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THE IMAGE OF THE BP THOM MAP FOR
EILENBERG-MAC LANE SPACES

HIROTAKA TAMANOI

ABSTRACT. Fundamental classes in BP cohomology of Eilenberg—Mac Lane
spaces are defined. The image of the Thom map from BP cohomology to
mod-p cohomology is determined for arbitrary Eilenberg—Mac Lane spaces.
This image is a polynomial subalgebra generated by infinitely many elements
obtained by applying a maximum number of Milnor primitives to the funda-
mental class in mod-p cohomology. This subalgebra in mod p cohomology is
invariant under the action of the Steenrod algebra, and it is annihilated by all
Milnor primitives. We also show that BP cohomology determines Morava K
cohomology for Eilenberg—Mac Lane spaces.

1. INTRODUCTION AND SUMMARY OF RESULTS

Let Z, = Z/p be the ring of mod-p integers, and let Z,) C @ be the ring of inte-
gers localized at a prime p, even or odd. Let BP be the Brown-Peterson spectrum
at the prime p. The BP spectrum was originally constructed in [BP]. Later, Quillen
[Q], [A2] gave a very nice construction using formal group laws. For a topological
space X, let BP*X denote (unreduced) BP cohomology of X. Its coefficient ring
is a polynomial algebra BP*(pt) = Zp[v1,va, ..., Un,...] with |v,| = =2(p" — 1).
Let X be an infinite dimensional CW complex. Its BP cohomology ring BP*(X)
has the skeletal filtration topology given in (3-17) in §3. We set vg = p. Let HZ,
denote the mod-p Eilenberg—Mac Lane spectrum, and we use the notation H Z;;(X )
to denote the usual (unreduced) mod p cohomology of the space X.

As is well-known, Eilenberg—Mac Lane spaces are fundamental building blocks
of topological spaces from the homotopical point of view. Thus, the BP cohomol-
ogy of Eilenberg-Mac Lane spaces should shed some light on the general (unstable)
structure of BP cohomology rings of topological spaces. In this paper, we produce
infinite families of nontrivial elements of fundamental importance in the BP co-
homology of Eilenberg—Mac Lane spaces. Our main result (see Theorem A below)
states that the image of the BP Thom map

(1-1) p« : BP*(K(m,q)) — HZ;(K(r,q)), q>1,
is a polynomial subalgebra generated by the images of the above BP cohomology

elements, unless K (7, q) has a factor K (Z,1) = S*. If there is a K(Z, 1) factor, there
is an exterior algebra tensor factor for the image. The Thom map p : BP — HZ,
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is a ring spectra map and its behavior on the coefficient ring is given by p.(v,) =0
for all n > 0.

To describe our result more precisely, let A(p)* be the mod-p Steenrod algebra
and let @, € A(p)* be the nth Milnor primitive for any n > 0. Its degree is
|Qn| = 2p™—1. The Q,, generate exterior subalgebras of A(p)* for any prime p. For
more details on Steenrod algebras, see §2. For any sequence S = (s1, $2,...,8,) of n
strictly increasing positive integers, let Qs = Qs, - - Qs,@s, be a product of Milnor
primitives. For the Eilenberg-Mac Lane space K (Z,),n + 2) for the group Z,) in
degree n + 2, let 7,10 € HZ! (K (Zp),n + 2)) be the fundamental cohomology
class. For the mod-p’ Eilenberg-Mac Lane space K(Z/p’,n+ 1) in degree n+ 1 for
a positive integer j, let 1,41 € HZ;}‘Irl (K(Z/p?,n+1)) be the fundamental class.

Theorem A [Theorem 7-2]. Let p be a prime, even or odd, and let n > 1.
(I) The image of the Thom map

Ps - BP*(K(Z(Z,),TL-}- 2)) — HZ;(K(Z(p),n + 2))
is an A(p)*invariant polynomial subalgebra with infinitely many generators:
(1-2) Imp, =Zp[Qs, - Qsy Tz |0 < 81 <+ < 8p).

This subalgebra is annihilated by all Milnor primitives, and any polynomial gen-
erator QsTn+2 s obtained by applying a Steenrod reduced power operation to the

element Qp, -+ Q1Tn+2-
(IT) The image of the Thom map

p«: BP(K(Z/p’ ,n+1))— HZ; (K (Z/p’,n+ 1))
is an A(p)*invariant polynomial subalgebra with infinitely many generators:
(1—3) Imp* :ZP[QSn"'QsléjLn-H | 0<sy < <Sn],

where 0; is the jth Bockstein operator. This subalgebra is annihilated by all Milnor
primitives, and any polynomial generator Qs0;jiny1 5 obtained from Q- - - Q10;tn41
by applying a Steenrod reduced power operation.

A brief description of the mod-p cohomology ring of Eilenberg—Mac Lane spaces
in terms of the Milnor basis is given in §2. For more details, see [T]. From this
description, we can observe that on the fundamental class 7,2, any product of n
distinct Milnor primitives (different from Qo) can act nontrivially, but all products
of n + 1 Milnor primitives act trivially on 7,12. A similar fact holds for ¢5,41.
We remark that for cohomology classes other than the fundamental classes, these
facts may not hold. For example, as was pointed out by the referee, we have
Q2Q1Qot2 =0in HZ} (K(Z/2, 2)), but Q2Q1Q0[t2Qot2Q1t2] is nonzero [JW3].

The above Theorem A can be generalized to arbitrary Eilenberg—Mac Lane spaces
as follows. Let G be a finitely generated positively graded Z,)-module, say, G =
Do ez Gg- The corresponding generalized (connected) Eilenberg-Mac Lane space
K(G) is defined by K(G) =[], K(Gg,q). Then the image of the BP Thom map
p« : BP*(K(G)) — HZ%(K(G)) is a tensor product of polynomial algebras of the
form in (1-2) or in (1-3), if K(G) does not have a factor K(Z,1). For details, see
Theorem 7-3.

In the subalgebra given in (1-2), the lowest degree element is @y, -+ Q17Tn42
of degree 2(1 + p + -+ + p™). This element is the image of an element ¢ €
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Bp2tpt49") (K (Z,),n + 2)) defined by composition of the following maps:

(1-4) 01 K(Zgy,n+2) =BPO0)nsa =5 BP(1)3pns1 —2 -+
- 2% BP(M)a(1apstpm) 22, BPo(1ypttpn)-

Here, A;’s are maps realizing the connecting homomorphisms in Sullivan exact
sequences, and the last map 6(n) is an inclusion map provided by Wilson’s Split-
ting Theorem (see Theorem 3-1). This element ¥ is very fundamental in the BP
cohomology of Eilenberg—Mac Lane spaces, and we call ¢ the BP fundamental class
of the Eilenberg-Mac Lane space K (Z,),n + 2) [Definition 3-2]. By applying cer-
tain BP operations on ¢, we can produce nontrivial elements ¥g with the property
p«(¥g) = QgTn2 for each sequence S of n strictly increasing positive integers [The-
orem 3-5]. We also have corresponding statements for mod-p’ Eilenberg—Mac Lane
spaces [Theorem 3-6].

As a byproduct of our proof of Theorem A, we also show that for the Eilenberg—
Mac Lane spaces, BP cohomology “determines” Morava K theory in the following
sense.

Theorem B [Theorem 6-7]. Let K(G) be the generalized Eilenberg—Mac Lane
space associated to a positively graded finitely generated Zp)-module G = @2:1 Gq.
Then for any positive integer m > r, the following canonical map is surjective:

(1-5) v, BP*(K(G)) — K(m)*(K(G)).

Furthermore, the canonical map BP*(K(G)) — K(m)*(K(G)) before localization
is surjective in degrees x < 2(p™ — 1).

Actually, this is a key fact used in the proof of Theorem A. Since K (m) theory
is periodic with the period 2(p™ — 1), the second statement in Theorem B means
that all K (m)*algebra generators for K (m)*(K(G)) come from BP cohomology.

The organization of this paper is as follows. In §2, we present a description of
the mod-p cohomology of Eilenberg—Mac Lane spaces in terms of Milnor basis ele-
ments of the mod-p Steenrod algebra rather than in terms of admissible monomials
in Steenrod reduced power operations and Bockstein operators, which is the tradi-
tional description. In our description, the admissibility condition is automatically
satisfied by Milnor elements and the excess condition assumes a very simple form.
All the details for this section can be found in [T]. In §3, we produce an infinite
family of nontrivial elements in the BP cohomology of Eilenberg—Mac Lane spaces
and determine their images in the corresponding mod-p cohomology. These image
elements generate very interesting polynomial subalgebras in the mod-p cohomol-
ogy rings of Eilenberg—Mac Lane spaces. These subalgebras are invariant under
the action of the Steenrod algebra. In §4, we describe the Kronecker pairing in
connective Morava K theory of Eilenberg-Mac Lane spaces. The cases for mod-p’
Eilenberg—-Mac Lane spaces turn out to be a lot more complicated than the cases for
mod-p or integral Eilenberg—Mac Lane spaces. These results on Kronecker pairings
are used to identify images of certain BP cohomology elements in Morava K theory
in §5. The results in §4 are obtained using information on Kronecker pairings in
mod-p cohomology. The reason for working with connective Morava K theory is
that there is no canonical spectra map from non-connective Morava K theories to
H7Z,, but there are canonical maps from connective Morava K theories to mod-p
theory. In §5, we describe the algebra structure of the Morava K cohomology of
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Eilenberg-Mac Lane spaces. Ravenel-Wilson [RW2] computed the Hopf ring struc-
ture of Morava K homology of Eilenberg—Mac Lane spaces. We dualize their result.
In the mod-p’ case, we explicitly calculate the exponent of algebra generators of
the cohomology rings. In §6, we consider the canonical map from BP cohomology
to Morava K cohomology of Eilenberg-Mac Lane spaces and we prove Theorem B.
In §7, we prove Theorem A, our main result. The key idea of the proof of Theorem
A is the diagram (7-3).

The results in this paper originated in the author’s Master thesis at the Uni-
versity of Tokyo in 1983. Some of the results were subsequently applied to finite
H-spaces in [Y].
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2. Mobp-p COHOMOLOGY RINGS OF EILENBERG-MAC LANE SPACES AND
MILNOR BASIs ELEMENTS

In the literature, the mod-p cohomology ring of an Eilenberg—Mac Lane space
is traditionally described in terms of admissible monomials in Steenrod reduced
power operations and Bockstein operators satisfying the so-called excess condition.
In this section, we give an alternate and much simpler description of the mod-p
cohomology of Eilenberg—Mac Lane spaces. Complete details can be found in [T].
This description is given in terms of the Milnor basis for the mod-p Steenrod algebra
[M1].

Let p be a prime, even or odd. Let A(p)* be the mod-p Steenrod algebra.
This is a Hopf algebra, and let A(p). be the dual Hopf algebra whose structure is
determined in [M1] as follows:

A(Q)* — ZQ[CI?CQ?"'?CT?"']’

2-1 .
(2-1) A)« = Az, (10,71, Ty o) @ Zp[€1, 62, ... &, .. .],  p an odd prime,

where degrees of generators are given by |¢;| = 20— 1, |7.| = 2p"—1, |&,| = 2(p"—1).
Here, Zp[ - ] and Az, ( - ) denote a polynomial algebra and an exterior algebra,
respectively, generated by the elements indicated over the finite field Z,.

Let p be an odd prime for a moment. Let R = (ry,r2,...) range over all se-
quences of non-negative integers which are almost all zero, and let E = (g9,€1,...)
range over all sequences of zeroes and ones which are almost all zero. We put
T(E)§(R) = 715011 152+ £17&52 -+ € A(p)*. Then the collection of elements
{r(E)¢(R)},  forms a Z,-basis of A(p).. Let QFP® be the element in A(p)*
dual to 7(E)£(R). Let @, be the element dual to 7, for n > 0. These opera-
tors @, are primitive and generate an exterior subalgebra of A(p)*. We also have
QF = £Q°Q5' ---. The mod-p Steenrod algebra A(p)* is spanned by the set of
elements {QFPR} g r as a Z,-vector space.

Let A; = (0,...,0,1,0,...) be the sequence with 1 at the jth entry and 0
everywhere else for j > 1. Let Ay denote the zero sequence. For example, the
above sequence R can be written as R = > .- 7;A;. The element of the form
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PEQ, can be expressed in terms of the above basis by the following formula:
(2-2)
PRQL = QuPE + Qk+1:pR—p’“A1 + Qk+23>R—pkA2 4t Qk+j:pR—pkAj 4

Here on the right hand side, if the sequence R — pkAj contains a negative integer,
then the corresponding operator is regarded as zero.

Next, let p = 2. For any sequence K = (ki,ka,---) of non-negative integers
which are almost all zero, let (¥ = ¢F1¢F2 ... € A(2), and let Sq¥ be the element in
A(2)* dual to (. We let Q; = Sq”#+! for i > 0 and P = Sq2%. Then the elements
Qn are primitive, and they generate an exterior subalgebra satisfying Q;Q; = Q;Q;
and Q? = 0, as in the odd prime case. Also elements QFPF = SqE+2E span the
mod-2 Steenrod algebra A(2)* over Zy, where E + 2R = (g9 + 271,61 + 2r2,...).

The difference between the odd prime case and the even prime case is that in
the odd prime case, Steenrod reduced powers PF form a subalgebra, whereas in
the mod 2 case they do not. Even so, the use of the notation QFP allows us to
treat all the primes simultaneously. The formula (2-2) holds for the mod-2 case
also [M2]. We remark that the multiplication rule for P#1 P2 is the same as the
multiplication rule for Sqf1Sqf*2 for any sequence of non-negative integers R; and
Ry [M1].

For sequences E' = (g9,€1,...) and R = (11,72, ) as above, we let [E| =} ¢;
and |R| = _;7;. Let ¢ denote a shifting operator to the left on sequences: it is
given by t(E) = (e1,€2,...) and ¢t(R) = (re,rs,...) for the above E and R. From
E and R, we can form a new sequence I[(E, R) = (gg,7r1,€1,72, " )-

The following notation is used. For a graded Z,-vector space V. = VT &V,
where V1 is the even degree part and V'~ is the odd degree part, let F[V] =
Az, (V™) ® Zy[VT] be the free graded algebra generated by V.

Theorem 2-1 (Mod-p cohomology rings for Eilenberg—Mac Lane spaces [T]). Let
p be an odd prime and n > 0.

(I) The action of the Milnor element Q¥PE € A(p)* on the fundamental class
ln+1 € HZZ"’1 (K(Z/pj, n+ 1)) and the structure of the mod-p cohomology ring are
described as follows:

(2-3) QPR 1 =0 if |E|+2|R|>n+1.

(24) QFPRL L = (QPPXR),, ) if |E|+2|R|=n+1 ande = 0.
(2-5) HZH(K(Z/p ,n+1)) = Zy [QFPFrnp | |E| +2|R| < n+1+e0.].

Here when Qo directly acts on vp41, it should be regarded as Ojin41, where 0; is the
jth Bockstein map 6; : K(Z/p’,n+1) — K(Z¢),n+2) — K(Z/p,n +2).

(IT) Let 7,42 € HZ}? (K(Zy,n+2)) be the fundamental class. Then the action
of A(p)* on Thyo and the structure of the cohomology ring are described as follows:
(2-6) QFPRT, 0 =0 if |E|+2|R|>n+2.

27 QFPEr, = (QPPW 5, 0)" if |E|+2|R|=n+2 and g0 = 0.
(2-8)
|E|+2|R| <n+2+¢ey and I(E,R)

HZ:(K(Z 2)) = Z, | Q¥ P T,
p( (Zpym+ )) v [Q 42| onds with an entry from R.
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In (2-8), when |E| = n, from the requirement on I(E, R) we must have |R| =1,
€0 = 1, and the corresponding operator is of the form +Q,, , -+ Qs QoP>n 12
with 0 < 51 < -+ < 8p—1 < Sp. But by (2-2), we have PR Qo = QoPAen +
Qs,. So the above indecomposable polynomial generator is actually equal to
+Qs, -+ Qs Ttz # 0.

Theorem 2-2 (Mod-2 cohomology rings for Eilenberg—Mac Lane spaces [T]). Let
p=2andn > 0.

(I) Let tny1 € HZY T (K(Z/27,n 4+ 1)) be the fundamental class. Assume j =1
when n = 0. Then the action of the mod-2 Steenrod algebra A(2)* on tn41 and the
structure of the mod-2 cohomology ring are described as follows:

(2-9) Sq¥ i1 =0 if |K|>n+1.
(2-10) Sq¥ i1 = (Sqt(K)L,H_l)2 if |Kl=n+1.
HZ3(K(Z/2 ,n+1)) = Z2[Sq" tns1 | |K| <n+1]

2-11
(211) =Za[Q"P iy | |E| +2|R| <n+1].

Here when Qo is directly applied to t,41, it should be regarded as Ojin41, where
6; K(Z/2 ,n+1) = K(Zgy,n+2) — K(Z/2,n+2) is the jth Bockstein map.

(II) Let Tyo € HZY ™ (K(Z),n + 2)) be the fundamental class. Then the
action of A(2)* on Th42 and the structure of the mod-2 cohomology ring are given
as follows:

(2-12) Sq% 7o =0 if |K|>n+2.
(2-13) Sq¥Tpy0 = (Sqt(K)Tn“)2 if |[K|=n+2.
(2-14)

K| <n+2 with r, > 1 if
HZ5(K(Z2),n+2)) =Zs {quTnH ]

K= (ry,...,r,0,0,...)
|E| +2|R| <n+2 and I(E,R)]

ends with an entry from R

= ZQ |:QE':PRTH+2

Remarks. (i) In (I) of Theorem 2-2, when j > 1 and n = 0, the cohomology ring is
not a polynomial algebra. It is given by

(2-15) HZ3(K(Z)27,1)) = Zs[6t1] ® Az, (1)

(ii) In (2-14), when |E| = n, Q¥7,42 is not a generator of the mod-2 cohomol-
ogy ring, unlike the odd prime case. It turns out that it is a square of a certain
polynomial generator. See (3-11) below.

The point of Theorems 2-1 and Theorem 2-2 is the way the excess condition
simplifies to a condition on the size of |E|+2|R|. The admissibility condition, which
was necessary for the traditional description in terms of monomials of Steenrod
reduced power operations and Bockstein operators, is automatically taken care of
for Milnor elements. The main ingredient of the proof of the above theorems in [T
is a certain decomposition formula for Milnor’s Steenrod reduced powers.
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3. FUNDAMENTAL BP COHOMOLOGY CLASSES
FOR EILENBERG—MAC LANE SPACES

In this section, we produce infinite families of nontrivial BP cohomology classes
for Eilenberg-Mac Lane spaces. These elements are produced through the action
of BP operations on “fundamental BP cohomology classes.” We also identify their
images into mod-p cohomology under the BP Thom map.

Let p be a fixed prime, even or odd. Let BP be the Brown-Peterson spectrum at
the prime p. For each integer n > —1, let BP(n) be a BP-module spectrum whose
homotopy groups are given by BP(n). = Zy,)[vi,ve, ..., v,]. We have BP(—1) =
HZ, and BP(0) = HZ). These BP-module spectra fit into the following BP
tower of BP-module maps for m > 0 [W]:

p(m+1,m)
_—

(3-1) BP — .- — BP(m+1) BP(m) — BP(—1) = HZ,.

For convenience, let BP Lim, BP{m) p—>> HZ, be partial Thom maps. Let
BP({m); be the ith space in the Q-spectrum for BP(m) theory. For each non-
negative integer m, we have the following diagram which is homotopy commutative
up to a nonzero element in Z, [JWI1J:

BP(m —1); Bm, BP(m)itopm 1

(3-2) lpm—w lp<m>

K(Zpi) —2 K(Zp,i+2p™ — 1),

where A,, is an infinite loop map realizing the connecting map in the cofibre se-
quence 22"~V BP(m) * BP(m) — BP{(m—1) Lm, »2P" =1 BP(m), and Q,, is
the mth Milnor primitive in the Steenrod algebra. The infinite loop spaces BP(m).,

are important because they are building blocks of the spaces in the (2-spectrum of
BP theory in the following way.

Theorem 3-1 (Splitting Theorem) [W]. For k < 2(1+p+ -+ p™), the kth
space of the Q-spectrum for BP theory decomposes into a product as follows:

(3-3) BPy, = BP(m), x [ [ BP()ksapi-1)-
j>m+1

When k <2(14+p+---+p™), the above decomposition is as H-spaces.

This Wilson’s Splitting Theorem provides us with a canonical ready-made BP
cohomology class (m) € BP*(BP(m)y) for k <2(14p+ --- 4 p™) given by

IdX(Hj*)
_

(3-4) 6{m) : BP(m)x BP(m)y, x [ BP(j)ira—1) = BPx,

j>m+1

where * means a constant map to the base point. In a sense, these classes §(m) are
BP analogues of the mod-p fundamental cohomology classes of Eilenberg—Mac Lane
spaces. Note that po 8(m) = p™ : BP(m); — K(Z,, k). Consider the following
composition of the connecting maps:
(3-5)
A Ao Ay,
K(Zp),n+2) = BE(O)nt2 — BP(L)apins1 — -+ —> BP(M)a14pttpn)-
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Let 6; : K(Z/p,n + 1) — K(Zgy),n + 2) be the Bockstein map for any positive
integer j. When j = 1, we have 61 = Ay.

Definition 3-2. (Fundamental BP cohomology classes for Eilenberg—Mac
Lane spaces) For any non-negative integer n > 0, the pull-back of the BP fun-
damental class 6(n) for the space BP(n)s(14p+...4pn) by the map Ay 0---0 Ay is
denoted by ¥ = 9,42 and is called the BP fundamental class for K(Z,n + 2):

Y=(Apo0---0A)0n)y=0nyoA,o0---0l,

€ BP2UFr TP (K(Zy),n + 2)).
The pull-back 679 € Bp2trt4P") (K (Z/p’,n 4+ 1)) of ¥ by the Bockstein map
6, denoted by ¥\9) = 195511, is called the BP fundamental class for K(Z/p’,n+1).

(3-6)

These BP fundamental classes for Eilenberg-Mac Lane spaces are nontrivial.

Proposition 3-3. Let p. : BP*(K(Zgy,n + 2)) — HZ; (K(Zy),n + 2)) be the
Thom map. Then the image of the BP fundamental class 9,42 under p. is non-
trivial, and it is given by

(3-7)  pulOns2) = QuQuor -+ QuTura # 0 € HZPH 4 (K (Z) n + 2)),
where Tpyo € HZZ“ (K(Z(p),n + 2)) is the mod-p cohomology fundamental class.
Similarly, under the Thom map p. : BP* (K (Z/p’,n+1)) — HZy (K (Z/p’,n+1)),
the image of the BP fundamental class 19533_1 for K(Z/p’,n + 1) is given by

(3-8) pu(0Y))) = QuQnot -~ Quéjins1 # 0 € HZZIHPH+") (K(Z/p7 1 + 1)),
where tny1 € HZZH(K(Z/pj,n + 1)) is the mod-p cohomology fundamental class.

Proof. Using the identity p o #(n) = p{™ and the diagram (3-2), we see that the
cohomology class p.(¥,42) is represented by a map pof{n) o A, o---0 Ay =
Qno---0Q10p% up to multiplication by a nonzero element \ € Z,. Here,

P K(Zyy,n+2) = BE(O)n+2 — BP{~1)ns2 = K(Z/p,n+2)
is a mod-p cohomology fundamental class. Letting the nonzero multiplicative factor

A be absorbed in this fundamental class, we have p.(¥,42) = Qp - - - Q1Tnt2, where
Tng2 = Ap'9. Similarly,

pe(99)) = 6. (9) = 61(Qn - Qrsa) = Q- Q18! (Tura) = Q-+~ Qudjtnsn.
The elements Q, - - - Q1Tn42 and @, - - - Q10jtn41 are nonzero polynomial generator
in the mod p cohomology ring from the description given in Theorems 2-1 when
p is an odd prime, and they are squares of polynomial generators when p = 2 by
Theorem 2-2. (See also the remark right after Lemma 3-4 below.) This completes
the proof of Proposition 3-3. O

For the description of our next results, we need some notation. Let S be the
set of all sequences of n strictly increasing positive integers. Namely,
(3-9) ST ={(s1,82,...,8,) EZ" |0 < 81 <89 < -+ < 5}
To any such sequence S = (s1, S2,...,8,), we put Qs = Qs,Qs, - Qs,. We also
associate a sequence R(S) = Z?:l p? Ay, —; to each such sequence S € S;f, and the

corresponding Steenrod reduced power operation is denoted by PR, We quote
another result from [T].
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Lemma 3-4 [T]. Let n > 1. For any sequence S € S;F', we have
(3-10)
'PR(S)Qn C. Q17n+2 — QSTn+2 75 = sz(l—i-p-ﬂ +ootp®n) (K(Z(p), "t 2)),
?R(S)Qn o Q16jtnt1 = Qgbjlni1 #£0 € HZZQ)(H—pSl +eefp®n) (K(Z/pj,n n 1))'

Remark. From the paragraph right after Theorem 2-1, we know that when p is an
odd prime, Q7,42 is indecomposable and is a polynomial generator. When p = 2,
the formula (2-13) implies that

2
(3'11) QSTn-i-? = (Qsl—l T an71_1?A371717—n+2)7
where the element inside the parentheses on the right hand side is a polynomial
generator of the mod-2 cohomology ring of K(Z),n + 2) described in (2-14). A
similar statement holds for Qs0;tn41.

The algebras of stable cohomology operations BP*(BP) and HZ;(HZ,) have
Hopf algebra conjugation maps
¢: BP*(BP) — BP*(BP), c: HZ,(HZp) — HZ,(HZp).

These maps are anti-automorphisms. By a result of Zahler [Z, Lemma 3-7], we have
the following commutative diagram for any BP operation rg:

BP*(X) ", Bp+(X)
(3-12) - | |-

* Pr *
HZ:(X) -2 HZX(X).

Theorem 3-5. Let p be a fized prime, even or odd. For each strictly increasing
sequence of n positive integers S € ST, let Vg = c(rp(s))V € BP*(K(Zp),n+2)).
Then [9s| = 2(14p* + -+ p**) and the Thom map p, : BP* (K (Z,),n+2)) —
HZ% (K (L), n+2)) is such that

(3-13) pi(Vs) = QsTnga # 0 € HZS (K (Zpy,n + 2)).

Consequently, the image of the Thom map contains a polynomial subalgebra gener-
ated by the above elements:

(3-14) Im p. D Zy[QsTni2 | S € S]]

Proof. By (3-12) and Lemma 3-4, we have p. (9s) = ps (c(rg(s))V) = PEE)p, (9) =
PEEQ,, - Q1Tni2 = QgTnio for any S € S;. This shows (3-13). By Theorems 2-
1 and 2-2, these elements generate a polynomial subalgebra of HZ, (K(Z(p), n+ 2))
for any prime p, even or odd. From this, (3-14) follows. |

We remark that there are many elements in BP* (K (Zpy, n + 2)) which map
to QsTp+2 under the Thom map. The above choice of elements Jg is one possible
choice. Pulling back the above result by the Bockstein map 8; : K(Z/p',n+1) —
K(Zy),n + 2), we obtain the following result.

Theorem 3-6. For each S € S;F, let ﬂg) = c(rR(S))ﬁ(j) € BP* (K(Z/pj,n + 1))

Then its degree is given by |19(Sj)| =2(1+p°* +---+p°) and, under the Thom map
p« : BP*(K(Z/p’,n+1)) — HZ(K(Z/p? ,n + 1)), we have

(3-15) pe(09)) = Qsbjin1 # 0 € HZE(K(Z/p? 0+ 1)).



1218 HIROTAKA TAMANOI

The image of the BP Thom map contains a polynomial subalgebra generated by the
above elements:

(3-16) Im p, D Zyp[Qsbjtni1 | S € ST

In Theorem 7-2, we will show that the inclusion relations (3-14) and (3-16) are
actually equalities.

Due to the fact described in the remark right after Lemma 3-4, when p = 2, all
elements in the polynomial subalgebras in the right hand sides of (3-14) and (3-16)
are squares. Namely, when p = 2, we have

Zo[QsTnya | S € 87 C [HZ; (K (Zzy,n +2))]-
Z[Qs6jins1 | S € S C [HZ;(K(Z/27,n+ 1))

In generalized cohomology theories, we often have to consider infinite sums of
elements. To discuss their convergence, we introduce a topology in cohomology
groups. For generalized cohomology theories for CW complexes, the topology com-
ing from the skeletal filtration is convenient. Let E be a spectrum and let X be a
CW complex. For any non-negative integer r > 0, let

(3-17) F (E*(X)) = Ker (L:_l E*(X) — E*(X(T—l)))7

where X("=1 is the r — 1 skeleton of X, and ¢,_1 : X=1 _ X is the inclusion
map. This defines a decreasing filtration E*(X) = F(O 5 F() 5 ... 5 F) 5
- D Ne>o F® = F() Here F(*) is the group of elements of infinite filtration, or
phantom elements. The phantom elements may be present in BP cohomology. This
skeletal filtration has a multiplicative property: F(").F() ¢ F+5) for any r, s > 0.
This can be seen easily using the fact that the restriction of the diagonal map
A: X — X x X to X5~ is homotopic to a map into X"~ x X UX x X (=1,

Now we examine the filtration of our elements ¥g in the BP cohomology ring of
Eilenberg—Mac Lane spaces.

Lemma 3-7. Let X be a CW complex. Any element x € BP"(X) of degree r
is in the filtration r, that is, x € F) (BP*(X)), In particular, for each S =
($1,...,8n) € S, the element ¥4 € BP2(1+p31+”'+p5”)(K(Z(p),n +2)) is such
that

(3-18) Vg € FEATP 4" ) (BP* K (Z (), n + 2)).

Proof. Let BP, be the rth space in the Q-spectrum for BP theory. It is (r — 1)-
connected. So the map from the r — 1 skeleton of X to BP, is always null homo-
topic, and we have [X("~Y, BP,] = 0. Thus for any z € BP"(X) = [X, BP,] its
restriction to the 7 — 1 skeleton vanishes. Hence x € F(" (BP*(X)). (3-18) is an
immediate consequence of this. O

4. KRONECKER PAIRINGS FOR CONNECTIVE MORAVA K THEORY OF
EILENBERG-MAC LANE SPACES

In this section, we study the images of BP cohomology classes ¥g and ﬁg)
in connective Morava K cohomology theories in terms of Kronecker pairings in
connective Morava K theories. Relevant elements in k(m) homology theories are
produced by o-products. See Propositions 4-5 and 4-7 for precise statements.

First we prove one elementary lemma which relates Kronecker pairings in various
generalized (co)homology theories. Let E be a ring spectrum with multiplication
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map pu: EAE — E. Also, let X" be the sphere spectrum suspended r times. Let
X be a spectrum. For a cohomology class a € E"(X) represented by a spectra
map « : X — X"E and a homology class h € E4(X) represented by a spectra map
h:¥* — E A X, their Kronecker pairing (o, h)g € E;_, = E"° in E theory is
defined by the following composition of spectra maps:

1N

(4-1) (g2 LEAX LY EASE X SE.

Lemma 4-1. Let n : E — G be a ring map between ring spectra. Then for any
elements o € E"(X) and h € E4(X), we have

(4-2) (n(a)ne(h))a= 1 ({a, h)E) € Gs—p = GT72.

Proof. For a : X — ¥"E and h : 3° — E A X, elements 7.(«a) and n.(h) are

represented by spectra maps 7.(a) : X = X'E =0, 3G and ne(h) : X* LN
nAl

EAX — G A X. Now consider the following commutative diagram:

st L BAX EAYSE —", S'E

H [ EE

sro Mg ax 29 gasrg 2R sra.

1N

Here, p denotes multiplication maps in both ring spectra E and G. The composition
of the upper horizontal arrows is {(a, h)g € E"~* and the composition in the lower
horizontal arrows is (1. (), n«(h))e € G"~°. Thus the commutativity of the above
diagram proves (4-2). O

The Kronecker pairing we are interested in is the one for the connective Morava
K theory spectrum k(m), that is, ( , )gm) @ k(m)*(X) @ k(m).(X) — k(m)* for
m > 1. The coefficient ring of this theory is given by k(m)* = Z,[vy], where
|vm| = —2(p™ — 1) in cohomology theory and |v,,| = 2(p™ — 1) in homology theory.
If z = 2*(™ ¢ k(m)?(CP>) is a complex orientation, we have k(m)*(CP>) =
k(m)*[[x]]. The formal group law for k(m) theory has height m with the property
[pli(m)(2) = vima?. For each non-negative integer i, let 3; € k(m)2;(CP>) be the
homology element dual to * with respect to the Kronecker pairing. Then it follows
that k(m).(CP>) = @,~, k(m).F;. It is known that as an algebra, k(m) homology
of CP* is generated by elements By = Bpi for i > 0 with only the relations given
by

(4-3) B i1y = VB foralli > 0.

Here, ;) = 0 when i < 0. See [RW1], [RW2] for more details. For our purpose, we
need to calculate the k(m) homology of K(Z/p’,1). The Gysin sequence for the
fibration K (Z/p’,1) %, cpe 2 CP* is of the following form since k(m).(CP>)
is even dimensional:

d=n[p’](z)
_

o

g k(m)zi_l (K(Z/pj, 1)) — 0
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Here [p?]j(m)(2) is the k(m) theory Euler class of the fibration and is given by

45 j 2) = lomlo--opl(e) = pl+p™+4pm0=D) pI"m_ v:gv;nfl 2P
—_——
J
From the Gysin sequence (4-4), k(m) homology of K(Z/p’,1) is calculated as
follows.

Proposition 4-2. (I) As a k(m).-module, the additive structure of the k(m) ho-
mology of K(Z/p?,1) is given by

p’m=1 jm
(4-6)  k(m).(K(Z/p,1)) @k 0 P k(m) () - i
i>0

where a; € k(m)2;(K(Z/p’,1)) and ¢; € k(m)2i1 (K (Z/p7,1)) are uniquely deter-
mined by 6j*( ) Gi and 00; = ¢; in the Gysin sequence (4-4). The element a; is
dual to (z9D)?, where z(9) = = 6%(z) € k(m)* (K (Z/p,1)).

(II) As a k(m)*—algebm the even dimensional subalgebra k(m)z. (K(Z/p7,1)) is
generated by elements a;y = ap: for 0 < i < mj with relations

4-7 where agyy =0 when 7 < 0.
(2)

a;?m-ﬁ-i—l) = U0 G),
Products of odd degree elements vanish, namely, ci - ce =0 for any k,£ > 0.

(III) Let z = 2t = p,(2\9) € HZZ(K(Z/p?,1)) be the complex orientation
induced from k(m) theory. Then the Kronecker pairing in HZ, theory is given by
(z*, . (ai)>HZp= Ski for any 0 < i < p™. In particular,

(4-8) (Qkt1, P« (a(i))>HZp= Ogi  forall 0<1i,k<jm.
where 1, € HZ), (K (Z/p’,1)) is the fundamental class such that 8511 = x.

Proof. First we examine the behaviour of the map ® in the Gysin sequence (4-4).
Since B; € k(m)q;(CP>) is dual to z° € k(m)?(CP>), we have By Nx’ = Bi_y,
where 8;_y = 0 when k < £. Hence ® is given by
pI™ — . p]m 1
(I)(ﬁpjm—&-i) = ﬁpjm-i-i N [pj]k(m) ({,C) = ﬁpjm—&-i N (Umm : xp]m) = Um ﬁz

for i > 0, and ®(B;) = 0 for k < p™. Thus, the kernel of ® is a k(m), free
module generated by B with 0 < k < p/™. Let a; € k(m)2;(K(Z/p’,1)) be the
unique element such that 6;, (a;) = B for 0 < i < p/™. Also let ¢; = 93; €
k(m)2i41(K(Z/p?,1)). From the Gysin sequence, the k(m). additive structure of
k(m) homology of K(Z/p’,1) is given by (4-6). Since f3; is dual to ¢, it follows
that a; is dual to (z())", where 2() = 65 (x) € k(m)? (K(Z/p’,1)).

Since 6; is an H space map, ¢;, is a Hopf algebra monomorphism. Pulling back
the relatlon (4-3), we get the relatlon (4-7). Since all the odd degree elements are
vm-torsion and all the even degree elements are v,,-torsion free, the product of two
odd degree elements must vanish. This proves (II).

Since a; is dual to (2())?, from Lemma 4-1 we see that p.(a;) is dual to (z
p*((:r(j))i). Since Qi = PP" - PPPS;1y = z?" for k >0, (4-8) follows. O

Hyi =

Now we let j = 1 and we consider the mod-p Eilenberg-Mac Lane space. For
i >0, let a; € HZ, ,,(K(Z/p,1)) be the element dual to (zV)¢. Then the mod-p
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homology ring contains elements a(;y = a,: for all i > 0. The cup product of n + 1
cohomology elements of degree 1 in mod-p theory is induced by the map

(4'9) /LZK(Z/]%:[) XK(Z/p71> Xovee XK(Z/p71>—>K(Z/p,TL+1)7

which factors through a smash product. For any sequence of strictly increasing
positive integers S = (s1,52,...,5,) € S, the image of a(g) ® a(5,) @ -~ ®as,) by
the induced map g in mod-p theory is denoted by a(S) = a0 aes,)o---0a(,) €
HZ, (K(Z/p,n+1)). The degree of this element is 2(1 + p** 4 --- 4 p*). The
basic property of these elements is the following.

Lemma 4-3. The Kronecker pairing in HZ, theory for K(Z/p,n+1) is such that
(4-10) (Qsbint1,a(S"))wz= 655 for any S,8" € St

where 1y 41 € HZYT (K (Z/p,n+1)) is the fundamental class and 6 is the Bockstein
map.

Proof. Let S = (s1,82,...,8,) and S" = (s, s5,...,s),) be sequences in ;. Since
w(nt1) =11 ® 11 ® -+ ® 11 with n + 1 tensor factors, we have
(Qsbtny1,a(8") = (Qs6(1 ®@ - @ 11), @) @ a(sy) @ - D asr )
=Y £(8e1,a0) Qs 115 A(sp)) +++ (Qiy 11, A1)
gEG,,

Since both S and S are strictly increasing sequences and (Qgt1,a(p) = O for
k,¢ > 0, the nontrivial contribution in the above summation can only come from
the term with ¢ = 1, and in this case, the pairing gives 6gg/. This proves (4-10). O

Now we consider o-products of elements in k(m). (K (Z/p,1)). Since only those
a(;) with 0 < i < m are nontrivial in k(m).(K(Z/p,1)), we consider the following
subset of S for any integer m such that 0 < n < m:

(4-11)  SH(m)={(s1,82,...,8,) EZ} |0 <51 <55 < - < s, <m} CS;.

When n = 0, we set S (m) = (. Applying k(m) homology to (4-9), we obtain
(n+1)-fold o-products. For any S = (s1, $2,...,5n) € S;f (m), let a(S) = a(o)oas,)o
(sy) O+ -+ 0a(s,) be an element in k(m) homology of K (Z/p,n+1) of degree d(S) =
2(1+p°t +---+p°*). Whether we are considering elements a(S) in HZ, theory or
in k(m) theory should be clear from the context. The following observation will be
useful later.

Lemma 4-4. Let p be any prime. Let 0 < n < m. Then for any S,S’ € SF(m),
we have |d(S) —d(S")| < 2(p™ —1) — 1.

Proof. When S ranges over all S € S (m), the largest possible d(S) occurs when
S=8max =(m—n,m—n+1,...,m—1), and the smallest possible d(S) occurs
when S = Spin = (1,2,...,n). The difference of the corresponding degrees is

pm -1 2 m—n—1 pn+1 -1

_9 . _of -
P (p+p°+--+p ) P

Since the third term on the right hand side is at least 2, this is strictly less than
2(p™—1)/(p—1) — 1, which is less than or equal to 2(p™ — 1) — 1 for any prime p,
even or odd. This completes the proof. O

d(Smax> - d(Smin) =2
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From Theorem 3-6, for any S € S;% we have nontrivial BP cohomology elements
Vg € BP*(K(Z),n+2)) and 19(51) € BP*(K(Z/p,n+1)). Let their images under
my : BP — k(m) be also denoted by ¥ g = ﬁlg(m) € k(m)* (K(Z,),n+2))
and ﬁg) € k(m)*(K(Z/p,n +1)). All of these elements are nontrivial for any S €
S;F because their images under the map p(m) : k(m) — HZ, into mod-p cohomology
are nontrivial by Theorem 3-6. Let b(S) = 6,(a(S)) € k(m).(K(Zy),n + 2)) for
S € S;f(m), where 6 : K(Z/p,n+1) — K(Z,),n + 2) is the Bockstein map.

Using Lemma 4-3, we deduce some properties of k(m) Kronecker pairings for

mod-p and integral Eilenberg-Mac Lane spaces. The case for mod-p’ Eilenberg—
Mac Lane spaces is more complicated and it is treated in Proposition 4-7 below.

the map P

Proposition 4-5. (I) Let m > 1. The Kronecker pairing in k(m) theory of the
mod-p Eilenberg—Mac Lane space

(s himy 2 k(m)* (K(Z/p,n + 1)) @k(m). (K (Z/p,n + 1)) — k(m).
satisfies the following identities:
(4-12) (05, a(S") ) k(my = 8557 € k().

for any S, 5" € SF(m). In particular, a(S) # 0 € k(m).(K(Z/p,n + 1)) for any
S e SH(m).

(IT) The Kronecker pairing in k(m) theory of the Z ) Eilenberg-Mac Lane space
(s Yr(m) : k(m)* (K(Z(p),n + 2)) ® k(m)*(K(Z(p),n + 2)) — k(m). is such that
(4-13) (95,0(8"))k(m) = 557 € k(m).,
for any S, 5" € SF(m). In particular, b(S) # 0 € k(m).(K(Zy,n + 2)) for any
S e SH(m).
Proof. We apply Lemma 4-1 to the k(m) theory Thom map p : k(m) — HZ,. For
any S, S’ € §;F(m), we have

1 1
P (957, a(")) ) = (02 (957). - (a(S)) 1z,
= <QS6Ln+1 5 a(O) Oa(s’l) SIS oa(s;l)>HZp
= bsgr.
The second equality above is due to (3-15) for the first entry, and commutativity

of the Thom map and the o-products for the second entry. The third equality is

due to (4-10) in Lemma 4-3. Since the kernel of p, : k(m), — HZ, = Z/p is

the ideal (v,,) generated by v,,, we have <19(51), a(S")k(m) € 6ss’ + (vm). However,

the degree of (19(51), a(S"))k(m) € k(m)« is d(S) — d(S’), which is strictly less than

[vm| = 2(p™ — 1) by Lemma 4-4. Thus we must have (4-12) for degree reasons.
For the Z,) Eilenberg-Mac Lane space, we have

* 1
(95,05 komy= (D5 6. (a(S")) ) omy= (87 (95), (S ko= (95, @(S")ykom = B,
by our previous calculation. This proves (4-13). O
In [RW2], Morava K theories of Eilenberg-Mac Lane spaces are calculated. For
our purpose, we need to reprove some of their results in the context of connective

Morava K theory. However, most of the statements in [RW2] also hold in the
connective k(m) theory, because we will be dealing with v,,-torsion free elements.
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Let Z/p’ — Z/p'*! be the inclusion map induced by multiplication by p, and
7Pt — Z/p’ be the projection map. Let «, 3 be induced maps:

(4-14) K(@Z/p n+1) = K(Z/y Y n+1).
5

These maps fit into the following homotopy commutative diagram:

K(Zpyn+2) —— K(Zy),n+2) —— K(Zg),n+2)

(4-15) Tﬁj T&Hl Té,-

K(Z/p,n+1) —*— KZ/pt',n+1) —2— K(Z/p,n+1).

From this diagram, and the definition of elements a; € k(m)s(K(Z/p’,1)) in
Proposition 4-2, we have

(4-16)  au(a;) =a; for 0<i<p™, B (a(mﬂ-)) = vﬁia(i) for i <mj.

These are the same as Lemma 5-7 in [RW2] for the nonconnective Morava K theory
of Eilenberg—Mac lane spaces. The reason for the validity of these formulae is that
it is not necessary to invert v,, in their proof. Lemma 4-6 below corresponds to
Proposition 11.4 in [RW2], in which vy, is set equal to 1 in cyclically graded Morava
K theory. In k(m) theory, we have to count the power of v,,. Let A =31 | A; =
(1,1,...,1) be a sequence of 1’s repeated n times. For the sake of completeness, we
give the proof of the next lemma, demonstrating that it is not necessary to invert
vy, for the proof.

Lemma 4-6. For any sequence S = (s1,52,...,5,) € S;7(m) and any j > 2, the
iterated map o~ : k(m)«(K(Z/p,n+ 1)) — k(m).(K(Z/p’,n+1)) is such that

(@17) g D G () = a(S 4 m(j — 1A).

m

Proof. The proof is essentially the same as the proof of Proposition 11.4 in [RW2],
and is obtained by using the following homotopy commutative diagram:

K(Z)p,1) x K(Z/p*,n) — K(Z/p*',1) x K(Z/p'*',n)

s I

(4-18) K(Z/p’,1) x K(Z/p’,n) K(Z/p*' n+1)
K(Z/p/ n+1) —° . K@Z/ptn+1).

We apply k(m) homology to the above diagram. Let j > 1. In the top left corner,
consider the following pair of elements: a, € k(m)2 (K(Z/p’,1)) and a
sntmy) € k(m)« (K (Z/p",n)) for § = (s1,...,5,) € ST (m).

Using the first formula in (4-16), if we go to the right top corner and then to the
right bottom corner, the above pair of elements becomes

s1+myj) ©

...Oa(

(0) © Qg ymiy © O s, gy = (S +mjA) € k(m). (K(Z/p",n+1)).
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On the other hand, at the left bottom corner, the above pair of elements becomes

a(g) © Be (A5, 4mg) ©* © A5 4mi))
_ ps1tm(i=1) psntm(G—1)
=ag o (v}, A(sy+m(j-1)) © " % Um s, tm(j-1)))

= v( piltetptp m(jfl)a(S +m(j —1A).
Here, we used the second formula in (4-16) and the fact that 5, preserves o-products

because ( is a ring map. Applying a. to the above element and using commutativity
of the diagram (4-18), we finally obtain the identity

vfgsl+"'+ps")pm(jfl)a* (a(S+m(j —1)A)) = a(S +mjA).
Repeatedly using this identity, we obtain (4-17). O

In the mod-p homology Gysin sequence for the fibration K (Z/p?, 1) 2, opeo 2
CIP*°, the Euler class is zero. So we see that §;, is an isomorphism in even degrees in
mod-p homology. It follows that 3, = 0 on the even degree homology groups, due to
commutativity of the right square in (4-15) with n = 1. One can also show that S,
is an isomorphism in odd degrees using the fact that the connecting homomorphism
in the Gysin sequence for mod-p homology of K(Z/p’,1) is an isomorphism in odd
degree groups. If we apply mod-p homology theory to the diagram (4-18) with
n = 1, then a diagram chasing using the fact that 8, = 0 in even degrees shows
that

(4-19) agoar=0 in HZ;(K(Z/p’,2)) for j=>2,
for any k,¢ > 1. Thus, all o-products in k(m).(K(Z/p’,n + 1)) map to zero in

mod-p homology when j > 2. However, some o-product elements are nonzero in
k(m) theory of K(Z/p’,n + 1), as shown in the next proposition.

Proposition 4-7. Let( , )ym): k(m)*(K(Z/p’ ,n+ 1)) @k(m).(K(Z/p’,n+ 1))
— k(m) be the Kronecker pairing in k(m) theory of the mod-p’ Eilenberg-Mac Lane
space. Then for any S,S" € S;F(m), we have

(4-20) < ,a(S"+m(j—1) )>k = §ggr - 0P TP EAp ) (L PO
where S = (s1,2,...,8n). In particular, elements a(S’'+m(j—1)A) are nontrivial
in k(m).(K(Z/p",n+ 1)) for any S € S} (m).
Proof. Since 6J+1 oa = §; for all j > 1 by (4-15), we have §; o ™1 = §; = 6.
Thus, §;, 0ol (a(S’)) = 6.(a(S")) = b(S’). This implies that the k(m) Kronecker
product 1s such that
(09,047 (a(8")) = (8 (95). 027" (a(5"))) = (9585, 0 a2 (a(S")) )

= (Ug,b(5")) = dssr.
The last identity is due to (4-13). Now, by Lemma 4-6,
(9, 0(S" + m(j - 1)A)) = " D D 017 o(51))

= Sggr - pP PR ) (1P 4™ 0T
A7 .

This proves (4-20). O
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Although we do not know the precise structure of the connective Morava K
theory of Eilenberg—Mac Lane spaces, we do know Morava K theory of these spaces
thanks to [RW2]. It turns out that to determine the image of the Thom map from
BP cohomology of Eilenberg—Mac Lane spaces to mod-p cohomology, the knowledge
of Morava K theory K(m)*( - ) of these spaces for all m is necessary and sufficient.

5. Morava K COHOMOLOGY RINGS OF EILENBERG—MAC LANE SPACES

In [RW2], the Hopf algebra structure of the Morava K homology of Eilenberg—
Mac Lane spaces was determined. In this section, we dualize their calculation and
explicitly describe the algebra structure of Morava K cohomology of Eilenberg—
Mac Lane spaces. Our calculation in this section is primarily directed towards the
determination of the precise exponent of algebra generators of K (m) cohomology of
mod-p’ Eilenberg—Mac Lane spaces (see Proposition 5-3 below). For this, we only
need the additive structure of K (m) homology and the behaviour of Verschiebung
maps on them from the description in [RW2]. For the complete description of the
Hopf algebra structure of K (m), (K (w,n)) for a finitely generated abelian group T,
see [RW2] for the odd prime case, and see the Appendix of [JW4] for p = 2.

First, we briefly describe K (m).(K(Z/p’,n+1)) for m >n+ 1. Let

(5-1)
Séjll(m):{(so+m€;51,52,...,5n)|O§£<j,0§so<s1<~'<5n<m}

be a set of sequences of n + 1 non-negative integers. For each S € S,(Ql (m), let

(5_2) ag = a(so+m€;sl7527...,sn) = a(so+m€) o a(sl-i-m(j—l)) 0:-+0 a(sn—i-m(j—l))

be an element in K (m),(K(Z/p’,n+1)). Note that in the expression in terms of
the o-product, the index s; is replaced by s; +m(j—1) for 1 <i <n. In [RW2], it is
shown that these elements are nonzero and that a K (m).-module basis of the K (m)
homology is given by a set of elements {H 5€89), (m) al’ }j, where the exponent jq
is such that 0 < jg < p for all S and all but finitely many exponents jg are zero.
The Verschiebung map V : K(m)*( - ) — K(m)*( - ), which is the dual of the pth
power map in K (m) homology, is described as follows (cf. [RW2, Theorem 11.1]):

(5-3)
V(a(o;sl)sb,,,,sn)) =0,
V(a(50+mf;51752)m75n)) = a(50_1+m£;51—17...,5n—1) if Sp > 0 and 0 S 12 S ,7 - 17

V(a(mﬁ;51,527...,sn)) = (_1)na(s1—1+m(€—1);52—17...,sn—Lm—l) if 1 S 4 S ] - 1.

For any S € Sr(ﬁl(m), let yg be the K(m) cohomology element dual to ag with
respect to the above additive K (m).-module basis for K(m).(K(Z/p’,n + 1)).
Dualizing (5-3), we can describe the effect of the pth power map on elements yg.

Lemma 5-1. (i) Let 0 < n < m. For any (s1,82,...,8,) € S;F(m), the k(m)
homology element Q05 5m) is primitive and its dual K(m) cohomology element
Y(0is1,....5n) 18 indecomposable.
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(ii) pth powers of elements yg € K(m)*(K(Z/p’,n + 1)) for S € Sflﬁl(m) are
given as follows:
(5-4)

b —
y(50+m(j 1);81,..0s8n—1,m—1) 0,

y(so+me stsn) = Y(sotLbmbisi+1,.mnsn+1) ifsp<m—1and0<l<j—1,

p B . .
Y(sorm(—1);s1,...,8n_1,m—1) — (—1)ny(me so+1,8141,0.,8n—141) flr<i<j-1
Any element of the form yg for S € Snj_kl(m) is a p"th power of an element of the
form Y(0:51,52,....5) for some sequence 0 < s1 < --- < s, and for some non-negative
integer r.

Proof. For (i), we prove it by induction on n. Since the coalgebra structure of
K(m).(K(Z/p’,1)) is given by ¢(ay) = 3, j_; ai @ ay, it follows that a() = a1 is
primitive. Now for a given n such that 0 < n < m — 1, suppose that (0;s, is

7---75n)
primitive for any sequence (s1, 82,...,S,) € S;7(m). Since the coalgebra map and
the o-product are compatible, we then have
w(a(o;sl,...,sn,sn+1)) = (a(O;sl,. n) Y 1n+1 + 1n+1 ®a (0381, Z ar @ as.

’I"+S =pntl

Since 1,41 © a, = 6,01lpn+2, the only nontrivial term in the above right hand side is
U(0s81,ver50) © Usg1) Olnp1+1ln1®aq,, o )% (s, 11" This shows that the element
U055y ,..nr5m,5m 1 1) 1S Primitive. This completes the inductive step, and we have shown
that a, ;) is primitive for any J € SF(m) with 0 < n < m. Thus it follows that
the dual cohomology elements Y(0.) for any J € S are indecomposable. Note that
due to the first identity in (5-3), the elements y, .,
other elements.

For (ii), we first observe that elements of the form a ... ;). _,, for

so+m(j—1);s1,...,8p—1,m—1)

some 0 < 59 < -+ < Sp—1 < m — 1 are not in the image of the Verschiebung
map described in (5-3). Consequently, pth powers of their dual elements are 0.
This proves the first identity of (5-4). The other two are obtained by dualizing the
second and the third identity in (5-3).

If we apply the Verschiebung operator V to ag for S € S(J ) 1(m) repeatedly,
it will eventually vanish by (5-3). Suppose that V" l(ag) = O for some r > 0
and that Vr(as) # 0. Then, V"(ag) must be of the form (0,5, ) for some

0 < s} <--- <sl < m. Dualizing this, we see that y(OZS/1 sy = ys. This proves
the last statement. O

s,) are not pth powers of any

.....

Repeated application of (5-4) yields the following formulae.

Lemma 5-2. Let 0 < ¢ < j—1and S = (s1,...,8,) € SF(m). We let so = 0.
Then in the Morava K cohomology K(m)*(K(Z/p’,n+ 1)), we have the following
identity for 0 <r <n:

(5-5) Yoy = (=1)TTD"

where the sequence S| € S;F(m) is given by

Y(r+1+0m;s;)

’
Sr = (Sn—r—i-l — Sn—rySn—r+2 — Sn—ry- .., Sn = Sn—r,

m—Sp—r, 81+ (M —Sp—r)y .y Sn—p_1+ (m— sn_r)).
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Here, the right hand side of (5-5) is zero if r + 1+ £ > j. Furthermore, we have

(5_6) y(p0;517___,5n) = y(k(n-i—l)m;sh...,sn)'

Proof. (5-5) is obtained by repeated use of (5-4). For example, repeatedly applying
the second formula in (5-4) m — s, — 1 times with sg = 0, we obtain
m—snp—1

y(mg;s) = y(m—sn—1+ml;sl+m—sn—1,...,sn,1+m—sn—1,m—1)'
We raise both sides to the pth power. Then the third formula in (5-4) gives

y;fmé;s) = (_1)ny(m(l+1);m—sn,51+(m—sn),...,sn,1+(m—sn))'
This proves (5-5) for the case r = 0. By repeating the above procedure r times
more, we obtain (5-5).
When r = n, (5-5) becomes yfeﬁ;s) = (—1)”("+1)y((n+1+4)m;s). Here note that
n(n + 1) is even. Applying this formula k times with £ = 0, we obtain (5-6). O

Let S = (s1,...,5,) € S (m), that is, 0 < 51 < -+ < s, < m. We now calculate
the exponent of the element y,,g, in the cohomology ring K (m)* (K (Z/p’,n+1))
and describe its ring structure.

Proposition 5-3. Let 0 < n < m. For any j > 0, the K(m) cohomology ring of
the Eilenberg-Mac Lane space K(Z/p,n + 1) is a tensor product of finitely many
truncated K (m)*polynomial algebras given as follows:

* ] * h(5)
(57)  Km) (KEZ/pn+1) = Km) [yos | S € Stam)]/(hhe):
where h(S) = km+ (m — spt1—r) if k and r are integers determined by the equation
j=k(n+1)+r withl <r<n-+1. We set so =0. The degree of the cohomology
element y .5 i 21+ pst + -+ -+ p°n).

Proof. First we calculate the exponent of Y(0,9)" Let k,r be integers determined
by j = k(n+1)+r with 1 <r < n—+1 for given j,n. Then from (5-6), for

any S € S; | (m), we have yﬁ?:;) = Y(k(nt1)m:s)- Raising both sides to the power

p™~Sn—r+2 and applying (5—5)7 we have

km+(m—sy, _pri2)

~1
Y(0:5) = DY ety i)
where the sequence S._, € S;7(m) is given by
;—2 = (Sn—r+3 —Sn—r42,---380 7 Sn—r42,M — Sp—r42,
s1+ (m - 571—7“4-2)1 sy Sp—rt1 Tt (’ITL - 5n—r+2))-

Note that by our choice of integers k,r, the first subscript of the element y. on
the right hand side is m(k(n + 1) +r — 1) = m(j — 1). Furthermore, raising both
sides of this identity to the power p to the (m — 1) — (sp—pt1 + M — Sp_ry2) =
Sn—r42 — Sn—r+1 — 1-st, and using the second formula in (5-4), we have

Pkm+<m75"*T+1)71 o (_1)(7"—1)77,

y(O;S) - Y(snri2—8n—rp1—1+(G—1)m;S")>

where the sequence S” € S;F(m) is given by
S" = (Sn—r+3 —Sp—rp1— L, 80 — Sppg1 — 1, (’ITL - 5n—r+1) -1,

s1+(m—=sn—ry1) =L, 8n—r + (M —8p—ryp1) —1,m—1)
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with m—1 as the last entry. Since (8y,—p42—8p—rt+1—1+(j—1)m;S”) is a sequence in
S,(lj_zl(m) defined in (5-1), the corresponding K (m) cohomology element is nonzero

because it pairs nontrivially with a homology element A ria—sm i1 —14+(G—1)m;S")"
km(m—sp, _ppq1)—1

So we have yf # 0. However, the first formula in (5-4) implies that

0;5)
km4(m—s, _pni1)
the pth power of this element is zero: yé’o; 9) = 0. Thus, the exponent

of the cohomology element y . o) for S € S (m) is precisely p"®) where h(S) =
km+ (m—su_r11). Here k,r are determined by 7 = k(n+1)+7r with 1 <r < n+1.
This shows that the right hand side of (5-7) is contained in the left hand side.
Now, K(m)*-module generators of the left hand side of (5-7) are the dual el-
ements of the K (m).-module basis of K(m).(K(Z/p’,n + 1)) which is given by
{HSesfﬂl(m) al’ }j, where j run§ over the set of all functions j : S,(lj_zl(m) —
{0,1,...,p—1}. For any S € Sff_zl(m) the nontrivial K'(m) cohomology element
yg is dual to as. Hence the set {HSGSLQI(m) YL }j is a K(m)*-module basis for
K(m)*(K(Z/p’,n + 1)), where 0 < jg < p. Since yg is a p"th power of an ele-
ment ¥ o) for some S’ € §F(m) and for some non-negative integer r by Lemma
5-1, the left hand side in (5-7) is contained in the right hand side. Thus nontrivial
monomials of Y, ¢y’s form a K (m)*-module basis for K (m)* (K(Z/p’,n+1)). This
completes the proof of (5-7). |

We say a C'W complex is locally finite if there are finitely many cells in each
dimension. Although BP cohomology can have elements of infinite filtration, such
elements do not exist in K (m) cohomology groups.

Lemma 5-4. Let X be a locally finite CW complex. Then with respect to the
skeletal filtration, the topological space K(m)*(X) is complete Hausdorff.

Proof. We examine the following Milnor exact sequence [M3]:
0 — lim,' K (m)"~H(X7V) = K(m)"(X) — lim . K (m)" (X"~V) = 0.
(r=1)

By assumption, the r — 1 skeleton X is a finite complex for each r > 0. Since
K(m)* = Zy[vy,v;,t], the group K (m)!=1(X("=1) is a finite group for all r > 0.

m
Hence the liill term vanishes and there are no elements of infinite filtration in

K (m)t(X) for any t. Thus the skeletal filtration topology in K (m)*(X) is complete
and Hausdorff for a locally finite CW complex. O

Next, we describe the algebra structure of K(m)* (K (Zgy,n + 2)) for m > n.
For any positive integer j, let 6; : K(Z/p’,n+1) — K(Z),n+2) be the Bockstein
map. For any S € S (m), let
(5-8)

b(S) = 6]-*(U;(psl+~v+psn)(1+Pm+~'+pm(172))a(o;s)) c K(m)*(K(Z(p), n+ 2)),
where 6;_ is the induced map on K (m) homology. This definition is independent
of the choice of j by Lemma 4-6. Let
(5-9)

Sflofi(m) ={(so +m¥;s1,...,8n) /s [0<sp<s1< <8, <m, £>0}.
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In [RW2], a nontrivial element b; € K(m). (K (Z),n+2)) is defined for each J €
Sfff%(m), and it is shown that as a K (m).-module basis of K (m). (K(Zgpy,n+2))
we may take the set {HJGSffj}(m) blj }i, where 0 < i; < p for all J. In this notation,
the element b(S) in (5-8) is equal to b, q). Let x5 € K(m)*(K(Zgy,n +2)) be
the element dual to b(S) € K(m). (K (Zy),n+2)) for S € S (m), with respect to

such a basis. Note that the degree of g is 2(1+p°* +---+p*) if S = (s1,...,5p).
The following theorem is stated in [RW2].

Proposition 5-5 [[RW2], Theorem 12.4]. The K(m) cohomology of Eilenberg—
Mac Lane space K (Zyy,n +2) for 0 < n <m is a power series ring given by

(5-10) K(m)"(K(Z),n +2)) = K(m)*[lzg | S € S (m)]],
where |xg] = 2(1+p™ + - +p*) if S = (s1,...,80) € S;F(m).

To compare the two sets of cohomology elements {67 (zs)} and {y(,s)} in the
cohomology ring K (m)*(K(Z/p’,n + 1)), we modify elements in the latter set as
follows. For S € S;F(m), we put

; s Sn moy o m(j—2)
(5-11) y§) = o AP Ty o

Note that the degree of the K (m) cohomology element ygj) is2(1+p*t +---+p°).

Lemma 5-6. Let 0 < n <m, 7 > 0, and let 6; be the Bockstein map as above.
Then for any S € S;F(m), in K(m)*(K(Z/p’,n+1)), we have

(5-12) &6 (wg) = ygj) + (decomposables in y(sj;) s with coefficients in Zp[vm]).

Proof. For any S, 5" € S;F (m), from the definition of zg, we have

bss = (x5,0(5")) k(m) = (s, 5]'*(U_(psl+"'+psn)(Hpm"'ﬂmoﬁ))%;s'))>K<m>

m

(L g Mo (G-2))
:vm(p Pt (ke e )<6j(xS)aa(O;S’)>K(m)a

s sn moy o, m(j—2)
which means (65 (2g), a(g,51)) i (m)= 055" A [E i e i B e YO

other hand, since y, ¢, is the cohomology element dual to a(o;s) for any S € St(m),

S1 4o gpn My ym(G—2)
we have (67 (zg) — pBT A AP (AP ™ ’ )y(o;s),a(o;s,)h((m): 0. From this

we have 67 (zs) = yg)+(decomposables in yg,)
jog| = 2(1+p* 4+ 4p*) < 2(p™—1) and [y§) | = 201 +p% 4+ +p™) < 2(p™ 1),
all the coefficients of monomials of yg,)’s must lie in Zy[v,] € K(m)* for degree
reasons. This completes the proof of (5-12). O

’s with coefficients in K (m)*). Since

The above relation (5-12) is used in the proof of Proposition 6-6 below.
6. BP CoHOMOLOGY DETERMINES MORAVA K THEORY FOR
EILENBERG-MAC LANE SPACES

Let n > 0. Recall from §3 that for each sequence S = (s1,...,s,) € S;I, we have
a nontrivial element

9§" € BP*(K(Zgy,n +2))
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of degree [9g| = 2(1 +p°* 4+ --- 4+ p*"). For any S € S} and for any m > s,, we
denote its image in k(m)* (K (Zg),n+2)) and in K(m)* (K (Z),n+2)) by ﬁg(m)
and ﬁg(m), respectively. If there is no danger of confusion, we also use the notation

¥¢ without superscripts for these elements. We know that the element ﬁg(m) is
nontrivial in k(m) cohomology by Proposition 4-5 (IT). The next lemma shows that

95 ™ s also nontrivial in K (m) cohomology.

Lemma 6-1. Let 0 < n < m. The Kronecker pairing in k(m) theory ( , )xm)
K(m)*(K(Zgy,n+2)) @ K(m).(K(Zg),n+2)) — K(m), is such that

(6-1) (W& ™) b(S")) k() = D557,

for any S, S’ € S} (m). In particular, ﬂg(m) #0 for any S € S;F(m).

Proof. The Kronecker pairing of the above type of elements in connective Morava
K theory for Eilenberg-Mac Lane spaces is described in (4-13). We then apply
Lemma 4-1 to the localization map ¢(m) : k(m) — K(m) to obtain (6-1). |

Recall from Lemma 3-7 that for any S € S, the corresponding element ¥5¥
belongs to the filtration FG1+P7++2"))(BP*K(Z,),n + 2)). The argument

we used there cannot be applied to the element 95 "™ € K (m)* (K(Zpy,n + 2)),
because K (m) is not a connective spectrum. However, we have the following lemma.

Lemma 6-2. Letn: E — G be a spectra map. Let X be a CW complex. Then the
induced cohomology map 1. : E*(X) — G*(X) preserves the skeletal filtrations:

(6-2) T (F(T)(E*X)) c FM(G*X) for any r >0.
Proof. This is straightforward from the following diagram:

E<(X) —— G*X)

| |

E*(x—V) I G*(xD).
Here, vertical maps are restrictions to r — 1 skeletons. O

Applying this lemma to the canonical map 1 : BP — K(m) and using Lemma
3-7, we obtain the following result.

Corollary 6-3. Let 0 <n < m and let S = (s1,...,8,) € S} (m). Then, for any
positive integer j, in K(m) cohomology theories, we have

ﬂ?(m) c F(2(1+p51+~“+103”))(K(m)*K(Z( ) Tl+2))a

(6_3) () s1 sn
9y e FpCA+p°t4-tp ))(K( V'K (Z]p, n+1)

Next we identify elements ﬁg(m) in the cohomology ring K (m)* (K (Z),n+2)),
which is a power series ring generated by xg’s as described in Proposition 5-5.

Lemma 6-4. For each S € S;f (m), the element 19K(m € K(m)*(K(Z¢y,n+2)) =
K(m)*[[xs | S € §;F(m)]] is of the form

decomposables in x g ’s for S’ € ST(m
(6-4) 19{;(’") =2g+ ( . p ' ' 50’8 [ 1 ( ))
with coefficients in Zy[vy,]
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Furthermore, the Morava K theory is generated by the elements ﬁg(m):

(6-5) K(m)*(K(Zg),n+2)) = Km)*[[95 "™ | § € $}(m)]],

Proof. Since x ¢ is dual to b(.S) by definition, the Kronecker product in k(m) theory
is such that (zg,b(S"))k(m)= dss for any S, 5" € S;f(m). Thus, together with
(6-1), we have (ﬂg(m)— 2g,b(S")) k(m)= 0 for any S,S8" € S;F(m). This shows
that ﬁg{(m) is of the form z ¢+ (decomposables in x g ’s with coefficients in K (m)*).
Since |19§((m)| < 2(p™ — 1) = —|vm|, the coefficients of decomposable elements in
xg,’s must lie in the subring Z,[v,,]. This proves (6-4).

Using (6-4), we can formally express ¢ as a power series in ﬂg(m)’s with coef-
ficients in Zj[vm]. Since the cohomology ring K (m)* (K (Z,),n + 2)) is complete
Hausdorff in each degree with respect to the filtration topology by Lemma 5-4, and
the filtration of 19?,(7”) is 2(1 + p*1 + - -- + p*n), the above power series in ﬂg(m)’s
converges to g in the cohomology group. Thus x¢’s can be replaced by ﬂg(m)’s,
and we have (6-5). This completes the proof. |

From Lemma 6-4, the following proposition follows.

Proposition 6-5. Let 0 < n < m. The canonical map BP* (K(Z(p),n + 2)) —
K(m)*(K(Z),n+2)) is surjective in degrees = < 2(p™—1). All the K (m)*-algebra
generators of K(m)*(K(Z(p),n + 2)) are in this degree range and they come from
BP* (K(Z(p), n+ 2)) Consequently, the following canonical map is surjective:

(6-6) U BP* (K(Zyy,n +2)) — K(m)"(K(Zg),n +2)).

Proof. First note that for any S € S (m), v € BP*(K(Z(p),n + 2)) is vp-
torsion free since its image 19§(m) in K(m) cohomology is nontrivial by Lemma
6-1. By (6-5), all the algebra generators of K (m)* (K (Z,),n + 2)) come from BP
cohomology via the canonical ring spectra map BP — K (m). Thus, by inverting
Um in BP cohomology, we obtain the surjection in (6-6).

Let = be an arbitrary element in K (m)*(K(Z),n + 2)). By (6-5), « can be
expressed as a power series in ﬂg{(m)’s with coefficients in K (m)*. If the degree of
x is less than 2(p™ — 1), then powers of v,,,! do not appear in the coefficients of this
power series for degree reasons. Since all the generators ﬁg{(m) for S € S (m) come
from BP cohomology, it follows that x is in the image from B P cohomology. Thus,
the canonical map BP* (K (Z,),n+2)) — K(m)*(K(Zg),n+2)) is surjective for
* < 2(p™ — 1). This completes the proof. |

For the Eilenberg-Mac Lane space K (Z,1) = S!, obviously we have BP*(S!) =
Agp-(98F) and K(m)*(S') = /\K(m)*(ﬁK(m)), where 957 and 9K are 1-
dimensional generators and p,(95F) = 95(™) under the Thom map. Thus, the
statement in Proposition 6-5 is trivially true for this case.

In §3, for any S € S (m) and for any positive integer j, a nontrivial element

0y € BP*(K(Z/p’,n +1)) was defined by 9§ = 6*(0E7). So in K(m) coho-
mology, we also have ﬂg) =03 (ﬂg(m)). Pulling back the relation (6-4) by ¢} into
K(m)*(K(Z/p’,n+ 1)), we have

ﬂg) = 0;(7s) + (decomposables in 67 (zg/)’s with coefficients in Z;[vy]).
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By (5-12), this can be rewritten as
(6-7) ﬂg) = yg) + (decomposables in yg/)’s with coefficients in Z[v,,]).
This identity implies the following proposition.

Proposition 6-6. Let 0 < n <m and j > 0. Let p be any prime. The Morava K
cohomology algebra K (m)* (K (Z/p?,n+1)) is generated by ﬁg) s for S € S;F(m) as
an algebra, and the canonical map BP* (K (Z/p?,n+1)) — K(m)*(K(Z/p’,n+1))
is surjective in the degree range * < 2(p™ — 1).

All the K (m)*algebra generators of K(m)*(K(Z/p’,n+1)) come from BP co-
homology, and the following map is a surjection:

(6-8) v,  BP*(K(Z/p',n+ 1)) — K(m)* (K(Z/p’,n +1)).

Proof. Since K(m)*(K(Z/p’,n+1)) is a tensor product of finitely many truncated
K (m)*polynomial algebras as described in Proposition 5-3, we can express ygj) in
terms of 19(51/) s by using (6-7) finitely many times. Thus, K (m)*(K(Z/p’,n+ 1))
is generated by ﬂgj)’s for S € §;F(m) as an algebra. Since all of these generators
come from BP*(K(Z/p’,n+ 1)), we get the surjection in (6-8) after inverting vy,
in BP cohomology.

The proof of surjectivity of the canonical map from BP cohomology to Morava
K theory of K(Z/p’,n + 1) in degrees less than 2(p™ — 1) is almost the same as
the one given in the proof of Proposition 6-5 for K (Z,,n + 2). O

We can generalize Propositions 6-5 and 6-6 to generalized Eilenberg—Mac Lane
spaces. Let G = @2:1 G, be a finitely generated positively graded Z,)-module.
Here G is a finite direct sum of groups of the form Z, or Z/p’ for some j > 0. Let
K(GQ) = ngl K(Gy, q) be the associated generalized Eilenberg-MacLane space.

Theorem 6-7. Let K(G) be the generalized Eilenberg—Mac Lane space associated
to a finitely generated positively graded Z,)-module G = @221 Gq. For any integer
m > r, the following canonical map is surjective:

(6-9) v BP*(K(G)) — K(m)*(K(G)).

Furthermore, BP* (K(G)) — K(m)*(K(G)) is surjective when x < 2(p™ — 1).
If the highest degree group G, is a torsion free group, then the above statements
hold form >r — 1.

Proof. Let K(G) = X1 x --- x X, where each X; is of the form K(Z,),q) or
K(Z/p’,q) for some j and q. We have the following diagram:

BP*(X1)®' . '®BP*(Xh) — BP*(Xl X oee X Xh)
— K(m)* (X1 x - x X)) 2 K(m)*(X1)® - K (m)*(Xn),

where @ denotes the completed tensor product. In view of Propositions 6-5, 6-
6, and the remark following Proposition 6-5, when m > r, all the K (m)*algebra
generators of K (m)*(X;) come from BP*(X;) for 1 <14 < h. When G, is torsion
free, then by Proposition 6-6 we may take m > r — 1. Thus all the K (m)*algebra
generators of K(m)*(X; x -+ x X3) come from BP*(X;)®---®BP*(X}), and
consequently they come from BP*(X; X --- x X}3) in view of the above diagram.
Hence after inverting v,,, we get the surjection (6-9).
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The surjectivity of the map before localization in degrees less than 2(p™ —1) can
be proved by an argument similar to the one in the proof of Proposition 6-5. [

7. DETERMINATION OF THE IMAGE OF THE BP THOM MAP FOR
GENERALIZED EILENBERG-MAC LANE SPACES

In this section, we determine the precise image of the BP Thom map for gener-
alized Eilenberg—Mac Lane spaces K (G):

p« : BP*(K(G)) — HZ;(K(G)).

In particular, we show that the inclusion relations (3-14) and (3-16) are actually
equalities. The idea of the proof is to examine connective Morava K theories
k(m)*(K(G)), through which the above p, factors, in terms of its localization
K(m)*(K(G)) whose structure is given in Propositions 5-3, 5-5, Lemma 6-4, and
Proposition 6-6.

First we need one lemma describing torsion free elements in connective Morava
K theories in a general setting.

Lemma 7-1. Let m be a positive integer. Let X be a topological space. Then
elements in k(m)*(X) are vy,-torsion free if t < 2p™ — 1. In other words, the
localization map €(m), : k(m)*(X) — K(m)*(X) is injective when x < 2p™ — 1.

Proof. Let x € k(m)*(X) be an arbitrary nontrivial element with ¢ < 2p™ — 1. We
prove the above lemma by contradiction. Suppose z is a v,,-torsion element. Then
there exists a positive integer r such that v7,x = 0, but v”*x # 0. Now consider
the following portion of the Sullivan exact sequence:

= HZ 0" =071 (00) 2 k(m)! 0700 (X) 2 () 07D ()
The element v”; 'z belongs to the group in the middle, and it is annihilated by

multiplication by vy, by our assumption. By exactness, v”. 'z is in the image of

the connecting map A, say, v7, 1o = Ap,(2) for some z € HZZ_QT(pm_l)_l(X).
However, since ¢t < 2p™ — 1 and r > 0, we have t — 2r(p™ — 1) — 1 < 0.

When ¢t — 2r(p™ — 1) — 1 < 0, the mod-p cohomology group is zero. So z =0
and it follows that v’ 1z = A,,(z) = 0, contradicting our assumption.

When ¢t — 2r(p™ —1) — 1 = 0, we must have t = 2p™ — 1 and r = 1. In this case
we choose a point from each path connected component of X and call the collection
of these points “pts”. Let ¢ : X — pts be the locally constant map mapping any
point in X to the chosen point in the same path connected component. We have
the following commutative diagram:

HZY(X) —2m k(m)2"~1(X)

A mo__
HZ)(pts) —=— k(m)*" ~'(pts).

Since the ring k(m)*(pts) is even dimensional, k(m)?*" ~!(pts) = 0. By commuta-
tivity of the above diagram, we see that the map A, : HZ)(X) — k(m)?P" —1(X)
is a zero map. Thus, v/ tz = A,,(2) = 0, contradicting our hypothesis.

Hence any element in k(m)*(X) of degree less than or equal to 2p™ — 1 must be

vp-torsion free. This completes the proof. O
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Now we can determine the precise image of the Thom map. We use the notation
9BP and 95 ™ to distinguish elements 9 in BP cohomology and their images in
K (m) theory of the Eilenberg-Mac Lane space K(Z),n + 2).

Theorem 7-2. Let p be a prime, even or odd. Letn > 1.
(I) The image of the Thom map p. : BP* (K (Z,),n+2)) — HZ}(K(Z,),n+2))
is an A(p)*invariant polynomial subalgebra with infinitely many generators:
(7-1) Im p. = Zp[QgTnt2 | S € S
This subalgebra is annihilated by all Milnor primitives, and any polynomial gen-

erator (QgTn+2 is obtained by applying a Steenrod reduced power operation to the
element Q-+ Q1Tny2- ) )

(I) The image of the Thom map p.: BP*(K(Z/p’,n+1)) — HZ; (K (Z/p’,n+1))
is an A(p)*invariant polynomial subalgebra with infinitely many generators:
(7-2) Im p, = Zp[Qgbjtnt1 | S € ST,

where ; is the jth Bockstein operator. This subalgebra is annihilated by all Milnor
primitives. Any polynomial generator Qgbjiny1 s obtained from Qy -+ Q10jtnt1
by applying a Steenrod reduced power operation.

Proof. (I) In Theorem 3-5, we have shown that Im p, D Zp[QgTns2 | S € S;F]. To
prove (7-1), we must show the opposite inclusion relation. Suppose a homogeneous
element z € HZ;(K(Z(p),n + 2)) is in the image of the BP Thom map, say,
z = p.(2') for some 2’ € BP*(K(Z,),n +2)). Choose a positive integer m such
that |z| = |2/| < 2(p™ — 1), and consider the following diagram:
(7-3)

(m)

BP* (K (Z),n+2) =225 k(m)* (K (Zgy,n +2)) ~— HZy(K (Zgy,n +2))

| eom.

K(m)* (K(Z),n +2))
Let 2" = p(m)*(z’) € k(m)*(K(Z),n + 2)). By (6-5), K(m)*(K(Zg),n + 2))
is generated by ﬁg{(m)’s for S € §;(m). Thus under the localization map ¢(m).,
the image £(m).(2") € K(m)*(K(Zy),n + 2)) can be expressed as a power series
in ﬁg{(m)’s with K(m)* coefficients. Since [£(m).(2")| = |z| < 2(p™ — 1) by our
choice of m, the coefficients of this power series expression are actually in Zy[v,,]
for degree reasons. Thus this power series is of the following form:

(7-4)  6(m). (") = FO5 ™) + v, - g(05 ™ s) € K (m)* (K (Z(pysn +2)),

)’s with coefficients in Zy, or in Zp[v.,],

where f and g are power series in ﬂg{(m
respectively. But the elements ﬁg(m) for S € S} (m) come from BP cohomology,

and we have ﬁg(m) ={(m)s o p (VET) for each S € S,f(m). We put

m),
2= fO§78) + v - g(9§"s) € BP*(K(Zy),n +2)),

replacing ﬁg(m) by 9B in (7-4). Since Pim), and ¢(m), are algebra maps, we have

0(m).(2") = £(m). Op(m)*(é), or £(m). (2" — p(m)*(é)) = 0. Since the degree of the

difference element z” — p(m)*(é) € k(m)*(K(Zy),n + 2)) is less than 2(p™ — 1),
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this element must be zero by the injectivity result on the localization map £(m),
due to Lemma 7-1. Thus,

z=p.(2) = pgm) (") = pgm) ° P(m), (2) = px (f(§§P7S) + o, ,9(19?13»8))
= f(QsTny2’s) € Zp[QsTnra | S € S

This is because p.(9EF) = QgTni2, ps(vm) = 0, and p, is a ring map (even when
p = 2). This shows that any element in the image of the BP Thom map is contained
in the subalgebra Zy[Q ¢7n12 | S € S;]. This completes the proof of (7-1).

From the description of the mod-p cohomology of Eilenberg—-Mac Lane spaces
given in §2, all products of n+ 1 Milnor primitives act trivially on the fundamental
class T,42. So the subalgebra Z,[Qg¢Tn+2 | S € S;F] is annihilated by all Milnor
primitives. Since BP operations are lifts of Steenrod reduced power operations, the
image from BP theory into mod-p theory is invariant under the action of Steenrod
reduced power operations. Combining these two facts, we see that the image Im p,
is invariant under the action of the total Steenrod algebra.

By Lemma 3-4, any polynomial generator (Q¢7,42 can be obtained from the
element @, - - - Q17,42 by the action of a Steenrod reduced power operation.

This completes the proof of part (I) of Theorem 7-2. Part (II) can be proved in
a similar way. O

We can generalize Theorem 7-2 to generalized Eilenberg—Mac Lane spaces. For
this, we need to introduce some notation. For n > 0, let

Q(K(Z(p),n—l—Q)) = Zp[QsTn+2 | S e S;H C HZ*(K(Z(p),n+2)),

(7_5> Q(K(Z/pj,n—i— 1)) = ZP[QS(SjLn-‘rl | Se ’51—1’_] - HZ;(K(Z/ﬂ,n—}— 1))

We let Q(K(Z(y),1)) = Ny, (1) be the exterior algebra generated by the funda-
mental class 71 € HZy(S(,)). Let M = @, M; be a finitely generated Z,)-module
where M; = Z, or Z/p’ for some positive integer j. We let Q(K(M,q) =
&; Q(K (M;, q)) for any ¢ > 1. Now, let G = @, G4 be a finitely generated pos-

itively graded Z,)-module. Let K(G) = [, K (G, q) be the associated generalized
Eilenberg—Mac Lane space. Put

(7-6) Q(K(G)) =X Q(K(Gq,q)) C HZH(K(G)).

q>1
The generalized version of Theorem 7-2 can be stated as follows.

Theorem 7-3. Let p be any prime, even or odd. Let G be a positively graded
finitely generated Z,)-module, and let K(G) be the associated generalized Filenberg—
Mac Lane space. The image of the BP Thom map p, : BP*(K(G)) — HZ, (K(G))
is an A(p)*invariant subalgebra given by

(7-7) Imp. = Q(K(G)) € HZ(K(G)).

This subalgebra is annihilated by all Milnor primitives.
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Proof. An argument similar to the one given in Theorem 7-2 proves this theorem.
We use the following diagram instead:

(m)

" P(m) % P %
BP*(K(G)) —= k(m)*(K(G)) —— HZ}(K(G))
(7'8) J/E(m)*
K(m)*(K(G))

The point here is that both K(m) theory and HZ, theory have Kiinneth isomor-
phisms. So we can consider the image for each individual factor of K(G). |
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