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THE HOMOLOGY OF CONNECTIVE MORAVA E-THEORY
WITH COEFFICIENTS IN F,

LUKAS KATTHAN anp SEAN TILSON
(communicated by John R. Klein)

Abstract

Let e, be the connective cover of the Morava E-theory spec-
trum F, of height n. In this paper we compute its homology
H. (en;F,) for any prime p and n < 4 up to possible multiplica-
tive extensions. In order to accomplish this we show that the
Kiinneth spectral sequence based on an Es-algebra R is multi-
plicative when the R-modules in question are commutative S-
algebras. We then apply this result by working over BP which
is known to be an E4-algebra.

1. Introduction

In this paper we compute H, (e,,;F),) when n < 4, where e,, is the connective cover
of height n Morava E-theory E,, at the prime p. While E,, has no homology with
coefficients in F,,, we find that H,(e,;F,) contains H,(BP(n);Fyn) as a subalgebra
when n < 4.

The difference between H,(BP(n);F,) and H.(e,;F,) is seen by the existence of
classes which we denote fr for I C {1,...n}. These classes may be of interest in light
of the recent work of Lawson in which he establishes that BP(n) can not be an Eo,
ring spectra when p =2 and n > 4, see [Law18]. At the heart of his argument is
the failure of H,(BP(n);F,) to be a subalgebra of the dual Steenrod algebra which
is closed under the action of certain secondary Dyer—Lashof operations. As e, is
a commutative S-algebra, perhaps these f;’s may be related to this difference in
structure.

Our method of computation is relatively straightforward. We use the Kiinneth
spectral sequence based on BP and show that it collapses. We show this collapse by
using a result of Baker and Richter from [BRO8| relating Massey products to Toda
brackets, Theorem 2.17. To apply this result we must show that the relevant Kiinneth
spectral sequence is multiplicative. This is why we base our spectral sequence on BP
which is known to be an Ey-algebra by work of Basterra and Mandell, see [BM13].
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We then show that
Torg*BP(H* (BP7 ]Fp)a ﬂ—*en)t = Hs+t (ena Fp)

is multiplicative in Section 2. This uses work of Mandell from [Man12] on categories
of modules over Ej-algebras where k < 4.

To state our main theorem, we use the notation [n] := {1,...,n}, w(i) :=p’ — 1
and m(A, B) := #{(a,b) € A x B|a > b}. Further, for aring R we write R{x1, z2,...)
for the exterior algebra with coefficients in R and the indicated generators.

Theorem 1.1. When n < 4, the Kinneth spectral sequence converging to H(e,; Fp)
collapses at the E?-page. Thus we have an isomorphism of algebras

E°(H.(en;Fp)) 2 Ho(BP;F,) ®r, A/a ®F, Fp(Ons1,Uns2,...),

where A = en.(f1 | I C [n]) is an exterior algebra and a is the ideal generated by the
following relations:

u“’(i)ui for0<i<n
WDy for 1 C fnl:
Uaf1Ub — Ubfrua for I C[n], a,b € [n] with a,b < min(])

and
(—1)m oDy, finigus  ifdo = o and (I\dg) N J = 0;
0

=
Jrofr— o (=0T 1oy if Go =0 and TN (T \ o) =
0 otherwise

Y

for all I,J C [n], where ig := min(I), jo := min(J).

The notation 7; is used to denote elements coming from the Koszul complex. Recall
here that E°(H.,(e,;F,)) is the associated graded of H(e,;F,) with respect to the
Kiinneth filtration. In fact, we have a splitting of rings

H.(en;F,) = m (HF, ABP(n) €n) ®F, H.(BP(n);F,)

when n < 4, see Proposition 3.11. However, there are potential multiplicative exten-
sions involving the left hand tensor factor when n > 2. These issues are addressed in
Section 3.3. For example, the relation u? —! fi,; = 0 always holds in homotopy.

We are also able to compute the Kiinneth spectral sequence converging to the
homotopy of the relative smash product HF, Agp e, for n <5.

Theorem 1.2. When n < 5, the Kinneth spectral sequence converging to the homo-
topy of the relative smash product m.(HF, Agp e,) collapses at the E*-page. Thus we
have an isomorphism of algebras

EO('R—* (HFP ABpP en)) = A/a ®F, FP<@n+1vin+2, .- ->;
where A and a are as above.
We have the following result for n = 2:

Corollary 1.3. For n = 2 we have that

Fpe[[ua]][u, f12]
(wuP=t uP* =L ufy g, f19)

F*(HFP /\BP<2> 62) =
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This corollary does not follow directly from the above theorem, but from the
techniques employed in the computation. As BP(2) is known to be a commutative
S-algebra we can proceed directly to the spectral sequence based on BP(2) and avoid
BP entirely. The algebraic computation of the E2-page, as well as the relevant Massey
products, follow the same lines as the general computation in Section 3. There are
no possible extensions when n = 2 for degree reasons. The homology of e; is then
recovered by tensoring with the homology of BP(2).

The product structure that we end up with is an interesting one. In characteristic p,
divided power algebras frequently arise, and the structure we have here is similar. The
element u, which is a unit in E,, but not in e, persists to give a class in H,(e,;F,).
Many of the products that we have can be thought of as divided products with respect
to u.

1.1. Outline

In Section 2 we show that the KSS based on an Es-algebra R in S-modules is
multiplicative when the R-modules in question are commutative S-algebras. We first
recall the A7 construction of Mandell along with some of its properties. We also recall
the relevant work of the second author from [Til16] for establishing that a spectral
sequence is multiplicative. We then proceed to show that the spectral sequence is
multiplicative by constructing a zig-zag of filtrations

Me

Af (HFpO7 C(en)n HFpo; C(en)o) AL (H]Fp07 C(en)o)a

where HF ), is the filtration associated to the Koszul complex, c(en)e is the constant
filtration, and f = ([0, 1]%, [4, 313, (3, 313, [3,1]®) as an element of €3(4), the 4th space
in the little 3-cubes operad. This is sufficient to show that the differentials in the KSS
satisfy the Leibniz formula and apply Theorem 2.17 of Baker and Richter.

In Section 3 we compute the E2-page of the KSS. We compute this Tor-group
with its product structure and various Massey products. After resolving a couple of
extension problems, we are able to identify these Massey products with Toda brackets
and derive the collapse of the spectral sequence. After we have this collapse result we
can deduce that the target of this KSS splits as the tensor product

H.(e,; F,) = H,(BP(n); F,) @, 7. (HF, Agpm) €n)-

1.2. Conventions

We work with the model of spectra developed in [EIm+97]. These are referred to
as S-modules and S-algebras. In Section 2 we will use R to denote an E,-algebra in
S-modules whose underlying S-module is cofibrant. We will use A and B to denote
commutative S-algebras that receive a map of Ej-algebras from R. The underlying
R-module of A and B will also be assumed to be cofibrant. Following Mandell, we will
take R-modules to mean modules over a strictly associative S-algebra, denoted UR,
which is homotopy equivalent to R in the category of S-modules. Similarly, all model
categorical notions will take place in U R-modules instead of R-modules. We also use
homotopy cofibrant R-module to mean a module M over UR which is homotopy
equivalent to a cell or cofibrant U R-module in the sense of [EIm+97].
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Our computation is concerned with various spectra that arise in chromatic homo-
topy theory. Specifically, we work with the Brown—Peterson spectrum BP, the trun-
cated Brown—Peterson spectrum BP(n), and connective Morava E-theory e,. For
more information about the spectra BP and BP(n) we recommend the modern clas-
sic [Rav86]. We also recommend [Rez98] for information on Morava E-theory, whose
coefficients are

ToBn 2 W(F e )[[ug, . ., )] [u™],

where W(R) denotes the ring of Witt vectors, the u; are in degree 0, and w is in degree
2. Note that many use u to denote an element in degree —2 while we do not. We take
this convention simply for typographical reasons as our focus is on the connective
theory which has no element in degree —2. It is shown in [GHO4] that E-theory does
in fact possess the structure of an E,-algebra, and hence a commutative S-algebra
structure. This induces a commutative S-algebra structure on e,. For a survey of
chromatic homotopy theory from a modern perspective see [BB20].

Lastly, recall that the sign convention for the Leibniz formula in chain complexes
of graded modules is

d(ab) = d(a)b + (—1)1*lad(b),

where |a| is the total degree of the homogeneous element a. This is the sign convention
for Leibniz formulas for all differentials in spectral sequences.
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2. The multiplicativity of the Kiinneth spectral sequence for
[E;-algebras

In [Til16], it is shown that the Kiinneth spectral sequence
TOI‘;T*R<7T*A, W*B)t = 7Ts+t(A /\R B)

is multiplicative when R is a commutative S-algebra and A and B are R-algebras.
The symmetry

T:MARN— NAr M

of the monoidal structure on R-modules is explicitly used. We do not have a symmetric
monoidal structure on the category of BP-modules itself but on the homotopy cate-
gory of BP-modules. This symmetric monoidal structure on the homotopy category
is induced by an interchange operation which exists on the category of BP-modules.
First we briefly recall the work of Mandell where he constructs a point set model for
the relative smash products and various interchange operations. We then recall some
definitions and results from [Til16] before discussing multiplicative filtrations. Next,
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we show that our spectral sequence is multiplicative. Finally, we recall Theorem 2.17
from [BRO8] which we will use to show that the Kiinneth spectral sequence collapses
in Theorem 3.6.

2.1. Monoidal structure on the category of modules over a ¢,-algebra
In this subsection, let R be an €,-algebra in the category of S-modules, where &,
is the little n-cubes operad. While it is usual to assume that R is an E,-algebra this
is only a homotopically meaningful notion. Instead, we fix an actual &€,-algebra at
the outset. Let €, _;(m) denote the m'"-space of the little (n — 1)-cubes operad. In
[Man12], Mandell constructs point-set level models for monoidal products

A (R—mod)™ — R—mod,

depending on a map f: X — €,_1(m), where X is any CW-complex. Recall that
Mandell works with U R-modules instead of R-modules. Where R is only assumed to
be an €;-algebra in S-modules, U R is a homotopy equivalent associative S-algebra. In
particular, this allows us to work with an honest category of modules as opposed to the
more general operadic definition. See Section 2 of [Man12] for more details on this.
Following Mandell, by R-modules we will implicitly mean U R-modules. Similarly, all
notions of cofibrancy are in terms of the model structure on U R-modules.

Explicitly, given a map f: X — €,_;(m) Mandell provides UR A X, with the
structure of a UR-U(R™)-bimodule. This is then used to define

A (My, Ms, ..., My) == (URA X4) Aypmy (My A Mo A<+ A My,),

where X, denotes the suspension spectrum of X with a disjoint basepoint. A/ has
very nice homotopical properties. It is natural in f and its homotopy type only
depends on the homotopy class of f. In addition, it is homotopy invariant in the
R-module coordinates when applied to modules which are homotopy cofibrant. In
particular, this implies that Af is functorial in zig-zags when the arguments are
homotopy cofibrant. This means that A/ applied to a zig-zag of homotopy cofibrant
R-modules also produces a zig-zag.

We are primarily interested in the case where the base space X is a point and
where f is the constant map f,,: X — €,,_1(m) whose image is

([0, 1/m]" Y [1/m,2/m]" "1, [(m = 1) /m, 1)) € €, (m),

i.e., the configuration of m small cubes along the diagonal of a large cube. Whenever
m is clear from the context we just write p for p,,. The only other cases of interest,
for us, will be when X is an interval and f is a path in €,_;(m) connecting different
configurations.

Mandell uses this construction to determine what extra structure the derived cat-
egory of modules over an E,-algebra has when n € {2,3,4}. For example, he shows
that MArN := A#(M, N) yields a monoidal structure on the homotopy category of
R-modules if R is an [Es-algebra. When R is an E3 this monoidal structure has a
braiding. This braiding is a symmetry when R is an E4-algebra.

As we are working with actual module spectra (as opposed to working in the
homotopy category), we are going to rephrase his main theorem in the following way.
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As a notation, we write
M ~~> N

to indicate that there is a zig-zag of maps connecting the R-modules M and N, where
all maps going in the wrong direction are weak equivalences. This induces a map from
m« M to w,N. Similarly, we write

M <~~> N

when there is a zig-zag of weak equivalences connecting M and N. The proof of the
main theorem of [Man12] implies the following:

Theorem 2.1. Let R be an €3-algebra and My, Ms and Ms be homotopy cofibrant
R-modules.

1. There are zig-zags
A“(AM(Ml, M2)7 M3) </g\> AH(Ml, Mg, Mg) <,3\;, AM(Ml,AN(MQ, M3)) .
2. If R is an C3-algebra, there is a zig-zag

AM(M17M2) <’\t\>A‘u(M2,M1) .

Remark 2.2. These zig-zags are described explicitly in [Man12] in Sections 4.5
and 4.7, respectively. The result then follows from the combination of his Theorem
1.5, Theorem 1.7, and various properties of the A/ construction. In particular, this
construction is natural and homotopy invariant in the f coordinate as well as the
module coordinates, when applied to R-modules that are homotopy cofibrant.

More explicitly, the coherences necessary to show Theorem 2.1 induces a monoidal
structure can be constructed as follows. When n > 2, there exists a path « from p,,
to the composition, using the operadic structure, of u, with pg,,..., pg,. such that
Z§=1 k; = m. The existence of such an « then gives a natural zig-zag of functors

Abm o AY < ARrO(Bky kg e lky) s Alr (APEy APRa | APEr)

from A#m™ to Abr o (AFk1 ) AFke . AMkm ). These maps are all weak equivalences when
the arguments are homotopy cofibrant modules. This is the general approach to estab-
lishing coherences in the derived category. Such arguments also work to establish
braidings and symmetries of the monoidal structure.

We will now show how to construct algebras in such a setting. The multiplicativity
of our spectral sequence will come from lifting this structure to the filtered setting.
This process is discussed in Section 2.3.

In ordinary ring theory, a map of associative algebras R — A only induces an
R-algebra structure on A if the image of R is contained in the center of A. However,
if A is commutative then every element of A is central. A similar argument works
here so that both HIF, and e, are algebras over BP. Proposition 2.3 is a version of
the above using A¥.

Proposition 2.3. Given a commutative S-algebra A, an Es-algebra R, and a map
R — A of E;-algebras in S-modules, there exists a product map A*(A, A) — A in
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the category of R-modules. This product is associative in the sense that the diagram

AP (AM(A, A), A) A AM(A, A" (A, A)) (1)

Ar(AA) A AH(AA)
commutes upon passing to the homotopy category.

In the above diagram « is the zig-zag of Theorem 2.1. It can be witnessed by an
explicit path « in € (3).

Proof. The construction A* is defined by the coequalizer diagram

URuANURHANANA=URuNANA.

We use R? to denote the smash product R A R, and will similarly use R" to
denote the n-fold smash product of R with itself. U Ry is the UR — U(R?)-bimodule

UR A %, where the right U(R?)-module structure is induced by the inclusion p =
([0, 21", [3,1]"1) € €,-1(2). We then want to construct a map of coequalizer dia-

grams

URuNUR)ANANA URuNANA

URuNURNA URp N A.

We first construct the square with the top arrows in the equalizer diagrams and then
the square with the bottom arrows of the diagrams.

The right U(R?)-module structure on U Ry is constructed using the multiplication
map

U(R?) — UR

along with p. Thus we have a commutative diagram

URuANU(R?) ——— = URpu

URuAUR URp.

This constructs the square with the top arrows of the coequalizer diagrams by then
smashing with the product of A as a commutative S-algebra.
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The left U(R?)-module structure on A A A is the composite of
frURHNANA—URANURNANA—URNANURANA —ANANANA

and the multiplication of A as a commutative S-algebra smashed with itself. The map
f is a composition of

U(RAR) — URAUR,
which is referred to as 1.2 in [Man12], the natural equivalence
UR — R,

the map from R to A, and the symmetry in the underlying category of S-modules.
Therefore the diagram

URINANA ANA

URNA A

commutes since A is a commutative and associative S-algebra. We now have a map
of coequalizer diagrams which naturally induces

AP(AA) — A

by definition.
To see that the associativity condition is satisfied we can make a similar argument.
As A is an associative S-algebra we can construct a product map

A*(A,A,A) = (URNI ) Ayrsy (ANANA) — A
by examining coequalizer diagrams as we did above. The invariance and functoriality
of A7) induces the zig-zag of equivalences
A (AM(A,A), A) — A% (A, A A) <— A(A, AF(A, A)).

Functoriality of A#(—, —) also gives us the maps

AF(AM(AA), A) — A*(AA)
and

AF(A AH (A A)) — AF(AA).

The desired diagram commutes due to the discussion in the beginning of Section 4.5
of [Man12] and the associativity of A. O

2.2. Filtrations and a comparison theorem

The material in this section is a brief recollection of necessary material from [Til16]
and [Til17]. Here we give definitions that are adapted to our situation from the
standard notions. These definitions do recover the standard constructions when A/
is replaced by — Ar — in the situation that R is a commutative S-algebra.
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Definition 2.4. A filtered spectrum or filtration is a sequence of cofibrations
e A ‘—>Ai"—>Ai+1 e

We denote the single filtered object as A,. The associated graded complex of a
filtered spectrum A, is the complex of spectra

ko Ay 1 [Aigve-AiJAi_1ve- Ay [Aice— - -
denoted by EY(A,).

Our notation A—e—+B is an abbreviation for A — ¥ B. Here we work with increas-
ing filtrations exclusively. The Kiinneth filtration, which gives rise to the KSS, is such
an increasing filtration.

Definition 2.5. The smash product of two filtrations A, and B, is denoted by
AL (Ao, B,). The nth term in the filtration is
AR(A,, B,) := colim A¥(A;, Bj).
i+j<n
More generally, the iterated smash product of r filtrations A}, A2 ..., A% is denoted
by ALY (AL, A2, ..., A7) and defined as
AF(AL, A2, . AT):= colim AM(A} , A2

. , 217 77127 7
i1+ +ir<n

AT,

When R is a commutative S-algebra, this definition is equivalent to what is given
in [Til16].

Lemma 2.6. The smash product Ay(AL, A2, ... AL) of filtrations AL, A2,... AL is
a filtration as well.

Proof. Let Be := AJ(AL A2 ... A7). We need to show that the maps B; — B 1
are cofibrations. This follows from Proposition 3.10 of [Elm+97] and the repeated
application of the pushout product axiom. O

We call a filtration projective if the associated graded complex consists of retracts
of free R-modules. A filtration being exact is essentially equivalent to the associated
graded complex being exact after applying 7,; see Definition 2.1 and Lemma 2.2 of
[Til16] for the full definition and its relationship to exactness after applying .. We
say that a filtration A, is an exhaustive filtration of A when colim A, ~ A. A
filtration is said to be bounded below if for some n we have that A; ~ * whenever
1 < n. Every exact and bounded below filtration is also exhaustive by Lemma 2.2 of
[Til16]. For more details see Section 2.1 of [Til16]. This exactness and projectivity
are necessary in order to apply the following result.

Theorem 2.7 ([Til16, Thm 1]). Suppose that we have a map f: Y — A of R-

modules, an exact filtration Ae C A, and a projective and exhaustive filtration Yo C Y.

Assume further that A; = x and Y; = x for i < —1. Then there is a map of filtrations
Y, I A,

such that colim f, ~ f under the equivalences colimY, ~Y and colim Ay ~ A. Fur-
thermore, the lift fo of f is unique up to homotopy of filtered modules.
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This result will be applied to show that the Kiinneth spectral sequence is multi-
plicative. Explicit details of the construction of the Kiinneth spectral sequence can
be found in Chapter 4.5 [Elm—+97] and Sections 2 and 4 of [Til16]. We will apply
Theorem 2.7 in the setting of UR-modules with A#. This suffices as exactness and
projectivity are homotopical notions which are preserved by A¥.

2.3. Multiplicative filtrations and the Kiinneth spectral sequence

We now give a definition of multiplicative filtration. Such filtrations will give rise
to multiplicative spectral sequences in the same way that pairings of filtrations give
rise to pairings of spectral sequences. As we are not working with a commutative
S-algebra, we will only be able to obtain a zig-zag of filtrations as opposed to a map
of filtrations. This will be sufficient though as we will be applying homotopy invariant
functors. The same is true of the coherences, such as “associativity”.

Definition 2.8. We say that a filtration A, is multiplicative if there is a zig-zag
of maps of filtrations

AY(Ae, Ay) i A,
where maps of filtrations going in the wrong direction are level-wise weak equivalences.
Further, this structure should be associative in the sense that the following diagram

AY (AR (Al, Ay), Ay) <~~~ AR (A, MY (As, AY))

AI:(Aoa Ao) > Ao <~ AF:(A., Ao)
commutes after passing to the homotopy category.

Here, as in (1), a denotes a zig-zag of Theorem 2.1.

As we will be applying a general lifting result to algebras in BP-modules, we can
not expect for a better form of associativity in light of Proposition 2.3. However, we
will establish that the KSS applied to commutative S-algebras over B P is multiplica-
tive. A useful consequence of a filtration being multiplicative is given in the following
proposition:

Proposition 2.9. If A, is a multiplicative filtration of R-modules, then each page
of the corresponding spectral sequence is a DGA (not necessarily commutative). In
particular, the differentials satisfy the Leibniz rule with respect to this product.

Proof sketch. That a multiplicative filtration gives rise to a product on E"(A,) for
each r follows the usual line of argument. That the product on the filtration is a
zig-zag will not be an issue as the algebraic computation is obtained from applying
homotopy invariant functors. The associativity of this product structure then also
follows by the same argument. The difficult part of the above is showing that the
differentials satisfy the Leibniz rule. The standard argument for showing this starts
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by representing y, d,(y) € E"(As)s,+ as a map from the filtered spectrum

Ud(r,s,n) :=--- — % — "1 I ) LN ) LREN
to Ae. The total degree of y is s +t = n and it is represented as a map from
D}/SE — AgJAs
and d,.(y) is represented as a map from
Sﬁ_l/* — A [As_ 1.
We then represent the pair (y,d,-(y)) as a map of filtered spectra
U: Us(ry8,n) — A,.

The spectral sequence associated to Us(r, s,m) has two generators and one non-trivial
differential between them, the obvious d,.. Given two such maps we can smash them
together to form

gAY AL(Us, UY) — MY (Ao, As).

As having a map of filtrations induces a map of spectral sequences, any differential in
the spectral sequence associated to Ab(U,,U.) induces a differential in the spectral

sequence associated to A4 (A,, As). The spectral sequence associated to A% (Us,U))
is easily computed and seen to have 4 generators on the E'-page. They are

yoy, y@d(y), d-(y) @y, and d.(y) ®d.(y).
In this spectral sequence we have the differential
d.(y®y') =d.(y) @y + (-1)"T'y @ d.(y)

coming from the attaching map of the top cell of S™ A 57" This would naturally
induce differentials in the spectral sequence for A, using a natural map

A (Ae, Ay) — A

However, what we have is a zig-zag. This is enough though as the whole computation
takes place after applying 7.(—) and we obtain differentials in the spectral sequence
associated to A, as the composite

T (UY) L5 1 (AU, UL)) — (AP (Aa, Ad)) — T (Ad).

Here the map f represents the differential on y ® %’ in the spectral sequence associated
to A%(U,, U,). Thus we have a map of filtered abelian groups

m(US) — m(Ad)
which implies that the differentials in the spectral sequence associated to A, satisfy

the Leibniz formula. O

See Section 4 of [Til17] for a more detailed analysis of this.
The following lemma will be applied to the structure maps produced by Proposi-
tion 2.3.
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Lemma 2.10. Given a map of R-modules
AF(M, M) — M

which is associative in the sense of Equation (1) there is a lift of this product structure
to a map of filtrations

Ay (Mo, My) — M,

making Mo multiplicative where M, is a projective and exact filtration of M in R-
modules.

Proof. Given the map A*(M, M) — M we wish to lift it to the filtration M, of M in
R-modules. We do this using Theorem 2.7 applied to the filtration AL (M,, M,) and
the map A*(M, M) — M.

Since M, is a projective filtration we also have that A4 (M,, M,) is level-wise

projective. This follows as when the filtrations M, and N, are projective we have
that

EO(AY(Ma, No))n ~ (B (Ma) @ E°(No))n := \/ A*(M;/M;_1,N;/N; 1),

i+j=n

where the tensor is the graded tensor product of complexes of spectra induced by A*.
Therefore we can apply Theorem 2.7 to the map

A¥(M, M) — M.

When f is a map from a contractible space, the construction AL applied to M,
in each coordinate is still a projective filtration. Thus we apply Theorem 2.7 to each
map in the associativity diagram for M. The uniqueness, up to filtered homotopy,
of our lift then ensures that the diagram commutes in the homotopy category. This
shows that this lift is suitably associative. O

Such filtrations are obviously multiplicative in our sense.

Proposition 2.11. Let R be an Ez-algebra and let Mo and No be multiplicative fil-
trations of R-modules. Then the filtration Ay (M,, No) is a multiplicative filtration of
R-modules.

We will apply this result when M, is a filtration of HF, or HF, A BP by BP-
modules and N, is a filtration of e, by BP-modules. These are the two cases where
A4 (M,, N,) have their associated spectral sequence converging to m.(HF, Agp e,,) or
H, (en;Fp), respectively. In these situations, M, is the projective and exact filtration
of HF, or HF, A BP that comes from the Koszul complex and N, is the constant
filtration of e,,.
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Proof. The multiplicative structure on the filtration A4 (M,, N,) is given by the com-
position of zig-zags in the following diagram:

AﬁL<AﬁL(M07No)7AI:(MhN'))

|

AI:(M.7N.7M07NO) ~ AI:(M.7M.,N.,N.)

|

AL (AS (Mo, My), Ay (No, Ng)) ~> ALY (M,, N,).

Here, we repeatedly apply Theorem 2.1 as well as Remark 2.2. The last map is induced
by the structure maps

AL (Mo, M) ~~>= M, and A4(No, Ny) ~~> N, .

That this satisfies the required associativity follows from lifting the arguments of
Proposition 2.3 to the filtered setting. O

Theorem 2.12. Let R be an Eg-algebra and A and B be commutative S-algebras
over R which are cofibrant as R-modules. Then the Kiinneth spectral sequence

TOI'?" (A*, B*)t = st (A# (A, B))
is multiplicative.

Recall that under these hypotheses A#(A, B) is a model for the derived relative
smash product in the homotopy category of R-modules.

Proof. We apply Proposition 2.3 to both A and B obtaining the maps
A*(A,A) — A and AH*(B,B) — B

satisfying the appropriate associativity condition. Then we lift these structures to
maps of filtrations using Lemma 2.10. This produces maps of filtrations

A (Al As) — A,

where A, is projective and exact filtrations of A as an R-module. These exist by the
construction given in Section 2.2 of [Til16]. The filtration ¢(B), is also multiplicative.
Then using Proposition 2.11 we have that A4 (A, c(B)e) is multiplicative. Thus the
spectral sequence is multiplicative by Proposition 2.9. O

2.4. The Kiinneth spectral sequence over BP.
In order to apply the above results, we need maps of associative S-algebras
BP — A.

When A is HF), this is clear as we can take the composition of Oth Postnikov sections
and the reduction mod p map

BP — Py(BP) = HZ,) — HF,

which are both maps of associative algebras. Obtaining the map to connective Morava
E-theory is more difficult and relies on the work of Lazarev in [Laz03], Angeltveit in
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[Ang08], and Rognes in [Rog08]. Once we have a map of associative S-algebras
BP — E,

we get a map to e, since BP is connective. The following result is not original and
is proved by stitching together various results in the literature. We don’t know of a
proper reference and so we provide the argument here.

Lemma 2.13. There is a map of associative S-algebras
BP — e,
which takes the class v; to uiupi_l fori <mn, u?" =t fori=n, and 0 otherwise.

Proof. There are maps of associative S-algebras

BP 1% BE(n) 22 Em) £ % I4 g,
where

e FE(n) denotes periodic Johnson-Wilson theory and f; is the map of associative
S-algebras constructed by Lazarev in [Laz03] and Angeltveit in [Ang08],

° E/'(F) is the I-adic completion and fy is the natural map, which is a map of
associative S-algebras. This completion process is an inverse limit of quotients
E(n)/I*. The product structure on this completion is investigated by Lazarev
in [Laz03].

e The map f3 is constructed by Rognes in his proof of [Rog08, Proposition 5.4.9].
Here, K is a particular subgroup of the extended Morava stabilizer group.

e The map f; is also constructed by Rognes in [Rog08]. It follows from his com-
putation that these are maps of commutative S-algebras and that the composite
fao fso fao fi takes the class v; to the desired element in 7. (E,).

Composing these maps yields a map BP — E,, of associative S-algebras. It is lifted
to the connective cover e,, as follows. The connective cover e, is constructed using
the functor constructed in Proposition 3.2 of Chapter 7 in [May77]. Alternatively,
one can construct e, as an commutative S-algebra by attaching cells to E,, to kill
all of the positive homotopy groups in the category of commutative S-algebras. This
gives a map

En — TgoEn

of commutative S-algebras which is an isomorphism in 7; for ¢ < 0. We then take the
pullback of

E,

HmoE, ———— 7<0Ey.

Recall that the limits of commutative S-algebras are computed in the underlying
category of S-modules and so we have our connective cover. (This works with just
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associative S-algebras as well.) The spectrum BP is connective, therefore the com-
position
BP — E, — 17<0E,

is nullhomotopic. Thus we have our desired lift BP — e,, in the category of S-
algebras. O

We are now in a situation to apply the above result Theorem 2.7 to the maps of
S-algebras
BP — HF,, BP — HF, ANBP, and BP — e,.

Corollary 2.14. The Kunneth spectral sequences
Tor?P (H.(BP;F,), ens): = Heri(en; Fpy) and
TorSBP* (Fp, ens )t = msyi(HF, App €n)

are multiplicative.

Proof. We apply Theorem 2.12 to HF,, HF, A BP, and e,,. Note that the application
of Proposition 2.3 to HF, A BP is slightly subtle. We obtain the map

A*(HF, A BP,HF, A BP) — HF, A BP
satisfying the appropriate coherences by noting that there is always a natural map
A (HF, A BP, ..., HF, A BP) — A (HF,, ... ,HF,) AA/(BP,..., BP)
using the diagonal map on the domain of f and the fact that
A (BP,..., BP)~BP AN X,
for all f. The rest of the proof of Theorem 2.12 applies directly. O

2.5. Massey Products in the Kiinneth spectral sequence

Here we review some material from [BRO8]. The results of this section are due
to Baker, Richter, and Kochman. Our only contribution is the observation that they
apply in our setting. Kochman establishes conditions under which elements of Massey
products detect elements of Toda brackets in the Adams spectral sequence in [Koc96].
Then in [BRO8], Baker and Richter adapt this to multiplicative Kiinneth spectral
sequences. This then relates Massey products in Tor to Toda brackets in the target.
We recall briefly some of the relevant definitions and then we will state their Theorem
B.2 from [BROS].

Recall the convention that & = (—1)1%/*1 where |a| is the total degree of the homol-
ogy class a, see Appendix 1 of [Rav86] where the notation @ is used instead. We also
use the notation [a] to denote the homology or homotopy class of a cycle a € A or a
map

a:S" — E
depending on the context.
Definition 2.15. Let [z], [y], [2] € H.(A) where A is a DGA and [z][y] = 0, [y][z] =0
in Hy(A). Then the Massey product ([z], [y], [2]) is defined to be the set

{8z + @t | O(s) = &y and I(t) = §z}.
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The data {s,t,x,y, z} along with their boundaries is called a defining system. The
indeterminacy of this Massey product is given by

[z]H..(A) ® H.(A)[2]

for suitable degrees.

For homotopy groups of ring spectra there is the similar notion of Toda brackets.
In the presence of a product structure the definitions are very similar. Therefore it is
not surprising that they are related.

Definition 2.16. Let [a], [b], [c] € 7. E where E is an S-algebra and [a][b] =0, [b][¢] =0
in m.E. Then the Toda bracket ([al, [0],[c]) is defined to be the set of all elements
of the form g,,c + agp., where
gis: DIy g
is a nullhomotopy of the product
iNg: STl = gl A Sl EAE 2 B

Note that we only use the existence of a product on E. This works in modules over
any S-algebra, such as BP.

We now have the result of Baker and Richter which allows us to compute differ-
entials by relating Massey products and Toda brackets.

Theorem 2.17 (Theorem B.2 of [BRO8]). Assume that the following conditions hold
in the KSS

Torf™* (A,, B.) = m.(A Ag B).

The elements x,y,z € E" are permanent cycles which converge to elements
&1,&2,&5 in mo(A AR B) respectively.

e The Massey product {[z], [y],[2]) is defined in E" 1.
The Toda bracket (£1,&2,&3) is defined in m.(A Ag B).

If {s,t,x,y, 2z} is a defining system for ([z],[y], [2]) then there are no non-zero
crossing differentials for the differentials d,.(s) = &y and d,t = §z.

Then the Massey product ([x], [y], [2]) is a set of permanent cycles which converge to
elements of (1,82, &3)-

Even though Baker and Richter require commutativity, it is not necessary. They
only use commutativity of the base to establish that the KSS is multiplicative. Given
our Theorem 2.12, all that is necessary is an Egs-algebra. Further, the only part of
multiplicativity used in the proof is the pairing of the filtration with itself.

The notion of crossing differential is slightly technical. Let y € Ey ,,_, with d,.y # 0.
We say that y has a crossing differential if there is an element y’ € Egi,nfa, with
dy' # 0 such that a < @’ and a4+ r > o’ + /. If we draw a spectral sequence we see
that these differentials cross each other. In our situation, there will be no non-zero
crossing differentials for degree reasons. This result will allow us to show that certain
classes contained in Massey products on the Fs-page survive the spectral sequence

to detect genuine homotopy classes.
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3. The Kiinneth spectral sequence for H,(e,;F,)
In this section we compute the E2-page of the Kiinneth spectral sequence
Eg,t = Torfp* (Ha(BP;Fy), env)t = Hoyi(en; Fp)

as an algebra. We then use Theorem 2.17 to show that the spectral sequence collapses
for n < 4. This is enough to compute the homology of connective Morava E-theory
up to multiplicative extensions. We resolve some of the multiplicative extensions in
Section 3.3.

3.1. The E?-page as an algebra
In order to compute TorZF* (Hi.(BP;F),), ens), we first recall the descriptions of
the algebras involved:

BP* = Z(p)[vl,’l}g, .o .L
Falet, &3... ] ifp=2
FP[Sl)E?w"] lfp#27

ens = W(Fpn)[[ua, uz, ..., up—1]][ul.

H,(BP;F,) = {

The generators are graded as follows:

deg(v;) = 2(p" — 1) i>1,

deg(é7) =2(2" — 1) i>1,forp=2,
deg(&) = 2(p" — 1) i>1, for p#2,
deg(u;) =0,

deg(u) = 2.

See [Rav86] for H,(BP;F,) and BP,. Here, W(F,») = Z,[(,] is the ring of p-typical
Witt vectors over the field F,», where Z, denotes the p-adic integers and ¢, is a
primitive (p" — 1)5* root of unity.

H.(BP;F,) is an algebra over BP, via the Hurewicz map. This map sends p and
each v; to zero, so as an BP,-module, H,(BP;F,) is isomorphic to @ F,. The BP,-
algebra structure on e, is induced from the map constructed in Lemma 2.13, which
maps

upi_lui ifl1<i<n—1,
v = P 1 ifi =n,

0 if i > n.
Lemma 3.1.
TorBP (H.(BP;F,), en.) =
H*(B-Pv FP)(X)]FP Tor%(p)[vl)m’vn](Fpa en*) ®]Fp FP<6n+176n+2a e >

Note that Zy[v1, . . ., v,] = BP(n)., so the remaining part Tor, @ V10! (Fp, €ns)
can be interpreted in terms of BP(n).
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Proof. Since H,(BP;F,) = @TF, as a BP,-module, we have the isomorphism
Tor?"™ (H.(BP;Fy), en.) = H.(BP; Fp) ®F, Tor?"™ (Fp, €ns).

Next, we compute Tori3 P (Fp, ens) by resolving F,, over BP, using the Koszul complex
K(p,v1,...). We write T; for the element with 9(7;) = v;. Since for i > n, 7, is a cycle
in K(p,v1,...) ®pp, €ns, we obtain the isomorphism

z e Un _ _
Tor*BP* (Fp,ens) = Tory® (o150 ](Fp, enx) ®F, Fp(Uni1,Uns2,. ) O
We will compute TorZ» [v1vn] (Fp, ens) with the Koszul complex K (p, v1,...,vp).
We use the convention that vg = {0,1,...,n}, up = p and u, = 1. Then we have that

Tor%(p)[vlv'“’v"] (FIN en*) - H* (IC)7
where
K= K(p7 V1y- - 7U7L) ®Z(p) [V15eeey0] Enx = K(uouw(O)’ Uluw(l), Ce ,unu“’(”)),

and w(i) = p' — 1.

In order to describe H,(K), we need to set up some notation. Recall that [n] =
{1,...,n} for n € N. In addition, we set [n]p := [n] U {0}. For I = {41,...,4,} C [n]o
withé; <.+ <, weset vy :=0;, A--- AD;, and aj := uw(in) extending the notation
;.

Lemma 3.2. The homology of KC is generated by 1 and the homology classes of

= Lo

ar

for I C[n], #I > 2, as an e,-module.
Note that we only need f; with 0 ¢ I as generators.

Proof. First, we show that the f; with I C [n]g generate the cycles of K. For this, we
need to show that the elements f; are well-defined. For this, consider a set I C [n]g
and set i := min I. Since w is monotonic it holds that u*®) | 95, for all k € I, and
thus f; is well-defined. Moreover, each f; is a cycle, because 0 = 90v; = a;0f; and
« is a non-zero divisor on K.

It remains to show that every cycle in I can be written as a linear combination of
the fr’s. We will use the lexicographic order on the power set of [n]y to prove this. For
any element ¢ =} ;) sV € K we call supp(c) := {J C [n]o | c; # 0} its support.
Moreover, the leading term of ¢ is ¢ 0y for J = max(supp(c)).

Consider a cycle c¢:=3)_;c;v; € K. Let Jo := max(supp(c)) and jo := min(Jp).
The v are linearly independent, so we can consider the coefficient of v\ ;, in dc to
obtain that

CJoaﬁjO + Z iC(JO\jO)Ujaij =0.
J€lnlo\Jo
By the definition of Jy and jo, only the coefficients c( .\ j,)u; With j < jo are non-zero.
Hence c;,07;, = cj,u®90)u;, is contained in the ideal (u; | 1 < j < jo) C ens- As uj,
is a non-zero divisor modulo this ideal or a unit and u is an indeterminate, it follows
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that already cj, is contained in the ideal. Hence there is a presentation of cj, as
cj, = Zl<j<jo sju; with s; € eps, 1 < j < jo. Consider the cycle

C1 = E ijjouj.
1< <o

Since j < jo = min(Jy), the leading term of ¢; is

E , SjUiV(Joui)\j = E : SjUj | Vg = CJoVo-
1< <do 1< <do

Hence ¢’ := ¢ — ¢; is a cycle with a strictly smaller leading term than c. As there are
only finitely many sets I C [n]o, the claim follows by induction.

Finally, note for I C [n]o with 0 € I, it holds that oy = 1 and thus f; = 0(71) is a
boundary. Hence, we only need f; with I C [n] to generate the homology of . [

Let
A= epo(ff |1 C [n), #1 > 2)

be the exterior e,.-algebra with the indicated generators. We endow A with a bigrad-
ing by setting
deg fj:=#I -1, Z 2w(4).
i€\ min(T)

Here, the first component of the grading is to be interpreted as a homological grading,
and the second component is an internal grading. In particular, the commutativity
relation of A is

fify = (~)FEDEDL 5
By the previous lemma, we have a map
v A— K,
fr—Ir
of e,«-algebras, whose image is the cycles of K. It induces a surjective map
[]: A= H.(K).
Lemma 3.3. The kernel of [¢] is generated by the following polynomials:

u?Du;  for 0 <i < n;

w D £ for T C [n], #1 > 2;
Ua frip — Unfrua  for I C[n],#I > 2, a,b € [n] with a,b < min(I)
and
(- l)m(I\ZovJ)ulOfI\zo Ly W0 = jo and (I\ig)NJ = 0;
Fie gy = 4 (g fr i o > o and T S
0 otherwise

for all I,J C [n],#I = 2,#J > 2, where ig := min(I), jo := min(J), and
m(A, B) := #{(a,b) € A x B|a> b}.
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Proof. Let a C A denote the ideal with the given generators. First, we show that
a C ker([¢]). For this we need to show that the classes of the fr satisfy the given
relations. It is clear that v*(u; = 07; and v (™D f; = 97, are boundaries. Next,
we show that u, frup — up frua 18 @ boundary for I C [n], a,b € [n] with a,b < min(]).
For this, we compute

0=00v(4pyur =0 <3vavbu1 — OUpVaur + Z 8Uiv{a,b}ul\i>

i€l

= 00,0Vpu1 — OVpOVau1 + Z 90;00 (4 pyunNi

iel
= uqu” Du® fioip — upu®u@ f o+ Z wi V0w, o
iel
(@ (®) ( afour — up faur + Zu v -wl@—v® gy, b}uI\z> .
el

An elementary computation shows that w(i) — w(a) — w(b) > 0 if i > a,b. Thus we
have that

Uq four — Uy faur = Z wu OO g5 o
el

is a boundary.

Next, we show that there are no other linear generators of ker([¢)]). This is very
similar to our argument in the proof of Lemma 3.2 above. In homological degree 0,
a clearly contains all the preimages of the boundaries. In higher homological degree,
consider an element 7 := " ; ¢ f; € ker([)]). Then ¢(r) is a boundary, so there exists
an element ¢ = ) ;, ¢/, such that dc = 1)(r). In other words,

0= ZCJfJ - ZC'J@WJ/ = ZCJfJ - ZC/J/OéJ'fJ/
7 7 7 7
=1 (Z crfy = cf]/aJ/fg/> :
7 7

As ay fh €a for all J', we may replace r by >, csf; — >, oy f} and thus
assume that ¥(r) = 0 as a cycle.

Next, let Jy be the (lexicographically) largest set in supp(r), and let jo := min(Jp).
Considering the coefficient of T\ ;, in 1(r), we see that

CroUj + Z C(Jo\jo)ujtj = 0.
J€n\Jo

(2)

Now we argue as above that c;, is contained in the ideal (u; |1 < j < jo) C ey and
can thus be written as cj, = > <;;, Sju; with s; € ens,1 < j < jo. Consider the
element
=y s (“J‘f3 - “a‘ofy"w\{jo}) ca.
1<7<Jo
As before, r and r; have the same leading term, so we may replace r by r — r1. By
induction, it follows that r can be written as a sum of terms of this form, and thus
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T Eaa.

Finally, we show the formula for the product frf;. For this let I,J C [n], with
#I > 2,#J > 2 and i¢ := min([), jo := min(J). By symmetry we may assume that
ig < jo- We start with a short computation:

1 1
d(vy - 0vy) = oy Za(ﬁj)afla@l U\

jeJ

fr-fr= %OU((%I)(‘%J) =

arag
= Z ujuw(j)_w(j())_w(i")a(ij . EJ\j)-
jeJ

For j > jo we have that w(j) — w(jo) — w(ig) > 0, because iy < jo. Thus, the only

term which is possibly not a boundary is the term with j = jo. If TN J \ jo # 0, then

U1 - U\, = 0. Otherwise, we have that
wjou V)T GG ) = wjy frop -

Hence the product of f; and f; is as claimed. O

Altogether, we have proven the following result:

Theorem 3.4. It holds that
Tor? (H,(BP;F,), ens) = H.(BP;F,) @5, A/a ®g, Fy(Tpi1, Unsas-..)

as bigraded en.-algebras, where a is the ideal generated by the polynomials given in
Lemma 3.3, and the right-hand side is graded as follows:

e H.(BP;F,) in concentrated in homological degree 0 and has internal degrees
equal to the total degrees,

e and U, for k > 1 has homological degree 1 and internal degree 2(p"+* — 1)

In addition to its algebra structure, Tor?* (H, (BP; F,), ens) also has Massey prod-

*

ucts. See Section 2.5 for definitions and conventions regarding Massey products. The
following result is crucial for our application. It was inspired by [BRO08, Proposition
5.3].

Proposition 3.5. Let I,J C [n] be two disjoint sets with min(J) > min(I). Then

(_1)#I+m(I,J)fIUJ c <fI7uw(min J),fj>

in TorBP (H,(BP;F,), enx).

*

Recall the notation m(I,J) = #{(i,j) € I x J|i > j}.

Proof. Recall our convention that # = (—1)I"+1r, where
r € Tor?P (H,(BP;F,), en.)

and |r| denotes its total degree. However, all elements have even internal degree
we may use the homological degree instead. Let i := min(7) and jo := min(J). Note



180 LUKAS KATTHAN anp SEAN TILSON

that fru®(o) = (=1)#19(ywlio)~wlio)g,) and 4*) f; = (—1)°+197 ;. Hence the class
of the element

(—1)#lywlo)=wlog )y £ 4 (=1)#+ .5,
_ _uw(jo)—w(io)gl fr+ (_1)#I+1f1 Ty

1 1
= —Ug7 - a—j@(ﬁ;) + (—1)#”10—18(61) ‘U

— (71)#1i (a(@,) Ty 4 (1) 5, ~a(m))
ar
= (—1)#1$3(@[5J)
= (—1)#I+m(I’J)quJ

is contained in the Massey product (fr,u®Uo), f;). O

3.2. The collapse of the spectral sequence
We are now able to prove our main theorem.

Theorem 3.6. The spectral sequence
TorsBP* (H.(BP; FP)’ €ns)t = Hs+t(en§]Fp)
collapses at the E*-page when n € {1,2,3,4}.

Our argument follows the proof of Theorem 7.3 in [BRO8] by Baker and Richter.
The case when n =1 is classical as e; = kuyp, the p-completion of the connective
complex K-theory spectrum.

Proof. There are 4 different types of multiplicative generators in our E2-page, namely
the elements contributed by H.(BP;[F,), the generators of e, the 7; for i > n, and
finally the f;. There are elements coming from H,(BP;F,) and e,. that are on the
0-line and are necessarily permanent cycles. Similarly, the 7; are on the 1-line and
thus permanent cycles. It remains to show that the f; are permanent cycles. This
will establish the collapse of the spectral sequence at the E2-page.

The proof follows by induction on total degree. First, E? = E? as dy increases the
internal degree by 1 and every element in the Tor group has even internal degree. This
then implies that the f;; and the f; ; ; are permanent cycles as they are on the 1-
and 2-line, respectively, of the spectral sequence and the only remaining differentials
they could support decrease homological degree by at least 3. Further, the relation
«; ;fi; = 0 persists to H,(ey;F,). This is because there are no elements of odd total
degree on the 0-line. Thus there can not be an element of lower filtration and same
total degree other than 0.

From this we can deduce that f; where I = {i1,1i2,i3,%4} is a permanent cycle as
follows. By Proposition 3.5 we have that f; € (fi, i,,u?° ', fis.is)- The indeterminacy
of this Massey product consists of permanent cycles as they are decomposable with
respect to the product structure. The classes f;, ,, uwP®~1 and fis.ia are each perma-
nent cycles which detect homotopy classes. We can form the Toda bracket of these
homotopy classes since « ; fi; = 0 € Hy(e,; Fp). By Theorem 2.17, we have that the
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element f; in the E2-page detects an element in the Toda bracket {f;, i,, P’ fi i)
as long as there are no non-zero crossing differentials. This is indeed the case as the
domains of the possible crossing differentials are in lower total degree and so must be
trivial. Thus f; detects an element in H, (e,;F,) as desired. O

The above argument shows that in fact f; detects an element in H,(e,;[F,) for
all n when #I < 4. It seems unlikely that this approach can be pushed further as
we have no way of showing that the product ajf; is not divisible by an element of
H.(BP;F,) in general. This would be possible if we had natural maps from e, to
én+1, but we know of no such maps. However, we are able to say something about
spectrum 7. (HF, Agp e5).

Proposition 3.7. The spectral sequence
TOI‘SBP* (Fp, 65*),5 = 7T5+t(HFp ABp 65)

collapses at the E?-page.

Proof. The argument above works to establish that everything is a permanent cycle
with the exception of the element f; where I ={1,2,3,4,5}. This will follow from

the fact that u?" 1 fs45 = 0 in 7, (HF, App e5). The bidegree of u?’ = fs 45 is
(2,2p° — 2+ 2p* — 2+ 2p° — 2)

and it has total degree 2p3 + 2p* + 2p® — 4. This product could be non-zero in the
target if there were an element in lower filtration and the same total degree. The only
elements in lower filtration and positive total degree are multiples of w. In filtration 0
we have u; multiples of powers of u. In order to reach that total degree the exponent
of u must be at least p°, but v?"~! = 0. In filtration 1 we have fi,; and these are all
of odd degree so no product of an f;; and a power of u could have the right total
degree. Therefore we have that up’ 1 f3,4,5 is 0 in the target of the spectral sequence
and not just in the E*°-page. Now we use Proposition 3.5 and Theorem 2.17 to show
that f; is a permanent cycle as in the proof of Theorem 3.6. O

While this is not a direct computation regarding the homology of es, it does give
us a lot of information since the E2-page splits as a tensor product by Lemma 3.1.
This relative smash product 7. (HF, App e5) still contains all of the new interesting
classes fr.

Note that these results also imply the following.

Corollary 3.8. The spectral sequence
TOI‘SBP<n>* (Fp, en*)t = 7T5+t(HFp /\BP(n) en)

collapses for n < 5.

This follows as the map of associative S-algebras BP — BP{n) induces a map
of spectral sequences. This allows us to compute the differentials on all classes in the
target by computing them in the source since the map is surjective on Tor. This fact
will be used in the next section.
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3.3. Multiplicative extensions
In this section we show that many relations of the form xy = 0 in the EF*°-page of
the spectral sequence

TOI‘fP<n>* (Fp, en*)t = 7Ts+t(HIFp ABP(n) en)

in fact hold in homotopy as well. After this we establish that H,(e,;F,) splits into
a tensor product of rings, see Proposition 3.11. We will use the collapse of the above
spectral sequences established in Theorem 3.6. Therefore we assume n < 4 throughout
this section.

Lemma 3.9. We have the following relations in the ring m.(HF, App(n) €n):
uiuptl =0 and u?"~1 =0,
Upi*lfi,j =0,
arfr =0 whenever n € 1,

2 =0 whenever n € 1,

i2,j =0 forp=2,
f12,273 =0.

Since we are working with graded commutative rings, squares of odd degree ele-

ments are always 0, except when p = 2. The only other relation of the form xy =0

that is not covered by Lemma 3.9 is up_lfm,g = 0 when n = 4. For larger n there
are other possible multiplicative extensions that we are unable to address.

S G A oo o~

Proof. 1. The relations regarding v and u; hold because they take place in filtra-
tion 0 and so there is no room for possible extensions.

2. Recall from the proof of Theorem 3.6 that upl_lfw' =0 as it is in odd total
degree and the only elements in lower filtration are in even total degree. This is also
our base case for the induction proof of the next relation.

3. In each of the following cases all we have to do is show that there are no eligible
candidates in the given total degree of lower filtration. Since we have a basis for Tor,
and hence for 7, (HF, Agp(n) €n), this amounts to ruling out classes of the form qu® fr
where ¢ € mp(e,) and k and I are of the appropriate degree. Sometimes g will not
play a role as u”* f; is already 0.

First let us consider ayf; =0 when n € I = {i1,42,43,...,%m}. Assume that this is
true for all J of cardinality less than m. Thus we are looking for an element in
total degree (—1) + >_,.; 2p" — 1 in filtration less than m — 1. This is impossible for
degree reasons. Since the parity of the total degree is the same as the parity of
#1 — 1 we see that the only way to have an element in the same total degree is to
be in an even number of filtrations lower. So the next element in a lower filtration
of the highest possible total degree is qu’ f;» for some j, where I” is I without
its two smallest elements. The difference in total degree between f;» and ajfr is
2pt — 1+ 2p® — 1+ 2p® — 1 thus j > p® — 1. However, this product is already 0 by
our induction hypothesis. This relies on the already observed fact that u? ~1f; ; = 0.

4. The relation f? is more straightforward. Suppose that qu®f; is in the same
total degree as f7, which is (—=2)+>_,.;4p" — 2. By the relation a;f; =0 we see
that k < p’t — 1. Therefore the total degree of qu¥ f; is less than ZjeJ(ij -1)—1.
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However this will never be large enough as the total degree of 7 is larger than 4p™ — 2
and we have

A —2>> "2 —1> ) 2/ — 1> |quFfyl.

i=1 jeJ

5. Assume that p = 2 and consider the class f; ; in total degree 2741 _ 1. Its square

is in filtration 2 and total degree 2 - 27+ — 2 and so qu?’ " ~! is the only possible class
other than 0 that ff,j could be. If j =n — 1 then this power of u is 0. If j £n —1

then we obtain the relation u2 ~1qu? " =1 = 0 as we know that u?~'f; ;= 0. But
this cannot be 0 unless ¢ is divisible by uy for k < i. If this were the case though then
quzﬁl_1 = 0 since ¢ < j.

6. The last case is the square of the element f; 2 3 in total degree 2p* — 1 + 2p? — 1.
This is covered by other cases except when n = 4. The possible elements in the same
total degree are a := qu2p2*1+2p3*1 and qu™ f; j 1 in total degree

om+2p —14+2pF —1

for m < p’ — 1. We will deal with these two cases separately.

First let us consider the case a. Note that ¢ =1 € W(F,») since if it were divisible
by w;, then a = 0 because u;u? ~' = 0. At the prime 2 the element a = 0. Otherwise
we have that uP~1a = 0. This contradicts the fact that u?" —2 # 0 when p > 2.

Now consider the possibility that f12_273 = qu™ fi j k. This element is annihilated by
uP~! since fi,2,3 is. If k # 4 then f”k must be fi 23 and m < p — 1 so the element
qu™ f; jr will not be in high enough total degree. However, the element f; ;4 has
higher total degree than f7, 5 unless p = 2. When p = 2, [f7, 3| = 44 and the only
element in this total degree is qu? fi,2,4 which is 0 by the above relation a;f; =0
when n € I. O

Now we establish that H,(e,;F,) splits as a tensor product. The following ring
maps will help us split the homology of connective Morava E-theory.

7o (HF, Appiny €n) <o Ha(en; Fp) —25 Ho(BP(n); By ).

The ring map ¢ is induced by the maps from S to BP(n), where S is the sphere
spectrum, and therefore 1 is a map of rings. We will compute ¢ by considering the
maps BP — BP{(n) and the map from HF, A BP to HF,. We have the map

¢t Hy(en; Fp) —> Ho(HFpn; Fy)

which is obtained by first taking Oth Postnikov sections and then taking the quotient
by the maximal ideal. The map ¢ is constructed by noting that the image of ¢’ is
contained in the image of H,(BP(n);F,n) after applying the twist map

H, (HF,n;F,) — H,(HF,; F,n).

To compute each map involved we will consider the relevant map of spectral sequences
where the E2-pages can always be computed using the “same” underlying Koszul
complex. This also shows that the maps are maps of rings. Here we record some basic
facts about the above maps.
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Lemma 3.10.

1. The map v takes all generators, other than the unit, coming from H,(BP;F,)
as well as the vy to 0.

The map ¢ takes each u,u;, fr € Hy(en;Fp) to 0.

3. The classes Tpyy € Tor? ™ (H,(BP;F,), ens) are sent by ¢ to the conjugates of

the classes &t k+1 OF Tnik in the dual Steenrod algebra, when the prime is 2 or
odd respectively.

4. The map ¢ factors as

H. (BP(n);F,n).

These facts are proved by showing that the map of E?-pages takes the classes to
0 and then realizing that there is nothing in lower filtration for the classes to be
detected by on the E*°-page.

Proof. 1. The first claim is obvious by considering the following map of spectral
sequences

Tor®P (H.(BP;F,), ens) — TorPP* (F,, en.) — TorBP<">*(IFp,en*)
each of which comes from a map of ring spectra. The first map of spectral sequences
TorPP (H,(BP;F,), ens) — TorPP*(F,, en.)
is induced by the map of (sufficiently commutative) algebras under BP
HF, A BP — HF,,.

All of the above spectral sequences collapse since the first does and the maps are
surjective on Tor. The first map of spectral sequences takes all generators, other than
the unit, of H,(BP;F,) to zero. The second map establishes the second claim as
Uptk isn’t a cycle here and there are no elements in lower filtration for the v,y to
be sent to as the U, 4 are on the 1-line. The claim for v; follows as all such maps are
multiplicative.

2. Clearly ¢'(u) = 0 = ¢'(u;). The f; ; is represented by a cycle which is expressed
in terms of multiples of u; and u;. Thus the f; ;’s must be sent to 0 on the E2-page.
There is nothing in lower filtration and the same internal degree of the spectral
sequence and so ¢'(f; ;) = 0. Since the map ¢’ is induced by a map of commutative
ring spectra, it takes Toda brackets to Toda brackets. Thus

Sﬁ(ff) € 90(<fi,j3041/7f1/>) - <030;0> = {O}a

where I’ = T\ {4, j}.
3. We establish the third claim by considering the map of spectral sequences
induced by

€n — H]Fpn .

We use the same Koszul complex to compute Tor. Each class f; is taken to zero, as
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established above. We also understand the spectral sequence
TorP<(H,(BP;F,),Fyn) = H,(HF,; F,.)

completely as we know what it converges to and so it must collapse. That these classes
detect the conjugates follows from the discussion in Chapter 4 Section 2 starting on
page 114 of [Rav86].

4. We have that H.(e,;F,) is multiplicatively generated by

the classes u;, u coming from e,

the classes fy,

the classes Uy, 4k,

classes coming from H, (BP;F),), which are detected on the 0-line.

We have already established ¢’ of the first three collections of classes actually lift to
H,(BP(n);Fyn). The last item follows by considering the map of spectral sequences

Tor? ™ (H.(BP; Fp), ens) — Tor?"™ (H.(BP; Fp), Fpn)

*

restricted to the 0O-line. This map of rings is induced by the map of commutative
S-algebras e, —+ HF,» and so induces a map of rings on the O-line. O

Proposition 3.11. When n < 4 the homology H.(e,;F,) splits as a tensor product
of rings

Ha(en;Fp) = Ho(BP(n); Fpn) ®r,. 7 (HF, Appny €n)-

Proof. We have the two maps of rings ¢ and . They induce a map of rings
H.(en; Fp) 8 Ho(BP(n); Fpn) % 1 (HF, A pn) €n)-

This composed with the canonical map

H, (BP(n);Fy) x 7 (HF, Appny €n) — Ha(BP(); Fyn) @, 7 (HEy Appiay €0)

gives us the desired splitting. To see that it is an isomorphism we note that it is injec-
tive and surjective on the generators and it is a map of F,»-algebras. The injectivity
and surjectivity follows from the collapse of the spectral sequence. O

Note that this is a splitting of rings, as there are no known maps of spectra
HF, A e, — HF, A BP(n) or HF, Agp(n e, — HF, Aep.

Thus this splitting does not respect higher multiplicative structure, such as power
operations. However, it does resolve various extension problems relating the two ten-
sor factors.
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