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Cellular approximations
and the Eilenberg—Moore spectral sequence

SHOHAM SHAMIR

We set up machinery for recognizing k—cellular modules and k —cellular approxima-
tions, where k£ is an R—module and R is either a ring or a ring-spectrum. Using this
machinery we can identify the target of the Eilenberg—Moore cohomology spectral
sequence for a fibration in various cases. In this manner we get new proofs for known
results concerning the Eilenberg—Moore spectral sequence and generalize another
result.

55P43, 55T20

1 Introduction

Given a pointed topological space A, the A—cellularization of another pointed space X
is the closest approximation of X built from A using pointed homotopy colimits. This
notion of A—cellularization was first treated systematically by Dror Farjoun [3] and
Chachdlski [2]. Also fundamental to this subject is the work of Hirschhorn [12]. Dwyer
and Greenlees translated this concept to an algebraic setting in [6]. Further work on
cellular approximation was done by Dwyer, Greenlees and Iyengar in [7], here in the
wider setting of S—algebras, where S is the sphere spectrum.

The algebraic setting of Dwyer and Greenlees from [6] is as follows. Let R be a
ring (with a unit, not necessarily commutative) and let k¥ and C be Z—graded chain
complexes of left R-modules. We say C is k—cellular over R, if extp(k, N) =0
implies exty(C, N) = 0 for every R—chain complex N . A k—cellular approximation
of a complex X is a map of R—complexes Cell,lce X — X such that Cell,]cQ X is the
closest approximation of X by a k—cellular complex in the sense that the induced map
exty (k, Cellllce X) — extp(k, X) is an isomorphism.

The concept of k —cellular approximation extends effortlessly to the stable homotopy
category, which is the setting used here. Specifically, we let R be an S—algebra in
the sense of Elmendorf, Kriz, Mandell and May [10], where S denotes the sphere
spectrum. Let & and C be left R—modules. Then the definitions above immediately
apply also to the category of left R—modules.

Published: 5 July 2009 DOI: 10.2140/agt.2009.9.1309


http://www.ams.org/mathscinet/search/mscdoc.html?code=55P43, 55T20
http://dx.doi.org/10.2140/agt.2009.9.1309

1310 Shoham Shamir

Dwyer, Greenlees and Iyengar gave in [7] a formula for k—cellular approximation.
This formula holds when k is a proxy-small R—module (see Definition 2.5); in such
a case the k—cellular approximation of an R—module X is given by the following
natural map [7, Theorem 4.10]:

Hompg(k, X) ®gnag ) k = X

The symbol ® g denotes the smash product of R—modules and Hom g (—, —) stands
for the function spectrum of R—modules. These functors are taken in the derived sense,
ie we always take appropriate resolutions before applying them.

Dwyer, Greenlees and Iyengar’s formula for k —cellular approximations can be used
to understand the target of the Eilenberg—Moore cohomology spectral sequence for a
fibration, as we will now demonstrate. Suppose k is a commutative S—algebra and
let F — E — B be fibration of spaces where E and B are connected. We make
the following standard replacements. First, one can replace 2B by an equivalent
topological group, so we will assume QB is a topological group. Second, standard
constructions show we can replace F' by an equivalent 2 B—space (by passing, perhaps,
to an equivalent fibration) so we will assume that F itself is a right 2 B—space. Let
C*(F; k) denote the function spectrum Fg(X°° Fy,k) and let k[Q2 B] denote the S—
algebra k Ag X°Q B . Thus C*(F; k) is a left k[€2 B]-module. Following [7], we
shall henceforth use the notation ® for the smash product of spectra.

The same arguments of Dwyer and Wilkerson from [9, Lemma 2.10] can be used to
show there is a weak equivalence of k-modules:

Homyq py(k, C* (F; k) ®gnaramk) K = CH(E; k) ®cx(B:k) k

On the other hand, recall the Eilenberg—Moore cohomology spectral sequence for this
fibration (with coefficients in k) has the form:

E2, = tor B (P (B k), k) = 7p1q(C(E: k) ®cs (521 k)

Thus, whenever k is a proxy-small k[$2 B]-module, the Eilenberg—Moore cohomology
spectral sequence computes the homotopy groups of the k—cellular approximation of
C*(F; k) over k[Q2B]. In particular, if C*(F; k) is a k—cellular k[Q2 B]-module, then
the target of the Eilenberg—Moore cohomology spectral sequence is the cohomology of
the F with coefficients in k.

Using machinery for recognizing k —cellular modules and k—cellular approximations
we get the following two theorems.
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Theorem 5.1 Fix a prime p. Let N be a finite nilpotent group and let P € N be
the p—Sylow subgroup of N, so N =~ P x H with the order of H being prime to p.
Let F — E — BN be a homotopy fibration sequence over the classifying space of N ,
with E being a connected space. If k is any commutative S —algebra such that o (k)
is an I, —algebra, then

C*(E’ k) ®C*(B;k) k ~ C*(Fh(H)’k)

where Fy(pry is the homotopy orbit space of F with respect to the H —action on F. In
particular, if N = P then:

C*(E;k) Qc*(B:k) k >~ C*(F; k)

Theorem 5.2 Fix a prime p. Let B be a finite connected nilpotent space with a finite
fundamental group N = n1(B). Let P € N be the p—-Sylow subgroup of N, so
N =~ Px H. Let F - E — B be a homotopy fibration sequence over B, where E is
a connected space. Then

torS, B (C*(E: F,). Fp) = H"(F;F,)H

where H" (F, FP)H are the fixed points of the H —action on H" (F;I,).

The first theorem deals with general multiplicative cohomology theories in character-
istic p and thus generalizes a result of Kriz from [13], showing convergence of the
Eilenberg—Moore cohomology spectral sequence for a fibration over B(Z/ p), with co-
efficients in Morava K —theories. The second result concerns only mod—p cohomology.
This result is hardly surprising as it is dual to Dwyer’s exotic convergence [5], which
concerns convergence of the Eilenberg—Moore homology spectral sequence. However,
the proof we give here uses only cellularity arguments. We also give a different proof
for a weaker version of Dwyer’s strong convergence result from [4], again using only
cellularity arguments. This is done in Proposition 5.8.

Another result is a spectral sequence. Assuming that k£ is a commutative ring, we
describe in Section 6 a spectral sequence with
1 k[m1 B .
E} y = mapiq(Celli™ I HP (F; k)

that converges to p44 (Cellllz[QB]C*(F ;k)) when B is a finite nilpotent space. We

demonstrate the use of this spectral sequence in Lemma 6.3 and Corollary 6.4.

The bulk of this paper is concerned with setting up the necessary machinery for
recognizing k—cellular modules and k —cellular approximations. This machinery is
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interesting in itself and we mention one basic result. Let R — S be a map of S—
algebras and let & be an S-module. The independence of base lemma (Lemma 3.1)
relates k—cellular approximation of S —modules with their k—cellular approximation
as R—modules.

Lemma 3.1 Let R — S be a map of S—algebras.

(1) (Strong independence of base) Let k be an S —module. If S ® g k is k —cellular
as an S -module, then for any S —module X the map Cell,fX — X isak-
cellular approximation of X as an R—module. In particular Cell,fX i~ Cell;g X
as R—modules.

(2) (Weak independence of base) Let k be an R—module. If S ® g k is k —cellular
as an R—module, then for any S-module X the map Cell§®RkX — X is
a k —cellular approximation of X as an R—-module. In particular Cell,lce X ~
Cell§®R X as R—modules.

This lemma is the basis for results on k—cellular approximation over a group-ring kG,
where G is a topological or discrete group and kG denotes the S—algebra C«(G; k) =
k As £°°G 4. See for example Proposition 3.3.

1.1 Layout of this work

We begin by introducing the notions of cellularity and cellular approximation in
Section 2. There we also recall some basic properties of cellular approximations
and give elementary examples.

The necessary machinery for recognizing k —cellular modules and building k —cellular
approximations is set up in Section 3 and Section 4. In Section 3 we prove the indepen-
dence of base lemma and apply it to get results concerning k —cellular approximation
over a group ring kG . Section 4 deals with k—cellular approximation over finite
p—groups and finite nilpotent groups.

Finally, in Section 5, we come to the Eilenberg—Moore spectral sequence, applying
the machinery we constructed earlier to identify its target. Section 6 is devoted to
constructing the spectral sequence and demonstrating its use.

1.2 Setting and conventions

We work in the category of left R—modules where R is an S—algebra in the sense
of [10] and S stands for the sphere spectrum. However, in some instances we will
prefer to use an ordinary ring R and work in the category of differential graded left
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R-modules (ie Z-graded chain complexes of left R—modules). We justify this in
the following way. Recall that for a ring R, the S—algebra HR is the appropriate
Eilenberg—Mac Lane S—algebra. A result of Schwede and Shipley [15, Theorem 5.1.6],
shows the model category of HR-modules is Quillen equivalent to the projective
model category of unbounded chain complexes over R. In this way one can pass
between HR-modules and differential graded R—modules without fear and we will
usually not distinguish between the two. To keep the terminology consistent, when R
is a ring the term R—module will mean a differential graded R—module and we will
refer to the R—modules in the classical sense as discrete R—modules (this is the same
terminology as in [7]).

We follow [7] in both terminology and notation. Thus, as in [7], we use the notation
— ®pg — for the smash product of R—modules. Similarly we use Homg(—, —) to
denote the function spectrum of R-modules. All functors in this paper are taken in
the derived sense, in particular — ® g — and Hom g (—, —). This means that we always
assume to have replaced our modules by appropriate resolutions before applying the
functor in question.

Given R-modules k and M, we denote the k—cellular approximation of an R—
module M by Cell,fM , or by Cellz M whenever R is clear from the context.

The homotopy groups of an R—module M are the stable homotopy groups of its
underlying spectrum, and are denoted as usual by 7;(M ). The derived (or homotopy)
category of R—modules is denoted by Dg. Since this is a triangulated category, we
sometimes use the term triangle to indicate a homotopy cofibration sequence. If
f: M — N is a map of R—modules, then Cone( /) denotes the mapping cone of f.
We say two R—-modules are equivalent if they are isomorphic in Dg, and use the
symbol ~ to denote this. Similarly two maps between R-modules are said to be
equivalent if they become equal when passing to the derived category Dg. An R—
module M is called connective if w;(M) =0 for all i <0. We say that M is bounded
above (respectively bounded below) if there exists some index # such that 7; (M) =0
for all i > n (respectively i < n).

If k£ is a commutative S—algebra and X is a based space, then the chains of X with
coefficients in k is the spectrum:

Cx(X3k) =k s T®X

When k is understood from the context we will simply use the notation Cx(X). If
X has no base point we add a disjoint base point to X before taking the chains, ie
Ci(X: k) =k ®s X°° X, . Similarly, the cochains of based space X with coefficients

Algebraic & Geometric Topology, Volume 9 (2009)



1314 Shoham Shamir

in k is the function spectrum:
C*(X:;k) =Homg(Z*° X, k)

All our spaces are assumed to have the homotopy type of CW—spaces. We use pt
to denote the space with a single point. For a based space X, the space QX is a
topological group weakly equivalent to the loop-space of X .

In many cases the ring R we work over will be a group-ring. If G is a topological
group and k is a commutative S-algebra, the group-ring kG is C«(G; k), which is
an S-—algebra. If k is a commutative ring and G a discrete group, then Hk[G] is
equivalent to the Eilenberg—Mac Lane spectrum of the usual group-ring kG. When
R is a group-ring kG, the notation Cell® (—) will stand for CelliG(—), so long as
the ground S-—algebra k is understood. Note that a map f: X — Y of G—spaces
which yields an isomorphism on all homotopy groups will induce a weak equivalence
Ci(f:k): Ck(X: k) > Ci(Y; k) of kG—modules.

The classifying space of a topological group G is denoted in the usual manner by BG
and WG is a contractible free G —space, such as the space described by Rothenberg
and Steenrod [14].

Acknowledgements I am grateful to Professor Emmanuel Dror Farjoun for his guid-
ance, support and for many useful suggestions. Most notably, it was he who led
me to consider the Eilenberg—Moore spectral sequence in the context of cellular
approximations. Part of this work was done while visiting the Centre De Recerca
Mitematica in Barcelona under a Marie Curie scholarship. I would like to thank
Professor Carles Casacuberta who enabled this visit.

2 Cellular approximations

Throughout this section we fix an S—algebra R and an R—-module k. In this section
we give the necessary background on cellular approximations and some of their basic
properties. After defining k—cellularity and k& cellular-approximations, we recall f
rom [7, Definition 4.6] the definition of proxy-smallness. By imposing the condition of
proxy-smallness on k one gets better handle on k —cellular approximations, as shown
by Dwyer, Greenlees and Iyengar [7, Theorem 4.10]. We end this section with several
examples in which k —cellularity has a simple description.

We recall the following definitions from [7].

Definition 2.1 A map U — V of R-modules is called a k —equivalence if the induced
map of S—-modules Homg (k, U) — Hompg(k, V) is an equivalence. An R—module N
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is called k—null if Homg(k, N) ~ 0. An R—module M is called k—cellular if, for
every k—null module N, Homg(M, N) >~ 0. Equivalently, M is k—cellular if for
every k—equivalence f: U — V the induced map Homg(M,U) — Homg(M, V) is
an equivalence.

If C — X is a k—equivalence and C is k—cellular then C is called a k—cellular
approximation of X (or a k—cellularization of X). The module C is denoted by
Cell,lce (X) or simply Cellg (X) if R is clear from the context.

Remark 2.2 Note that the property of being a k —cellular approximation can be defined
solely in the derived category Dg. Also, from Definition 2.1 it is easy to see that a
k —cellular approximation of any given module is unique up to a unique isomorphism
in the derived category Dp.

An important example of cellular approximation was given by Dwyer and Greenlees
in [6]. Suppose R is a Noetherian commutative ring, let / be an ideal of R and take
k to be the ring R/I. Dwyer and Greenlees showed that for any R—-module X the
homology groups of Cell; X are isomorphic to the local cohomology of X at 7, ie:

7wy (Cellg X) = Hj (X) = n_n(colim,, Hom(R/I™, X))

Here is a simpler example. Suppose R is a ring (not necessarily commutative) and [ is
an ideal of R. Recall that a discrete R—module M is said to be I —nilpotent if there is
a filtration 0 = My C M| C--- C M, = M such that M;/M;, is an R/I-module.
It is a simple matter to show that every I —nilpotent module is R /I —cellular.

There is a well known equivalent definition of k—cellularity, which we will use ex-
tensively. To state this definition we must first recall what are thick and localizing
subcategories.

Definition 2.3 Let C be a full subcategory of the category of R-modules. The
subcategory C is called thick if it is closed under equivalences, triangles and retracts
(direct summands). Closure under triangles means that given a triangle X — Y — Z
where two of the modules belong to C, then so does the third. In particular a thick
subcategory is closed under suspensions and finite coproducts. A thick subcategory is
called localizing if in addition it is closed under arbitrary coproducts.

Let A be an R—module. The smallest thick subcategory containing A is called the
thick subcategory generated by A. The localizing subcategory generated by A is
similarly defined. Following [7], we say an R—module B is finitely built by A if B
belongs to the thick subcategory generated by 4. An R-module which is finitely built
by R is also called a small R—module. Finally, as in [7], we say B is built by A if B
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belongs to the localizing subcategory generated by A. Clearly, if B is finitely built
from A then B is also built from A.

We can now state the equivalent definition for & —cellular modules: an R—module is
k—cellular if and only if it is built from k. One part of this equivalence is easy to
see, namely that any R—module built from k is k—cellular. Using the techniques of
[3] or [12, 5.1.5], one can show that for any R—module X there exists a k—cellular
approximation. This fact proves the other direction.

Remark 2.4 Let S = {A4;};cs be a set of R—modules. Say an R—module M is built
by S (equivalently S —cellular) if M belongs to the localizing subcategory generated
by §'. Clearly, this subcategory is equivalent to the localizing subcategory generated
by the R—module 4 = @;.; A;. Therefore being A—cellular is the same as being
S —cellular.

As noted above, given R—modules £ and X one can always construct a k—cellular
approximation for X. In general these constructions involve transfinite induction
and a small object argument. To get a more manageable construction of k—cellular
approximation, it is necessary to impose conditions on k. One such condition, given
in [7, Definition 4.6] is that & be proxy-small. We recall the definition of proxy-
smallness in Definition 2.5 below. Dwyer, Greenlees and Iyengar proved in [7, Theorem
4.10] that when k is a proxy-small R-module the k—cellular approximation of any
R-module X is given by the natural map:

HomR(k, X) ®EndR(k) k— X

Definition 2.5 Call an R-module k proxy-small if there exists an R—module K such
that K is finitely built from R, K is also finitely built from k and K builds k. The
module K is called a Koszul complex associated to k. (This is the term used in [7];
note that in [8] the module K is called a witness that k is proxy-small.)

Remark 2.6 Suppose k is proxy-small with an associated Koszul complex K. Be-
cause K and k build each other, an R—module M is built from k if and only if M is
built from K. Moreover, a map of R—modules is a K—equivalence if and only if it is
a k—equivalence. Therefore a K —cellular approximation is the same as a k—cellular
approximation.

In [7, Example 5.9], Dwyer, Greenlees and Iyengar show that for any finite group G and
any commutative ring k, the trivial kG module k is proxy-small. In Proposition 4.7
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below we will see that if G is a finite nilpotent group and k is a commutative S—algebra
such that o (k) is an [F,—algebra, then k is a proxy-small k£G-module.

We end this section by showing two cases where k—cellularity is relatively simple.
In both cases k is an S—algebra which is given an R—module structure via a map of
S—algebras R — k.

In the first case R is a connective S—algebra, ie 77, (R) =0 for all n < 0. Recall that for
an abelian group A, the appropriate Eilenberg—Mac Lane S—module is denoted HA.
By [10, Proposition I'V.3.1], there exists map of S—algebras R — H g(R) which yields
the obvious isomorphism on the wg—level. In particular, Ho(R) is an R—module. We
show that when R is connective, every bounded above R-module is H o(R)—cellular.
This result is dual to a result of Bousfield from [1, Lemma 3.3f] over S.

Proposition 2.7 Let R be a connective S—algebra, then every bounded above R-
module is Hmy(R)—cellular.

Proof Let us denote the S—algebra Hmy(R) by k. Note that for any R-module M,
the modules H 7r; (M) are k—modules and hence also R—modules. Let X be a bounded
above R-module. Connectivity of R implies the existence of Postnikov sections in
the category of R—modules (see [7, Lemma 3.2]). This allows us to use an argument
of Dwyer and Greenlees from [6, Proposition 5.2], showing that X is built from the
R-modules { Hr,(X)}pez . We detail this argument below.

Following [6], we denote by M (—oo, j) the j—th Postnikov section of an R—module M .
Thus, there is a natural map of R—modules p;j: M — M (—oo, j) such that m(pj) is
an isomorphism for & < j and 7, (M (—o0, j)) is zero for m > j. Define M (i, o)
to be the homotopy fiber of the map M — M (—oco,i — 1), yielding a triangle:

M i, 00) &5 M P25 M{—o00,i—1)
Define M (i, j) (where i < j)to be
(M (i, 00)) (=00, j)

(this notation agrees with the notation of the proof of [6, Proposition 5.2] for R—chain
complexes, up to equivalence). Particularly useful is the triangle:

M, jy=>M{i—-1,j)—>M({i—1,i—1)
Also note that M (i,i) ~ Hm;(M).

Here is the argument from [6, Proposition 5.2]. Since X is bounded above, there is an
index j such that 7, (X) =0 for all n > j. First, it will be proved that for any i < j,
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the R—module X (i, j) is built from {H 7, (X)}i<n<j. This statement is clearly true
for i = j. Itis true for i < j by induction on i, using the triangle:

X, j)— X(i—1,j)— X{i—1,i—1)

Second, there is an obvious equivalence X (i, j)= X (i, 00) and one can form a tele-
scope

X{(j. )= X(-Lj)=> = X))
with obvious maps from this telescope to X . It is easy to see that the map

hocolim(; , _o0) X (i, j) = X

is an equivalence. Since X (7, j) is built by { Hm,(X)}i<n<j, we conclude X is built
by {Hmn(X)}n<j-

To finish the proof, note that for any n, Hn,(X) is a k—module and therefore it is
clearly built by k in the category of k—modules. Hence Hm,(X) is also built by k in
the category of R—modules. O

Example 2.8 Let k be a commutative ring (in the classical sense), let G be a topolog-
ical group and let X be a G —space. Denote by G the discrete group 7o(G). It is easy
to see that my(kG) =~ kG( and that the map of S—algebras kG — kG is induced
by the map of topological groups G — m9(G). The group-ring kG is connective, the
k G -module C*(X:; k) is coconnective, therefore, by Proposition 2.7 above, C*(X; k)
is kGo—cellular. In fact, C*(X; k) is built from the cohomology groups H" (X k)
which are k Gg—cellular as kG -modules (because H"(X: k) is a k Gy—module).

Example 2.9 Let B be a finite connected nilpotent space with a fundamental group
G = m;1(B). A result of Hilton, Mislin and Roitberg [11, 11.2.18] shows G operates
nilpotently on the modules Hy (E), where B is the universal cover of B. Since B
is a finite space we see C*(g ;Z) is a bounded above ZG-module (ie a bounded
above Z G —chain complex). From the proof of Proposition 2.7 we see that C*(g A
is built by it’s homology groups. Every H,,(E) is a nilpotent Z G —module and hence
Z—cellular. Therefore C*(E ; 7)) is a Z—cellular Z G —chain complex.

This generalizes easily for any commutative ring & , by the following observation. It is a
simple matter to show that applying the functor k ® 7z — turns Z—cellular Z G —-modules
into k—cellular k£ G-modules. Since C*(B k) is equivalent to k ®z Cx (B Z),itis a
k—cellular kG —chain complex.

Moreover, this result can be generalized for any S—algebra & that is a commutative, con-
nective and bounded above, by the following argument. Using the Atiyah—Hirzebruch
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spectral sequence (see eg [10, IV.3.7]) we see that 7, (Cx (E ; k)) are nilpotent g (kG)—
modules. Since k is bounded above, C*(E;k) is also bounded above. Therefore
C*(E ; k) is built from the nilpotent m¢(kG)-modules H 7w, (C*(E :k)). Since the
modules 7, (C*(E;k)) are nilpotent, they are built by mg(k) in the category of
7o (kG)-modules. This implies H (C*(E ;k)) is built by Hrmg(k) in the category
of kG -modules. Since Hmy(k) is a k—module, it is built by k (also over kG).
Therefore Cx (B k) is a k—cellular k G—module.

Example 2.10 Here is a simple example of a connective S—algebra R and an un-
bounded R-module M which is not Hmy(R)—cellular. Let k = Hmy(R) and suppose
R is such that 4 (R) is isomorphic to the graded ring k«[x], with x in dimension
greater than 0. Let X be the homotopy colimit of the telescope

RISy IR y2xg 5 ..

where x: R —> X *¥IR is a map representing multiplication by x. Clearly, X is
not bounded above. It is easy to show that X is k-null and in particular X is not
k—cellular.

We now turn to the second case where k—cellularity is particularly simple. Here we
suppose k is a retract of R in the derived category Dg and we obtain the following
simple result, which will be put to good use in Section 4.

Lemma 2.11 Suppose k is an R—-module via an S—-algebra map a: R — k and
suppose there exists in Dg a map b: k — R such that ab = idy (in Dg ). Then, for
any R-module X , the k —cellular approximation of X is given by the natural map:

Hompg(k, X) L x

Remark 2.12 Recall that Homg(k, X)) is taken in the derived sense, ie we take a
cofibrant replacement of k before applying the functor Homg(—, X). But now we
must explain why this construction results in an R—module. The point is that we can
replace k by an R-bimodule which is cofibrant as a left R—module. So the remaining
right action on this bimodule gives the desired left R—module structure on the function
complex Hompg(k, X).

Proof We start by showing the map ¢ ® 1: k — k ® g k is an equivalence. Clearly
(a®1)(b®1)=1id; in Dg ie b ® 1 is a right inverse (in Dg) for ¢ ® 1. We need
only show that @ ® 1 has a left inverse in Dg, since this would imply b ® 1 is both a
left and right inverse for ¢ ® 1.
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The map a induces a functor a*: D — Dy which is right adjoint to the functor
ax =k ®g—.If Aisan R-module and B is a k—module then the adjoint of a map
f: k®pg A—> B is the composition (¢* f)o(a®g1): A—>a*B. Let u: kQrk -k
be the map of k-modules that is adjoint to the identity map id; via the adjunction
above. Set m = a™* u, then the composition

K2k @pk Dk

is the map adjoint to w, hence it is the identity. This proves m is a left inverse for
a®l in Dg.

Given an R-module X consider the map a: Homg(k, X) — X . Since Hompg (k, X)
is a k—module, it is k—cellular. All that is left is to show a} is a k—equivalence.
Applying the functor Homg(k, —) to the map a} gives

Hompg(k,ay): Homg(k, Hompg(k, X)) — Homg(k, X)
which is equivalent to the map:

®1)*
Homg(k Qp k, X) u Hompg(k, X)

Since a ® 1 is an equivalence, so is (¢ ® 1)* = Hompg(k,a ® 1). O

3 Change of rings

Suppose we are given a map of S—algebras R — S and an S—module k. Given
another S—module X there are two possible k —cellular approximations of X we can
consider: the k—cellular approximation over S, which is Cell,f (X) and the k—cellular
approximation over R, which is Cell,lce (X). We open this section by examining the
relation between these two cellular approximations in the next lemma.

Lemma 3.1 Let R — S be a map of S—algebras.

(1) (Strong independence of base) Let k be an S —module. If S Q@ gk is k —cellular
as an S —-module, then for any S —module X the map Cell;jX — X isak-
cellular approximation of X as an R—module. In particular Cell,fX ~ Cell,f X
as R-modules.

(2) (Weak independence of base) Let k be an R—-module. If S @ g k is k —cellular
as an R—module, then for any S-module X the map Cell§®R X —> X is
a k —cellular approximation of X as an R—module. In particular Cellllce X ~
Cell§®R X as R—modules.

Algebraic & Geometric Topology, Volume 9 (2009)



Cellular approximations and the Eilenberg—Moore spectral sequence 1321

Remark 3.2 We have mentioned before the relation between cellular approximation
and local cohomology of commutative Noetherian rings, which was proved in [6]. The
independence of base property for local cohomology of commutative Noetherian rings
is the following: Let R — S be a map of commutative Noetherian rings and let / be
an ideal of R. Then for every S-module M , the I-local cohomology groups of M,
as an R—module, are isomorphic to the /.S -local cohomology of groups M as an
S —-module, where IS is the ideal of S generated by /.

Using Dwyer and Greenlees’ result [6, Proposition 6.10] one can restate this property
in cellular approximation terms. Indeed, it is easy to show that this independence
of base property is nothing other than an equivalence of the cellular approximations:
Cell} ;M ~Cellg,; ¢ M as R-modules.

We have dubbed the two parts of Lemma 3.1 as strong and weak independence of base,
because they describe properties are analogous to the independence of base property
for local cohomology. In fact, independence of base for local cohomology can be
proved using the weak independence of base for cellular approximation and Dwyer
and Greenlees’ result.

Proof of Lemma 3.1 We begin by making the following observation. Suppose, as
above, that R — S is a map of S—algebras and k£ is an S-module. Then every
S —module that is k—cellular over § is also k—cellular over R. This follows easily
from the fact that the localizing subcategory of .S —modules generated by & is contained
in the localizing subcategory of R—modules generated by k.

We turn to prove the strong independence of base property. Suppose S ® g k is k—
cellular as an S —module. Since Cell,‘f X is k—cellular as an S —module, it is also
k —cellular as an R—module. We need only show that the map ux: Cell,f X —>Xisa
k —equivalence of R—modules. Using adjunctions between the ® and Hom functors
(see [10, Proposition I11.6.3]) we get:

Hompg (k, jtx) >~ Homg (k, Homg (S, px)) ~ Homg (S ®g k., j1x)

The map py is a k—equivalence of S—modules. The S-module S ® g k is k—cellular
and therefore py is also an S ® g k—equivalence. This proves Hompg(k, ix) is an
equivalence.

We now prove the weak independence of base property. Let kX be an R—-module and
suppose S ® g k is k—cellular as an R—module. As above, Cell" S®r kX is built by
S ®p k also over R. Since S ®p k is built by k over R, we see CellS® X s
also built by k& over R. We are left with showing the map vy: Cell? S®x X > Xisa
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k—equivalence of R—modules. Using the same adjunctions as before, we get:
Hompg(k,vy) ~ Homg (S ®r k,vyx)

Since Homg (S ®p k, vy) is an equivalence, we see that vy is a k—equivalence of
R-modules. m|

The main application of Lemma 3.1 above is to group-rings. We start with discrete
groups. Fix a commutative S—algebra k£ and a short exact sequence of discrete groups:
N — G — Q. The augmentation map of S—algebras kG — k makes k into a
k G —module. We denote k—cellular approximation over the group-ring kG by Cell®
whenever k is clear from the context. In similar fashion, we will refer to kG —modules
as G-modules whenever k is clear from the context. We say Cell® is trivial if for
every kG-—module X the map Cell®X — X isan equivalence.

The maps of groups induce maps kN — kG — kQ — k of S—algebras. For any
G -module X there are two possible k —cellular approximations: Cell® X and CellV X,
each over a different ring. Similarly, fora Q—module Y we can consider two k —cellular
approximations: Cell2Y and Cell®Y . The relations between the various possible
k —cellular approximations are given in the next proposition.

Proposition 3.3 Let N - G — Q be a short exact sequence of discrete groups and
let k be a commutative S —algebra.

(1) Forevery G—module X the map CelngX — X is a k—cellular approximation
of X asan N —module. In particular there is an weak equivalence of N —modules:
CellN X ~ Cellf, X .

(2) If Cell@ is trivial then for every G-module X the map Cell°X — X is a
k —cellular approximation of X as an N —module. In particular there is an
equivalence of N —modules: Cell®X ~ CellV X .

(3) If both Cell2 and CellN are trivial, then Cell® is also trivial.

(4) IfC«(BN;k) is a k—cellular Q —module, then for any Q —module Y the map
CellY — Y is a k—cellular approximation of Y as a G —module. In particular
there is an equivalence of G —modules: CellY ~ Cell®Y.

Before proving this proposition we need the following lemma.
Lemma 3.4 The module kG Q. k is k—cellular as an N —module.

Proof Clearly G is isomorphic to [ [,co N as an N-set. Hence KG >~ P e kN
as a kN —-module. The result follows. |
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Proof of Proposition 3.3 The previous lemma implies that for the map kN — kG
and the G—module k the weak independence of base property holds (Lemma 3.1).
This proves the first item on our list.

To prove the second item we suppose Cell€ is trivial. This implies kQ is k—cellular
as a Q—-module. Since k is clearly Q—cellular as a Q-module, we see k and kQ
build each other over kQ. But then k and kQ build each other also over kG. We see
that for every G—module X the map Cell,?QX — X is a k—cellular approximation
of X as a G—module. To finish the proof of the second part of the proposition we
apply the first part, which was proved above.

Now suppose both Cell€ and CellV are trivial and let X be a G—module. Because
Cell€ is trivial, the natural map Cell’ X — X of G—modules is a k—cellular approxi-
mation of X as an N —module. Since Cell”Y is trivial, this map is an equivalence of
N —modules, hence it is also an equivalence of G—modules. This proves the third item
on our list.

For the last item note that C« (BN ; k) >~ kQ ® g k. Thus the result follows from strong
independence of base (Lemma 3.1). a

Example 3.5 Let N — G — Q be a short exact sequence of finite groups with N
being a central subgroup of G and Q an abelian group. Let k be a commutative
ring. It is easy to show that the action of Q on Hy«(BN;k) is trivial, ie every element
of Q acts as the identity. Since @ is abelian, the results of Dwyer and Greenlees [6,
Propositions 5.3 and 6.9] show that C«(BN; k) is a k—cellular kQ-module. So, by
Proposition 3.3 for every kQ-module M , the map Cell M — M is a k—cellular
approximation of M as a kG -module.

Example 3.6 Here is an example where there is no independence of base property.
Let X3 be the symmetric group on three elements. There is a short exact sequence of
groups
C3 > 23>0

where C,, is the cyclic group of n elements. Let R be the group ring Z X3, let S
be the group-ring ZC, and let k be the S—module Z with trivial Cy—action. As
noted in the previous example, S ® g k is equivalent to the chains of the classifying
space of C3, namely C«(BCj3;7Z). Recall H;(BC3;7Z)~=7/3 (the group H{(BC3;7Z)
is m1(C«(BCj5;7Z)) in our usual notation). It is easy to see that the C, action on
H,(BC3; Z) is simply exchanging the two generators of Z/3.

Let I be the augmentation ideal of S, ie the kernel of the map ZC, — Z. Had S® gk
been k—cellular as an S-module, then H;(BCj5;Z) would have been a nilpotent S —
module by [6, Proposition 6.11]. But it is easy to see that H;(BC3; Z) is not a nilpotent
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S —module. Moreover, this argument also shows that S ® g k is not k—cellular even as
an R—module.

We turn to discuss the applications of Lemma 3.1 to topological groups. We start with
the following example.

Example 3.7 Let B be a finite connected nilpotent space and & a commutative ring.
The map Q2B — 71 (B) of topological groups induces a map k[Q2B] — k[m1(B)], we
show this map has the strong independence of base property.

Let B be the universal cover of B. The following is a homotopy fibration sequence:
B — B — K(w1(B),1)

The map of S—algebras we have in mind is the induced map of group rings: k[2B] —
k[m1(B)]. As noted in Example 2.9, C*(E; k) is a k—cellular k[m(B)]-module. Note
that k[1(B)] ®k[ep) k is equivalent to C*(E ; k). This implies strong independence
of base (Lemma 3.1), ie for any k[7;(B)]-module X the map CelmB Y 5 X isa
k—cellular approximation of X as a k[Q2 B]-module (strong independence of base).
The importance of this property will become clear in Section 5.

The general property alluded to in Example 3.7 is given in the next proposition. Note
that if ¥ — E — B is a homotopy fibration sequence of spaces with B a connected
space, then F is equivalent to a €2 B—space (we recall this standard construction at the
beginning of Section 5). Hence we assume that C«(F; k) is a k[Q2 B]-space.

Proposition 3.8 Let F — E — B be a homotopy fibration sequence of spaces with
B and E connected and let k be a commutative S —algebra. Suppose Cy«(F; k) isa k—
cellular k[Q2 B]-module. Then for every k[Q2 B]-module X the map Cell?Bly _, x
is a k —cellular approximation of X as a k[Q2 E]-module.

Proof From Lemma 3.1 we see it is enough to show that k[QB] @k k is a
k—cellular k[Q2 B]-module. Hence it would suffice to show that k[Q2B] ®x[qE] k is
equivalent to C«(F; k) as k[Q2 B]-modules.

Consider the homotopy fibration sequence 2B — F — E. The Borel construction
gives an equivalence Q2B xqp WQE ~ F. Moreover, the map giving this equivalence
is map of Q B—spaces. Thus we have an equivalence of k[€2 B]-modules:

Cx(RBxqrWQE k) ~Cy(F: k)
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To finish the proof we use the results of Elmendorf, Kriz, Mandell and May [10,
Proposition IV.7.5 and Theorem 1V.7.8], which show that:

Cu(RB xqg WQE k) ~ Cyx(QB: k) ®kar) Cx«(WQE: k)
Since Cx(WQE:; k) ~ k, we are done. ad

Example 3.9 Let G be a discrete finite group. Take an embedding of G into the
group SU(n), there is always such an embedding for a large enough 7. This embedding
makes SU(n) into a G —space. Fix a commutative ring k. We show that the principal
fibration sequence

SU(n) — SU(n)/G — BG

and the commutative ring k satisfy the conditions of Proposition 3.8. All we need is to
show C4(BQ2 SU(n); k) is a k—cellular G-module. It is easy to see that the G —action
on BQ SU(n) >~ SU(n) comes from the embedding of groups G — SU(#n). In [7,
Example 5.9], Dwyer Greenlees and Iyengar show that this map makes C«(SU(n); k)
into a k—cellular k G-module.

We end this section with an example of a topological group G where the map kG —
k[mo(G)] does not have strong independence of base property.

Example 3.10 Fix some natural number n and consider the following fibration of
pointed spaces:
S" - RP" —» BC2

As in Example 3.7 we set R = Z[QRP"] (recall this is C«(QRP";Z)) and S =
Z[Q2BC,]. The weak equivalence of topological groups QBC, ~ C, induces an
equivalence between the derived category of S—modules and the derived category
of Z[C,]-modules (see [10, Theorem I11.4.2]). So we will work in the category of
Z[C,]-modules instead of the category of S—modules.

The action of C, on the n—sphere S” is by the antipodal map. If # is odd this map
is homotopy equivalent to the identity. This implies that we are in the same situation
as in Example 3.7. However, if 7 is even, then the antipodal map induces a nontrivial
action on the reduced homology groups of the n—sphere S”. Thus 7, (C«(S"; Z))
is a nontrivial C,—module, the C,—action being multiplication by —1. We will show
this Cy—module, which we denote by 7., is not Z—cellular as a Z[C5]-module (we
consider Z to be a Z[C,]-module with the trivial action of C5).

The ring Z[C5] is commutative and its augmentation ideal is finitely generated, so
by [6, Proposition 6.11] a finitely generated Z[C,]—chain complex is Z—cellular if and
only if all of its homology groups are nilpotent discrete Z[C,]-modules. It is easy to
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see that Z is not a nilpotent module and therefore C,(S";Z) described above is not
Z—cellular as a Z[C,]-module.

4 Cellular approximation in nilpotent groups

Fix a prime number p and let & be a commutative S—algebra such that 7y (k) is an
[Fp—algebra. In this section we consider k—cellular approximation over a group-ring
kG, where G is a finite group. When G is a p—group we show that every k P-module
is k—cellular, this is done in Corollary 4.3. For a finite nilpotent group G we give a
nice formula for k—cellular approximation over kG in Proposition 4.4. We further
show, in Proposition 4.7, that k is proxy-small as a k G—-module.

4.1 Finite p-groups

Recall (k) is an [, —algebra. This implies the multiplication by p map -p: k — k is
equal to the zero map in Dy . Using this fact we will show that if P is a finite p group,
then k finitely builds k£ P. In particular we get that k is a proxy-small k P-module
and hence every k P—module is k—cellular. These results are obvious when k is a
commutative [F,—algebra and the generalization to the case where k is an S—algebra
is simple.

Proposition 4.1 Let P be a finite p—group and k a commutative S —algebra such that

mo (k) is an IF, —algebra. Then k finitely builds kP in the category of k P—modules
and therefore k is a proxy-small k P—module.

We start by proving the following lemma.

Lemma 4.2 Let C be a finite cyclic group with a generator g and let k be any
commutative S —algebra. There is a triangle

k- K—k

1_
where K is the homotopy cofiber of the map kC £ kC.

Note that the construction of such a triangle is obvious when k is a commutative ring.
Indeed there is a short exact sequence:

O—>k—>kCE>kC—>k—>0
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Proof of Lemma 4.2 Let us begin with the case where k is the sphere spectrum S.
By [10, Proposition IV.3.1] there is a map of S—algebras SC — Hmo(SC). Note
that Hg(SC) = HZC . Clearly HZC ®sc K is equivalent to the cone of the map
1—g: ZC — ZC and hence:

Z i=0,1,

mi(HZC ®sc K) = { 0 otherwise

The augmentation map SC — S induces a map f: K — S. There is also a map
S — SC of SC-modules, which is defined by 1+ >, .~ x. One can easily check
this is indeed a map of SC -modules and it induces a map g: ¥S — K. Let F be the
homotopy fiber of the map f, then clearly:

Zi=1,

mi(HZC Qsc F) = { 0 otherwise

1_
Since the composition S — SC “5.SC is zero , one sees that the map g induces a
map g’: IS — F. It is easy to check that the induced map

HZ.C ®sc XS — HZC ®sc F

is an equivalence. Consider the mapping cone Cone(g’). This SC —module is bounded
below, simply because of it’s construction. In addition, HZC ®gc Cone(g’) ~ 0.
Hence, by [10, IV.3.6], Cone(g’) ~ 0 and the map g’ is an equivalence, yielding the
desired triangle:

¥XS—- K-S

Now suppose k is any commutative S—algebra. Note that: k¥ ~ k ®g S and kC ~
k ®s SC. Hence applying the functor kK ®g — to the triangle S — K — S gives the
triangle: Xk — K — k. |

Proof of Proposition 4.1 We start with the case where P is the cyclic group of p
elements. Let g be a generator of P and let K be the homotopy cofiber of the map
1 —g: kP — kP. By the previous lemma, k finitely builds K. Denote by K the
homotopy cofiber of the map (1—g)": kP — k P. Consider the following commutative
diagram whose rows and columns are triangles:

Ky Kyt1 K
kP kP 0
J{(l—g)” J{(l—g)’”rl l
1-g
kP kP YK
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From the top row we see, by induction on 7, that K, is finitely built from K. In
particular K, is finitely built by K. Since the map (1 — g)? is equivalent to the zero
map, the module K, is equivalent to kP ® Y~k P. Therefore K p finitely builds kP
and hence k finitely builds kP . This completes the case where P is the cyclic group
with p-elements.

Now suppose P is any finite p—group. We prove the proposition by induction on the
order of P. Since P is a finite p—group, there is a short exact sequence of groups

N <= P —Cp

where C,, is the cyclic group with p—elements. By the induction assumption, k finitely
builds kN in the category of kN —modules. By applying the functor kP Qjp — to
the recipe of constructing kN from k, we see that kP ®x k =~ kC, finitely builds
kP ®p;n kN ~ kP in the category of k P—modules.

We saw that k finitely builds kC, in the category of kCp—modules. Hence k also
finitely builds k£C,, in the category of k P—modules. We conclude & finitely builds kP
in the category of k& P-modules.

Finally, kP is a Koszul-complex for k, since kP is a small kK P—-module, k finitely
builds kP, and clearly kP builds k. O

Here is the obvious corollary of Proposition 4.1.

Corollary 4.3 Let P be a finite p—group and k a commutative S —algebra such that
mo (k) is an IF, —algebra. Then every k P-module is k —cellular.

4.2 Finite nilpotent groups

Let N be a finite nilpotent group. As before, p is a fixed prime number and k is
a commutative S—algebra such that 7y (k) is an F,—algebra. Let P be a p—Sylow
subgroup of N and let H = N/P. Since N is nilpotent, it is isomorphic to the group
PxH.

Proposition 4.4 Let N, P, H and k be as above. Then for any N —-module X,
the map Homy y(kP, X) — X (induced by the map kN — kP ) is the k —cellular
approximation of X as an N —module.

Proof There is a short exact sequence of groups: 1 > H — N — P — 1. As we saw

in Proposition 4.1, k builds kP. Hence k—cellular approximations are the same as
k P —cellular approximations.

Algebraic & Geometric Topology, Volume 9 (2009)



Cellular approximations and the Eilenberg—Moore spectral sequence 1329

Since P is a p—Sylow subgroup, the order of H is prime to p. This implies the map
-|H|: k — k (multiplication by the order of H) is an equivalence. Let b: k — kH
be the map defined (up to homotopy) by sending 1 to Xpcgh. The composition
k — kH — k is the multiplication by |H| map, hence an equivalence. Thus the
augmentation map kH — k has a right inverse, showing k is a retract of KH (in
the derived category Dy g ). Applying the functor kN ®; g — to these maps yields
two maps: kP — KN — kP whose composition is the identity (in D). Note
that the right map is the one induced by the map N — P of groups. Now we use
Lemma 2.11, showing: Homy n (kP, X)) — X is a k—cellular approximation of X as
a kH-module. O

Remark 4.5 Note that the map Homyn(kP, X) — X is equivalent to the map
Homy g (k, X) — X by well known adjunctions. Suppose that k = [F,, then k is a
projective H —module (because it is a retract of kH ). This implies the derived functor
Homy, g (k, —) is equivalent to the nonderived version. So, for a k N —chain complex X,
CellV X is the fixed points of the H—action on X, commonly denoted X ¥ .

In fact, the proof of Proposition 4.4 implies a slightly more general result:

Proposition 4.6 Let H — G — P be a short exact sequence of finite groups, with
P being a p—group. Suppose that the order of H is prime to p and that o (k) is an
IF, —algebra, then for any kG —module X the natural map Homyg(kP,X) — X isa
k —cellular approximation of X as a k G —-module.

We also show that k is proxy-small as a kK N —module. This will later enable us to use
Dwyer, Greenlees and Iyengar’s formula for cellular approximation [7, Theorem 4.10].

Proposition 4.7 Let N be a finite nilpotent group and k a commutative S—algebra
such that (k) is an IF, —algebra. Then k is a proxy-small k N —module.

Proof As before let P be the p—Sylow subgroup of N and let H = N/P so
N = P x H. We will show that kP is a Koszul complex for k over kN . From
the proof of Proposition 4.4 above we see that k is a retract of kH (in Dy ). This
implies kN ®p g k >~ kP is aretract of kN Qg kH >~ kN . Hence kP is small as
an N —module.

From Proposition 4.1 we see & finitely builds kP over kP and therefore k also finitely
builds kP over kN . Clearly kP builds k over kN, since k is a k P—module. Hence
kP is a Koszul-complex for k over kN . O
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5 Relation with the target of the Eilenberg—Moore spectral
sequence

Fix a fibration sequence F' — E — B, where E and B are always assumed to be
connected spaces. Let W2 B be a contractible space with a free 2 B—action (such as
the one described by Rothenberg and Steenrod in [14]). The pullback of the diagram

O--->E
T
WQB —> B

is a (right) 2 B—space equivalent to F'. So, without loss of generality, we will assume
F is a QB-space. Let k be a commutative S—algebra. In this section the chains of
spaces are always taken with coefficients in &, therefore we omit k& from the notation
Cx«(—:;k). We use R to denote the group-ring k[Q2B], ie C«(2B;k). So C«(F) and
C*(F) are both R—modules.

The results of Dwyer, Greenlees and Iyengar imply that, under some conditions on the
space B, the natural map C*(E) ®c+(p) k — C*(F) is a k—cellular approximation
of C*(F) over R (see [7, Theorem 4.10]). These conditions on B are specified in
Lemma 5.6 below. Applying the machinery we have set up in the previous section to
the k —cellular approximation of C*(F) over R, we obtain the following theorems.

Theorem 5.1 Fix a prime p. Let N be a finite nilpotent group and let P C N be
the p—Sylow subgroup of N, so N =~ P x H with the order of H being prime to p.
Let F — E — BN be a homotopy fibration sequence over the classifying space of N,
with E being a connected space. If k is any commutative S —algebra such that o (k)
is an IF, —algebra, then

C*(E: k) ®c*(B:k) k ~ C* (Fpcm))

where Fy(py is the homotopy orbit space of F with respect to the H —action on F. In
particular, if N = P then:

C*(E; k) &c*(B;k) k ~ C*(F; k)

Theorem 5.2 Fix a prime p. Let B be a finite connected nilpotent space with a finite
fundamental group N = wy(B). Let P £ N be the p—Sylow subgroup of N, so
N = Px H. Let F - E — B be a homotopy fibration sequence over B, where E is
a connected space. Then

c* (B F,)

tor (C*(E;Fp),F,) = H"(F;Fy)H

where H" (F, IF,,)H are the fixed points of the H —action on H" (F;I,).
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Remark 5.3 The tensor product C*(E) ®c+(p) k needs, perhaps, some clarification.
The maps £ — B and pt — B induce maps of k—algebras C*(B) — C*(E) and
C*(B) — k. These maps make C*(E) and k into C*(B)-bimodules. Considering
C*(E) as aright C*(B)-module and k as a left C*(B)-module, we form the tensor
product: C*(E) ®c+(p) k-

Remark 5.4 The Eilenberg—Moore spectral sequence is of the form:
E; g =015 P (CH(E)). w4 (k) = 7p1q(CH(E) ®cr(5) k)

The version of the Eilenberg—Moore spectral sequence we consider is the one given in
[10, Theorem 1V.4.1]. Its convergence properties are also described there and elsewhere
in the literature and will not be treated here. However, note that Theorems 5.1 and 5.2
do describe the E°° term of this spectral sequence.

As noted in the introduction, the first result (Theorem 5.1) generalizes a result of
Kriz from [13], showing convergence of the Eilenberg—Moore cohomology spectral
sequence for a fibration over B(Z/ p), with coefficients in Morava K —theory. The
second result (Theorem 5.2) is the dual to a result of Dwyer [S5] concerning convergence
of the Eilenberg—Moore homology spectral sequence and in fact follows from it.

We start by recalling some known properties of fibrations and S-—algebras.

Lemma 5.5 Let F — E — B be a fibration as above and let R = k[Q2 B].

(1) Homg(k,k) ~ C*(B) as S-algebras.
(2) Cx(F)®prk = Cy(E).

(3) The modules Homg(k,C*(F)) and C*(E) are equivalent as right C*(B)—
modules.

Proof First, recall that WQ2 B is a contractible free 2 B—space. The term “free” is as
defined by Rothenberg and Steenrod in [14]. It is easy to see that C«(WQB; k) is a
cell R—module (see [10, Definition II1.2.1]) that is equivalent to k as R—modules.

For the first equivalence, note that WS2 B xgq p pt is equivalent to the classifying space
of Q2B which is B. Therefore, by [10, Proposition IV.7.5 and Theorem IV.7.8], we
see k @ g k >~ C«(B; k). This equivalence implies:
C*(B) ~ Homy (C«(B; k), k) ~ Homy (k ® g k, k)
~ Homp (k, Homy (k, k)) >~ Hompg (k, k)
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This equivalence is indeed an equivalence of S—algebras. This was noted by Dwyer
and Wilkerson in [9, Lemma 2.10] and also by Dwyer, Greenlees and Iyengar in [7,
4.22]. We sketch the argument here. Consider the following maps of S—algebras, all
of which are equivalences:

C*(B) = Homy (C«(B; k), k) = Homy (C«(pt xq g WQB), k)
=~ Homg(Cx(WQB), k) < Hompg(Cs(WS2B), C+(WQ B))

The first isomorphism follows from the structure of WQ B as a free 2 B—space. The
second isomorphism is [10, Proposition III.6.3].

For the second equivalence, recall the homotopy orbit space of the Q2 B—space F
is Frop = F xqp WQB. There is a well known equivalence E ~ Fjqpg (this is
sometimes called the Borel correspondence). Using again the results of [10, Proposition
IV.7.5 and Theorem IV.7.8], we see that C«(F) ® g k >~ C«(E) (we consider F as a
right Q B-space, thus C*(F) becomes a left R—module).

This last equivalence implies that:

Hompg (k,C*(F)) ~ Hompg (k, Homy (C«(F), k))
~ Homy (Cx(F) ® g k. k) ~ C*(E)

Both Hompg(k,C*(F)) and C*(E) are right C*(B)-modules. By the composition
pairing
Hompg (k,C*(F)) ®, Hompg(k, k) — Hompg (k, C*(F))

(see [10, Proposition II1.6.12]), the module Homg(k,C*(F)) is naturally a right
Hom g (k, k)-module. The map C*(B)— Homg(k, k) makes Hompg(k,C*(F)) into
a right C*(B)-module. For C*(E), it is a right C*(B)-module by the map of S—
algebras C*(B) — C*(E).

The equivalence Hom g (k, C*(F)) ~C*(E) is an equivalence of right C* (B)-modules.
An outline of a proof of this fact, for the case k = HIF,, can be found in [9], in the
course of the proof of Lemma 2.10. These arguments of Dwyer and Wilkerson from [9]
readily generalize to an arbitrary S—algebra &, showing the modules Hom g (k, C*(F))
and C*(FE) are equivalent as right C*(B)-modules. O

As mentioned at the beginning of this section, results of Dwyer, Greenlees and Iyengar
from [7] show, under some conditions, that the natural map C*(E) ®c=(p)k — C*(F)
is a k—cellular approximation of C*(F) over R. These conditions are summarized in
the following lemma.
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Lemma 5.6 If any one of the three conditions below holds, then k is proxy-small as
an R-module and the map C*(E) ®c+pyk — C*(F) (defined in Dy ) is a k —cellular
approximation of C*(F) as an R-module.

(1) k is a commutative S—algebra and B is a finite space.

(2) k is a commutative S—algebra such that mo(k) is an IF,, algebra and B is
equivalent to an Eilenberg—Mac Lane space of type K(N, 1) where N is a finite
nilpotent group.

(3) k is a commutative ring (in the classical sense) and B ~ K(G, 1), where G is a
finite group.

Proof We first explain the origin of the map C*(E) ®c+(p) k — C*(F). By the
previous lemma 5.5 there is an equivalence:

C*(E) ®c+By k ~Hompg(k,C*(F)) ®gndg (k) k

This is an equivalence of R—modules, since the R—module structure on each of the
tensor products is induced by the R—module structure of k. There is a natural map
Hompg (k,C*(F)) ®Endg k) K = C*(F) of R—modules (adjoint to the identity map
id: Homg(k,C*(F)) — Hompg(k,C*(F)) of right Endg(k)—modules). This is the
map referred to in the statement of the lemma.

If k is proxy-small as an R—module, then the map Hompg (k, C*(F)) — C*(F) is a
k—cellular approximation of C*(F) as an R—module, by [7, Theorem 4.10]. Every
one of the conditions above ensures & is a proxy-small R—module. The first condition
by [7, Proposition 5.3], the second condition by Proposition 4.7 and the third condition
by [7, Example 5.9]. a

Example 5.7 We continue with Example 3.9. Recall G is a finite group and G —
SU(n) is an embedding of groups. As in Example 3.9 we take k to be a commutative
ring. Consider the fibration sequence:

G —SU(n) - SU((n)/G

The base space of this fibration is a finite space, thus satisfying the first condition of
Lemma 5.6. Therefore the map

C*(SU(n)) ®c+sum)/6) k — kG
is a k—cellular approximation of R-modules, with R the group ring k[Q2(SU(n)/ G)].

In Example 3.9 we saw there is a strong independence of base (Lemma 3.1) with
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respect to the map R — kG and the module k. In particular Cell,lce (kG) is equivalent
to Cell® (kG). We conclude that:

C*(SU(n)) ®c+(sumy/6) k =~ Cell® (kG)

This implies that the target of the Eilenberg—Moore cohomology spectral sequence for
the fibration G — SU(n) — SU(n)/G is Cell°kG . For example, if G is an abelian
group, then the results of Dwyer and Greenlees [6] imply that

-4 (C*(SU(n) ®c+(sum/c) k) = HY (kG)

where [ is the augmentation ideal of kG and Hj (—) denotes the local cohomology
groups with respect to 1.

Before continuing to the proofs of Theorems 5.1 and 5.2, we demonstrate the use of
cellular approximations by giving a different proof to the following result of Dwyer
from [4].

Proposition 5.8 Let k be a commutative ring and let F — E — B be a fibration
sequence where E and B are connected and B is either a finite space or the classifying
space of some finite group. Suppose 1 (B) acts nilpotently on the cohomology groups
H"(F;k), ie forevery n > 0 and x € H"(F; k) there exists some m > 0 such that
(1—g)™x =0 for all g € m{(B). Then there is an equivalence of k2 B—modules:

C*(E) ®C*(B) k ~ C*(F)

Proof As usual, we use R to denote the S—algebra k[Q2 B]. From Lemma 5.6 we see
it is sufficient to show that C*(F) is a k—cellular R—module. Because R is connective
and C*(F) is bounded above, C*(F) is built from it’s homotopy groups (see the
proof of Proposition 2.7). In other words, C*(F’) is built by the k[r;(B)]-modules
{H"(F;k)}n>0. So, it is enough to show that for every n, H"(F; k) is a k—cellular
R—module.

Fix some n. The k[m{(B)]-module H"(F; k) can be written as an increasing union of
nilpotent k[ (B)]-modules: H"(F:k)=|J;>, Ni where N; is anilpotent k[ (B)]-
module of class 7. It is easy to see, using induction on 7, that each N; is a k—cellular
k[m1(B)]-module. The k[m{(B)]-module H"(F;k) is equivalent to the homotopy
colimit of the telescope N1 — N, — ---. Since the homotopy colimit of k—cellular
modules is k—cellular (see, for example Dror Farjoun [3]), we conclude H"(F;k) is
k—cellular as a k[ (B)]-module. But this implies H"(F; k) is k—cellular also as an
R-module. O
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Proof of Theorem 5.1 By [10, Theorem II1.4.2], the equivalence 2B ~ N induces
an equivalence of the derived categories: Dg >~ Dy . This means we can work in
the category of kN —modules instead of R—modules. To do that we replace F by
an equivalent N —space, which we will also denote F. Since C*(E) ®cx*(p) k ~
CellN C*(F), the result follows from Proposition 4.4 by noting that:

Homyg1(k, C*(F)) ~ Homy (C«(F) ®xa k. k) ~ C* (Fy(r))

The last equivalence: Cy(F) ®xa1k = Fymr), follows from two results of Elmendorf,
Kriz, Mandell and May [10, Proposition IV.7.5 and Theorem IV.7.8]. |

Our next goal is to prove Theorem 5.2. For that purpose, we will decompose the
topological group Q2B into the following homotopy fibration sequence

QB — QB — QK(m(B), 1)

where B is the universal cover of B and K (rr{(B), 1) is the appropriate Eilenberg—
Mac Lane space (ie the classifying space of 1 (B)).

Let QO denote the topological group QK (mr1(B), 1) and set G = m{(B). Instead of
working with kQ-modules, we would much rather work with kG -modules. The
following observation shows that for all of our purposes we can replace k Q-modules
by kG -modules. The map u: Q — wo(Q) = G is a weak equivalence and therefore
the induced map pu: C«(Q; k) — kG of S—algebras is also a weak equivalence. By [10,
Theorem II1.4.2], the functor p*: Dxg — Dy, induced by w, is an equivalence of
these derived categories. This implies we can work over kG instead of kK Q. Moreover,
the map ¢: R — kG, induced by the map QB — 7o(2B) = G, is equal to the
composition R5kQ*5kG . Hence the functors: ¥ *u* and ¢* are equal.

Here is the main idea of the proof of Theorem 5.2. Recall F' — E — B is a fibration
with B a finite, connected, nilpotent space and k is the field I, . From the proof of
Proposition 2.7 we see that C*(F) is built from the k[7;(B)]-modules { H" (F; k)}n>0-
We will show that the k —cellular approximation of C*(F) (which is C*(E) ®c+(p) k)
is built from the k[ (B)]-modules: {Cell{ (B)H"(F:k)},>0. Then we apply the
results of Section 4 to compute the modules Cell™ 1(B) fr "(F:k).

Proof of Theorem 5.2 Set k = [F,, we remind the reader that R denotes the group
ring k[Q2B], N is the fundamental group 7{(B), P is a p—Sylow subgroup of N and
H = N/P.ByLemma 5.6, C*(E) ®c=(p)k is a k—cellular approximation of C*(F)
as an R-module. So it is enough to show Cell,fC*(F ) has the desired homotopy
groups.
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Example 2.9 shows that C*(E) is a k—cellular kN —module. So by Proposition 3.8,
for every N —module X, the map CellV X — X is a k—cellular approximation of
X as an R-module. Proposition 4.4 shows that the map Homy y(kP, X) —> X is a
k—cellular approximation of X as a kN -module. In fact, as noted in Remark 4.5,
Homy y (k P, X) is the strict fixed points of the H action on X, denoted X .

We use now the notation of Dwyer and Greenlees from [6], this is the same notation
used in the proof of Proposition 2.7. In this notation H"(F; k) =~ C*(F)(—n, —n) and
CellR (C*(F)(—n, —n)) ~ H"(F; k). We now prove, by induction on i, that for
every n such that 0 <n <i:
(1) T_nCellR (C*(F)(~i,0)) = H"(F; k)"
For the induction step, consider the triangle:

C*(F)(—i,0) = C*(F)(—i —1,0) > C*(F){—i —1,—i — 1)
Taking k —cellular approximation of this triangle yields the following triangle:
CellR (C*(F)(—i,0)) — CellR (C*(F)(—i —1,0)) — CellR (C*(F)(—i —1,—i — 1))

The long exact sequence of homotopy groups, for this last triangle, shows that (1) holds
for 0 <n <i + 1, thus completing the induction.

From the proof of Proposition 2.7 we see that: C*(F) 2~ hocolim; C*(F)(—i,0). Next
we show that:

) CellRC*(F) =~ hocolim; CellX (C*(F)(—i,0))

By a result of Dwyer and Greenlees [6, Proposition 4.3], the k—cellular approximation
of an R—module X is given by the map Cell,f(R) ®Rr X — X, whenever k is proxy-
small. The functor Cell,lce (R) ® g — is a left adjoint and therefore commutes with
homotopy colimits. Hence taking k —cellular approximations commutes with homotopy
colimits and the desired equivalence in (2) follows.

Finally, from (1) and (2) above it easy to see that:

T—n(CellRC* (F; k)) = m_n(Cell} (C*(F; k) (—n,0))) = H"(F;k)? O

6 A spectral sequence

As before, let F — E — B be a fibration sequence. The proof of Theorem 5.2 shows
that when B is a finite nilpotent space and k is a commutative ring then Cell,IfC*(F )

is built from the modules Cellf,z[”l Bl "(F;k). We use this observation to construct
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a spectral sequence converging (conditionally) to Cell,fC*(F k), where k is any
commutative ring. Below, in Section 6.1, we demonstrate the use of this spectral
sequence for the case where 71 (B) is a cyclic group.

Proposition 6.1 Let F — E — B be a fibration where E and B are connected and
let k be a commutative ring. Suppose B is a finite nilpotent space and set N = m1(B).
There exists a spectral sequence

El, = m2pq(CellY HP (FiK)) = mpyq(CellRC*(F:k))

where R denotes the S—algebra k[Q2 B]. Convergence is as in the usual case for the
spectral sequence of the homotopy colimit of spectra.

Proof The S—algebra R = k[Q2B] is connective and bounded-above. Connectivity
of R implies the existence of Postnikov sections in the category of R—modules (see [7,
Lemma 3.2]). Since k is bounded above, the R—module C*(F) is also bounded above.
So, the same arguments as in the proof of Theorem 5.2 show that:

Cell,lfc* (F) >~ hocolim,, Cellllf(C* (F){—p,0))

This gives a spectral sequence whose E!—term is:

E),=Tpiq (Cone(Ceu}jc*(F)(—p +1,0) = Cell FC* (F)(-p, 0)))

For p = 0, we get: Eéq = 774(CellRC*(F)(0,0)). For p > 0, note that taking
k —cellular approximations preserves triangles. Hence:

Cone(CellRC*(F){—p +1,0) — CellRC*(F)(—p,0))
~ CellX Cone(C*(F)(—p +1,0) — C*(F)(—p,0))
~ Cell} (S™P HP (F: k))

The same arguments as in the proof of Theorem 5.2 show that
CellR HP (F; k) ~ Cell¥ H?(F; k)

for every p. This yields the desired E!-page. |

Remark 6.2 The proposition above holds also when k is a commutative, connective,
bounded above S-—algebra.
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6.1 Fibrations over a nilpotent space with cyclic fundamental group

The setting we consider is as follows. Let F' — E — B be a homotopy fibration
sequence. We assume B is a connected, finite, nilpotent space with a cyclic fundamental
group and E is a connected space. Let k& be a Noetherian commutative ring. We use
C to denote the fundamental group 71 (B).

As mentioned earlier, a result of Dwyer and Greenlees [6] connects k—cellular ap-
proximations over kC with I-local cohomology of kC-modules, where I is the
augmentation ideal of £C . This gives the following explicit description for k —cellular
approximations over kC. Let x be a generator of C, so z = (1 —x) is a generator
of I. Then, for every kC —chain complex M , there is a triangle:

Cell M - M — M[1/Z]

where M [1/z] is the homotopy colimit of the telescope M 5 M5 ... Note that
this implies (r; M)[1/z] = m;(M[1/z]). In particular, we have a long exact sequence:

RPN niCelch —>aiM — i M[1/z] > ni_lCellCM — ...
We shall use the notation I'y M for the I—power torsion sub-chain complex of M,

namely:
CyM ={me M|I"m = 0 for some n}

So, if m;(M) = 0 for all i # 0 and wo(M) = My we have the following exact
sequence:

0 — moCell’ M — My — My[1/z] — n_1Cell° M — 0
This implies
moCell M =Ty My, 7_1Cell’ M = (My[1/z])/ My

and 7;Cell M =0 for i # 0,—1. We have gathered all the ingredients to prove the
following result.

Lemma 6.3 Let F — E — B be a homotopy fibration sequence. Suppose B and
E are connected and B is a finite, nilpotent space with a cyclic fundamental group
with generator x. Let k be a Noetherian commutative ring and let I denote the
augmentation ideal of the group ring k[, (B)]. Then

70(C*(E) ®c+py k) = T H(F; k)
and for every n > 0 there is a short exact sequence
0— H" \(F:k)[1/2)/H"""(F: k) — w_n(C*(E) ®cx(p) k) — T H" (F: k) — 0

where z =1 —x.
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Proof Since B is a finite space, by Lemma 5.6 we see that C*(E) ®c+(p) k =~
Cellz[QB]C* (F). Now we apply the spectral sequence of Proposition 6.1. Note
that the homotopy groups of Cell® H?(F;k) are: TyHP(F;k) in dimension 0,
HP(F;k)[1/z]/H?(F;k) in dimension -1 and zero elsewhere. Using standard spectral
sequence arguments we obtain the desired result. m|

Here is an example for the use of this lemma.

Corollary 6.4 Let F, E and B be as in Lemma 6.3. Suppose in addition that 1 (B)
is the cyclic group of order 2 and F is of finite type. If C*(E; Z) ®c*(p;z) Z =~ Z then
for every n > 0, H"(F;Z) are finite groups of odd order with the action of 1(B)
being multiplication by —1, and H°(F;Z) = 7Z has the trivial action of m(B).

Proof Denote by x the generator of 7;(B) and set z = 1 —x € Z[m;(B)]. Since
22 =2z, then for every discrete Z[r;(B)]-module M , the discrete module M[1/z]
is uniquely divisible by 2. From Lemma 6.3 we see that for n > 0, H"(F;7Z) =~
H"(F;Z)[1/z] and in particular I'y H"(F;Z) = 0. Hence H"(F;Z) is a finitely
generated abelian group that is uniquely divisible by 2, and therefore must have odd
order. For any element a € H" (F'; Z) the element x-a+a isin I'f H*(F; Z), therefore
X-a=-—a.

For H°(F;Z), note that it is isomorphic to the finitely generated free abelian group
Zmo(F) = EBaem)(F) 7 with the 1 (B) action coming from the action of 71 (B) on
mo(F). Suppose the action of 7;(B) on my(F) had a free orbit. Then H°(F;Z)
would have a direct summand isomorphic to Z[x(B)]. However, the map Z[r,(B)] —
Z[m1(B)][1/z] cannot be a surjection, because Z[m;(B)] is not a 2—divisible group.
Hence the action of 71 (B) on mo(F) is trivial and the result follows. a
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