map 6 in homotopy. Therefore

the differences v(z;) — w'6(z;) are coboundaries d(b;). As v: S, — R, is a surjection, we can lift
102



the coboundary d(b;) to give a coboundary a; in S/, such that va; = d(b;). Define w(z;) = &}, — a;.
Then

vw(z;) = v¥, — va; = v, — d(b;) = w'0(x;)
so the square commutes.

Next factor the map 60: H*BG — H*BH into a cofibration followed by an acyclic fibration
H*BG % QH*BG % H*BH.
Taking the pushout of the span S <~ H*BG %y QH*BH gives the commutative diagram

S, % H*BG

i L"

R, «~— QH*BH

where z is a weak equivalence by left properness.

From this it follows that we have the commutative squares

S, L Sy —2 4 g w H*BG

N

R, «—>— R, — >~ R ~ __ QH*BH

and we can see the formality step as the following three squares. We write 8 = djg to ease
notation.

e NN
Modg, Modg, ;ﬁ; Modg;,
¢ R

IR [ T 1]

AT AG) A A Bt Bx) B« B* 5T O(x) 6. 6% Pl Pl P

1T T R A

—a — 11—
MOdRa 0; NIOdR:1 1 MOdR{l

—1

The vertical functors are still Quillen after the appropriate localization and cellularization by
Theorems 4.12 and 4.14 and Proposition 4.13. All three squares satisfy the hypotheses of
Proposition 4.7, so by Theorem 4.4 all of the derived squares commute.

Remark 9.1. The splitting of this formality step into three pieces is necessary to ensure that
the vertical functors are Quillen. In order to guarantee this, the vertical maps of commutative
DGAs need to be cofibrations, see Proposition 3.8.

Combining all of the results of the previous sections, this completes the proof of Theorem 1.1.

10. TORSION AND COMPLETION

There are two options for the final step: either to pass to torsion H* BG-modules, or L-complete

H* BG-modules. We show that unless the ranks of G and H are equal, there are obstructions to

forming the correct setup in this step. In this section we will complete the proof of Theorem 1.4.
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10.1. Koszul complexes and local (co)homology. In this section we recall some key defini-
tions which we require for the rest of the section. For more detail see [10, §6].

For I = (1, - ,z,) a finitely generated homogeneous ideal in a graded commutative ring S,
the stable Koszul complex denoted K (I) is defined by

Keo(I) = Koo(21) ®5 - @5 Koo (2n)
where Koo(x;) is the complex S — S[1/z;] in degrees 0 and -1.
The local homology of an S-module N is defined by
HIN = H,Homg(PK.(I),N)

where PK(I) is a projective replacement of Ko (I), see [18, §1] for instance. We write
A = RHomg (K (), —) for the derived completion functor. The local cohomology is defined by

HIN = H_p(Koo(I) ®5 N).

We note that when S is Noetherian the Oth local homology is the L-completion functor
Lj = Lo((-)1))
which is the Oth left derived functor of I-adic completion [17, 2.5]. We say that an S-module M

is Lé—complete if the natural map M — LéM is an isomorphism, and write Modg for the full
subcategory of L{-complete S-modules.

The Oth local cohomology is the I-power torsion functor
I'yM={me M| I"m =0 for some n}

by a result of Grothendieck [24]. We say that an S-module M is (I-power) torsion if the natural
map I'yM — M is an isomorphism, and write Mod¥™°" for the full subcategory of torsion
S-modules.

We now turn to the interaction of local homology with change of rings. Given a map of rings
0: S — R and an ideal I = (z1,...,zy,) of S, we write IR for the ideal (6(z1),...,0(x,)) of R.

Lemma 10.1. Let : S — R be a map of rings and I be an ideal in S. There is an isomorphism
HI(0*M) = HIE(M) for any R-module M. Furthermore, if R is a projective S-module, there is
an isomorphism Homg(R, HI(N)) = HI®(Homg (R, N)) for any S-module N.

Proof. Throughout this proof we neglect to indicate that homs are derived. Recall that there is
an isomorphism R ®g Koo () = Koo(IR). Therefore
Ar(0*M) =Homg (Ko (1),0"M) = Homp(R ®s Koo(I), M) = Homp(Ks(IR), M) = A;rM
which gives the first desired isomorphism.
For the other isomorphism, note that
O ArN = Homg(R, Homg(K(I),N))

= Homg (R ®s Ko (1), N)

(Koo (1), Homg (R, N))
=~ Homp(R ®s Koo(I), Homg(R, N))
= A/r(ON).

The result then follows from the fact that 6, is exact since R is projective as an S-module. [

= Homg

We now recall the change of base theorem for local cohomology. We omit the proof as it is
similar to Lemma 10.1.

Lemma 10.2. Let 6: S — R be a map of rings and I be an ideal in S. There is an isomorphism
Hi(0*M) = Hip(M) for any R-module M. Furthermore, if R is a flat S-module, there is an
isomorphism R®g Hf (N) = Hip(R ®s N) for any S-module N .
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10.2. Cofibrancy. We have a natural map : H*BG — H*BH induced by the inclusion of H
into G. Throughout the remainder of this section, we write I for the augmentation ideal of
H*BG and J for the augmentation ideal of H*BH. We note that v/I - H*BH = J by Venkov’s
theorem, using the general fact that if (S,n) — (R, m) is a map of local rings with R a finitely
generated S-module, then vnR = m. Up to quasi-isomorphism, the stable Koszul complex only
depends on the radical of the ideal, so we can apply the base change results from the previous
section in this example.

Recall from Proposition 3.8 that the restriction-coextenstion of scalars adjunction along 6 is
Quillen (in the projective model structure) if and only if H*BH is cofibrant as a H* BG-module.
A dg-module M over a dga S is called semi-projective if Homg (M, —) preserves surjective
quasiisomorphisms. The semi-projective dg-S-modules are precisely the cofibrant objects in the
projective model structure on Modg [1, 3.15].

Proposition 10.3. Let H — G be the inclusion of a connected compact Lie group into a
connected compact Lie group. The following are equivalent:

(1) rkG = rkH
(2) H*BH ‘s a cofibrant H* BG-module (in the projective model structure)
(3) H*BH ‘s a free H* BG-module

Proof. (1) = (3): If tkG = rkH then H*BH = H*BG ® H*(G/H) as a H* BG-module (see [34,
8.3]) so H*BH is a free H* BG-module.

(3) = (2): Both H*BH and H*BG have trivial differential so by [2, 9.8.1], since H*BH is
underlying projective as a H* BG-module (as it is free) it is semi-projective and hence cofibrant.

(2) = (3): Recall that semi-projective implies underlying projective [2, 9.6.1, 9.4.1]. By Venkov’s
theorem H*BH is a finitely generated H* BG-module, so H* BH is free over H* BG as finitely
generated projective modules over local rings are free.

(3) = (1): Firstly, note that the rank of G is the Krull dimension of H*BG. As H*BH is
a free H*BG-module, we have that dimgH*BH > dimgH?*BG for all s. It follows from the
characterization of Krull dimension in terms of Hilbert series that rkH > rkG. As H is a
subgroup of G, we also have rkH < rkG. O

Corollary 10.4. If H*BH is a cofibrant H* BG-module, then 0,M = 0,M .

Proof. If H*BH is a cofibrant H* BG-module then H*BH is finitely generated and free over
H*BG by Proposition 10.3. Therefore H* BH is a finite sum of shifted copies of H* BG and the
result follows. O

Remark 10.5. One may expect that if H*BH is not cofibrant as a H* BG-module that we
may cofibrantly replace it in the category of commutative H* BG-algebras. Note that H* BG
and H*BH have zero differential, but the cofibrant replacement QH*BH will not have zero
differential. This means that it is not possible to talk about L-complete or torsion modules over
QH*BH. This is why Theorem 1.1 has a stronger statement in the case that the ranks of G
and H are equal.

10.3. Completion. Firstly we must show that the functors pass to the category of L-complete
modules.
Lemma 10.6. Suppose that rkG = rkH. There are Quillen adjunctions

— 0 —

Modjy. p; 0" — Mod}y. -
| —

Proof. By Lemma 10.1 the restriction functor 6* and the coextension functor 8, send L-complete
modules to L-complete modules. Combining this with Corollary 10.4 shows that 6, also sends
105



L-complete modules to L-complete modules. Since the weak equivalences and fibrations of
L-complete modules are created by the inclusion to all modules, it is immediate that 6* and 6,
are still both right Quillen. (]

It remains to consider the square

— L —

MOdH*BG PR MOdI/\J*BG
T T 1T
0* 0« 0* 0* 6. 0*
IR

MOdH*BH <—j07 MOd/}éI*BH

where ¢ and j denote the inclusions and rkG = rkH.

It is clear that the inclusions commute with all vertical functors, and therefore applying
Theorem 4.4 shows that all the derived squares commute.

Remark 10.7. We note that each square here commutes up to natural isomorphism rather
than just natural weak equivalence.

10.4. Torsion. Another possible model instead of L-complete modules is that of torsion modules.
The category of torsion modules does not have enough projectives, but it has does have enough
injectives, so it supports an injective model structure [19, 8.6]. Since the injective model structure
is not right lifted from the underlying category of chain complexes, the results of Section 3.3 do
not apply. Therefore, we must next recall when the extension-restriction-coextension functors
are Quillen in the injective model structure. A dg-S-module M is said to be semi-flat if M ®g —
preserves injective quasiisomorphisms.

Proposition 10.8. Let 0: S — R be a map of DGAs. The adjunction 0* - 6y is Quillen in the
injective model structure. The adjunction 0, 4 0* is Quillen in the injective model structure if
and only if R is semi-flat as an S-module.

Proof. Since the weak equivalences and cofibrations are underlying, the restriction of scalars
functor 8* preserves them. Therefore, 8* - 6, is Quillen.

If R is a semi-flat S-module, R ®g — preserves injective quasiisomorphisms. It follows from [2,
11.2.1] that R is linearly flat, meaning that R ® g — preserves injections (cofibrations). Therefore
R ®g — preserves cofibrations and acyclic cofibrations so is a left Quillen functor.

Conversely, if the adjunction is Quillen, then R ®g — preserves injective quasiisomorphisms, so
R is a semi-flat S-module. (]

Note that this proposition shows that if the ranks of G and H are the same, then the extension-
restriction and restriction-coextension adjunctions along the ring map H*BG — H*BH are
Quillen in the injective model structure.

Lemma 10.9. Suppose that tkG = rkH. There are Quillen adjunctions
L — .
Mod}?ﬁ%oél — g —— Mod}‘}isfgo}}.
0 ——

Proof. By Lemma 10.2 and Corollary 10.4 we have that extension, restriction and coextension

preserve torsion modules. Since the weak equivalences and cofibrations of torsion modules

are created by the inclusion to all modules, it is immediate that 6, and 8* are still both left

Quillen. O
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It remains to consider the square

—i— ;
MOdH*BG If[ Mod}?ﬁ%og
BRI T
0* 0, 0% 0* 6. 0*

—J—— torsion
M * M W
OdH BH r, OdH BH

where ¢ and j denote the inclusions and rkG = rkH.

It is clear that the inclusions commute with all vertical functors, and therefore applying
Theorem 4.4 shows that all the derived squares commute.

Remark 10.10. We note that each square here commutes up to natural isomorphism rather
than just natural weak equivalence.

Combining the results of this section with Theorem 1.1 completes the proof of Theorem 1.4.

APPENDIX A. PROOF OF LEMMA 6.1

We conclude the proof of Lemma 6.1.

Proof. We must check that the module structures defined in the proof of Lemma 6.1 satisfy the
associativity and unit axiom. We prove this for i,. The proof for 7 is similar and therefore we
omit it. Associativity amounts to the outer square commuting in the following diagram.

RARAGM 225 R (iR AM) 2 Raim
o Pl !
uAL i RAFRAM) Y R A M)
i (A1) ix(a)
p *

The top right square and the bottom left square commute by naturality of p, and the bottom
right square commutes by the associativity axiom for M. The triangle in the top left requires us
to use the construction of p, by considering the following diagram.

ix(i*R A*R A M) ! ix(i*R N i*R A M)
i« (1AN) ix(IA1ADN)
(R A LR AM)) — G G RA (R A M) TR 6L (R AR A i, M)
i® T i®
- v i2i* (1Ap) T )
1" (RN i (I*R A M)) ixi*(RANRNi M)
£ 151
R A ("R A M) = RARNiM
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The bottom square commutes by naturality of ¢, the middle square commutes by naturality of
® and the triangle on the right commutes since i* is strong monoidal (with structure map @).
It remains to check that the top square commutes, for which is it sufficient to check that the

following diagram commutes.

FRAM — 2 RN M & (R A i M)
T
n n (R A M)
X)
#in(i*R A M) —— i*i,(i* R A i, M) —— i (R A i M)

i (LAD)

The left hand square commutes by naturality of 7, the right hand square commutes by naturality
of n, and the triangle commutes by the triangle identities. This completes the proof of the

associativity axiom.
For the unit axiom, we require that the outer square in the following diagram commutes, where
S denotes the monoidal unit of D.

S Ai M Al RAiM
o~
P
Ae Z*(Z*S A\ M) p_l
— -
ixAD «(T*nAT)
~
i M i (i*R A M)

ix(a)

The top right square commutes by naturality of p and the bottom triangle commutes by the unit
axiom for M. For the left triangle we show that it commutes with p instead since we have an
explicit construction for this using the unit and counit of the adjunction. Consider the diagram

i« (1AD)

i+ (i*S A M) i (i*S N i*i. M)
— -
i« (LAD) 1 d
7 n < /
ix(i*S N i*i, M) ixi* (S N i M)
~ —
ix(Ap) ixAp ixi* Ae £
~ '
10 0 M SA M
/z*n Elx \ ¢
M M

in which the outer square gives the left triangle in the previous diagram with p instead of p~.

We see that the top triangle commutes immediately, the left hand square commutes by naturality
of 7, the top right square commutes by definition of ¢* being strong monoidal, the bottom right
square commutes by naturality of €, and the bottom triangle commutes by the triangle identities.

We must also check that i, sends module maps to module maps. Let f: M — N be a map of

1* R-modules. Then the diagram
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RAM —  pAi N

| -

iR AM) "G R AN

i*(a)l lz (a)

) )
.M —>i*f 2N

commutes, by the naturality of p and since f is an ¢* R module map.

It remains to show that these functors form an adjoint triple. It is enough to check that the
units and counits are module maps.

For the unit of the 7, 4 ¢* adjunction we consider the diagram

#RAN —2 R A% N
[}

n_ #*(RAiN)
*i,(i*R A N)

i*ix(a)

N e — ¥ N

in which the square commutes by naturality of . For the triangle, it suffices to check that the
following diagram commutes.

FRAN —2 5 #*RA*i,N —2 5 (R A, N)

N

n n z*z*z*(R A i*N)
Tm’*cb—l
i*i*(i*R A N) i) i*i*(i*R A i*i*N)

The left hand square commutes by naturality of n and checking that the right hand square
commutes can be done by considering the diagram

#*RAi*i,N L #*(R AixN)
—
/
n Z*(R N Z*N) i*e
\77
T~
*i, (i* R A i, N) — i, i* (R A\ i N)
T 1%

in which the left hand square commutes by naturality of 7 and the triangle commutes by the

triangle identities. The argument for the counit of the 7. 4 ¢* adjunction follows similarly, as

does the other adjunction. O
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Future directions

112



In this chapter we discuss possible extensions of the work presented in this thesis. There are two
potential extensions to the theorem identifying the change of groups functors in the algebraic
model; removing the hypothesis of connectedness or extending beyond the (co)free case. We
then discuss a potential application beyond rational equivariant stable homotopy theory.

1. DISCONNECTED GROUPS

When finding the counterparts to the change of groups functors, we assumed that both G and
H are connected. This assumption has two main consequences. Firstly, there is no action of the
Weyl group. When constructing an algebraic model for (co)free G-spectra for disconnected G,
one must consider the action of the Weyl group on all modules and rings considered. This leads
to an extra layer of complexity. Secondly, the ring map DBG4+ — DBH need not be relatively
Gorenstein unless G and H are connected.

The author has some preliminary work on extending the algebraic models of change of groups
functors between (co)free spectra to the disconnected case. The main complication now arises
from the fact that the action of the group of components of G and H must be taken into account.
Nonetheless, since we are working in the free case, we expect that the action of the group of
components can be ‘removed’ and treated in a purely categorical manner as follows.

Firstly, we note that the algebraic models for free and cofree G-spectra still exist, and the general
strategy of proof is the same. We write G, for the identity component of G and G4 = G/G, for
the component group. Since the cofree case is proved in Chapter 2 we work in the cofree rather
than free case. The free case is analogous.

The first step in constructing the algebraic model is still a change of rings along S° — DEG |
but the main difference arises in removing equivariance. Taking G-categorical fixed points is
too brutal to record the action of the component group, and so we instead must take G-fixed
points. This provides a Quillen equivalence to Lg,, Modppg,, where DBG.y = (DEG+)GC is
a commutative ring Gg4-spectrum. The next step is to use the following lemma to allow us to
work with G4-objects in non-equivariant spectra.

Lemma ([10, 5.3]). There is a Quillen equivalence
Applying this lemma, we obtain a Quillen equivalence

La,, Modpge,, (Spa,) ~¢ La,, Modpse,, (Sp)[Gal.

By pulling out this action, we have reduced to the connected case and we now expect that
proving the correspondence of functors in the disconnected case follows from this formally. In
order to check this, one must carefully verify that each step is appropriately equivariant.

A layer of complexity which we have so far hidden in this discussion is that when dealing with
a subgroup inclusion i: H — G, it does not follow that i;: Hy — G4 is a monomorphism. For
example, if we take H = SO(2) and G = O(2), we have G4 = Cy but Hy is the trivial group.
We expect that carefully reconciling the actions of the component groups will be the key step in
extending the correspondence to the disconnected case.

Further evidence of the fact that the action can be pulled out and treated formally is that the
algebraic models for (co)free equivariant spectra do not detect whether the sequence

1-Ge—>G—>Gg—1

is split exact. For example, we have that free O(2)-spectra and free Pin(2)-spectra are equivalent.
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2. BEYOND THE (CO)FREE CASE

The next generalization of the work in this thesis is to find algebraic models for change of groups
functors without the (co)free assumption. In this case the algebraic models are more complex
and are diagram categories. The slogan is that the algebraic model for G-spectra is a sheaf on
the space of (connected) subgroups of G.

Let us focus on the case where G is a torus. An algebraic model for torus-equivariant spectra
was given by Greenlees [4, 5, 6] and a zig-zag of Quillen equivalences was constructed by
Greenlees-Shipley [8]. We give a brief description of the objects in the algebraic model for
rational G-spectra. We define a ring

Oy = [[ H*(BG/F)
FeF
where JF is the family of finite subgroups of G. One may define a multiplicative set of Euler

classes for each connected subgroup K of G, and using this define a diagram of rings indexed on
ConnSub(G) by

05(K) = £5105.

A module over the diagram of rings O is a collection of modules M (K) indexed by ConnSub(G),
where M (K) is a & Og-module, together with structure maps M (L) — M (K) for each L C K.
The algebraic model A(G) is then given by a subcategory of Og-modules. Namely, they are
the quasi-coherent and extended modules. These two conditions say that the value at any
connected subgroup is determined by the value at the trivial group, and relates the value at
any connected subgroup to the value at a quotient. These conditions mirror the Borel-Hsiang-
Quillen localization theorem for Borel cohomology which says that if X is a finite complex,
then H:(X) — HL(XY) = H*(BG) ® H*(X%) is an isomorphism after inverting €', Indeed,
one may define M(K) = HE/K(XK) for a finite G-space X and one then sees that this is
quasi-coherent and extended by the Borel-Hsiang-Quillen localization theorem.

We write T" for the torus of rank r. Take » < s and consider the inclusion 7: T" — T*. We
expect that constructing functors between the algebraic models will require some complex
homological algebra, but much of this probably already exists in [5, §6]. It is unclear whether
the extra complication which arises from working with modules over diagrams of rings makes
the correspondence of functors significantly harder to prove. We expect that once the correct
setup has been established, the correspondence should follow in a reasonably formal manner
from the results of Chapter 4.

3. SINGULARITY CATEGORIES AND THE BGG CORRESPONDENCE

The singularity category of a commutative Noetherian ring R is the Verdier quotient

_ D"(R)

~ De(R)

of the bounded derived category (the complexes with bounded cohomology) by the perfect
complexes (the bounded complexes of finitely generated projectives) [3]. The singularity category
measures how far the ring R is from being regular. Indeed, R is regular if and only if Dy, (R) = 0.

Greenlees-Stevenson [9] have recently extended the definition of the singularity category to
DGAs and ring spectra by a Noether normalization procedure.

Dsg(R)

We follow [9] and work in the general setting of a map of ring spectra R — k. We note that one
must impose hypotheses on the Noether normalization, but we ignore these technicalities here.
One can define the cosingularity category

D°(R)

" thick(k)
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and the BGG correspondence relates the singularity and cosingularity categories via Morita
theory. More precisely, given a ring R define its Morita pair to be &€ = Hompg(k, k). There are
equivalences

Dg(R) =~ Deosg(€) and Dy () = Deosg (R).
We note that this is a vast generalization of the original BGG correspondence as stated in [2].

We now give two examples of interest.

Example 3.1. Let R = A(ty,- - ,t,) be an exterior algebra. Its Koszul dual is € = k[z1,- -, zy]
where |x;| = —1. The BGG correspondence recovers the usual Koszul duality statement

Dsg(A(t1, -~ ta)) = DB ).

Example 3.2. Let k be a field of characteristic p and G be a p-group. Let R = C*(BG; k) =
F(BG4, Hk). Its Morita pair is € = kG. Note that
D (EQ)
Dsg(g) = m ~ Stmod(kG)
so the BGG correspondence gives an equivalence Deose (C*(BG; k)) ~ stmod(kG). Greenlees-
Stevenson [9, 10.6] also treat the case where G is a finite group which is not necessarily a p-group.
In this case though, €& = C*(QBG;\) % kG since BG is not p-complete in general.

We hope to apply the general machinery developed in this thesis to approach the question of
correspondence of functors along the BGG correspondence. For example, given a map of rings
S — R, this induces a map on Morita pairs Eg — Eg in the opposite direction. Immediately,
this is reminiscent of the situation for free G-spectra where the inclusion H — G induced a ring
map H*BG — H*BH. We now discuss some of the challenges and obstacles we foresee.

Firstly, all discussions in this section have been in bounded derived categories. In order to
approach this via the model categorical techniques we developed, we must find model categories
which represent the objects we are interested in. Instead of working in the bounded case, we
expect to work in the so-called big singularity category KacInj(R) as defined by Krause [11].
Becker [1] has discussed this at a model categorical level for DGAs, but we would like to
approach it more generally, so as to encompass the examples given by Greenlees-Stevenson.
Greenlees-Shipley [7, 5.4] prove a general Koszul duality style result for model categories, and
we expect this to be a valuable template in constructing an appropriate version of the BGG
correspondence at the model categorical level.

The next issue is the commutativity of rings which played a crucial role in the general theory
developed in Chapter 4. Given a commutative ring R, its Morita pair € is not commutative in
general. However, this is true in some interesting cases via a Cartan commutativity argument [7,
5.2]. For example, both R and & are commutative in Example 3.1. Similarly in Example 3.2,
whilst kG is not commutative in general, the stable module category stmod(kG) is a closed
symmetric monoidal category.
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