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Abstract A large variety of cohomology theories is derived from complex
cobordism MU*(—) by localizing with respect to certain elements or by
killing regular sequences in MU,. We study the relationship between cer-
tain pairs of such theories which differ by a regular sequence, by construct-
ing topological analogues of algebraic [—adic towers. These give rise to
Higher Bockstein spectral sequences, which turn out to be Adams spectral
sequences in an appropriate sense. Particular attention is paid to the case
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of completed Johnson-Wilson theory E(n) and Morava K -theory K (n) for
a given prime p.
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Introduction

Complex cobordism MU*(—) is arguably one of the most powerful cohomol-
ogy theories. It describes stable phenomena with high accuracy. A famous
piece of evidence for such a vague statement are the nilpotence and periodicity
theorems [29]. These lead to the chromatic filtration of the stable homotopy
groups of spheres. Due to its strong geometric background, the spectrum MU
representing complex cobordism is multiplicative in a highly structured way.
Namely, MU can be realized as an E ring spectrum [25] or equivalently, in
the framework of [11], as a commutative S—algebra. As a drawback to the
large amount of information that MU*(X) carries about a given space X, it
is rather difficult to explicitly determine MU*(X) in general. The approach
to confront this problem is to construct new cohomology theories by formally
manipulating the theory MU*(—). Important possibilities are to realize regular
quotients and localizations of the coefficient ring MU, as the coefficient rings
of new theories.
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1590 Samuel Wiithrich

In modern geometric categories like the ones constructed in [11], it is possible
to perform such constructions in a transparent way. Namely, thanks to the fact
that MU is a commutative S—algebra, we may work in the monoidal and trian-
gulated category Zny of MU-modules. The monoidal structure is provided
by the smash product Ay over MU . Furthermore, it is possible to construct
the new spectra as ring objects (monoids) in Zysy7, so-called MU -ring spectra
[32].

A natural question arises: What is the relationship among theories constructed
in such a fashion? In this paper, we study the connections between two MU—
ring spectra 7' and F', where F' is obtained from 7' by killing an ideal I of T,
which is generated by a regular sequence S. In order to avoid technicalities, we
don’t make this more precise now. More generally, we consider ring spectra T
and F' over an arbitrary commutative Ejlgebra R. An example for R = MU
is completed Johnson-Wilson theory E(n) as T and Morava K-theory K (n)
as F', for a specified prime p. Given a pair T and F', we can ask whether
there is a way to compute T%(X) from F*(X). If the sequence S is finite there
is a standard procedure to do this. Namely, we can work our way through a
sequence of Bockstein spectral sequences. For the special case F(n) and K(n)
for an odd prime p, Baker and Wiirgler describe in [1, 5] a different approach.
They realize the I-adic tower under 7T,

T, —— - —>T*/13 T*/I2 F*:T*/I
T T (0.1)
I?/13 I/1?

in topology and derive the so-called Higher Bockstein spectral sequence with
E;—term depending only on F*(X) and target 7*(X ). Based on the technology
from [11], Baker and Lazarev [2] discuss a construction of I—-adic towers for the
case where the ring spectrum 7T is a commutative S—algebra. They note a close
relationship of such towers to Adams resolutions.

The aim of this paper is to provide an alternative construction of I—-adic towers
which the author believes is more transparent and which explains their con-
ceptual nature. This is achieved by making precise in what sense such towers
are Adams resolutions. Besides the theoretical desirability of understanding
the nature of [—adic towers, there are several practical advantages. Perhaps
most importantly, the spectra T'/I® constituting the tower become much more
tractable. One concrete application the author has in mind is the study of
multiplicative structures on these objects [34]. Another benefit is that it be-
comes possible to specify clearly what the construction depends on. It turns
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I —adic towers in topology 1591

out that one can considerably weaken the assumption that the ring spectrum
T be strictly commutative. This will be made more explicit further below.

The strategy pursued here to develop an appropriate concept of a topological
I—-adic tower is to analyze the algebraic model in the derived setting. Namely,
suppose that T, is commutative and consider the I—adic tower over T, in the
derived category Zr,. It is induced by the diagram (0.1) of Ti.—modules and is
of the form:

& I? I T,

\°\ NN l\\ l 02)
B/t 2/ I1/1*? T./I=F,

Arrows with a circle denote maps of degree —1. The fundamental observation
made in [35] is that the sequence

T, —F, —o>I/I? —o>[?]]3 —o> --- (0.3)

derived from (0.2), determines the tower up to isomorphism. The point is that
(0.3) is a relative injective resolution of T, with respect to F, (in the sense of
Remark 5.3) whose associated Adams resolution is given by (0.2) (Remark 6.8).

To imitate such a construction in topology, we need to have enough structure on
our objects. We define the notion of a regular triple (R, T, F') of ring spectra
(Definition 3.6), which is meant to incorporate a rather natural and general
setup in which it makes sense to consider the problem of constructing [—adic
towers. In fact, we show that it is possible to construct such towers for any
given regular triple. In the following, we motivate the ingredients which go
into the definition. As mentioned before, R is assumed to be a commutative
S—algebra. It plays the role of the ground ring, in the sense that we work in the
category of R—modules 2, equipped with the smash product Ar. We suppose
that T is a given commutative R-ring spectrum and that F is the quotient of
T by a T,-regular sequence S = (zg,x1,...) in R,. By this, we mean that F
is of the form T'Ar L with L = R/xg Ar R/x1 AR ---. Here R/x; denotes the
cofibre of the multiplication map x;, regarded as a (graded) endomorphism of
R. Then the homotopy groups of F' realize the quotient Ty /I, where I is the
ideal generated by the image of S under (nr).: R.« — T, induced by the unit
map nr: R — T of T. To obtain a manageable notion of relative injective
resolutions in Y with respect to F', we need F to be an R-ring spectrum
(see Remark 5.2). Rather than assuming this to be part of the data, we specify
conditions which guarantee that there is an R-ring structure on L and hence
one on F'. Namely, we assume that the coefficient ring R, of R is trivial in
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odd degrees, that the sequence S is regular on R, and that it consists of non-
zero divisors. Strickland [32] proves that these conditions are sufficient for our
purpose.

In the special case T' = R, the construction of the topological analogue of the
sequence (0.3) is rather straightforward. We prove in Theorem 6.6 that it is a
relative injective resolution with respect to F' (Definition 5.1). This allows us
to define a topological I—-adic tower as the Adams resolution associated to it.
We show that its diagram of homotopy groups realizes (0.2). From there, we
may construct a topological I—-adic tower realizing (0.1):

T — - T/I3 T/I?—F=T/1
T T 04
) I/1?

For T' # R, we can do the construction above for the triple (R, R, L) and apply
T Agr — to it. This is an Adams resolution, and we prove that its homotopy
groups realize (0.2).

If the sequence S is finite, we show that the homotopy limit T = holim, T'/I°
is isomorphic to the Bousfield localization LI@T of T' with respect to F' in
Pr (Proposition 6.12). If furthermore I is invariant in T,(7'), i.e. if we have
I-T.(T) = T.(T) - I as subgroups of the T,—bimodule T,(T), T is isomor-
phic to the Bousfield localization /LQT in the ordinary stable homotopy cate-
gory. For T'= E(n), we identify F(n) as the spectrum representing completed
Johnson-Wilson theory from [4] (Proposition 6.18) and thus recover the result

LgnyE(n) = E(n) proved there.
From (0.4), we derive the Higher Bockstein spectral sequences (Theorem 7.4):

Ei“,* _ @IS/Ierl ® F*(X) — T\*(X) (0‘5)
s>0

Bl =@ /1 @p, F(X) = (FA(T A X)), (0.6)
s20

The target of (0.6) are the homotopy groups of the so-called F-nilpotent com-
pletion of T'A X in Zr. We identify the first differentials as expressions in
certain Bockstein operations. In case that F is commutative and FF(L) is
F,flat, we identify the Fs—terms as certain Coext—groups over an exterior

coalgebra, which arises naturally as FR(L). For T = l?(;) and F' = K(n) for
a given prime p, we show that the target of (0.6) is (Lg@n)(E(n) A X))« for

any X (Proposition 7.6).
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The paper is organized as follows. In Section 1, we recall notation and ter-
minology from [11]. In Section 2, we discuss duality between homology and
cohomology theories represented by a not necessarily commutative R-ring spec-
trum F in 9g, where R is a commutative S—algebra. Furthermore, we record
Kiinneth isomorphisms which are adapted from [6] to our situation. In Section
3, we define the notion of a regular triple, give a list of examples and do some
preparatory work. In Section 4, we collect the facts that we need about alge-
braic -adic towers from [35, 36]. In Section 5, we recall the theory of Adams
resolutions and specify the injective class in Zr needed in Section 6 to con-
struct /—adic towers. The construction itself is quite direct. Technically more
involved is the verification that the homotopy and F'-homology groups are as
expected. Once this is done, we identify T as a Bousfield localization in the
sense and under the conditons mentioned above. We give a direct proof that for
T = E(n) and I = I, the homotopy limit T represents completed Johnson—
Wilson theory, as defined in [4]. In Section 7, we discuss the Higher Bockstein
spectral sequences, derived from I-adic towers. For the identification of the
FEs—terms under the conditions already mentioned, we decompose the natural
FE(F)-coaction into compatible coactions of FI¥(T) and FF(L). Only the
coaction of the coalgebra F[(L) is relevant for the Fy-terms. By compar-

—

ing explicit descriptions of the Bousfield localization functors L?(Z)) and Lg ()

—

from [13] and [16] respectively, we identify the target of (0.6) for 7' = E(n) and
F = K(n) as stated above. We end by considering some examples.

This paper forms the main part of my PhD thesis. I am deeply indebted to
my supervisor Alain Jeanneret and my temporary supervisor Andrew Baker for
all their encouragement and support. I would like to express my gratitude to
the following persons: Urs Wiirgler for proposing the project to analyze Higher
Bockstein spectral sequences; John Greenlees, John Rognes and Neil Strickland
for helpful comments and the referee for pointing out a subtlety in the definition
of regular triples. I am grateful to the Swiss National Science Foundation for
financial support.

1 Notation and terminology

We use the framework of [11] in this paper. We start by recalling some notation
and terminology from there.

The category of S—modules .#s is a symmetric monoidal model category with
smash product Ag and unit the sphere spectrum S. Its homotopy category
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Ys, which has the same objects as ., is isomorphic to the classical stable
homotopy category. When regarding an S—module as an object of Zs, we call
it a spectrum. The homotopy groups m.(E) = [S, E]. of a spectrum E are
written as E,. We follow the convention (—)* = (—)_. for graded objects. We
do not distinguish a map from its suspensions in the notation.

A monoid R in #s is called an S—algebra. For any such, we have the model
category of (strict) left R—modules .#. Its associated homotopy category Zr
is a triangulated category. The graded R*—module of morphisms between two
objects M and N is denoted by [M,N]; or Nj(M). In particular, we have
N, = [R,N];". The homological degree of an element v € M, is denoted by
|v|. We also have the strict and the homotopy categories of right R—modules
and R—bimodules. When speaking of an R—-module, we mean a left R—module
M, considered as an object of Zr. When we view M as an object in .4y, we
refer to it as a strict R—module.

The smash product Ar over R is a bifunctor, which assigns to a strict right
and a strict left R—module M and N respectively an S—module M Ar N. The
function R—module functor sends a pair N and L of strict left R—modules to an
S-module Fr(N,L). There is an obvious adjunction formula between Ar and
Fr. Both functors descend to homotopy categories. We have w_,(Fr(N, L)) =
[N, L% and write ME(N) for m.(M Ar N). The functors Li(—) and ME(-)
define cohomology and homology functors on Zr respectively. If R is clear
from the context, we refer to them as L—cohomology and M —homology.

The category of strict R—bimodules is a monoidal model category; hence its
homotopy category is monoidal. If R is a commutative S—algebra, the strict
categories of left and right R—modules are isomorphic and every strict one-sided
module is a strict bimodule. Hence Ag gives rise to a monoidal model category
structure on .#r and therefore to a monoidal structure on Y. Monoids in
AMpr and PDr are called R—algebras and R-ring spectra respectively.

If T is an R-ring spectrum, we may consider algebras over the monad [23, VI]
T Ar— in Y. These are objects M of Zr with an action map TAgp M — M
in Zg, satisfying the associativity and unit axioms. We refer to such M as
T —-module spectra.

For a commutative S—algebra R and an R-module M, multiplication by an
element x € R, defines a map velpr L M oin 9r. We use the notation

Ba

sl 2 ML M sl (1.1)

from [32] for its cofibre and the maps to and from it. Note that M/x =
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M AR R/x. Furthermore, we define 3, to be the composition
By = pzofBu: M/z — S0 /2. (1.2)
For a sequence S = (x1,x2,...) of elements of R, we write
M/S =M A )\ R/x;
J

and call M/S a quotient of M. Here, as well as throughout the paper, A
denotes AR, where R is specified in the context. The symbol % denotes a
point. A blank ® means ®p,, where F} is the coefficient ring of some ring
spectrum F' under consideration. The category of F,—modules is denoted by
MOdF* .

2 Kiinneth isomorphisms for R—ring spectra

Let R be a commutative S—algebra and let F' be an R-ring spectrum. We can
define an exterior product

x: FE(M)® FE(N) — FE(M A N) (2.1)

for given R—modules M and N in the usual way. However, as F' is not assumed
to be commutative, we need to take care with the right action of F, on F.E(M).
For z € FR(M) and v € F,, x -~ is defined as the composition:

FAYyAM uAM
—

REFAMFARAM FAFAM 22 FAM

The following fact is well-known for commutative F', see [6, Thm. 4.2] for in-
stance. The argument generalizes to our situation. The point is that the small-
est localizing subcategory of Zgr [15, Def. 1.1.1] generated by the suspensions
of R is Yg.

Proposition 2.1 Assume that Ff'(M) or FF(N) is F,-flat. Then the pairing

(2.1) induces the Kiinneth isomorphism of F,—modules

FR(M)® FE(N) = FE(M A N).

In the usual way, we construct a Kronecker pairing

FE(M) ® Fj(M) — F,
of left F,-modules. We use the same right F,-action on FF(M) as in (2.1)
to form the tensor product. Adjoint to the Kronecker pairing is a duality

morphism
Fi(M) — Homp, (FE(M), F,) (2.2)

Algebraic € Geometric Topology, Volume 5 (2005)



1596 Samuel Wiithrich

of left Fi.-modules. We abbreviate Homp, (—, Fy) by D(—) in the following.

In order to obtain Kiinneth isomorphisms in cohomology, we need to consider a
completed version of cohomology, analogous to the one considered in [6]. First,
we need an analogue of the profinite filtration of cohomology groups as used in
[6, Def. 4.9]. Our objects, the R—modules, are not naturally built from cells,
but we can approximate them by such objects. Recall from [11, II.2] that a
cell R—module is a strict R—module M which comes with a certain filtration,
called the sequential filtration. It consists of sub R—modules M, with My = x*
and with the property that M, is obtained from M, by attaching a wedge
of R—spheres. Together with the R—linear maps which respect this filtration,
the cell R—modules form a subcategory of .#r. The approximation theorem
[11, Thm. I11.2.10] states that for each strict R—module M there exists a cell
R-module I'M and a weak equivalence v: I'M — M. The pair (I'M,~) is
called a cell approximation of M. With this background, we are in a position
where we can mimick the definitions from [6].

Definition 2.2 Let M be a cell R—module. The profinite filtration of F};,(M)
consists of all the ideals

F*Fiy(M) = ker(Fjy(M) — Fji(M,))

where M, runs through all finite cell submodules of M. These ideals form a
directed system. For an arbitrary R-module M, choose a cell approximation
(I'M,~). The profinite filtration on Fj(I'M) induces a filtration on Fj(M)
via the isomorphism

Fr(y): Fp(M) = Fp(U'M).

Define the profinite topology on Fp(M) to be the induced F*-linear topology.

As a consequence of [11, Lemma I11.2.2], the profinite topology is independent
of the choice of a cell approximation.

Definition 2.3 For an R-module M, completed F —cohomology Fp(M)" is
defined as the completion of Fj;(M) with respect to the profinite topology.

Definition 2.4 Let M, be an F,—module. The dual-finite filtration on DM,
consists of the submodules

FE(DM,) = ker(DM, — DL,),

where L, runs through all finitely generated submodules of M,. It gives rise
to the dual-finite topology on DM,.
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The duality morphism (2.2) is continuous with respect to the profinite and the
dual-finite topologies respectively. We can prove the following statement in the
same way as [6, Thm. 4.14].

Proposition 2.5 Let M be an R-module for which FE(M) is F,—free. Then
the duality morphism induces a homeomorphism

Fp(M) = D(E(M)).

In cohomology, we have an exterior product
Fr(M) ® Fp(N) — Fp(M AN), (2.3)
defined as usual. Again, we have to be careful with the right action of Fj. For
x € Fp(M) and v € F, x - is defined as
M F2FARTLFAFSF

As cell structures on M and on N induce one on M A N [11, Prop. II1.7.3],
the product (2.3) lifts to a pairing

F5(M)® Fj(N) — F3(M AN). (2.4)

Here, the left hand side is the completion with respect to the canonical topology
on the tensor product. The following Kiinneth-type theorem can be proved in
the same way as [6, Thm. 4.19].

Proposition 2.6 Assume that FE(M) is F,—free. If F{(M) is finitely gen-
erated or if FF(N) is F,free, there is an isomorphism of left F*-modules

Fi(M AN) = Fi(M)® Fi(N).

3 Regular triples of ring spectra

Let M be an R-module. Recall the quotient constructions M/z and M/S
from Section 1, defined for an element x and a sequence of elements S in R,
respectively.

Definition 3.1 If S = (z1,22,...) is regular on M,, we call M/S a regular
quotient of M . Explicitly, this means that multiplication by x; is injective on
M, /(x1,...,x;—1)M, and that M,/SM, # 0.
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Remark 3.2 If S and S’ are regular sequences generating the same ideal I,
the regular quotients M/S and M /S’ are isomorphic [11, Cor. V.2.10]. So it
suffices to specify an ideal I and set M/I = M/S for some regular sequence S
generating I.

Let F' be some R-ring spectrum and let N = M/S be a quotient of M with
respect to a sequence S = (zg,1,...) in Ry. Let Ap, (ap,a1,...) denote the
exterior algebra on a set of generators «; in bijective correspondence with the
xj, with degrees || = |z;| + 1. Its Fy—dual is the completed exterior algebra
Ar, (ay,aY,...) on the dual basis {aY} of {a;}. The statement below follows
from Propositions 2.1 and 2.6.

Lemma 3.3 Assume that FE(M) is F,.—free and that the elements x; are
contained in the annihilator of F,. Then there are isomorphisms of F, —modules:

FRN) = FR(M) ® FE(\ R/z;) = FE(M) @ Ap, (a0, 01, )
Fj(N) = F5(M) @FE(/\ R/x;) = F(M)& Ap« (g, o, ...)

Let now (xg,x1,...) be a regular sequence on R, consisting of non-zero di-
visors. Assume that R is even, by which we mean that the homotopy R, is
concentrated in even degrees. Then Strickland proves in [32, Prop. 3.1] that
the R-modules R/z; can be realized as R-ring spectra. Fix such products.
Then there is a unique R-ring structure on L = /\ j R/x; such that the maps
R/x; — L are commuting ring maps, in the sense of [32, Def. 4.1].

Definition 3.4 Let R be even. A regular R-ring is a regular quotient of R
with respect to some regular sequence on R, consisting of non-zero divisors,
together with some chosen R-ring structure arising as above.

Let L be a regular R-ring. Smashing a map from (R/x;)5(R/x;) with the
identities on the other smash factors yields a homomorphism of R,—algebras
q;: (R/xj)r(R/xj) — LR(L). (3.1)

Lemma 3.3 implies that (R/x;)5(R/x;) and L} (L) are free over R*/(x;) and
L* respectively. Hence they admit coalgebra structures. Clearly, the g; are
coalgebra maps. Let (3; be the map (3;; as defined in (1.2). Denote the image

q;(B;) € LR(L) by Q;.
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Proposition 3.5 Let R be even. If L is a regular R—ring, there is an isomor-
phism of L,—-modules
LE(L) = Ap (ag, a1,...)

and an isomorphism of L,—bialgebras
Lyp(L) = Ap+(Qo, Q1,...)
where |a;| = |Q;| = |z;| + 1.

Proof It follows from Lemma 3.3 that the module structures are as asserted.
For the identification of L7,(L) as an algebra see [32, Prop. 4.15]. The coalgebra
structure is determined by the fact that the @); are derivations [32, Cor. 4.19]
and hence are primitive with respect to the coproduct. O

Definition 3.6 Suppose that R is an even commutative S—algebra and that
T is a commutative R—ring spectrum. Assume that F' is an R-ring spectrum
of the form F' =T A L, where L is a regular R—ring with respect to a sequence
S = (xo,21,...) in R, which is regular both on R, and on 7). Then we call
(R, T, F) a reqular triple.

We write J = (29, 21,...) IRy and I = J-T, < T} for the ideals generated by S
in the rings R, and T respectively. Thus we have L, = R,/J and F, =2 T,/I.
We abuse notation and write x; for the image in T of the elements z; € R,
under (n7)«: R« — T, induced by the unit np: R — T of T.

Remark 3.7 If 2 is a unit in L,, L may be realized as a commutative R-ring
spectrum [32, Thm. 4.11]. So F' is then commutative as an R-ring spectrum.

The following is clear from the statements in Section 2 and Proposition 3.5.
Because the maps LE(L) — FE(L) and L (L) — F3(L) induce isomorphisms
on tensoring the sources with F, we don’t introduce new labels for the gen-
erators of FX(L) and F},(L). The condition that FE(T) is F.—free is always
satisfied if T' is a regular quotient of R, as a consequence of Lemma 3.3.

Lemma 3.8 Let (R,T,F) be a regular triple. Then there is an isomorphism
of F,—modules
FF(F) = FMT) ® Ap, (ao, a1, . ..).

If the sequence S generating I is finite or if FI¥(T) is F,free, we have

Fi(F) =2 FA(T)® Ap-(Qo, Q1, - . .)
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as F*-modules. In this case, the exterior algebra F* ® L;(L) maps isomor-
phically onto the subalgebra Ap+(Qo,Q1,...) under the natural map of F*—
algebras

F*® Lp(L) — Fp(F).

Recall the various MU-modules v, 'BP, P(n), B(n), BP{(n), E(n), E/'(;),
k(n), K(n) derived from the Brown-Peterson spectrum BP for some prime p,
with

BP;,< = Z(p) [7)1, v, .. ]

where |v,| = 2(p" — 1) (see [28] for instance). Let I, = (vg,...,vn—1), where
as usual vg = p. We have isomorphisms of BP,—modules
P(n). & Fyfon, tns1, | B(n). = v;LP(n).
BP(n)« = Zgy[v1, -, 0n) E(n), = v, 'BP(n),
(v;'BP), = v, 'BP, E(n), = (E(n).)},
k(n)o = Fyfu) K(n). 2 v; k().

where (—)7 is completion at I,,. Using results from [32], we find the following

examples of regular triples:
Example 3.9 R= MU, T = E(n) and F = K(n) for an odd prime p. For

p = 2, the substitute E(n)" is commutative, see [32]. Hence (MU, E(n)’, K(n))
is regular.

Example 3.10 From [3] or [12] we know that E/'(;) is a commutative S—

algebra. So (E(n), m, K (n)) is aregular triple. Of course, (MU, m, K(n))
is regular as well.

Example 3.11 R= MU, T = BP, FF = P(n).
Example 3.12 R= MU, T = P(n), F = k(n) for odd p.

Example 3.13 R= MU, T = BP(n), F = k(n) for odd p. For p =2, we
may take BP(n)" instead, see [32].

Example 3.14 R=v,'MU, T =v,'BP, F = K(n).

Example 3.15 R=1v,'MU, T = B(n), F = K(n) for odd p.
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We end the section by deriving a characterization of the morphisms L#(Q;)
induced by the Bockstein operations on L—homology groups. By definition, the
morphism induced by ¢; on L-cohomology

LH(Q)): Lip(L) — Ly ™ (L)

is multiplication by @; on the right. In the following D(—) denotes the con-
tinuous L,—duality operator. Consider

D(Lj(Qy)): DL (L)) — D(Lj(L)). (3.2)

The coalgebra structure on L7, (L) induces an algebra structure on D(L}; (L)),
which is just the completed exterior algebra generated by the dual basis {QJV}
of {Q;}. Because L;(Q;) is multiplication by a primitive element, the dual
map D(L%(Q;)) is a derivation with respect to this algebra structure. As such,
it is determined by

D(LR(Q))(QY) = dij,
where §;; is the Kronecker delta. Now as LE(L) is a free L.—module, LE(L)

injects into its bidual DD(L(L)) and DD(LE(Q,)) restricts to LE(Q;). Via
the duality isomorphism

Li(L) = D(L(L)),

the morphism D(L(Q;)) corresponds to L%(Q;), and therefore (3.2) describes
LE(Q;). Hence, choosing the a; € LE(L) and their formal exterior products
so that they correspond to the Q]V» and their products, we have shown the
following.

Lemma 3.16 Endow L(L) = Az, (ag,a1,...) with the exterior algebra struc-
ture. Then the homomorphism

L¥(Qy): LH(L) — LY (L)

x—|z -1

is the derivation a%j characterized by 3%].((11‘) = 0;j.

Remark 3.17 If L is commutative, the algebra structure of LE(L) induced
by the multiplication on L is the one considered in the lemma. This follows
from the fact that the duality map d: L%(L) & D(LE(L)) is an algebra map
under this assumption. For non-commutative L, the two algebra structures will
not agree in general.
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4 The algebra of /—adic towers

Let (R, T, F) be aregular triple with ' = T'A L. Recall the isomorphisms L, 2
R./J and F, =2 T,/I, where J is generated by a regular sequence (xg,x1,...)
and I = J-T,. The contents of this section apply to both (R, J,) and (7%, I).
We formulate everything for the first case and write ® for ®p,, in this section.

Define two families (£%)s>0 and (F*®)s>0 of short exact sequences of R,-modules

is+1 Ps

£ 0—— Jst! Js J*)JH ——0

R e Cy EYS LN SRy OSSN ) C—
where by convention J° = R,. All the maps are the canonical ones. Whenever
it is clear from the context, we will omit the index s. We will also write ¢ and
q for a composition of maps ¢ and ¢ as defined above.

Let Zgr, be the derived category of the ring R,. Its objects are the chain
complexes of graded R,—modules. The sequences £° and F* induce towers in
PR, consisting of triangles, the J—-adic tower over R,

\O \o \o \o (4 1)
SNCA N AN Ny ‘
JS/J4 JQ/J3 J/J2 L,
and the J-adic tower under R.:

q

R,)J? R~ 1L,

A T
w Vol (12)
J2)I3 J)J?

R,

Arrows with a circle denote morphisms of degree —1.

Let M, be a graded R,—module. We write gr’ (M) for the (bi)graded L,—
module associated to the J-adic filtration on M,. For M, = R,, we have

erj(R.) =D 7/ 7+

s>20

For a graded L,-module Y,, Symj (Vi) denotes the symmetric algebra over
L, on Y,. It is naturally bigraded.
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Proposition 4.1 ([24, Thm. 16.2]) The L,-module J/J? is freely generated
by the residue classes {x;} of the generators z; € J. Furthermore, we have an
isomorphism of graded L,—algebras

gri(Ry) = Symz*(J/JZ).

It follows that we have isomorphisms of L*—modules
Extyr(L*, J5/J5T) = Ext )l (L5, L) @ J5 /Tt (4.3)
The element of Ext}é?(L*, J/J?) associated to the short exact sequence
F'@ 0—J/J* —R,)J?—L,—0
corresponds via (4.3) to a sum of the form ) f; ® {z;} with
f; € Exty (L LY.

The following fact is as well-known as fundamental, see [24, Thm. 16.5] and for
the multiplicative structure [33, §4.5]. The identification of the elements f; as
generators is straight-forward.

Proposition 4.2 There are isomorphisms of L,—algebras
Extii (L*, L*) = A« (fo, f1, - )
Torfj;(L*, L) = Ar,(eg,e1,...)
where the f; and the e; have bidegree (1,—|z;|) and (1, |x;|) respectively.

Let ®Y and RHom be the left and right derived functors of ®p, and Hompg,
respectively. The functors

HL,.(—) = Hy(L.®" ), HILP*(-) = H?(RHom(—,L"))

define a homology and a cohomology theory on Zg, respectively. We call
them L,-homology and L,-cohomology. Both HL, .(—) and HL"*(—) take
values in the category of L,—modules. Their restriction to R,—modules are the
functors Torfj;(L*, —) and Extpi(—, L*) respectively.

It is well-known that the cohomology theory E*(—) takes values in E*(E)-
modules if F is a ring spectrum. Also, if E,(E) is E.—flat, E.(F) has a
natural coalgebra structure and E,.(—) takes values in F,(E)-comodules. Mim-
icking the definition of these structures, we can define a natural coproduct on
HL, (L, L,) and show that the functors HL, ,(—) and HL**(—) take values
in the categories of H L, ,(L.)-comodules and H L**(L*)-modules respectively.
Arguing as in Remark 3.17, we find that the product on HL**(L*) is dual to the
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coproduct on HL, ,(L,). Hence the latter agrees with the natural coproduct
on Az, (ep,e1,...).

The following result, proved as [36, Thm. 3.8] or [35, Thm. 1], describes how
surprisingly simple the L,—homology of the J-adic tower over R, is. In [36]
and [35], we only considered finite regular quotients. The general case, however,
follows easily by passing to limits.

Theorem 4.3 The functor HL, .(—) maps the algebraic J-adic tower over
R, to a diagram of HL, .(L,)-comodules composed of short exact sequences
of the form

L~ HL..(J)=—2—HL, (J?)<2— ...

ARl S

HL, (L) HL, .(J/J?) HL, .(J?/J3)

Furthermore, all modules are free over L,.

From this, we easily derive the L,—homology of the J-adic tower under R,.
Namely, we have an isomorphism H L, ,(R./J*) =2 L, @& HL,_1+(J®), induced
by the long exact sequence of homology groups associated to

0— J° R, -4 R,/J* — 0. (4.5)
We set HL, (R./J?) = ker(HL, .(R./J*) — L,) = HL,_1,(J°).

Corollary 4.4 Applying HL, ,(—) to the algebraic J-adic tower under R,
yields an unrolled exact couple of the form:

ﬁ*7*(L*) <9 ﬁ*,*(R/J2) LU ﬁ*7*(R/J3) 0 ...

b e e

HL,.(J/J?) HL, .(J?)J?) HL, (J3J%

Furthermore, all modules are free over L,.

Proof Let ¢° be the connecting homomorphism associated to (4.5). By nat-
urality of connecting homomorphisms, we have a commutative diagram:

HLy 1, (J5H) = HLo 1 ()

’%Tsﬁ“ %Tsﬂs

HL,.(R/J*Y) "> HL, .(R/J*)
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Hence the theorem implies that HL, ,(R/J*tY) &5 HL, .(R/J?) is trivial. O

Remark 4.5 As all homology groups appearing in Theorem 4.3 and Corollary
4.4 are L,—free, the L,—cohomology of the algebraic J—adic towers is isomor-
phic to the L,—dual of their respective L,—homology. This follows from a
statement analogous to Proposition 2.5, but for the algebraic derived category

Dr

.

By Proposition 4.1, there are isomorphisms of L,—modules
HL, . (J*) ] = HL, (L) ® J®)J*H. (4.6)

In fact, these are isomorphisms of H L, ,(L,)-comodules, if we regard the right
hand side as the cofree HL, .(L,)-comodule generated by J°/ JstL o Ag all
modules in (4.4) are L,—free, we obtain a long exact sequence with the following
property (see [22, Ch. IX] for a discussion of relative homological algebra):

Corollary 4.6 The sequence of HL, ,(L,)-comodules

P o0 2 ot 2/ 73
0— Ly — HL,(Ly) — HLy 1 (L)®J/J" — HLy o (Ly)Q@J*)J> — -+,
where 0° = p,e?, is a relative injective resolution of L.
We may consider the differentials §® of this complex as the components of a
single differential
0%t HL, . (Ly) @ gr’7(Ry) — HLy_1+(Ly) ® gr’}“(R*) (4.7)
on the gr’(R,)-algebra HL, ,(L,)®gr’(R.). By [36, Prop. 3.10] or [35, Prop.

7], it can be characterized as follows.

Proposition 4.7 The differential 6* of (4.7) is a derivation over gr¥(R,). As
such, it is determined by its values §*(e;) = —{x;} on the generators e; of the
algebra HL, ,(L.).

Explicitly, for an element e;; A---Ae;, ® fe HL, (L) ® gr¥(Ry), we have

!
5*(62'1/\"'/\62‘1®f):Z(—1)J+1 e N AEiy A Ney @y, f,

Jj=1

where the hat indicates that the entry underneath is omitted.
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5 Adams resolutions

In this section, we recall the notion of Adams resolutions with respect to a given
injective class in a triangulated category. We then indicate how the injective
classes giving rise to the traditional Adams resolutions can be obtained in a
natural way. In an analogous way, we obtain the injective class we need for the
construction of the I-adic tower. We are rather brief here. A more detailed
exposition can be found in [9], see also [10] and [18]. The original reference for
Adams resolutions (in the classical sense) is [26].

A length two complex in an additive category C is a diagram
Fl.oL 2 m (5.1)
with gf = 0. A complez is a sequence

fs

fs+1
T Mgt M Mgy — -+

such that fsfsy1 = 0 for all s. If the terms M of a complex are zero for all large
s or all small s, we omit them from the notation. An injective class J in C is
specified by a collection of length two complexes, the so-called allowable exact
complezes, and a collection of objects called the injectives. The two collections
are required to determine each other in the following way. An object J is
injective if and only if the sequence

(M, J]* - [L,J)* L [F, )

of graded abelian groups is exact for each allowable exact complex of the form
(5.1), and vice versa. Furthermore, one requires that there are enough injectives,
in the following sense. For each map f: M — N there exists an injective [

and a map g: N — I such that M ERy NNy is an allowable exact complex.

Now assume that C is triangulated. Then we may specify instead of the allow-
able exact complexes a family of morphisms called the null-maps. An object J
is then injective if and only if the homomorphism of graded abelian groups

(N,J) L5 (b, )
is zero for each null map f: M — N, and vice versa.

An example for an injective class is the split injective class, defined in each
additive category C. Let V denote the biproduct (coproduct and product) in
C. The allowable complexes are the ones of the form

AvB—BV(C—CVD
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where the maps are the projections onto the second summand followed by the
inclusions into the first summand. Every object is injective with respect to this
injective class. If C is triangulated, the null-maps are the trivial maps.

There is the dual concept of a projective class in an additive category C. It
is specified by a collection of length two complexes called the allowable exact
complezes, and a collection of objects called the projectives. An object P is
projective if and only if

[P, F)* L [P L) 25 (P, M

is exact for each allowable exact complex of the form (5.1), and vice versa. There
have to exist enough projectives, in an obvious sense. If C is triangulated, we
can specify instead of the allowable exact sequences the collection of null-maps.
They are all the maps f: M — N for which

fer [P,M]* — [P,N]*
is trivial for each projective P, and vice versa.

Suppose that J is an injective class in an additive category C. A relative
injective resolution of an object M with respect to J is a complex of the form

0—M—Jyp—J — Jyg— - (5.2)
with injectives J; which has the property that each three-term subcomplex
Js—l B Js E— JS-I—l)

where J_1 = M and J; =0 for s < —1, is allowable exact. If C is triangulated,
such a resolution gives rise to an Adams resolution of M with respect to J,
which is unique up to isomorphism. By this, we mean a diagram of the form

M = M, M, Mo Ms
NN NS
Io .[1 I2

consisting of triangles

Miy1 — M; — I; — X M; 1

such that all I; are injectives and all maps M;;1 — M; are null-maps. Here
>} denotes the suspension of C. The injectives that we get from a relative
injective resolution (5.2) are I, = X~%J;. Conversely, we can derive from an
Adams resolution a relative injective resolution. Applying [N, —|* to an Adams
resolution, where N is another object of C, yields an exact couple of abelian
groups. It gives rise to an Adams spectral sequence.
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Dually defined are relative projective resolutions and Adams resolutions with
respect to a projective class.

There is a standard method for transferring an injective class from one additive
category to another, namely by means of an adjunction. Let C and C’ be
additive categories. Assume that we have an adjoint pair of additive functors

F
cC —=(,

where F is the left adjoint. Given an injective class J’ in C’, we define an
injective class F~1(J’) in C as follows. The allowable exact complexes are
all length two complexes whose image under F' is allowable exact in C’. The
associated injectives turn out to be the retracts of objects of the form G(X),
where X is a J'—injective.

The injective classes in the stable homotopy category Zs which give rise to
classical Adams resolutions arise in this way. Namely, for a ring spectrum R,
we have an adjoint pair of additive functors

V=RAg—

Ds Ds.

U:FS(R’_)

The Adams injective class with respect to R is V~1(J), where J is the split
injective class in Zs. Its injectives are the retracts of spectra of the form
Fs(R,X). These agree with the retracts of spectra of the form R Ag X (see
Remark 5.2). More generally, if F' is a ring spectrum over a commutative
S—algebra R, we have an additive adjunction

V=FN—

P ———= Dp. (5.3)
U=Fr(F,~)

Definition 5.1 Let J be the split injective class in Zr. The Adams injective
class associated to F in Pg is the injective class given via (5.3) as V~1(J).

Similarly to the situation in %s, the injectives are the retracts of R—modules
of the form F' A M, where M is an R—module.

Remark 5.2 Note that we have an adjunction (5.3) for any object F' in Zg,
not just for ring spectra. It is the recognition of the injectives mentioned above
which depends on having a multiplicative structure on F'. Indeed, this implies
that V' is a monad and U a comonad, and as V and U are adjoint, the V-
algebras (the retracts of F'A M, M € 9Pg) are the same as the U—coalgebras
(the retracts of Fr(F,M), M € Pg).

Algebraic € Geometric Topology, Volume 5 (2005)



I —adic towers in topology 1609

Remark 5.3 In a completely analogous way, one can define an Adams injective
class associated to a monoid F in the derived category Zgr, of a graded ring
R.. In particular, this applies to an algebra F, over R, or more generally to a
differential graded algebra F\. Instead of (5.3), one uses the adjunction

V=F.®L -

Dr Dr (5.4)

*

e —
U=RHom(F%,—)

(see Section 4 for the definition of ® and RHom).

We also mention the ghost projective class. It is defined in the triangulated
categories Zg, where R is an S—algebra. The null-maps are the morphisms
which are trivial on homotopy groups. The projectives are the retracts of wedges
of suspensions of R.

6 Construction of the tower

Let (R,T, F) be a regular triple with F* = T'A L. Thus we have L, = R,/J and
F, =T,/I, where J is generated by a sequence S = (zg,z1,...) C R,, regular
on R, and on T, and where I = J -T,. Consider the graded polynomial ring
L.[yo,y1, -] with |y;| = |x;|. Define L—free R-modules J*/J**! by setting
JS/JS+1 _ \/ ZML,
yeVs
where V is the set of monomials of homogeneous degree s in the variables ;.
By “L—free”, we mean isomorphic to a wedge of suspensions of copies of L.

We now construct a sequence in Zr of the form:
=0 =1 272
*_>RL>LE_>ZJ/J2L22J2/J3Z_E>...

The maps & are easy to describe. Namely, as all terms J*/J5T1 are L-free,
a map between them corresponds to a matrix over the graded endomorphism
ring L} (L). The Bockstein operations define a map

2 =\/Q: L—xJ/J%
J

For s > 0, we define £: J*/Jt! — 2J5+1 /]2 {0 be the sum over all
monomials y € Vs of the maps

\/ Z'y‘Qj: wlp, \/ wlyyil+11

j j
Recall from Proposition 3.5 that LE(L) = Ay, (ag,a1,...) as an L,-module.
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Lemma 6.1 The thomo]ogy of the sequence
s R Ewgygr ZE s PEL (6.1)

is a long exact sequence of AL* (ag,as, .. .)fcomodu]es

0— L, LR(L) ~ LE(xJg/ %) = LR(2J2/J3) - (6.2)

which provides a relative injective resolution of L, .

~

Proof The isomorphism LZ(L) = Aj,(ag,ai,...) from Proposition 3.5 in-
duces
L7 = LEL) @, J° )]

We have identified in Lemma 3.16 the morphism L#(Q;). Recall that we have
obtained in Corollary 4.6 and Proposition 4.7 a relative injective resolution of
L, over Ar, (ep,e1,...). It follows from the definition of the maps £° that
mapping the generators a; of Ar, (ag,a1,...) to the generators e; yields an
isomorphism between (6.2) and the sequence in Corollary 4.6, if we endow the
latter with the total gradation. |

From now on, we will omit the index s and just write £ for all the maps in the
sequence. To obtain an abstract characterization of the sequence (6.1) by means
of Lemma 6.1, we need the following technical lemma. Recall from Section 1
the difference between the concepts of a module spectrum over a ring spectrum
and a module over an S—algebra. We write Cohom™ for the maps of graded
comodules over some graded coalgebra.

Lemma 6.2 Let E be an arbitrary R-ring spectrum. Let Y be an R—module
for which EE(Y) is E,~free and let Z be an E-module spectrum in 9. Then
there is a natural isomorphism of E,-modules

[V, Z]} = Homp, (Ef(Y), Z.).

If E is a commutative R-ring spectrum and EF(E) is E,-flat, the functor
EE(-) induces an isomorphism of E,-modules

[Y, Z) % = Cohomyp i (EF(Y), Ef(2)).

Proof First, we construct a natural transformation of functors of E—module
spectra with values in E,—modules

[V, =]k — Hom, (EF(Y), (—)s) (6.3)
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as follows. The E—-homology functor gives rise to a natural transformation
[V, =Tk — Homp, (EX(Y), B (-)). (6.4)

Composing this with the transformation EX(—) — (—). induced by the action
map for F-module spectra induces a transformation as in (6.3).

If we precompose both sides of (6.3) with EAr —, we obtain a transformation
Y, E A =] — Homjy (EX(Y), BF(-)) (6.5)

of functors of R-modules. As EI(Y) is FE,free, the functor on the right
hand side is exact. Hence both sides of (6.5) define homology theories on Zg.
On suspensions of R, (6.5) is the duality morphism (2.2), and is therefore an
isomorphism. Hence it is an equivalence on Zr by the usual argument. So (6.3)
is an equivalence on all E—module spectra Z of the form F A X, X an R-
module. But an arbitrary F—module spectrum Z in % is a retract of E A Z,
via the action map. So we obtain an isomorphism for general Z by naturality.

For commutative E for which EE(E) is E,-flat, EF(—) takes values in EF(E)-
comodules. The structure maps are defined exactly as in the case R = S.
Consider the composition of natural transformations of functors of E-module
spectra

EE(E)@n.
=

EFE) @ (<)« EFE)® Ef(-) = EFEA-) — EF(-), (6.6)

where the last morphism is induced by the E-action. It can be checked to be
EE(E)—colinear. Precomposing it with E A — yields a transformation

Ef(B)® Ef(—) — BI{(E A -)

of homology theories on Zr. It does not agree with the one induced by the exte-
rior product x. Nevertheless, an inspection shows that it defines an equivalence
of homology theories. With an argument as above, we conclude that (6.6) is an
equivalence. Now recall that we have an adjunction between Ef(E)-comodules
and F,-modules

B (B)®—

Mod g, Comodgr (g,

where U is the forgetful functor. Thus we obtain
Cohomyp gy (B (Y), EF(2)) = Homy, (B (Y), Z.),

and the second statement follows from the first. D
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We are now in a position to construct the I-adic tower. To identify its ho-
motopy and F-homology groups, however, we need a few facts concerning
universal coefficient and Kiinneth spectral sequences. We recall these first.

Let M and N be R-modules. Then we have [11, IV.4] a universal coefficient
spectral sequence of the form

Ey* = Extif(M*,N*) = Nji(M). (6.7)

It is a conditionally convergent half-plane spectral sequence with entering dif-
ferentials, in the terminology of Boardman [7]. If M = N, it is multiplicative
with respect to composition. It is shown in [9, §7.3] that this spectral sequences
is in fact an Adams spectral sequence, with respect to the ghost projective class
in 9g.

Let us recall what we can say about the detection of a given non-trivial map
f: M — N. If the induced map f.: M, — N, on homotopy groups is non-
trivial, f is represented in (6.7) by f.. This follows from the construction of
the spectral sequence. Assume now that f, is zero. Denoting the homotopy
cofibre of f by C, we then have a short exact sequence of R,—modules

0— N, —Cy — M,_; —0. (6.8)

Let t be the element of Ext}%’:l(M*, N,) representing it. We leave the verifica-
tion of the following fact to the reader.

Proposition 6.3 If the element t is non-trivial, it represents the map f in
the Es—term of (6.7). Otherwise, f has filtration degree strictly greater than
one.

Let P be a further R-module. There is [11, IV.4] a Kiinneth spectral sequence
of the form
E}, =Torl: (P, M,) = PEM). (6.9)

It is a strongly convergent half-plane spectral sequence with exiting differentials.

We will need a statement about naturality. Namely, let f: M — N be a non-
trivial map inducing zero on homotopy groups, as above. Consider the Kiinneth
spectral sequences (6.9) and

E}, = Torf:(P,N.) = PFN). (6.10)

As fii My — N, is zero, the map f[: E[, — E';* induced by f on the
spectral sequences is zero. Because the spectral sequences converge strongly,
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this implies that PR(f): PF(M) — PE(N) induces zero on the associated

*

graded. Therefore, Pf(f) induces a map of degree 1

o (PR(M)) — g™+ (PR(V)). (6.11)
Similarly, the morphism Pj;(f): Pj(N) — Pj(M) induces a map
gt (PR(N)) — gr* 1 (PR(M)). (6.12)

Indeed, to deduce that Pj(f) induces zero on the associated graded, it suffices
to know that the respective spectral sequences are conditionally convergent,
see [7, Lemma 5.6]. The following statement is proved in a similar way as the
Geometric Boundary Theorem [28, Thm. 2.3.4].

Proposition 6.4 The homomorphism (6.11) is represented on the Kiinneth
spectral sequences (6.9) and (6.10) by a morphism E} , — Ej of degree —1.

*—1,%
On E?terms, it is given by the connecting homomorphism

Torfi;i (P, M) 2, Torh

*—1,%

(Ps, Ny)

associated to the short exact sequence (6.8). A similar statement holds for the

homomorphism (6.12) and the universal coefficient spectral sequences converg-
ing to Pp(N) and Pi(M).

Now consider the universal coefficient spectral sequence
Ey" =Extpi(L*,L*) = Lj(L). (6.13)
By Proposition 4.2, we have an isomorphism of L,—algebras
Extii(L*, L*) = A (fo, f1,- - -);

the f; were explicitly defined there. We already know from Proposition 3.5
that there is an isomorphism of L,—algebras

LE(L) = KL* (Q07 le .. )

Proposition 6.5 The Bockstein operation Q;: L — »l#i 1L js represented
in the spectral sequence (6.13) by the element f;. Therefore, the spectral
sequence collapses.

Proof Consider the cofibre sequence in g associated to @);

L% skl o 3L (6.14)
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By Proposition 6.3, it suffices to verify two things. Firstly, that @), is trivial on
homotopy groups. Secondly, that the thereby obtained short exact sequence

0— Ly jz;-1 — (Cj)x — Luzy — 0 (6.15)
corresponds to f; in Ext}%’j(L*,L*). For the first statement, note that the
morphism induced by (); on homotopy groups is trivial for degree reasons.

For the second statement, recall that @); is obtained by smashing the composi-
tion
B;: Rjz; 2 sl iR 2, sll+iR /g

with A, .; R/z;. Applying the octahedral axiom (see [15, Appendix A] for
instance) to the induced decomposition of @;, we find that (6.15) is isomorphic
to:

Now the statement follows from the fact that the element f; € Ext}%’j(L*, L)
corresponds to (6.16). This verification is left to the reader. ]

We are now ready to prove our main statement. Note the special case T'= R.

Theorem 6.6 Let (R,T,F) be a regular triple with F =T A L.
(i) Applying T N\ — to the sequence (6.1) yields a relative injective resolution
¥ — T — F —XI/T? — S?1*/1° — ... (6.17)

of T" with respect to the Adams injective class associated to L in 9 and hence
with respect to the one associated to ' =T N L.

(ii) The Adams resolution associated to (6.17), a diagram of T'—-module spec-
tra, is of the form:

L I3 L I2 L I

™ ﬂl A ,rl ™ ”l o . (6.18)
g3 \ e? \ el \ e
B/t 2 I/’ F
The induced diagram of homotopy groups is isomorphic to
N N ST S S S B
pl pl pl pl (6.19)
B/t 2 1/ F

Algebraic € Geometric Topology, Volume 5 (2005)



I —adic towers in topology 1615

composed of short exact sequences. The induced diagram of F—homology
groups is isomorphic to the image of the diagram (4.4) under the functor
FR(T) ® —, equipped with the total gradation.

Definition 6.7 We call (6.18) the topological I -adic tower over T .

Proof (i) First, we verify that (6.1) is a relative injective resolution of R
with respect to L. Clearly, all objects in the sequence (6.1), except for R, are
L—injective. Let N be an arbitrary R—-module. By definition of the Adams
injective class associated to F' in Zg, we have to check that the sequence

o LA g NP LA s N, — - (6.20)
obtained by applying the functor [L A —, N|} to (6.1) is exact. The adjunction
(5.3) (for F = L) and Lemma 6.2 imply

[L AT/ T NI 2 [J°) 5 LR(L, N = (LE(I* /54, Ng* (L)),

*

where (—,—)7 = Hom} (—,—). But by Lemma 6.1, the L-homology of the
sequence (6.1) splits into short exact sequences of L,—modules. It follows that
(6.20) is exact. Now clearly (6.17) is an L-resolution of T'. As F' is of the form
T AL, it is also an F'—resolution.

(ii) Consider the Adams resolution associated to the sequence (6.1) first. It is
of the form:

L L

..\‘ J3\‘ Jz\ J\ R
NI NN (621
I 2L gL L

We claim that the diagram of homotopy groups of the tower is isomorphic to
the diagram of homology groups of (4.1), i.e. to:

1 i

I J?——>J]—'>R,
lp lp lp lp (6.22)
J3)Jr T TR J)J? L,
It is clear that the sequence of homotopy groups of the triangle
J R Ly
splits into the short exact sequence

& 0—J-“R 2L,—0.
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Consider the commutative diagram:

Z_ILLO) J/J2

N
J

Here, m; is the unique lift of &% to J. It is unique because .J is the first term
of the uniquely determined Adams resolution associated to (6.1). We need to
show that it induces the canonical projection p; on coefficients. For this, we
consider the pair of universal coefficient spectral sequences:

Ey* = Exty (LJ/J?) = [JJ/ PR

Eyth = Extpt (L., J)J%) = (L, /TP

0y*
By Proposition 6.4, the morphism [J, .J/J%]% G (L, /T3 induced by
€0 is represented by a morphism of degree one on the spectral sequences. On

FEs—terms it is given by the connecting homomorphism

0 Bxti(J,J/J?) — ExtitY (L., J/J?)
associated to £°. Let z; € E2 and yg € E2 be representatives of m; and
2V respectively. We need to check that x1 = p;. As & = (e°)*(m1), we have
yo = €%(x1) in case that £°(z1) is non-trivial. However, it follows from Theorem

4.3 and Remark 4.5 that €% is monomorphic. So it suffices to identify 3y and
to show that °(p1) = yo. Proposition 6.5 implies that

=\ Q;: L—%J/J?
J

is represented by
yo= > f®{z;} € Exty’ (L, L) @ J/J* =2 Bxt " (L, J/J?).
The f; were defined in such a way that yo corresponds to the short exact
sequence
Fti0—J 2SR ES L, —0.
It remains to verify that £'(p;) is represented by F'. By definition, the con-
necting homomorphism £ maps the homomorphism p;: J — J/J? to the

pushout of the short exact sequence £Y along p;. This pushout is F', as the
diagram of short exact sequences

g0 0 J—2 R ., 0
pll/ ¢ H
Fl. 0—=J/J2 >R, /1225, —>0
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shows. Here, the middle vertical map is the projection. We conclude that
1
J g g/ s ng? (6.23)
realizes the extension £'. We can carry on by induction.

Let us now compute the homotopy groups of the Adams resolution (6.18) as-
sociated to (6.17). If we smash (6.21) with T', we obtain another tower which
qualifies as an Adams resolution associated to (6.17). By uniqueness of Adams
resolutions, the two towers must be isomorphic. The product on T, and the
natural transformation T, ®pr, — — (T'A —). induce a commutative diagram

.. _0> IS+1 IS IS/IS+1 IS_H

. | |

.._0>T*®Js+1_>T*®J5_>T*®JS/JS+1_0>(T*®JS+1)*71_>...

L] | |

= (TATH) = (T AT = (T AT —= (T ATy — -

0

where ® = ®p,. We show that all vertical maps are isomorphisms. For the
upper row it suffices to note that

Tor,™* (T, J®/J*T) = Tor, ™ (Ty, Ry /J) @p, J*/ T =0

for k # 0, which is a consequence of the assumption that the sequence gener-
ating the ideal J is regular on T,. By construction of J/J**1 we have

(T AJS)JY, = 18/,

Using this fact and starting with (TAJ?), = (TAR), = T\, we show inductively
that (T'A J®). = I°, using the Five-Lemma. We conclude that the homotopy
groups are as asserted.

The identification of the L-homology is easier. We show first that LF(—) of the
J-adic tower (6.21) is isomorphic to (4.4), endowed with the total gradation.
In the proof of Lemma 6.1 we have used the fact that LE(—) of the sequence
(6.1) is isomorphic to the long exact sequence obtained from Theorem 4.3

P 8° 2y o 273
0— L, — HL,,(Ly) — HLy_1,(J/J°) — HL. 5, (J*/J°) — ---

endowed with the total gradation. It follows that we have isomorphisms of
L,—modules:

LB (J) = coker(n,: L. = LE(L)) = coker(py) = HL._1.(J)
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Furthermore, the morphism (71).: LI(J) — LE(J/J?) is injective, as it corre-
spondsto (p1)«: HLsx(J) — HL,.(J/J?). The fact that (6.23) is a cofibration
implies that L (XJ?) = coker(m;)«. By an inductive argument, the statement
follows. In particular, we obtain that all L—homology groups are L,—free and
hence that all F~homology groups are F,—free. Therefore Proposition 2.1 im-
plies that we have Kiinneth isomorphisms

FR(T A X) = FR(T) @ FE(X)

for all terms X in the J-adic tower. Thus we find that the F—homology of the
I-adic tower (6.18) is as claimed. O

Remark 6.8 Consider the sequence in Zg,
T.——=F,—o>I/]? —o>[?/]3 —o> --. (6.24)

derived from the algebraic [-adic tower (0.2). It follows from Theorem 4.3
and arguments analogous to the ones in the preceding proof that it provides
a relative injective resolution of T, with respect to the Adams injective class
associated to F (see Remark 5.3). Furthermore, (0.2) is characterized (up to
isomorphism) as the Adams resolution associated to it.

Remark 6.9 Having constructed an I—adic tower over T', we can easily con-
struct one under 7', of the form:

T — . LerppLlorTi2top
AT
I?/13 I/1?

Namely, define spectra T'/I° in Pg as cofibres of the canonical maps I°* — T

and construct maps T/I°*! LT /I by making use of the octahedral axiom.
It is possible to choose these and compatible maps

holim, I° —— T -2 holim, T'/I° — holim, I° (6.26)

between the homotopy limits so that (6.26) is a cofibre sequence, see [15, Rem.
after Prop. 2.2.12]. The diagram of homotopy groups of (6.25) is isomorphic
to:

T, — - Lsm/pB-Lsr /P L-F
T T (6.27)
%/ I/1?
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Also, the diagram of F~homology groups of (6.25) is isomorphic to F(T)® —
of the one in Corollary 4.4, with the total gradation.

Notation 6.10 We write I*° = holims /® and T = holim, T'/1° for the
homotopy limits of the I-adic towers. From Theorem 6.6, we obtain T, =
limg 7% /15 = (T3} .

We now aim to identify T under certain conditions as a Bousfield localization
with respect to F' in Zr and in Zs. First, we need to recall some terminology
and basic facts about Bousfield localizations.

Let F' be a module over a commutative S—algebra R. An R—module Z is called
F-acyclic if FAZ =0. An R-module X is called F-local if [Z, X|}, = 0 for
all F-acyclic spectra Z. A map f: X — Y of R—modules is called an F-
equivalence if F' A f is an isomorphism. By [15, Thm. 3.2.2], we can associate
to F' the Bousfield localization and colocalization functors L}IT:L: 9Dr — Y and
C’ﬁ: PDr — Dpr respectively. We write Lrp and Cg if R = S. The functors
come with natural transformations if*: 1 — Llljz and ¢’ Cﬁ — 1, where 1 is
the identity functor. The pair (L%, %) is characterized by the fact that LEX
is F'-local and that if}: X — L}@X is initial among F'—local objects under X .
Also, if is an F—equivalence for each X . Similarly, (CE,¢%) is characterized
by CEX being F-acyclic and ¢%: CEX — X being terminal among F-acyclic
objects over X. For each X, there are natural cofibrations

R 'R
CEx B x X Ry . soBx.

The pair (L%, if) determines (CE,¢®) by means of these, see [15, Lemma
3.1.6).

The following fact is well-known. We include the proof, as it is quite short.
Lemma 6.11 Let X be an F-local in 9r. Then X is F—local in Ys.

Proof Let Z be an F—acyclic spectrum. Then FAr (RAs Z) =2 F N\s Z =0,
so R Ag Z is F-acyclic in 9. Therefore, we have

(Z,X]" = [RNs Z,X]|p =0
which proves that X is F-local in Zs. O
Recall that the ideal I<IT, is called invariant in T%(T) iff I-TR(T) = TF(T)-I.
Here we use the left and the right actions of T} on T*(T) induced by including

T via the unit n7: R — T as the right or the left factor of T'ArT respectively.
Similarly, I is defined to be invariant in T3 (7)) iff I-T.(T) =T(T) - I.
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Proposition 6.12 Assume that the sequence S generating the ideal I is finite.
Then the cofibre sequence (6.26)

Sy LN AN )
can be identified with the triangle
qR ’iR
CERr .1 X LRT — »CET

arising from localizing T with respect to F' in Y. If moreover I is invariant
in T,.(T), we can view (6.26) in Zs as

CrT 25,7 2, 2T — SCpT.

Proof By what was said above, it suffices to exhibit p: T — T as the Bousfield
localization of T' in Zgr with respect to F' to prove the first statement. By
construction, all the objects T'/I* lie in the thick subcategory of Zr generated
by F and are therefore F—local. The class of F'—local objects is closed under
homotopy limits, hence T is F-local. To prove that p is an F'—equivalence, we
first show that the composition

FAT — holimg(F ANT/I°) (6.28)
of FAp: FAT — F AT with the natural map
F AT = F Aholimy(T/I°) — holim,(F A T/I°) (6.29)
is an equivalence. Consider the Milnor type short exact sequence
0 — lim! F2(T/I*) — (holims F A T/I*), — lims FX(T/I°) — 0

of Fy—modules, see [15, Prop. 2.2.11]. The identification of the F'~homology of
the tower under T in Remark 6.9 together with Corollary 4.4 imply that

lim, FA(T/I°) = FA(T)

and lim! FR(T/I*) = 0. Therefore (6.28) is an equivalence. It remains to prove
that (6.29) is one as well. Choose a cell approximation I'F' of F' and a filtration
(T'F)i by finite subcomplexes [11, Lemma II1.2.3]. Fix a K such that

is trivial for 0 < ¢ < n for all £k > K. Let k > K. It follows by induction over
the elements z; of the sequence S = (zg,...,z,) that

(L)) (F)e 2 (CF)R)NT) 1. AL (ag, ..., ap) (6.30)
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with |a}| = |z;| + 1. Consider the map
(CR))HT AQy): (CF)R)EF) — (CF)R)E |, -1 (F)
induced by the Bockstein Q;: L — X711, Under (6.30), it corresponds to

0
My ® - My @1, Ap,(ag, ..., al,) — My, @p, A, (ag, ..., al,)
j

where My, = ((TF))E(T). It follows that we can identify the images of the
sequence (6.1) under the two functors ((I'F))+(T A —) and My, ®7, LE(-).
This implies that ((I'F)x).«(—) of the I-adic tower over T is isomorphic to

My @1, LE(—) of the Adams resolution associated to (6.1). In particular, we
find that

lim (DF)R)H(T/1°) & My, limg (TF)g){(T/1°) = 0.
Thus, a Milnor type short exact sequence implies that
(holims(T'EF),, AT /I%), = My
As (I'F), is finite, it follows that ((I'F); A f)* = My.. Therefore, we have
FR(T) = colimy,(TF)x AT)y 2 colimy My, = FE(T).

Now assume that [ is invariant in 7%(7). By Lemma 6.11, T is F-local in Zs.

I~

We need to show that F.(T) — F.(T) is an isomorphism. Similar to before,
we first prove that
(holim, F A T/I?), = F.(T) (6.31)

as follows. As I is invariant, the right T, —action on Fy(T") factors through F.
By induction over the elements z; we obtain

F.(F) 2 F.(T)® Ap,(ag,-..,ar) (6.32)
with |a]| = |z;| + 1. Analogous to the above, we find that
T A Qy): Fu(F) — oy 1(F)
corresponds under (6.32) to:

®%: F.(T)® Ag,(ag,...,al) — Fu(T) ® A, (ag, - .,al)
J

»'n r'n
Arguing along the same lines as before, this implies (6.31). To prove that
F.(T) = F,(holim, T/I*) — (holim, F As T/I°),

is an isomorphism, we take the sequence (I'F)); from above, pick a K’ such
that

F.(T)

(CF)e Azi): (CF)g As T)y — (DF)i As T)s

is trivial for 0 < ¢ < n for all £ > K’ and argue similarly as above. m]
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The ideal I, is invariant in BP,(BP) [28]. By Landweber exactness of E(n),,
we have
E(n)«(E(n)) = E(n). ®pp, BP.(BP) ®pp, E(n).

and hence [, is also invariant in E(n).(F(n)). Thus we obtain:

Corollary 6.13 The natural maps E(n) — /(;) and BP — BP, obtained
by considering the regular triples (MU, E(n), K(n)) and (MU, BP, P(n)), are
Boustfield localizations with respect to K(n) and P(n) respectively.

Remark 6.14 As P(n) is connective, the second localization can also be in-
terpreted as the p-completion of BP [8, Thm. 3.1].

We record (6.30) from the proof of Proposition 6.12 and a corresponding state-
ment for cohomology:

Lemma 6.15 If I is invariant in T,(T') and S = (zo,...,xy) Is finite, we have
an isomorphism
F.(F) 2 F.(T)® Ag,(ag, - .., a),)

'
of F,—modules, with \ag| = |z;| + 1. If furthermore F.(T) is Fy.—free, there is
an isomorphism of F*—modules
F*(F)2 FY(T) @ Ap+(Qo, - - ., Qn)-
In this case, the exterior algebra F* ® L}(L) maps isomorphically onto the
subalgebra Ap+(Qo,...,Qy,) under the natural map of F*—algebras

F*® LR(L) — Fp(F) — F*(F).

Remark 6.16 Because of T, (T:)7, the map T — T is an equivalence in
case that T is J-adically complete. We have seen in the proof of Proposition
6.12 that T is F—local in Y and hence in Zs by Lemma 6.11. So we obtain:

Proposition 6.17 Assume that (R,T,F) is a regular triple, with F, = T, /I.
If Ty, is I -adically complete, it follows that T is local with respect to F', in Y
as well as in 9s.

—

In [4], the notation E(n) denotes the spectrum representing completed John-
son—Wilson theory. Recall that the latter is defined on finite spectra X by:

E(n) (X) = lim E(n)* (X)/(I; - B(n)" (X)) 2 lin(E(n)" /13) © py- B(n)" (X)

This determines the theory uniquely, because its coefficients are linearly com-
pact with respect to the I,,—adic topology.
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Proposition 6.18 The homotopy limit E(n) of the I,,—adic tower under E(n)
is isomorphic in Zs to the spectrum representing completed Johnson—Wilson
theory.

Proof We claim that it suffices to construct natural morphisms

En)*/I; @p@y- E(n)"(X) — (E(n)/1;)"(X) (6.33)

for finite complexes X and verify that they are isomorphisms on suspensions
of spheres. Namely, we may then take inverse limits over s on both sides. On
the left hand side, we obtain completed Johnson—Wilson theory. For the right
hand side, we have a Milnor type short exact sequence [15, Prop. 2.2.11]:

0 — lim! (B(n)/I3)* "1 (X) — B(n) (X) — lim,(E(n)/I3)"(X) — 0

We claim that the lim!'-term vanishes. By [19, Thm. 7.1], it suffices to show
that the E(n)*—modules

Mg = (E(n)/1;)"(X)

are linearly compact with respect to the I,—adic topology. By Lemma 6.19
below, the E(n)*—action on M} factors through E(n)*/I3. So M} is discrete
and therefore Hausdorff, as M is finitely generated. With [19, §7, Prop. B], it
follows that M7 is linearly compact because E(n)*/I3 is so. Thus, completed

Johnson-Wilson theory and E( ) (=) coincide on finite complexes. As the
coefficients are linearly compact, this implies the claim.

The existence of morphisms as in (6.33) is guaranteed by Lemma 6.19 below. O

Lemma 6.19 For any R—-module M, the ideal I° <, lies in the annihilator
of (T/I*)5(M).

The proof will be given in the next section.

7 Higher Bockstein spectral sequences

7.1 Setting up the spectral sequence; convergence

Let (R, T, F) be a regular triple, with ' =T A L. In the last section, we have
constructed the I—adic tower as an Adams resolution of 1" with respect to F
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in Zr. Let M be an R—module. If we apply — A M to the tower, we obtain
an Adams resolution of T'A M. It is of the form:

PANM=~—DIANM

NN SN T e

FAM I/’ \M I?/IBAM

Applying [Y, -]}, where Y is an R-module, yields an exact couple, hence a
half plane spectral sequence with entering differentials [7, §7].

Let us first recall what we can say about convergence. In general, the homotopy
limit holimg I* A M need not be trivial, so we do not have a good convergence
behaviour with respect to the target [Y,T" A M]};,. Boardman shows in [7,
§15] how this can be remedied. Namely, define R—modules Z*(M) by forming
cofibre sequences

holimy (I* A M) — I A M — Z5(M) (7.2)

where the first map is the canonical one. With [15, Rem. after Prop. 2.2.12],
we find that

Z%(M) = holim,(T/I¢ A M).

Now construct compatible maps between the Z5(M) via the octahedral axiom.
The maps in (7.2) then induce a morphism of (7.1) into the tower

Z0(M) ZY(M) Z2(M) Z3(M)
/7 i s
\ y D y o (13)
TAM I/I?ANM I2/IPAM

It induces an isomorphism of the respective spectral sequences obtained after
applying [Y, =]}, because the E;—terms coincide. In the second tower, we have
holimg Z*(M) = 0. Hence the spectral sequence converges conditionally to

[V, Z°(M)]% = [V, holimg (T/T° A M)}

The homotopy limit holims(7/I* A M) can be abstractly characterized as the
F —nilpotent completion Fp(T A M) of T AN M in . By this, we mean the
obvious generalization to Zgr of nilpotent completion with respect to a ring
spectrum in s, as defined in [8]. In particular, Fp(T A M) is F-local for
each M. This can be seen directly as follows. By induction 7'/I° and hence
T/I°* N M are F-nilpotent, i.e. lie in the ideal of P generated by F', in the
terminology of [15]. In particular, they are F—local. Therefore Fp(T A M)
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is F'-local, as a homotopy limit of F—local R—modules. It follows that the
canonical map
TAM — FR(T AM)

factors uniquely into the F-localization map i%: T'A M — LE(T A M) com-
posed with a map

pra: LE(T A M) — FA(T A M).

For each finite R-module M, the natural map T A M — F B(T A M) is an
equivalence, as an induction over the cells of M shows.

If the sequence S generating [ is finite, the map ¢pr is an equivalence by
Proposition 6.12. If T'= R, the map

pran: LE(T A M) 22 LE(M) — Fp(M) 2 Fg(T A M)
is an equivalence for all M. Namely, we have Kiinneth isomorphisms
FE(R/I°* A M) = FE(R/T?) @ FE(M)

for all s, because FI'(R/I®) is F.-free. Now we have seen in the proof of
Proposition 6.12 that lim, FR(R/I®) = F, and lim! FR(R/I®) = 0. Therefore,
we obtain

lim, FR(R/I° A M) = EE(M), lim! FE(R/I° A M) = 0.

Using a Milnor short exact sequence and the fact that F' is a finite R—module,
the claim follows.

7.2 The E;—term; bicomodules
If FE(Y) is F.-free, it follows from Proposition 6.2 that the E;-term of the
spectral sequence is given by:

By = [V, I /1Y A MY, 2 Homy, (FR(Y), (/T A M), (7.4)

If L (and hence F') is commutative as an R-ring spectrum and FF(T) (and
hence FF(F) = FF(T)® FE(L)) is F,-flat, the same proposition yields

B} 2 Cohompp o (F(Y), B (I° /T4 A M))).

To simplify this expression, we need to gain a better understanding of the
FE(F)-comodule structure. We consider the following general setup.

Let A and B be coalgebras over some commutative ring R with coactions Ay
and Ap and counits €4 and eg. We write ® for ®pg in the following. Let
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7: A®Q B - B® A be a given symmetry isomorphism of R—modules with
72 = 1. Then we define a left (A, B)-bicomodule with respect to 7 to be an
R-module M which is a left comodule both over A and B in such a way that

the diagram
YA

M A M
l'yB A®"{Bl
B® M AR B M
%A TOM
B A M

commutes. Here v4 and g denote the given coactions. If we endow A ® B
with the coproduct

AAQAB ARTRB
—_— _—

A: A® B A®? © B®2 (A® B)*?,

we find that
A®YB

M2 AoM =25 A9 Bo M
defines a coaction of A® B on M. To check the coassociativity axiom, we need
to verify that the two paths from the top left to the bottom right corner along
the outer edges of the following diagram yield the same map:

v YA Ao M A®vB ARBOM
YA l/ ©) A®v4 l ® A®B®Yya l
AQM 2acl A®ZQM & A®20BRM _ AoTeM A®BRAQM
A®vB l @ A®ZRyp l @A@’Q@B@'yg l @A®B®A®v3 l
AAQBRM A®2Q K@M ARTRBRM

ARBRM —————— A®2Q BM —————— A®2QB®29M ————— > (A®B)®2QM

This is the case, as the diagram is built from commuting squares: Squares (D) and
@ commute because 74 and ~yp are coactions; square (2) commutes because M
is an (A, B)-bicomodule with respect to 7; the remaining two squares commute
trivially. The verification of the counit axiom is easy.

Vice versa, an A ® B—comodule is an (A, B)-comodule with respect to 7.
Namely, the map

A®€B ®M
—_—

ya: ML A9 Bo M A® M,

where ~ denotes the given A® B—coaction, defines a coaction of A on M. Sim-
ilarly, we define a coaction yg of B. It is easy to check that the coassociativity
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and the counit axioms are satified. To show that M is an (A, B)-bicomodule
with respect to 7, we check that both

M2 Ao M 222, Ao Bo M (7.5)
and 5
M2 BaM 224 BeAeM 2 AgBo M (7.6)

coincide with the coaction . For (7.5), this can be seen by considering the
commutative diagram:

BM
M i Ao B M 2221 Ao M

l'y lA@B@'y lA@"{

AoBo M2 (4e B oM ARAQB®M

\ lA®EB®EA®B®M lA@sA(@B@M

AR B M — AR B® M

A similar diagram shows that (7.6) is 7. From now on, we assume that 7 is
fixed and don’t distinguish between A® B—comodules and (A, B)-bicomodules
with respect to 7.

If N is an A—comodule with coaction 4, then the composition

BaNIZ94 BoAgN 2N Ao Bo N

defines an A—coaction on B ® N. Together with the coaction of B given by

Ba N2V, poBoN,

B ® N can be checked to be an A ® B—comodule. We say that B ® N is
obtained by extending the A—coaction of N to A® B. In a similar way, we can
define an extension A® N’ of a given coaction of B on N’ to A® B. It is then
easy to show that we have the following adjunctions for an A ® B—comodule
M:

Cohom 4 (M, N) = Cohomagp(M,B & N)

Cohomp (M, N') = Cohom g (M, A® N')
Proposition 7.1 Let (R,T,F) be a regular triple with F = T A L. Assume

that L (and hence F) is commutative and that F.R(T) (and hence FE(F)) is
F,—flat. Then there are natural morphisms:

FE(M) — FXT) ® FF (M)
FE(M) — FF(L) @ FF(M)
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For M = T and M = L, they induce coalgebra structures on F{(T) and FF(L)
respectively. With respect to these, (7.7) and (7.8) define natural coactions on
FE(M). Furthermore, there is a symmetry isomorphism

: FR(T)o FR(L) =~ FR(L) @ FE(T)

with 72 = 1 and with respect to which FF(M) is an (FF(T), FE(L))-bicomo-
dule. The corresponding FF(T)® FE(L)—coaction coincides under the Kiinneth
isomorphism FR(F) = FR(T)® FE(L) with the natural F(F)-coaction.

We content ourselves with defining the natural maps (7.7), (7.8) and the sym-
metry 7. The verification of the statements in the proposition is a laborious
but straightforward task.

The map (7.7) is defined as the composition

FER(nrAM)
5

Ff{(M) FINT AM) = FNT) @ (M)

where nr: R — T is the unit of T' and the isomorphism is the inverse of:
FEMTYQ FE(M) — (TyALoATy ATy AL AM ), — (To ALgy ATia AM), (7.9)

Here the first map is the canonical one. The purpose of the indices of the various
copies of T' and L is to indicate in what way these are multiplied under the
second map. The right F,-action on F¥(T) used to form the tensor product
is defined as follows. An element v; Ay € (T A L), = F, acts on = € FE(T)
as

R%FAT=(TANLAR)AT AR 20T,

(TALALYAT AT 2 (P ALYAT = FAT

where pur and pr are the products on L and T respectively. Similarly, we
define (7.8) as

FER(nLAM)
== 4

FE (M) FIML) ® B (M) = FFL A M),

where n;,: R — L is the unit of L and where the isomorphism is the inverse
of:

FRLY®QFRE(M) — (TyALoAL AT ALy AM), — (Toy ALgAL1a AM), (7.10)
The symmetry 7 is a composition of isomorphisms:
FMT)o FML) = FH(T A L) = F(LAT) = FF(L) @ F(T)

The first map is (7.9) for M = L, the second is induced by the switch T'A L
L AT and the third is the inverse of (7.10) for M =T
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Remark 7.2 If T is a commutative S—algebra, F' =T A L is automatically a
T-ring spectrum. It is commutative as such if L is commutative as an R-ring
spectrum. In this case, F(—) defines a multiplicative homology theory on
D7 taking values in F (F)—comodules. It can be checked that the coaction of
FI'(F) = FE(L) on FI(T A M) = FE(M) defined in this way is the same as
the one considered above.

We leave the verification of the following fact to the reader as well:

Proposition 7.3 For any R-module N, we have an isomorphism of FF(F)—

comodules
FHT AN)= FHT)® F(N),
where the coaction on the right hand side is the one obtained by extending the

FE(L)-coaction on FE(N) to FE(F).

Let us come back to the identification of the Fj—term of our spectral sequence.
It follows from the definition of I°/I**!, the preceding discussion and the fact
that FR(J*/J*T1) is F,-free that we have isomorphisms:

By 2 Cohomn (YY), FF(I° /T A M)))
= Cohomjp oy (FF(Y), FFH(T A J* [ J5F A M)))
= Cohomjp ) (FF(Y), FF(T* ) 7°H A M)
& Cohomn y (FFH(Y), FF(J° /754 @ FIH(M))
Thus the Fy—term is the cohomology of the complex obtained by applying the
functor Cohom}}ﬁ(L)(Ff(Y), —) to the sequence:
0— FEM) - FE(L)® FE(M) - FEXJ/?) @ FR(M) — .- (7.11)
We claim that this implies that

Ey* = Coextyg, (FF(Y), FR(OMD)).

To see this, note that (7.11) is the sequence of homotopy groups of
* —FAM —FANLANM — FAXSJ/JPAM — - (7.12)

obtained from (6.1) by applying FF A — A M. We have noted in the proof
of Theorem (6.6) that (6.1) is a relative injective resolution with respect to
L. Therefore, the sequence (7.12) is split, i.e. exact with respect to the split
injective class in Zg. It follows that the sequence (7.11) is split over F. This
implies that it is a relative injective resolution of F(M) over FE(L) and thus,
as FE(Y) is F,-projective, the Eo—term is as claimed.
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7.3 The Higher Bockstein spectral sequence

Let now X be a spectrum, i.e. an object of %s. By setting
Y=RNs X, M=RorY=R, M=RANs X

respectively, we obtain the spectral sequences which we call the Higher Bock-
stein spectral sequences. The following theorem summarizes the above discus-
sion for these cases. Before we state it, we give some comments.

The action of the Bockstein operators Q; € L(L) (Proposition 3.5) on Fy(X)
and on F*(X) referred to in the statement is obtained from the natural actions
of F*(F) via the canonical algebra maps L}j(L) — Fi(F) — F*(F).

The FF(L)-comodule structure on F,(X) referred to is the one induced by
viewing it as F,(X) = FF(RAsX). If F,(F) is F,-flat, it is given by composing
the coaction

F(X) — F.(F)® F.(X)

with the map F,(F) — FE(L) induced by
(T AR L) Ns (T AR L) — (To AR L) AR (T1 AR L) — To1 AR L AR L.

The T-module T was defined in 6.10 and identified under certain conditions as
LE(T) and as Lp(T) in Proposition 6.12. Recall that FE(L) = A, (ag, a1, ...)
as bialgebras, if F' is commutative.

Theorem 7.4 Let (R,T,F) be a regular triple. Then there are condition-
ally convergent spectral sequences of T,—modules, the cohomological and the
homological Higher Bockstein spectral sequences, of the form:

EF* = gri(T*) @ F*(X) = T*(X) (7.13)
E;, = grj(T.) ® Fu(X) = (FR(R As X)) (7.14)

For finite X the target of (7.14) can be identified with ﬁ(X) IfT=R and I
is finitely generated, then the targets of the spectral sequences are isomorphic
to (LE(R))*(X) and (LE(R As X))« respectively. The differential dy of (7.13)
is the grj(T™)-linear map determined by

P ©Q;: F*(X)— I/I°® F*(X).

Explicitly, we have for v ® v € I°/I*T! @ F*(X)
W) =Y 7 Q).
J
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A similar description holds for the differential d* of (7.14). If F is commutative
as an R-ring spectrum and FF(T) is F,-flat, the Eo—term of (7.14) can be
expressed as

Ef* = Coext;’*R(L)(

*

F,,F.(X)).

If moreover F,(X) is F,—free, the E?-term of (7.13) is given by

Ey™ = Coext g, (Fu(X), Fy).

(L)
Corollary 7.5 If F*(X) is concentrated in even degrees, the same is true for
T*(X). Furthermore, the natural map T*(X) — F*(X) is surjective.

We can now give the proof of Lemma 6.19.

Proof of Lemma 6.19 If we cut away in an obvious sense the part of the I—
adic tower over T' to the left of T/I°, we obtain a spectral sequence converging
strongly to (T/I%)*(X). In fact, it collapses at the stage E,. Let (F') de-
note the filtration of (7'/1°)*(X) coming from the spectral sequence. We show
that I*F! C FK*! (x). Because F* is trivial, this will prove the lemma. To
prove statement (x), note that the T,—action on the Fj—term factors through
T./I = F,. Hence I acts trivially on the E,—term for all r. As the spectral
sequence collapses, it follows that I acts trivially on F!/F'*1. This means that
multiplication by an element of I augments the filtration index at least by one.
By induction over k, this proves (x). O

Proposition 7.6 Let £ = E/’(F) and K = K(n) for some prime p. The
natural map (Lx(EAsX)) — (LE(EAsX)) is an equivalence for any spectrum

X . Hence the homological Bockstein spectral sequence converges for R =T =
E and F = K conditionally to (Lx(E As X)), for any X .

Proof We may identify K72 (E As X) = holimg(E/I® As X) with the Bousfield
localization LZ(FE As X) by Theorem 7.4. So the second statement is indeed a
consequence of the first. It follows from [13, Thm. 4.2] that the Bousfield local-
ization LE (M) of an E-module M is isomorphic to M} = Fg(Kg(In), M).
Here Kg(I,) is the smash product

Kg(I,) = Kg(v) Ag - Ag Kg(vn-1),
where the Kg(v;) are defined by the cofibre sequences

Kg(v;) — E — E[1/v;]
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with E[1/v;] 2 hocolim(E 25 E 25 -..). We may write Fp(Kg(I,), M) =
Fyu(Kyo(Ln), M), where Ky (1) is defined as Kg(1,), but E is replaced
by MU everywhere. Setting M = E Ag X, we find that
LE(E As X) 2 Fyu (Kyu (1), B As X).
On the other hand, we have
Lg(E Ns X) =2 Fs(T'1,,(S) As Le(S), LE(E Ns X))

by [16, Prop. 7.10], where I'; (S) is the notation from [13] for the homotopy
colimit over a certain type of sequence of finite complexes of type n. The right
hand side is isomorphic to

FS(F]n(S),E Ns X) = FMU(MU Ns F[n(S),E Ns X)

Now by [13, Prop. 6.6] the p-localizations of Ky(I,) and MU AsT'y, (S) are
isomorphic. Thus the claim follows. D

7.4 Examples

We illustrate the Higher Bockstein spectral sequence (HBSS) by considering
some examples.

Example 7.7 Classifying spaces of finite groups Let E = l?(;), I =1, and
K = K(n) for some n > 0 and some prime p. Assume that G is a finite group
and let BG be its classifying space. Ravenel has shown in [27] that K,(BG)
is always finitely generated over K,. It follows that the HBSS for (E, F, K)
converges strongly.

If G is abelian, it follows from the results in [14, Section 5.4] that E,(BG) is
finitely generated free over E, and that the natural maps (Lemma 6.19)

E./I° ®p, E.(BG) — (E/I*).(BG)
are isomorphisms. Therefore the HBSS collapses at E'. This follows also from

Lemma 7.5, because K,(BG) is concentrated in even degrees [14].

More generally, K,(BG) is trivial in odd degrees for all G in the class of “good
groups” as defined in [14]. So E.(BG) is E,-free for all these groups. The
same is true if G is a symmetric group [17, 31].

However, the classifying space of the p-Sylow subgroup of GL4(F,) has non-
trivial odd Morava K (n)-theory for p > 2 and n > 2. This was proved by Kriz
[20] for n = 2 and p = 3 and by Kriz and Lee [21] in the general case.
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Example 7.8 Moore spectra Let M, be the mod p Moore spectrum and
let us consider the HBSS for the triple (MU, BP(n),k(n)) for variety. Write
B = BP(n), k=k(n) and I = I,,. Let Qo,...,Qn-1 € kj(k) C kZ(k) be the
Bocksteins associated to the sequence p,v1,...,v,—1 and put

L=MU/pAypu -+ Aviu MU Jvp—1.
The natural map
kAs M, ~kAyu MU/p — k Ao L
induces an injection of homology groups
kS (My) = 1Y (MU/p) = A, (a0) — Ar. (ao, .., an-1) = kM7 (L)

where the a; and their formal exterior powers are chosen as in Lemma 3.16. By
naturality and the cited lemma, we have Qg(ag) = 1. Therefore, the E?-term
of the spectral sequence is given by Ef* = or7(By)/p. As it is trivial in odd

degrees, it collapses, and we find confirmed that B, (M) = B, /p.

Consider now the mod p* Moore spectrum M,2. We have k,(M,2) = A, (ag),
but this time g is easily seen to act trivially. The fact that for s > 1

(k/1%)(My2) = ki /(I° + (p%))

implies that d?(v ® ag) = p?v®1 for any monomial v in p,vy,...,v,_1. Hence
the spectral sequence collapses at Ef* >~ or*(B,)/p?, and so By (My2) = B./p*.

—

Example 7.9 Adams-Smith-Toda spectra Let E = E(n), K = K(n) and
I = I,, for an odd prime p. Then M,, admits a self map of degree 2p — 2, which
induces multiplication by v; in BP-homology (see e.g. [30, Thm. 1.5]). Define
V' to be the cofibre. Let Qo,...,Qn—1 € K} (K) C K{(K) be the Bocksteins
corresponding to p,v1,...,v,_1. Arguing along similar lines as in the previous
example, we find that K,(V) & Ak, (ap,a1) with Qo(ag) = 1, Q1(a1) = 1,
Qo(ag AN a1) = a1 and Qq(ap A a;) = —ag. So we may identify the complex
(Ei,*,dl) with the Koszul complex for the elements p,v; € E,. Hence Ef* =
gri(Ey)/(p,v1), so the spectral sequence collapses and E, (V) = E,/(p,v1), as
expected.
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