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Abstract

In [Wi75], for each k, the H-space that represents Brown—Peterson cohomol-
ogy BP*(—) was split into indecomposable factors, which have torsion-free ho-
motopy and homology. Here, we do the same for the related spectrum P(n), by
constructing idempotent operations in P(n)-cohomology P(n)*(—) in the style
of [BJWO5]; this relies heavily on the Ravenel-Wilson determination [RW96]
of the relevant Hopf ring. The resulting (i—1)-connected H-spaces Y; have free
connective Morava K-homology k(n).(Y;), and may be built from the spaces in
the Q-spectrum for k(n) using only v,-torsion invariants.

We also extend Quillen’s theorem on complex cobordism to show that for
any space X, the P(n).-module P(n)*(X) is generated by elements of P(n)*(X)
for ¢ > 0. This result is essential for the work of Ravenel-Wilson—Yagita
[RWY98], which in many cases allows one to compute BP-cohomology from
Morava K-theory.

Introduction

We exploit the close relationship between the connective Morava K-theory spec-
trum k(n), whose coefficient ring is k(n). = F,[v,], and the spectrum P(n) with
P(n), = Fplv,, Unt1, Upnsa, .. .|, where F,, denotes the field with p elements. These
ring spectra are defined for each prime p (suppressed from almost all the notation)
and integer n > 0. Most of our work generalizes the case n = 0 (see [Wi75]), where
k(0) = H(Z)), the Eilenberg-Mac Lane spectrum for Z, (the integers localized at
p), and P(0) = BP, the Brown-Peterson spectrum, with BP, = Zy)[v1,v2, vs, . . .].

In §1, we present three groups of results. First, we give a structure theorem for a
class of H-spaces that may be defined entirely in terms of k(n). Second, starting from
P(n), we construct examples of such H-spaces which we use to prove our structure
theorem. Third, there are consequences for the structure of P(n)-(co)homology: we
find (i) a Quillen-type result, that P(n)*(X) is generated as a module by elements
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of P(n)/(X) for i > 0, (ii) a Landweber-type filtration theorem, and (iii) a bound on
the homological dimension of P(n)-homology.

All these results depend on the Ravenel-Wilson calculation [RW96] of the Hopf
ring for P(n), which encodes the unstable operations in P(n)-cohomology. All the
machinery of [Bo95, BJW95| becomes available, making P(n)*(—) our sixth example
of a cohomology theory whose operations we can handle in a uniform manner.

The authors acknowledge the influence of D. C. Johnson and D. C. Ravenel on
this paper through their work with us on [BJW95, RW96].

Notation We fix throughout a prime p and an integer n > 0. Because it occurs so
frequently, we find it convenient to write N = p™ — 1.

[For completeness, we include the results for p = 2. Modifications are required
because: (i) our ring spectra are no longer commutative, and (ii) one of our test
spaces, real projective space, has different cohomology. Shorter comments, like this
one, are enclosed within square brackets. Longer comments form a subsection. A few
proofs are substantial enough to be deferred to a separate paper [Bo).]

All spaces are assumed to be homotopy-equivalent to cw-complexes. Identity
maps and homomorphisms are denoted by id.

We use much notation and terminology from [BJW95]. A ring spectrum FE defines
a homology theory F,(—) and a cohomology theory E*(—), both multiplicative with
coefficient ring F, = m2(E). Then E’(—) is represented (on the homotopy category
Ho of unbased spaces) by the i-th space E; of the Q-spectrum for F.

Because we deal mainly with homology and homotopy groups rather than coho-
mology, we use homology degrees throughout (unlike [BJW95]), assigning the degree
i to elements of F;(X) and m;(X). This forces elements of E*(X) to have degree —i.
We thus write F, for the coefficient ring, even when working with cohomology; in
particular, F'(point) = E_;. So the Hazewinkel generator v; has degree 2(p'—1).

The algebraic suspension M of a graded group M is a copy of M with all degrees
raised by one: an element x € M, gives rise to Xz € (¥M);41.

As in [RW96], E(x,...) denotes the exterior algebra on generator(s) z,...,
P(z,...) the polynomial algebra, and 7 P,(x) the truncated polynomial algebra

P(x)/(z").
1 The main results

Splittings of H-spaces We regard the standard generator u; of P(n)*(S*) as a
map uy: S* — P(n) . We consider spaces X that satisfy the axioms:

(i) X is a connected H-space of finite type (meaning that each homo-
topy group m;(X) is finitely generated);
(i) k(n).(X) is a free k(n),-module (equivalently, has no v,-torsion); (1.1)
(iii) For any k > 0, any map S* — X factors through the map u to
give a map Mk — X.

Our first theorem classifies these spaces.
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THEOREM 1.2 Given n > 0, the spaces X that satisfy the axioms (1.1) have the
following properties:

(a) For each k > 0, there is (up to homotopy) a unique (k—1)-connected (but not
k-connected) example Y}, that does not decompose as a product of spaces;

(b) Every X is homotopy equivalent to some product Y = I]; Y., where the num-
ber of copies of each Y}, is finite and is uniquely determined by X ;

(¢) Every retract of X is another example;
(d) Every product of examples is an example, provided it has finite type;
(e) The loop space QX is another example, provided X is simply connected.

Shortly, in Definition 1.10, we shall reveal the spaces Y} explicitly.

Remark The above decompositions and equivalences are not as H-spaces. Neverthe-
less, no information is lost, because in (b) for example, the given multiplication on X
corresponds to some multiplication on Y'; as we (shall) have complete information on
the possible maps Y x Y — Y, we can in principle detect which of them are H-space
multiplications.

Part (c) is clear. Sois (d), with the help of the Kiinneth formula for &£(n)-homology
(as in [Bo95, Thm. 4.2]). Part (e) will follow immediately from (b) and Theorem 1.15.
We prove (a) and (b) in §3.

Towers built from k(n) Although axiom (1.1)(iii) is technically convenient, it

lacks intuitive content. Here, we replace it by a more appealing axiom. This makes

Theorem 1.2 analogous to the results of [Wi75], as we discuss later in this section.
We consider spaces that are built from the spaces k(n)Z in a particularly nice way,

using only v,-torsion invariants. We recall that k(n), = F,[v,], where v, has degree
ON = 2(p"—1).

DEFINITION 1.3 Given a space Y, we call a map 2:Y — k(n) it

if, considered as an element of k(n)*(Y'), it satisfies v5z = 0 for some c¢. (We assume
g > 0. Indeed, z must be zero unless ¢ > 2N + 1 =2p" — 1.)

We call a space X a k(n)-tower with v,-free homotopy if it is the homotopy limit
of a sequence of spaces and maps

X3 X2 X1 Xo = pOil’lt (14)

in which each map X; — X; ;1 (for ¢ > 0) is the homotopy fibre of some v,,-torsion

map z;: X;-1 — k(n) L)1’ (We allow the possibility of a finite tower, X = X, for

some m, or even a tower having only one stage, X = X; = k(n) qay 38 well as the

a v, -torsion map

degenerate case where X is contractible.)

A v,-torsion map z: Y — k(n) o necessarily induces the zero homomorphism on

homotopy. Then for each ¢ > 0 (assuming X is connected, so that ¢(i) > 1), the
homotopy long exact sequence of z; reduces to the short exact sequence of groups

0 — S1OF, [v,] — (X)) — mu(Xio1) — 0. (1.5)
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Thus 7,.(X) is an iterated extension of suspensions of F,[v,]. (Our terminology is
abusive to the extent that we do not have a natural action of v, on m.(X;) for i > 1.)
We study such towers in more detail in §4 and prove the following equivalence.

THEOREM 1.6 If we replace axiom (iii) in (1.1) by the axiom
(iii)’ X is a k(n)-tower with v,-free homotopy, (1.7)

we obtain the same class of H-spaces. Thus Theorem 1.2 remains valid.

Examples based on P(n) The prime ideal
I, = (p,v1,v2,...,Un-1) C BP, = Z)|[vi,v2,vs3, .. ]

is invariant and therefore of particular interest. (We set vy = p, and take I; = (p)
and Iy = (0).) The spectrum P(n) is constructed (see §2) to have the quotient ring

P(n)* - BP*/In - FP[””? Un+1, Un4-2, - - ]

as its homotopy. In particular, P(0) = BP and P(1) is just BP mod p.
Further, given m > n, we Kkill off the ideal

I = (Uma1, Umaos Umas, - -.) C P(n), (1.8)

to produce the spectrum we call P(n,m) (but known to Yosimura [Yo76] as
BP[n,m+1) and to Yagita [Ya76] as BP(p,v1,...,Un_1,VUm+1,--.)), with homotopy

P(n,m), = P(n)./Jm = Fplvn, vni1, -, 0.

It comes equipped with a canonical map p(m): P(n) — P(n,m). These spectra are
intimately connected with the spectra F(n,m) = v, ' P(n,m), which are essential in
Ravenel-Wilson—Yagita [RWY98]. We recognize P(n,n) as k(n).

Remark Unlike I, the ideal J,, is not at all canonical, as it depends on the choice
of the generators v; of P(n),. Nevertheless, our results are independent of this choice,
as we are concerned only with the additive structure of P(n,m).

The behavior of these spectra depends on the numerical function
gln,m) =2(p" +p" T+ ... +p™), (1.9)
where it is reasonable to define g(n,n—1) = 0.

DEFINITION 1.10 Given k& > 0, we define the H-space Y, = P(n,m)k, where the

integer m is defined in terms of equation (1.9) by
g(n,m—1) < k < g(n,m). (1.11)
For convenience, we also define Y = IF,,, viewed as a discrete group.

These are the spaces Y} that appear in Theorem 1.2. In particular, Y, = k(n) i

for 0 <k < 2p". As the spaces P(n), satisfy the axioms (1.1), they must decompose
according to Theorem 1.2(b). We establish the following splittings in §3.
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THEOREM 1.12 Assume k > 0. If k > 0, define m by equation (1.11); if k = 0, take
m =mn — 1. Then we have homotopy decompositions

P(n)k ~ Yk X H Yk+2(pjfl) (113)
j>m
and, for any h > m,
h
P(n, h>k >~ Yk X H Yk+2(pj_1). (114)
j=m+1

These are equivalences of H-spaces [except in the extreme case when p = 2 and
k= g(n,m)].

We showed in [BWO01, Thm. 1.1] that such splittings exist, though without making
them explicit as we do here in §3. They are patterned after the splittings of the spaces
BP,, in [Wi75], which were recovered explicitly in [BJW95] and are reviewed below.

We note that equation (1.14) reduces to Definition 1.10 when h = m.

Remark  No such result holds for P(n,m) when k > g(n,m), as axiom (1.1)(ii)
definitely fails (otherwise this space would contradict Theorem 1.2(b)).

We use equation (1.14) to decompose 1Y}, = P(n,m),  explicitly.

k—
THEOREM 1.15 The loop space )Y}, is given for all k > 0 as follows:

(a) If k does not have the form g(n,q) + 1 for any q, then QY ~ Y;_1;

(b) If k = g(n,q) + 1, where ¢ > n — 1, then QY}, ~ Yy 1 X Y1 opeti_yy. [

Since () is a right adjoint functor and so preserves products, this gives part (e) of
Theorem 1.2. We leave it as an exercise to decompose the negative spaces P(n)

for k > 0, by writing them as Q¥ P(n) ,» and similarly P(n,m)

—k
e

Some history For n = 0, the results differ slightly. Recall that k(0) = H(Z)),
P(0) = BP, and (see [Wi75]) P(0,m) = BP(m) has BP(m), = Zy)[vi,va, ..., Un].
Axioms (1.1) (with (iii) replaced by (1.7)) then yield connected H-spaces X whose
homotopy groups m,(X) and homology groups H(X) are all free Zg)-modules of
finite rank. The Postnikov k-invariants of such spaces are necessarily torsion elements.
Theorem 1.2 remains valid exactly as stated, with m still defined by equation (1.11).
However, Theorem 1.12 gives H-space equivalences only for g(0,m—1) < k < g(0, m);
for k = ¢(0,m), we have merely a homotopy equivalence. (Of course, Yy = Z,) rather
than IF,.) These are the main results of [Wi75] or Theorem 1.16 of [BJW95], and form
the motivation for this work.

The structure of P(n)-cohomology We extend Quillen’s theorem on complex
cobordism to P(n).

THEOREM 1.16 For any space X, the cohomology P(n)*(X) is generated, as a
P(n).-module (topologically if X is infinite), by elements of P(n)"(X) for i > 0,
together with one element of P(n)%(X) for each component of X.
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This result is essential for the calculations in Ravenel-Wilson—Yagita [RWY98].
One version was stated as Theorem 1.11 of [Ya84], without proof (although the ap-
proach suggested is now known not to work). In §8, our machinery of additive unstable
operations provides a very short direct proof in terms of an explicit formula.

We also refine Landweber’s filtration theorem. Yosimura [Yo76, Thm. 3.4] and
Yagita [Ya76] both observed that Landweber’s theorem generalizes to stable P(n)-co-
homology comodules M. The only finitely generated invariant prime ideals in P(n),
are I, = (Un, Unt1, - - -, Um—1) for n < m < oo (where I, is interpreted as (0)). We find
in §8 that an unstable comodule structure on M (in the sense of [BJW95, Defn. 6.32])
restricts the possible Landweber factors as follows.

LEMMA 1.17 Let M be a P(n).-module with a single generator x € M* (in homology
degree —k) and annihilator ideal Ann(z) = I,,,, where n < m < oo, so that
M = %7"P(m), = S*P(m)* = S*(P(n)*/1,,).

Then M admits an unstable P(n)-cohomology comodule structure if and only if k
satisfies the appropriate condition (depending on m and p):

(i) k>0 ifm=n;

(ii) k> g(n,n) —1ifm=n+1;

(iii) k> g(n,m—1) —1if m > n+ 2 and p is odd;

(iv) k> gn,m—1)—2ifm>n+2andp=2;
and this comodule structure is unique.

This leads directly to the filtration theorem.

THEOREM 1.18 Let M be an unstable P(n)-cohomology comodule of finite type
(each M a finitely generated F,-module) and bounded above (M® = 0 for all i > iy).
Then M admits a finite filtration by subcomodules

O=MyCcMyC...CM,=M

in which each quotient M;/M;_; is a monogenic comodule =% P(m;), with generator
x;, as listed in Lemma 1.17. In particular, M is a finitely presented P(n).-module.
If, in addition, M is a P(n).-algebra of any of the forms:

(i) M = P(n)*(X), for a finite complex X ;
(i) M =TIm[f*: P(n)*(Y) — P(n)*(X)], for a map of spaces f: X — Y, where
X is a finite complex;
(i) A spacelike (see [BJW95, Defn. 7.14]) unstable P(n).-cohomology algebra;

we may take each M; to be an invariant ideal in M. At the last stage, we may take
zp = 1 and my, = n.

Our proof in §8 quotes the method of proof of Theorem 20.11 in [BJW95]. How-
ever, here we prove that M is finitely presented, instead of assuming it. (Of course,
it has long been known that for finite X, P(n)*(X) is a coherent P(n),-module and
hence finitely presented.) In [ibid.], we overlooked the fact that this modification
applies equally well to BP = P(0), as follows. (Again, (i) is not new. However, (ii)
is non-trivial and new when BP*(Y') has phantom classes.)
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THEOREM 1.19 Let M be an unstable BP-cohomology comodule of finite type (each
M" a finitely generated Z,)-module) and bounded above, for example:

(i) M = BP*(X), for a finite complex X ;

(ii) M = Im[f*: BP*(Y) — BP*(X)|, for a map of spaces f: X — Y, where X
is a finite complex.

Then M is a finitely presented BP,-module. [

Homological dimension Our starting point is the Conner—Floyd Theorem [CF66,
Thm. 10.1], that the map of ring spectra from the unitary Thom spectrum MU to
the K-theory spectrum K determined by the Todd genus induces for finite X an
isomorphism of cohomology theories

K, @y, MU*(X) — K*(X).
A far-reaching analogue is the result
E(n,m), @pm). P(n)"(X) = E(n,m)"(X), (1.20)

where E(n,m) = v, 'P(n,m). A key ingredient of such results is knowledge of the
homological dimension of various (co)homology modules.

The case m = n of (1.20) is due to Morava [Mo85] as part of his structure theorem,
and is quoted and reproved in [JWT75], as well as by Yagita [Ya76]. The case n = 0,
along with results on the homological dimension of BP,(X), was proved by Johnson—
Wilson [JW73, Rk. 5.13] by means of the splitting theorem for BP in [Wi75]. Shortly
afterwards, Landweber [La76] reproved this case by using cohomology operations
instead of the splitting, establishing his exact functor theorem in the process; however,
he was unable to recover Corollary 4.4 of [JW73], which gave an upper bound on the
homological dimension of BP,(X). Later, Morava and Yagita [Ya77, Thm. 3.11]
showed that P(n)*(X) is a BP*(BP)-module. Yagita and Yosimura [Yo76] both used
this fact to generalize the exact functor theorem to P(n), which fully includes (1.20),
and obtain homological dimension results for P(n).(X).

We have now gone full circle, and with our splitting for P(n) in hand, can use the
techniques of [JWT3] to recover these results as well as (1.20), with the added benefit
of the following estimate, which we establish in §5.

THEOREM 1.21 Assume that X is a finite complex of dimension less than g(n, m)/2.
Then the homological dimension of the P(n).-module P(n).(X) is at most m — n.

Although the exact functor theorem does not apply, p(m): P(n) — P(n,m) still
induces a natural homomorphism of P(n,m),-modules

pm): P(n,m). ® (. P(n)*(X) — Pln,m)*(X).

This is an isomorphism when X is a point, but not in general, as the left side is not
a cohomology theory. Classically, as in [JWT73], one then asks for which X it is an
isomorphism. Instead, we show in §5 that it is always an isomorphism in a certain
range of degrees [with no modification if p = 2|. Explicitly, its components are

p(m):P(n)h(X)/ >~ 0 P(n)" D (X) — P(n,m)"(X). (1.22)

j>m
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THEOREM 1.23 Assume that X is finite-dimensional and that m > n > 0. Then
(1.22) is an isomorphism for all h < g(n,m), and therefore a P(n, m),-module iso-
morphism in this range.

In particular, for m = n we have the isomorphism

p(): P(n)* (X) | 3 0y Pn) 207 D(X) = k(n)" (X)

i>n

for all h < 2p™, which preserves the v,-action in this range.

2 The ring spectrum P(n)

As the literature is somewhat conflicted [especially when p = 2|, we review the
construction of P(n) in fair detail. In this section, we work entirely in the graded
stable homotopy category Stab,.

The spectrum P(n), so named by Johnson—Wilson [JW75], was based on work of
Morava. It may conveniently be constructed directly from the Thom spectrum MU
by applying Sullivan—Baas theory [Ba73] to kill off the unwanted generators of MU,
as well as p (with no need for localization). (As stable P(n)-cohomology operations
act faithfully on P(n)-homology, no information is lost by working in homology.)

It is automatically a BP-module spectrum, with an action map A: BP A P(n) —
P(n) that satisfies the usual two module axioms, and the canonical map BP — P(n)
is BP-linear. It comes equipped with an exterior algebra F(Q, Q1, ..., Q,_1) of BP-
linear operations, where (); has homology degree —(2p'—1); we write the monomial
basis elements as Q7 = QP Q%o ... oQ;"~} for each multi-index I = (ig,i1,...,in_1),
where each i, is 0 or 1.

The multiplication The canonical map 7: S — BP — P(n) serves as the unit
map of P(n), where S° denotes the sphere spectrum, but there is no obvious mul-
tiplication on P(n). It is known that for p # 2, there is a unique multiplication
¢: P(n) A P(n) — P(n) having the following properties:
(i) ¢ is BP-bilinear;
(i) BP — P(n) is multiplicative;
(iii) ¢ has n: S — P(n) as two-sided unit; (2.1)
(iv) ¢ is commutative; '
)
)

¢
(v) ¢ is associative;
(vi) Each @Q;: P(n) — P(n) is a derivation, in the sense that

Qio¢ = ¢o(Qi Nid) + ¢o(id A Q;): P(n) A P(n) — P(n). (2.2)

Historically, three quite different approaches have been used. First, for p # 2,
Morava [Mo79] used averaging over the symmetric group ¥, to produce idempotent
operations in (co)bordism with repeated singularities. These operations yield a canon-
ical multiplication ¢ on P(n) that is automatically commutative (cf. Mironov [Mi78,

Thm. 4.2]). Associativity by this method involves averaging over X3 and requires
p > 5 [ibid., Thm. 4.1].



§2  The ring spectrum P(n) 9

The second method is heavily geometric. Mironov [Mi75] and Shimada—Yagita
[SY76] constructed (roughly equivalent) explicit multiplications on P(n) in the Baas
bordism context for any prime p. These apparently depend on a sequence of choices
of Morava manifolds. They automatically satisfy axioms (i), (ii) and (iii). Moreover,
Shimada-Yagita [SY76, Thm. 5.25] and Mironov [Mi78, Thm. 2.4] both show that
the obstructions to associativity lie in groups that vanish, and also obtain (vi). The
disadvantage of this approach is that uniqueness is difficult to handle.

Third, Wiirgler [W1i77] developed an entirely algebraic cohomological approach
in terms of comodules, which leads to the existence of ¢ and the following results.

LEMMA 2.3 In the graded stable homotopy category Stab,:
(a) Any BP-linear map P(n) — P(n), of any degree, can be uniquely written in
the form

EI:CIQI: P(n) — P(n), (2.4)

with coefficients ¢; € P(n), of the appropriate degrees;
(b) Any BP-bilinear map P(n) A P(n) — P(n), of any degree, can be uniquely
written in the form

IZ;CLJ $o(Q' A Q7): P(n) A P(n) — P(n), (2.5)

with coefficients ¢y ; € P(n), of the appropriate degrees;
(¢) Any BP-trilinear map P(n) A P(n) A P(n) — P(n), of any degree, can be
uniquely written in the form

" crax ¢o(¢p Aid)o(QT A Q7T AQ™): P(n) A P(n) A P(n) — P(n), (2.6)

1,JK
with coefficients ¢y € P(n). of the appropriate degrees.

Proof Part (a) is a strengthened form of Proposition 3.5 of Wiirgler [Wii77]. Part
(b) is Proposition 4.12 of [ibid.], and (c) is entirely analogous. O

LEMMA 2.7 The canonical map p: P(n) — P(n+1) is a map of ring spectra.

Proof By a slight generalization of (2.5) (also proved by Wiirgler), any BP-bilinear
map P(n) A P(n) — P(n+1), in particular ¢o(p A p), can be written

> crypego(QTAQ7): P(n) A P(n) — P(n+1),
rJ

with coeflicients ¢ ; € P(n+1),. Since ¢o(p A p)o(n A n) = n, the sparseness of
P(n+1), leaves po¢ as the only candidate for ¢o(p A p). [This works even for p = 2,
regardless of the choices of multiplication on P(n) and P(n+1).] O

If we write ¢o(n Aid) in the form (2.4), the sparseness of P(n). yields axiom (iii)
[even for p = 2], since we know ¢o(n An) = n. Then (ii) is a formal consequence of
(i), (iii), and the BP-linearity of the map BP — P(n).
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Since any BP-bilinear multiplication can be written in the form (2.5), the sparse-
ness of P(n), ensures that ¢ is unique, as long as p > 3. Further, (iv) holds, since
¢oT also satisfies (i) and (iii), where T: P(n) A P(n) — P(n) A P(n) denotes the
switch map.

We may similarly deduce the associativity of ¢, provided p > 5, by writing ¢o(id A
¢) in the form (2.6). We also obtain (vi), provided p > 3, by writing Q;o¢ in the
form (2.5); since (Q;op)o(n Aid) = Q; = (Q;op)o(id A 1), the only candidate is (2.2).

Finally, we should mention that there is now a fourth approach, the brave new ring
context of Elmendorf-Kriz-Mandell-May. See [EKMMO96] for p odd [or Strickland
[St99] for p = 2].

The case p = 2 It is well known that there is no commutative multiplication on
P(n) when p = 2. Instead, we see in [Bo| that there are exactly two multiplications
that satisfy all the axioms (2.1) except (iv). To make P(n) a ring spectrum, we
arbitrarily choose one of the two good multiplications as ¢; then the other is its op-
posite, @ = ¢oT, which defines the opposite ring spectrum ]Tn) Nassau [Na02,
Thm. 3] shows that complex conjugation defines an isomorphism of ring spectra
Z: P(n) = P(n).
Mironov [Mi78, Thm. 4.7] computed ¢ explicitly in the form (2.5) as

= ¢oT = ¢+ v,00(Qn_1 A Qn_1): P(n) A P(n) — P(n). (2.8)
From now on, we write Q) = ),,_1, in view of its frequent occurrence.

Products in homology and cohomology We review briefly the various products
in P(n)-(co)homology. Their properties are familiar enough [except when p = 2]. We
remind the reader that the operations @); act on both homology and cohomology.

Given z € P(n)*(X) and y € P(n)*(Y), we have the cohomology cross product
x Xy € P(n)*(XxY); by taking Y = X and using the diagonal map of X, we deduce
the cup product xy € P(n)*(X), which makes P(n)*(X) a ring. Given a € P(n).(X)
and b € P(n).(Y), we have the homology cross product a x b € P(n).(X xY). Al
three products are associative. For p # 2, they are also commutative, in the sense
that T*(yxx) = +x X y, yr = tzy, and Ty (bxa) = £ a x b. By equation (2.2), each
(); is a derivation for all three products.

By taking X as a one-point space, P(n)*(Y) and P(n).(Y") become P(n),-modules,
and both cross products are P(n).-bilinear [even for p = 2; see below].

There is also the scalar or Kronecker product (x,a) € P(n), of x € P(n)*(X) and
a € P(n).(X), which is P(n).-bilinear [even for p = 2; see [Bol.

The case p =2 There are of course no signs, but the noncommutativity of ¢ forces

us to watch carefully for any shuffling of copies of P(n). Nevertheless, we find [Bo]

that the Kiinneth and duality formulae continue to hold, exactly as stated in [Bo95].
It is immediate from equation (2.8) that

T (yxz) =Xy =Xy +0v,QrXQy in P(n)"(XxY), (2.9)

where x X y denotes the twisted cross product formed using the opposite multiplica-
tion ¢ on P(n). For cup products, this implies

yr =y + v (Qe)(Qy)  in P(n)"(X), (2.10)
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so that P(n)*(X) is not commutative in general in the ordinary sense. Alterna-
tively, these products are Tq-commutative if we replace the standard commutativity
isomorphism 7 A ® B = B ® A everywhere by Tp: A® B = B ® A, defined by

Tola®b) =b®a+v,Qb® Qa in B® A. (2.11)
Similarly, homology is also Tp-commutative, in the sense that
T.(bxa)=axXb=axb+v,Qax Qb in P(n),(XxY). (2.12)

Taking X to be a point shows that the P(n).-actions on P(n)*(Y) and P(n).(Y)
are independent of the choice of ¢. In [Bo|, we find that (z,a) is also independent of
this choice.

There is one surprise, on account of the hidden shuffling, proved in [Bo].

PROPOSITION 2.13 Given x € P(n)*(X), y € P(n)*(Y), a € P(n).(X), and b €
P(n).(Y), we have

(xxy,axb) = (x,a)(y,b) + v,(x, Qa)(Qy,b). (2.14)
If instead we mix the products, we find
(wxy,axb) = (v,a)(y, b). (2.15)

3 Proofs of the main theorems

In this section, we establish Theorems 1.2 and 1.12. More precisely, we reduce
them to two key lemmas: Lemma 3.1 provides our main splitting and Lemma 3.8 will
imply that our splittings are best possible.

Splittings All our splittings are derived from the following splitting.

LEMMA 3.1 For k < g(n,m), where m > n, there is a map

dm): P(n,m), — Pln),

that splits the canonical map p(m): P(n), — P(n,m) , ie. p(m)ef(m)~id. It is a

map of H-spaces [except when p = 2 and k = g(n, m)].

We express this in terms of idempotent P(n)-cohomology operations in §5.
A short direct proof of Lemma 3.1 is presented in [BWO01], based on the bar

spectral sequence. For such k, we show that F, (P (n,m) k) is a quotient of E, (P(n) k),

first for £ = P(n), then for E = P(n,m), and that these are free E,-modules. It
follows by duality that 6(m) exists, but its status as an H-map is left unclear.

We deduce other useful splittings. The canonical map p(m—1,m): P(n,m) —
P(n,m—1), which kills v,,, fits into the exact triangle of spectra

P(n,m) —=~ P(n,m) _pmobm) | P(n,m—1) = P(n,m). (3.2)
On homotopy groups, this induces the obvious short exact sequence

0 — Fplvn, Uni1, - - oy U] === Fplvn, Uns1s - oy U] — Fplvn, Ung1, o Ome1] — 0.
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Unstably, we have the H-space fibration

U, (m—1,m)
P(n,m) ooy P(n,m) SN P(n,m-1) .
For k < g(n,m—1), the composite
O(m—1) (m)
P(n,m—-1), P(n), === P(n,m), (3.3)
automatically splits p(m—1,m), to yield the decomposition
P(n,m) =~ P(n,m—1) x P(n,m) b2 1)? (3.4)

where the two injections are (3.3) and v,,. This is a decomposition of H-spaces [except
when p =2 and k = g(n,m—1)].

Proof of Theorem 1.12 This is completely analogous to the proof of Theorem 1.16
of [BJWO95]. Everything we need is contained in the commutative diagram

Ui

@ p(m) P(TL, m)

@lﬁ—z(;ﬂ'—l) k k

p(j) p(3) (3.5)

p(m,37)

P(n7j)k+2(pj_1) i P(”J])k

of H-spaces and canonical H-maps, where j > m.

With m given by (1.11), we observe that the spaces Yj and Y o(s_1) appear
in the diagram disguised as P(n,m) and P(n’])k+2(pi—1)' We insert the splittings
f(m) and 6(j) from Lemma 3.1 to produce the desired decomposition of P(n)

NV
suggested by the decomposition of abelian groups

as

Fy[Un, Unt1, Unt2, - -] = Fpltn, Ung1, ..., U] ® EB VFp[vn, s, - -, 0.
j>m
(But we warn that our splittings cannot be expected to induce exactly this decom-
position of the coefficient ring P(n)., and it seems likely that they never do.)
In detail, we map Y}, into P(n) . by 6(m), which is an H-map [unless p = 2 and
k = g(n,m)], and Y} 50,1y, for each j > m, by the H-map (in all cases)
Yk+2(1ﬂ—1) B Mk+2(pj—1) — M
We multiply these together, using the H-space structure of P(n)k, to form a map
f:W — P(n), from the restricted direct product W (the union of all finite subprod-
ucts) of the based Y-spaces mentioned. .
We filter P(n), by the ideals J;. We note that v;060(j) induces a homomorphism
P(n,j). — J;—1 on homotopy groups that induces the quotient isomorphism

P(n,5). = Fplvn, vnya, . 1/ Ty =2 Jja /T

This is enough to guarantee that f induces an isomorphism on homotopy groups and
is thus a homotopy equivalence. Because the connectivities of the Y-spaces increase,
W is homotopy-equivalent to the desired full product and we have (1.13).

&
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The same method applies to P(n,h) , with the simplification that the product

W is now finite. (One can also produce gecompositions like (1.14) directly from the
splittings (3.4) by induction on h, though the resulting maps are different and far
more complicated.)

For k = 0, the splitting (n—1):Yy, = F, — P(n)

homotopy. We can still use diagram (3.5). O

0 is obvious and unique up to

Indecomposability On the other hand, we need to know that Y} does not split.

LEMMA 3.6 A map f:Y, — Y, is a homotopy equivalence if and only if it induces
an isomorphism on the bottom homotopy group m(Yy) = F,.

COROLLARY 3.7 The space Yy does not decompose as a product. [
In §12, we prove the following about P(n) and deduce Lemma 3.6 from it.

LEMMA 3.8 Represent an unstable operation r: P(n)f(—) — P(n)™(-), where k > 0
and m > 0, by the map r: P(n)ﬁC — P(n)m Then the induced homomorphism on

homotopy groups

r: X6 P(n), 2w (Pn) ) = . (P(n), ) = X" P(n). (3.9)

m
has the properties, for any element v € P(n),:
(a) r.XF(v,0) = vr.Xkv;

(b) r.XF(vv) = vyrXFv mod I, = (Vn, Vny1, - - -, Vg_1), provided k > g(n,q—1).

Construction of maps Our strategy for proving Theorem 1.2 is to construct
enough maps to and from the spaces P(n) X

LEMMA 3.10 If X is a space for which k(n).(X) is a free k(n).-module, then
P(n).«(X) is a free P(n),-module.

Proof Lemmas 4.7 (with k =m =n) and 2.1 of Yosimura [Yo76] show that P(n).(X)
is a flat P(n),-module. Such modules are free by [ibid., Prop. 1.5]. O

LEMMA 3.11 Let X be a (k—1)-connected space with 7, (X) a nonzero finite abelian
p-group and suppose k(n).(X) is a free k(n).-module. Then there exists a map

f: X — P(n)k that induces a nonzero homomorphism f,: 7 (X) — my (P(n) k) =T,

on the bottom homotopy groups.

Proof Since P(n).(X) is a free P(n),-module by Lemma 3.10, the universal coeffi-
cient theorem [Bo95, Thm. 4.14] gives

P(n)"(X) = Homp, (P(n).(X), P(n).).

As X is (k—1)-connected, P(n),(X) = Hi(X;F,) = m(X) ® F, # 0, and it is clear

that suitable cohomology classes f € P(n)¥(X), i.e. maps f: X — P(n),, exist. O

Proof of parts (a) and (b) of Theorem 1.2 We first note that for £ > 0, the space
P(n), satisfies the axioms (1.1). Axiom (i) is clear. Axiom (ii) holds by [RW96].



84 k(n)-towers with v, -free homotopy 14

Axiom (iii) is easy. Take any element >*v € X*P(n), =, (Mk), where v € P(n)y,.
Viewed as a cohomology class, it is vu, € P(n)*(S¥"). Multiplication by v on
P(n)*(—) is represented by the map we want, v:MHh — P(n),.

Then Y}, being a retract of P(n) g also satisfies the axioms. By Corollary 3.7,
it is indecomposable. Uniqueness of Y, and our decompositions will follow from (b),
under the assumption that all our H-spaces have finite type.

For the induction step in (b), given any (k—1)-connected space X that satisfies
the axioms, define m by (1.11). Then Lemma 3.11 provides a map

h: X — P(n), m) P(n,m) =Y,

that induces a nonzero homomorphism h,: 7 (X) — 7 (Yy) = F,. Choose a € m;(X)
such that h,a =1 € F); then axiom (iii) provides a map

J:Yi = P(n,m), 0 P(n) — X

that induces f,1 = . By Lemma 3.6, hof:Y, — Y} is a homotopy equivalence. We
use the homotopy fibre j: F' — X of h and the multiplication x4 on X to construct a
homotopy equivalence

Vi x F L2 X x X 5 X
Then F, being a retract of X, again satisfies the axioms.
We begin the induction with Z; as the given space, and find a sequence of equiv-
alences Z; ~ Y}, X Z;1; for « > 0. By finiteness, the spaces Z; become more and more
highly connected as 7 increases, and we deduce Zy ~ []; Y, as required. [

4 k(n)-towers with v,-free homotopy

In this section, we prove Theorem 1.6. We must show that the original axiom (iii)
of (1.1) is equivalent (in the presence of the other axioms) to axiom (iii)’ stated in
(1.7), which asserts that X is a k(n)-tower with v,-free homotopy. Lemma 4.1 shows
that (iii)’ implies (iii), while Lemma 4.3 gives the converse.

LEMMA 4.1 Suppose the connected H-space X is a k(n)-tower of finite type with
vp-free homotopy. Then axiom (iii) holds: given k > 0, any map S* — X factors
through the standard map ug: S* — P(n) . to yield a map P(n) — X.

We first show that it does not matter how far up the tower we can lift.
LEMMA 4.2 In diagram (1.4), any map f: P(n), — X, lifts to a map P(n) — X.

Proof With z; as in Definition 1.3, we note that vS(z;of) = f*(viz) = 0 in
k(n)*(MJ But by [RW96], k(n)*(@k) and hence k(n)*(@k) contain no
vn-torsion; therefore z;of ~ 0 and f lifts to f": P(n), — X;.

By induction and limits, f lifts all the way to X. 0O

Proof of Lemma 4.1 For any connected space Y and k& > 0, let us call an element
a € p(Y), or map a: S¥ — Y| extendable if it extends over uy to a map P(n) —Y.
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All elements of ., (M q) = 39F,[v,] are obviously extendable. It follows from
diagram (1.5) that every element in Ker|[m.(X;) — m.(X;_1)] is extendable.

By Lemma 4.2, any extendable element of 7, (X;_;) lifts in diagram (1.4) to some
extendable element of 7, (X).

The sum of any two extendable elements of m(X) is again extendable: given
f1, fo: P(n) L X, we use the given multiplication g on X to construct the map

P(n), 25 P(n), x P(n) 1225 X x x 2 X

k

Together, these facts imply that every element of 7.(X) is extendable. 0O

The space Y, A countable product of k(n)-towers with v,-free homotopy is another
such tower (provided it has finite type). In view of Theorem 1.2(b), it suffices to prove
the following.

LEMMA 4.3 For each k > 0, the space Y is a k(n)-tower with v,-free homotopy.

We first destabilize the Johnson-Wilson construction [JWT75, §4] of a filtration
of the spectrum P(n) whose subquotients are suspensions of k(n), and adapt it for
P(n,m). The result will be a tower

W3 W2 W1 Wo = P(n, m)

) (4.4)

with trivial homotopy limit, where each W; is the homotopy fibre of a map W; | —
k(n) o0 that is epic on homotopy groups. This depends on the following lemma,

where we recall that 7, (P(n, m) k) =~ Y*P(n,m), etc.

LEMMA 4.5 Givenv € P(n,m), and k < g(n,m), there exist an integer ¢ and stable
P(n)-operation r such that the composite

0(m r n
s:P(n,m), =" P(n), — P(n), ., k), o

(4.6)

Zk‘f’h*QCN

induces s, X%y = v¢ on homotopy groups.

Proof Lemma 1.12 of [JWT75], viewed unstably, supplies ¢ and r. O

We construct the tower (4.4) by induction, starting from W, = P(n,m)

Given j:Wi—1 — P(n,m)

T (P(n, m) k) is monic, we choose a bottom nonzero element u € m,(W;_1) to kill.
k+h—2cN
k - k<n) k+h—2cN 2

For dimensional reasons, soj factors through v<: k(n) ben k(n) pin_sen [0 produce

the desired map W;_; — k(n) pop With fibre W;.

.
where W;_y is (k+h—1)-connected and j,: m.(W;_1) —

Lemma 4.5 provides a map s: P(n, m) such that s,j.u = ve.

This is the wrong kind of tower for Definition 1.3. To correct it, we could take the
homotopy fibre X; of each map W; — wk, to express QP(n, m)k = P(n,m) Ly as
a k(n)-tower with v,-free homotopy. This approach fails to produce a suitable tower
for P(n,m), when k = g(n,m). Our solution is to observe that it is inefficient to

deloop and then take fibres; instead, we prove only what we actually need.
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LEMMA 4.7 Given a (k+h)-connected map g¢: P(n,m)k — X and any map
s:P(n,m), — k(n) there exists a v,-torsion map z: X — k(n) such
that s is one value of the following Toda bracket,

k+h—2cN’ — 2 k+h+1

s € <USL,Z7Q>1M]€ - Mlﬁ-h—ZcN'

Proof We are using the adjoint (but equivalent) description of a Toda bracket in
terms of loop spaces instead of suspensions. We build the commutative diagram
Figure 4.1 in which the two rows are fibration sequences. We start with the obvious

P<n7 m)k}
q
k(n)k+h - X’ - X — Mk—i—h—l—l
- ‘ . 5 v
L(n) k+h L(m k+h—2cN — Grph-sen — Lm) k+h+1 — L(n)k—&-h—%N-i—l

Figure 4.1: Construction of the Toda bracket (v¢, z, q)

fibration as the bottow row, where (stably) G denotes the cofibre of v¢: k(n) — k(n),
with homotopy F,[v,]/(vS). By the connectivity of ¢, ¢*: G/(X) — GY (P(n, m) k) is
an isomorphism for j < k+h —2cN +2N — 1, so that mos factors uniquely through ¢
to yield a map f such that foq = mos. We put z = do f, which automatically satisfies
viz = 0. We define X’ as the homotopy fibre of z, and fill in g to form a morphism
of fibrations.

Since X’ may be constructed as a pullback, we can fill in ¢’ to lift ¢ and satisfy
goq = s. (Equivalently, v¢o {P(n, m) . k(n) kHJ is part of the indeterminacy of the
Toda bracket.) Then by definition, goq’ = s is one value of the Toda bracket. 0O

Proof of Lemma 4.3 We build the desired tower for P(n,m) . by induction, starting
from a point as X,. Suppose we have constructed a map qi_lzP(n,m)k — X1
that induces a surjection ¢;_1,: X*P(n,m), — m.(X;_1) on homotopy groups, with
kernel K an F,[v,]-submodule. We choose a bottom nonzero element X*v € Kj 4, to
kill, where K; = 0 for ¢ < k + h. Then Lemma 4.5 provides a map s: P(n,m)k —
M/ﬁh—w\/‘ We use Lemma 4.7 to build Figure 4.1, taking ¢;_; as ¢ and X;_; as X.

~We next take homotopy groups of Figure 4.1. By Lemma 3.8(a), applied to
rof(m)op(m): P(n), — P(n) kphgen S« 18 @ homomorphism of F,[v,]-modules. By
exactness and the hypothesis that ¢.X*(viv) = 0, ¢.(viv) must lift to —XF i €
T, (M k+h). It now follows that ¢, is also epic, with kernel

K' = Ker [s*|K: K — Zk+h_2CN]Fp[/Un]:| C K,

a strictly smaller F,[v,]-submodule of 3¥P(n,m).. We take X’ as X; and ¢ as ;.



85 Splittings of P(n)-cohomology 17

The kernels K become more and more highly connected as i increases, hence
P(n,m) , 18 the homotopy limit of the spaces X;. [

5 Splittings of P(n)-cohomology

In this section, we translate the H-space splittings in §3 into splittings of P(n)-
cohomology. We also deduce Theorems 1.21 and 1.23.

We have yet to prove Lemmas 3.1, 3.6 and 3.8. Lemma 3.1 is equivalent to the
following statement for the represented functors. (We do not mention Lemmas 3.6
and 3.8 again until §12.)

LEMMA 5.1 Assume that k < g(n,m), where m > n. Then there is a splitting
0(m): P(n,m)"(X) — P(n)*(X)

of p(m): P(n)*(X) — P(n,m)*(X) that satisfies p(m)of(m) = id and is natural for

spaces X . It is additive [except when p = 2 and k = g(n,m)].

This we actually prove in §9 [except the nonadditive case; see [Bo]], by constructing
an idempotent cohomology operation #(m) in P(n)*(X). Unlike the case of BP, the
use of nonadditive operations yields no further splittings [unless p = 2].

We next translate equation (3.4).

COROLLARY 5.2 For k < g(n,m—1), where m > n, we have the natural short exact
sequence of abelian groups

0 — P(n,m)F20"-D(X) 2m, P(n, m)*(X) _pmlm) P(n,m—1)*(X) — 0.
This splits naturally [unless p =2 and k = g(n,m—1)]. O
This implies our homological dimension bound, by the methods of [JW73].
Proof of Theorem 1.21 Following Yosimura [Yo76, Thm. 4.8], we need to show that
p(m—1,m): P(n,m);(X) — P(n,m—1);(X) (5.3)
is epic for all 7. For i < 2(p™—1), this is trivial, by the exact sequence
P(n,m);(X) =0 P(n,m—1):(X) = P(n,m)i-agm-1)-1(X)
arising from the exact triangle (3.2).
For i > 2(p™—1), we embed X in R?*™ where ¢ is the dimension of X, and take
a regular neighborhood V' of X. By Poincaré duality, (5.3) is equivalent to
p(m—1,m): P(n,m)**="(V,0V) — P(n,m—1)*"1"(V 9V).
This is epic by Corollary 5.2, because by hypothesis
20+1—i<(g(n,m)—2)+1—20p"=1)+1) =g(n,m—1). O

We also translate Theorem 1.12, using the splittings made explicit in §3, and
finally deduce Theorem 1.23. (Decompositions like (5.6) also follow directly from
Corollary 5.2 by induction on h, though the resulting homomorphisms are different.)
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THEOREM 5.4 Let X be any space and suppose that m > n > 0.

(a) If k < g(n,m) [replaced by k < g(n,m) if p = 2|, we have the natural abelian
group decomposition
P(n)"(X) 2 P(n,m)*(X) & [] P(n, j)"*" (X)), (5.5)
j>m

where the first factor on the right is injected by 0(m), and the others by
P(n, )20 (X)L P(n)+2 D (X) 0 Pn)(X).
Hence, by composition with p(h): P(n)*(X) — P(n,h)*(X) for any h > m,
h

P(n, h)"(X) = P(n,m)*(X)& @ P(n, )P D(X). (5.6)

j=m+1
These decompositions are maximal if k > g(n, m—1) |also for k = g(n,m—1) if p = 2].
(They are in no sense decompositions as P(n).-modules.)

(b) If p =2 and k = g(n,m), we replace equations (5.5) and (5.6) by the natural
short exact sequences

0— TT P(n, )" 2(X) = P(n)*(X) 20 P(n,m)*(X) — 0

and

0— P Pn )" 2X) = P(n,h)*(X) L2 P(n,m)*(X) —0. O

j=m+1

Because P(n,n) = k(n) is so familiar, we break out the special case m = n. For
h < 2(p"—1), we can even replace k(n) by the periodic Morava K-theory K (n).

COROLLARY 5.7 For h < 2p™, where n > 0, we have, for all spaces X, the natural
abelian group decomposition
P(n)"(X) = k(n)"(X) & [] P(n, )" (X),
j>n

except that if p = 2 and h = 2", we have only the natural short exact sequence

0 — TT P(n, )" =2(X) = P(n)"(X) " k(n)"(X) 0. D

i>n

Remark  All the splittings exhibited above depend on the choice of 6(m), which is
not canonical and does not respect multiplication by v;.

Proof of Theorem 1.23 As X is finite-dimensional, the sum in equation (1.22) is

essentially finite. Lemma 5.1 shows that p(m) is epic. It is clear from Theorem 5.4

that Ker p(m) is contained in the sum, and must therefore be the sum. O



§6  Stable operations in P(n)-cohomology 19

6 Stable operations in P(n)-cohomology

In this section, we describe the stable operations in P(n)-cohomology P(n)*(—)
in the style of [Bo95]. The results are old and well known [except for p = 2], but we
include them for completeness and ease of reference; more importantly, they serve as
a pattern for §§7, 10.

Monoidal structure (For the language of monoidal categories and functors, see
e.g. Mac Lane [Ma71, Ch. VII].) Since P(n). is a commutative ring [even if p = 2],
the graded category (FMod.,, ®, P(n),) of complete Hausdorff filtered P(n),-modules
is a symmetric monoidal category, with all (completed) tensor products taken over
P(n),. The cross product makes P(n)-cohomology a monoidal functor,

P(n)*(—): (Ho®, x,point) — (FMod,®, P(n),). (6.1)

(Conveniently, P(n)*(X) has no phantom classes and so is already complete Haus-
dorff.) For homology, we similarly have the monoidal functor

P(n).(—): (Ho, x, point) — (Mod, ®, P(n).), (6.2)

with values in the category Mod of discrete P(n).-modules. Both functors are sym-
metric for p # 2.
The cohomology version for spectra and graded maps is

P(n)*(=,0): (Stab®, A, $°) — (FMod,,®, P(n),),

and similarly for homology. (We include the basepoint subspectrum o in our notation
as a reminder that all stable (co)homology is reduced, and to distinguish it from the
(co)homology of a space, which here will generally be absolute.)

Operations Because ' = P(n).(P(n), o) is a free P(n),-module, we may identify its
dual P(n).-module DI" with A = P(n)*(P(n),0), the algebra of all stable operations
in P(n)-cohomology, and have available all the stable machinery and results of [Bo95].
In particular, we have the monoidal functor

S: (FMod,, ®, P(n),) — (FMod,,®, P(n),) (6.3)

defined by SM = FMod..(A, M). If M is filtered by submodules F*M, we filter SM
by the submodules F*SM = SF®M; as in [ibid.], SM is again complete Hausdorff.
The ring spectrum structure of P(n) gives S its monoidal structure (see diagram (6.10)
below), which is symmetric for p # 2. (As in [Bo95], care is needed in keeping track
of the many P(n),-module actions, some of which are not obvious.)

The action of stable P(n)-cohomology operations is visibly encoded in the
monoidal natural transformation

px: P(n) (X) — S(P(n)"(X)) = FMod.(P(n)*(P(n),0), P(n)"(X))  (6.4)

defined by pxx = z*, where we treat x € P(n)*(X) as a map of spectra z: X, — P(n)
and X, denotes the disjoint union of X and a (new) basepoint.

The coaction To convert the action of A into a coaction by I', we recall the natural
isomorphism [Bo95, (11.4)]

OM:S'M = M T = FMod, (DT, M) = FMod.,. (A, M) = SM,
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givenonx € M,cel',and r € A= DI' by
((OM)(z @ c))r = £(r, )z, (6.5)
with the expected sign. We use it to transfer all the structure from the functor S to
S" and replace (6.4) by the equivalent natural transformation
px: P(n)*(X) — S'P(n)*(X) = P(n)*(X)®T. (6.6)

The monoid The resulting monoidal structure on S’ is necessarily induced by a
monoid structure on the P(n),-module I' (as we see by naturality from the case
M = N = P(n), in diagram (6.10), below), and conversely. We simply need to
compute it.

LEMMA 6.7 The following monoid structure on I', which is inherited from the
monoidal functor S, makes the natural transformation (6.6) monoidal:

(a) If p is odd, the multiplication on I' is the obvious one,

I ®T = P(n).(P(n),0) ® P(n).(P(n),0) —= P(n).(P(n) A P(n),o)

6.8
S, Pn).(P(n),0) =T, o9
as inferred by writing I' = P(n).(P(n),0). The unit homomorphism of T is
P(n). = P(n).(8°,0) ~2 P(n).(P(n),0) =T.
(b) If p = 2, the multiplication is instead
F@T = P(n).(P(n),0) ® P(n).(P(n),0) == P(n).(P(n) A P(n), o) (6.9)

N P(n).(P(n),o0) =T,

which is better suggested by writing I' = P(n)_(P(n),0). The unit is unaffected.
Proof The multiplication ¢ on P(n) induces
¢*: DT = P(n)*(P(n),0) — P(n)*(P(n) A P(n),0) = DT'® DT,

with the help of the Kiinneth formula [Bo95, Thm. 4.19]. The natural transformations
((M,N) for S” and S form the left and right sides of the commutative diagram

(MET)B(NET) — "™ . FMod, (DT, M) & FMod. (DT, N)
M@N&T®T) FMod., (DT & DT, M & N) (6.10)
M®N®¢ FMod..(¢* id)
o (M EN) o
M&NGT ~ FMod. (DT, M & N)

which features the multiplication ¢:I' ® I' — T'. We evaluate on ¢ ® ¢ ® y ® d,
where x € M, y € N, and ¢,d € T'. By (6.5), the lower route gives the element r —



§6  Stable operations in P(n)-cohomology 21

+(r, cd)x®y of FMod,(DT', M @ N). The upper route gives r®@s + +(r, c) (s, d)r Xy
in FMod,(DT'® DI', M & N). Assuming p # 2, we can rewrite this as £(rxs, cxd)z®
y; then in FMod,(DI', M ® N) we find

ri— 2@ exd)r @y = £(r, g (cxd))xr @ y.

Thus cd = ¢.(cxd) (with no sign) as expected, which is (a).

[If p = 2, this calculation is false; we must use equation (2.15) instead, which
states that (r,c)(s,d) = (rxs,e¢xd). Then cd = ¢.(cXd), for (b).]

The unit z: P(n), — SP(n), takes 1 =n € P(n), to the homomorphism

DT = P(n)"(P(n),0) == P(n)"(5",0) = P(n),,

in other words, 7 +— (n*r,1) = (r,n.1). Comparison with (6.5) shows that the corre-
sponding element of S'P(n), = P(n), @ ' =T'isn,1. O

If X is a point in (6.6), we find the right unit ring homomorphism
ng: P(n), — S'P(n), = P(n), @ T =T, (6.11)

which is used to make I' a right P(n).-module (hence a bimodule). Since p is
monoidal, this action makes (6.6) a homomorphism of P(n),-modules.

The Hopf algebroid Now we add the algebra structure of A. Exactly as in [Bo95,
§10], composition of operations and the identity operation induce natural transforma-
tions ¥: S — SS and e: S — I. These make S a monoidal comonad in the category
FMod, and (6.4) makes P(n)*(X) an S-coalgebra.

We transfer this structure too to S’. The resulting monoidal comonad structure on
S’ is necessarily induced by a Hopf algebroid structure on I' (as we see by taking M =
P(n).), and conversely. This structure consists of a coassociative comultiplication
s: T — I' @ I' with counit eg:I' — P(n),. These behave exactly as in Adams
[Ad74] or [Bo95, Thm. 11.35]; in particular, ¢g and €5 are homomorphisms of P(n).-
bimodules and algebras. [This all works without change for p = 2; see [Bo].]

PROPOSITION 6.12 The stable operations in P(n)-cohomology are encoded in the
Hopf algebroid I' = P(n).(P(n),o0) [replaced by I' = P(n),(P(n),0) for p=2|. O

The discussion of the structure of I' carries over from the case K (n) in [Bo95] with
little change [except that we allow p = 2]. We even use the same test spaces.

The one-point space We already discussed this in (6.11). The coaction p reduces
to the ring homomorphism 7z, which is determined by the elements

wy, = NrVk € Lypr_) for k > n. (6.13)

Complex orientation Our next test space is complex projective space CP*>. As
P(n) inherits a complex orientation from BP (or MU), we have P(n)*(CP>) =
P(n).[[z]], the formal power series ring generated by the Chern class x = z(§) of the
Hopf line bundle £ over CP*, filtered by powers of the ideal (x).

The coaction p for CP* defines elements b; € I'y;_5 by the formula [Bo95, (13.2)]

_ f:xj ©b;,  in P(n)*(CP®)&T = I'[[z]). (6.14)
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Here, b(x) is a useful formal abbreviation for the right side. As always in the stable
context [ibid., Prop. 13.4], by = 1 and by = 0.
Further, the comultiplication g is given on b; as the coefficient of 2% in
Usb(x) = b)) ®b;  in (M@ )], (6.15)
j=1
and egb; = 0 for all j > 1.

Since P(n) is p-local, we need only the accelerated elements b(jy = by € I'ygi_q)
for j > 0, where by = 1; the other b’s are expressible in terms of these and the v’s
and w’s by [ibid., Lemma 13.7].

The p-th power map (: CP>* — CP*, whose bundle interpretation is (*§ = %P,
induces in cohomology

e = [pl(z) = igixi“ in P(n)"(CP>) = P(n).[[«]]

for certain coefficients g; € P(n)q;. This formal power series is known as the p-series
for P(n). There are no lower terms as go = p = 0 in P(n),. (The elements g; are
traditionally written a;, but we rename them in order to avoid confusion with other
elements, also named a;, that appear shortly.)

We need only one standard fact [RW77, Thm. 3.11(b)] about the p-series:

Pl(z) = ve? mod (v, ..., T5,...) (6.16)

for any k& > n, where the ideal is generated by all the v’s except vy. In words, [p](z)
contains terms vyz?" but not Avix? for any ¢ > 1. In particular,

p](2) = va2”" + vy 412”" + higher terms. (6.17)

Hence as k varies, we have
pl(x) = > va®  mod V2, (6.18)
k=n

where V' denotes the maximal ideal (v, Vpi1, Unio,-..) C P(n)..
Naturality of p with respect to the map ¢ yields the identity [Bo95, (13.11)]

b([pl(x)) = [p]r(b(z)) = ib(fﬁ)”lmi in T[] (6.19)

The lowest power of z that occurs is zP".

DEFINITION 6.20 For each k > n, we define the k-th main stable relation (Ry) as
the coefficient of 27 in equation (6.19).

Since b(g) = 1, the first relation (R,,) is simply v,,1 = w,, which implies that every
stable operation is v,-linear. For k > n, equation (6.18) shows that (6.19) has a term
wkmpk on the right, and (Rj) becomes an inductive formula for wy, in terms of the v’s
and b’s and lower w’s.
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Cohomology of a lens space, for p odd Our final test space is the 2/N-skeleton
L of the lens space K(Z/p,1). Geometrically, L is the orbit space of the standard
Z/p-action on the unit sphere S?N*1 C CN*! given as complex multiplication by
Z/p C S' C C, with the top cell omitted by requiring the last coordinate to be real
non-negative, up to the action of Z/p. (Retaining the top cell, as in [Bo95], adds
some extra complication but offers little benefit.)

Following [B0o95, §14], its cohomology is

P(n)"(L) = (E(uw) ® TP,()) / (uz™), (6.21)

because the Atiyah—Hirzebruch spectral sequence can support no differential. Here,
is induced from the Chern class of the Hopf line bundle on CPY, which is a quotient
space of L, and w is uniquely defined as restricting to the standard generator u; €
P(n)*(S"), where we recognize the 1-skeleton L' of L as the circle S*.

Since z is a Chern class, the coaction py, is given on x by naturality as ppx = b(z).
Although L is not an H-space, there are, as in [ibid., (14.31)], partial multiplications
L?¢ x L?*™ — L on the skeletons whenever k +m = N, which imply that

n—1
pru=u®l+> 2" ®ag in P(n)*(L)®T (6.22)
i=0
for certain elements a;) € I'y,i_; that this equation defines. (We warn that these
generators differ from Wiirgler’s [W1ii77] and Yagita’s [Ya77] generators a; by the
conjugation in I'; as a result, certain formulae become transposed. Our generators
are chosen for compatibility with [Bo95] and [Wi84], because they destabilize properly
in §§7, 10.) The element a(,) does not exist because u fails to lift to the 2p"-skeleton
of the lens space. As in [Bo95, Thm. 14.32], the coalgebra structure is given by

k—1 )
Usamy = agy @1+ Y by, ®a + 1@ag (6.23)
=0

and egagy) = 0.

Cohomology of real projective space, for p = 2 Here, the same test space
L is better known as real projective space RP?Y. It remains true that the Atiyah—
Hirzebruch spectral sequence can support no differential, so that

P(n)"(RP*) = P(n).[t]/(*"), (6.24)
generated by the unique nonzero element t € P(n)!(RP?"). As above, we find that

n—1
pt=t21+ > 7 @agp), (6.25)
i=0
which defines elements a;;y € I'yi+1_;. Indeed, this formula is identical to equa-
tion (6.22), since x = t? is the Chern class of the complexified real Hopf line bundle.
Thus equation (6.23) remains valid for p = 2.

Summary Wiirgler [Wii77] and Yagita [Ya77] both proved that we now have
enough elements of I' to handle all stable operations.
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THEOREM 6.26 The stable operations in P(n)-cohomology are dual to the Hopf
algebroid T' = P(n),(P(n), o) [replaced by P(n),(P(n), o) if p = 2|, which is generated
as a P(n).-algebra by the elements b(;, and a(;y defined by equations (6.14) and (6.22)
[replaced by (6.25) if p = 2].

(a) For odd p, as a P(n),-algebra,
['= P(n).(P(n),0) = E(aw), aq), - -, am-1)) @ P(ba), bz, by, - - -);
(b) For p =2, as a P(n),-algebra,

I'= P(n)*(P(n), 0) = P(CL(O), A1)y -5 A(n-1), b(n_H), b(n_;,_g), .. .),
and the elements by for j < n are given by the relations
a%i) = b(it1) for0<i<n-—1; (6.27)

(¢) As a left P(n),-module, T is free with a basis consisting of all monomials
IpJ _ o i in—1 11 1j2 7]
b" = agyaq - - 4Gyl pbe) -

with multi-indices I = (ig, 41, ...,i,—1) and J = (j1, j2,...) in which each i, = 0 or 1;

a

(d) The right P(n).-action on I' is given by multiplication by the elements wy, =
1RV, where w,, = v, 1 and wy, is determined inductively for k > n by the main relation
(Ry) (see Definition 6.20);

(e) The comultiplication ¢g:I' — I'®T is the P(n).-algebra homomorphism given
on the generators by equations (6.15) and (6.23);

(f) The counit es:T" — P(n), is the P(n).-algebra homomorphism given on the
generators by esa(;) = 0 for all © and egb;y = 0 for j > 0.

Proof What survives intact from Wiirgler [Wu77, Thm. 2.13] and Yagita [Ya77,
Lemma 3.5], even for p = 2, is (c) (using the conjugate generators to the a(;). Parts
(a), (d), (e) and (f) need no further comment.

[In (b), commutativity is not trivial; see Nassau [Na02] or [Bo|. Since ¢? is a Chern
class, (pt)? = p(t?) = b(t?). Comparing the coefficients of t*" with the help of (6.14)
and (6.25), we deduce (6.27) for i < n—1.

This argument fails for i = n—1, as ¥ = 0; nevertheless, the result still holds
by [Na02, Thm. 2], which corrects [KW87]. Alternatively, the map of ring spectra
P(n) — P(n+1) in Lemma 2.7 sends each generator of I'(n) = I to its namesake in
[(n+1). As af, ;) = by in [(n+1), the only candidates for af, ;) in T'(n) are b,
and b(,) + v,1. Since 65(a%n_1)) = (esa(n—1))* = 0, we must choose bg,.] O

7 Additive operations in P(n)-cohomology

In this section, we describe the additive unstable operations in P(n)-cohomology
in the style of [BJWO95], in terms of a certain bigraded algebra Q%, which, like T, is
a P(n).-bimodule equipped with a coalgebra structure (14, €4) (called (Q(v), Q(€))
in [BJW95]) that encodes the composition of operations and the identity operation.
Although the results bear a strong formal resemblance to the stable results in §6, the
stable proofs do not carry over; instead, one has to compute the whole Hopf ring in
§11 and then take the indecomposables.
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For p odd, we define Q% = QP(n)*(P(n)*>, the algebra of indecomposables in
the Hopf ring P(n)*(P(n) *> Specifically, Q% denotes the group of indecomposables

in degree i of the Hopf algebra P(n)*(P(n)k); its elements have total degree i — k

in Q* (and this is the degree that governs signs). The multiplication and unit in
Q% are induced from o-multiplication and the element [1] in the Hopf ring by the
homomorphisms (10.1). The left P(n).-module action is induced from the Hopf ring:
if v e P(n); and ¢ € QF, we have ve € Qfﬂ-. [When p = 2, it should be no surprise

after Proposition 6.12 that the correct Hopf ring to consider is not P(n)*(@ *)
but %*(M*>a in this case, we set QF = Q%*(@*) This is the same left
P(n),-module as QP(n). (M *), but with slightly different multiplication.]

By [RW96, Cor. 1.5], both Qf and the Hopf ring are free P(n),-modules. These
conditions ensure [BJW95, Lemma 4.16(a)] that the dual module to Q7 is indeed the

module of all additive unstable operations on P(n)-cohomology, and make available
all the machinery and results on additive operations. We thus identify:

(i) The additive unstable operation r: P(n)k(—) — P(n)™(-);
(ii) The primitive cohomology class ri, € P(n)™ <P(n)k>,
(iii) The representing H-map of H-spaces r: Mk — Mm, up to homotopy;
(iv) The P(n).-linear functional (r,—): Q% — P(n).,, of degree k — m.
The action of additive operations on P(n)*(X) is encoded in coactions
px: P()(X) — P(n)"(X) Q4 (7.1)

(one for each k), which are monoidal as k varies [even if p = 2].
To construct the generators of @)%, we use the same test spaces as stably in §6,
together with the circle. We record the values of /4 and €4 on each generator.

Cohomology of a point The right unit ring homomorphism ng: P(n). — Qf is
just the coaction p for the one-point space, and so is determined by the elements

Wy = NRrVE € ng(pk_l) for k > n. (7.2)

We use nr to make Q7 a right P(n),-module and the coactions px in (7.1) into a
P(n).-module homomorphism.

Cohomology of a circle The coaction for the circle S* defines the suspension
element e € Q1 by

pu; =u; ®e  in P(n)*(S) @ QL =E(u) @ Q.. (7.3)
As in [BJWO5, Prop. 12.3(d)], hae = e ® e and e4e = 1.
Then for any j > 0, the coaction for the j-sphere 57 is given by
pu; = uj ® e’ in P(n)*(57) ® Q7 = E(uj) ® Q. (7.4)
Given any additive operation r: P(n)*(—) — P(n)™(—), represented by the map
r:P(n), — P(n) , where k,m >0, we use P(n)*(57) = r; (MQ >~ Y*FP(n);_x to
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rewrite the induced homomorphism on homotopy groups as

roX*P(n), 2 7. (P(n),) = . (P(n) )= S"P(n).. (7.5)
By [BJW95, Cor. 12.4], this is given on X*v, where v € P(n);, by the formula
o (ZF0) = X" (r, e (ngv)). (7.6)
Complex orientation The coaction for CP> defines elements b; € ng by
pr=>0b(z) =) 2’ ®b;  in P(n)"(CP*)®Q: = Q[]], (7.7)
j=1

which is formally identical to equation (6.14), except that now b; = e by [BJW95,
Prop. 14.4(a)]. As in [ibid.], 14b; is the coefficient of z* in

bable) = f:lb@)j ®b,  in (Q:® QY] (7.8)

and e4b; = 0 for j > 1.
Again [ibid., Lemma 14.6], we need only the accelerated elements by = b,; for
J >0, s0 by = €*. The additive version of equation (6.19) also looks the same,

b([pl(x)) = [plr(b(z)) = >_ b(x) " 'rg:  in Q[]]. (7.9)
=N
DEFINITION 7.10 For each k > n, we define the k-th main additive relation (Ry) as
the coefficient of 27" in equation (7.9).

In view of equation (6.17), the first two main relations are simply

s

(Rn) boyWn = Unbo) in Q? (7.11)
and
(Rav1)  Wywn + U Wt = vagabio) + viby  in Q2. (7.12)
We shall find in equation (10.10) that (R,,) desuspends once to
(R)) eblpywn = vpe i QL. (7.13)

By equation (6.18), the general main relation for & > n has the form
k ,
(Re) Db _ywi=0  inQ? mod U+ W (7.14)

where U = (v, Up i1, Unt2, - - -) and W = (wy,, Wpi1, Wpio, . . .) denote ideals in Q.

Cohomology of a lens space Our last test space is the lens space skeleton L,
whose cohomology is given by equation (6.21), assuming p is odd. We already know
prx = b(x) from equation (7.7). For u, we find, as in [BJW95, (16.21)], that

n—1 )
pru=u®e+ Y 2’ ®ag in P(n)*(L) ® Q} (7.15)
=0
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for certain elements ag € Qépi that this equation defines. We deduce that

k )
Yaag = ag @e+ Y Wiy ®ag) (7.16)

i=0
and e4aq) = 0.

[If p = 2, L = RP?" has different cohomology (6.24), and we replace equa-
tion (7.15) by

n—1
pt=t@e+ S t* @ay  in P@t)/(V) @ QL (7.17)
=0

Nevertheless, equation (7.16) and esaq) = 0 remain valid for p = 2. By [Bo], equa-
tion (6.27) destabilizes in the obvious way, to

afy =basy  for 0<i<n—1] (7.18)
More relations We shall find in equation (10.14) that one more suspension factor
can be squeezed out of (7.13) if we first multiply by a(g), to give

(R a(o)bé\é)wn = UnG(0) in QL. (7.19)
[When p = 2, we can multiply this by another a(g and use equation (7.18) to obtain
the unexpected formula

b%)b(l)wn = Unb(1).- (7.20)

This is not all; if we multiply (Rp41) (7.12) by b%), we obtain the reduction formula
n+1 n n

by ™ wast = vpbiybaa) + vaby) + Vnr1bfy, (7.21)

by using (7.20) to simplify one of the terms.|
Summary We have the additive version of the Hopf algebroid I

THEOREM 7.22 The additive unstable operations in P(n)-cohomology are dual to
the P(n).-algebra Qf = QP(nﬁ(@J [replaced by QPTTL)*(M*) if p = 2],
which has the properties:

(a) Qf is the commutative bigraded P(n).-algebra generated by the elements:

wy, € Q

e € @1, the suspension element, defined by equation (7.3);

b € Qgpj for j > 0, defined by equation (7.7);

ag € Qépi for 0 < i < n, defined by (7.15) [replaced by (7.17) if p = 2J;

Y for k > n, defined by ng in equation (7.2);

subject to the relations e* = b, the main relations (Ry) for k > n (see Defini-
tion 7.10), and the two variants (7.13) and (7.19) of (R,,) [also (7.18) if p = 2];

(b) Qz is a free left P(n).-module;

(¢) Multiplication by the elements wy, makes QF a right P(n).-module;

(d) The comultiplication ¥ 4: Q% — QF ® Q% is the homomorphism of algebras and
of P(n).-bimodules given on each generator as noted above;

(e) The counit €4: Q% — P(n), is the P(n).-algebra homomorphism given on
generators by eqe = 1, eqay = 0, eaby) = 0 for j > 0, €abey = 1, and e wy, = vy.
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Parts (c), (d) and (e) need no further comment. Part (b) is included in Theo-
rem 8.4. Part (a) can be read off from Theorem 11.1. [For commutativity when p = 2,
we refer to [Bo.]

We recall [BJW95, (6.3)] the stabilization homomorphism Q(o): Q¥ — T', which
has degree zero. We may use it to recover the structure on I' in Theorem 6.26 from
Q% simply by setting e = 1. The coalgebra structure (¢4, €4) stabilizes to (¢g, €5).

8 Relations for additive operations

We noted in Theorem 7.22 that Qf is a free P(n),-module, which is not at all
obvious from the generators and relations given. In this section, we exhibit a basis of
Q% and prove in Lemma 8.5 that it spans the module.

We also establish some direct applications of additive operations.

The Ravenel-Wilson basis Since e? = by and af; = 0 trivially if p is odd

replaced by a7,y = b1y if p = 2, from equation (7.18)], any monomial in the liste
laced b %Z) biit1y if 2, f ion (7.18 ial in the listed

generators of the P(n).-algebra Q* can be written in the abbreviated form

e I;J K € _i9 11 Zn 1 1J0 1J1 ]2 kn, knt1  knio
e“a’brw™ = e‘agady ... ag ybio)buybi) - - wrrwy T w (8.1)

with multi-indices I = (i, 41, ... ,zn,l), J = (]0,]1,j2, ), and K = (ky, knyt, - -,
where each i,, also €, is 0 or 1. (We keep the w’s to the right, as a reminder that they
define the right action of P(n), on Qf.) We introduce the following parameters:

The b-length is 3, j,, the total number of factors of the form b;;
The w-length is Y-, k., the total number of factors of the form wy.

As with BP in [RW77], it is easier to specify which monomials are not wanted in
forming the basis than those which are. [For p = 2, the basis is not written out in
detail in [RW96], and contains some surprises.] There are two variants; we shall need
the second in §§10, 11.

DEFINITION 8.2 We call the monomial (8.1) Q-allowable if it does not have any of
the following forms [note that (iv) and (v) apply only if p = 2]:
. ' n—+1
(i) b?dn b?

n+1) ’

..b{’dqq)wqc, with 0 < d, < dy1 < ... < dg, ¢ > n;

n—+1

(ii) bN VWl - b’g; JwaC, With 0 < dnjy <. < dgy ¢ 2

n+1 q .

(iii) a o)b(o bf()dnﬂ) bz()dq)wqc, with 0 < d,,11 < ... <d,, g > n; 83)

(iv) b(o)b(l)b n:jl ) .b%dqq)wqc, where p = 2, with 0 < d,11 < ... < d,, .
q=n;

(v) bf\é;FQng%;:jQ) - by wee, where p = 2, with 0 < dpy < ... < d,,
q>n+1;

where ¢ is any monomial (¢ = 1 is permitted) in the generators e, ag, b(j), and wy.
More generally, we call the monomial allowable if it is not of the form (i) or (ii).
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Remark In [RW96], a monomial is called n-allowable (lies in A,) if it is not of the
form (i). If it contains a factor e or a(g), it is called n-plus allowable (lies in A}) if it
is not of the form (i), (ii) or (iii).

From [RW96, Thm. 1.3], we have the Ravenel-Wilson basis of Q*.

THEOREM 8.4 (Ravenel-Wilson) The Q-allowable monomials (8.1) form a basis of
the free P(n),-module Q* = QP(n)*(M*) [or QPT’L)*(P(H) *) ifp=2].

Later in this section, we shall reprove half the theorem.

LEMMA 8.5 The relations ¢* = b, the main relations (Ry) for k > n, [relation
(7.18) if p = 2,] and the variants (7.13) and (7.19) of (R,,) imply that the Q-allowable
monomials (8.1) span the P(n).-module Q% = QP(n)*<P(n) *> [or QP(n)*(P(n)*)
if p=2].

Generators of cohomology Just as in [BJW95, Thm. 20.2], Theorem 1.16 follows
directly from the fact that the additive operations on P(n)~*(—) form the P(n),-dual
of the free P(n),-module Q;*, whose generators all lie in groups Qj_k with j > 0.
We combine the following two lemmas, which correspond to Theorem 20.3 and
Lemma 20.5 of [ibid.]. We study the linear functional €4 = (1_z, —): Q;* — P(n),
defined by the identity operation ¢_; on P(n)~%(—), which is plainly additive.

LEMMA 8.6 Given any integer k > 0, there exist:
(i) a sequence of additive unstable operations r;: P(n)~%(—=) — P(n)™® (=)
with m(i) > 0;
(ii) a sequence of elements v(i) € P(n), with deg(v(i)) — oo;

such that in any additively unstable P(n)-cohomology comodule M (e.g. P(n)*(X)
for any space X), any x € M~ decomposes as the (topological infinite) sum

z=> v(i)rz.
Proof Let {c1,ca,c3,...} be the Ravenel-Wilson (or any other) basis of the free

P(n),-module Q;*, with ¢; € Q;]zi). Trivially, m(i) > 0. For fixed x € M~* and any
additive operation r, the linearity of rz in r may be expressed, as in [BJW95, (6.39)],

by the formula

re =Y (r,c)raz, (8.7)
where r; denotes the operation dual to ¢;. We take r = ¢y, put v(i) = (t_, ¢;), and
note that deg(v(i)) = m(i) + k — oo. O

Remark  The coefficients are readily computed: V(i) = €a¢; = v¥ if the monomial ¢;
has the form e%{o)wK , and v(7) = 0 otherwise. Thus many terms are zero.

To get the more precise information for Theorem 1.16, we write the space X as
the disjoint union of its components and reduce to the case when X is connected.
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LEMMA 8.8 Let M be a connected (see [BJW95, Defn. 7.14]) additively unstable
P(n)-cohomology algebra (e.g. P(n)*(X) for any connected space X). Then as a
topological P(n).-module, M is generated by 1y, € M and elements of M* for i > 0.
The generator 1, is never redundant.

Proof Let L be the submodule generated (topologically) by the elements of all the
M for ¢ > 0. By Lemma 8.6, we need only consider z € M°. We choose a basis
{c1,¢9,¢3,...} of Q% with ¢; = 1.

We recall from [BJW95, Defn. 7.13] the collapse operation ; on P(n)’(—) for any
J; since M is connected, on any = € M/ it satisfies r;z = vl for some v € P(n)_;.
But (8.7) gives kox = rixz mod L and also z = gpx = rixz mod L. Thus = = Koz =
Al mod L for some A € ),

Since kL = 0 and kgl = 17, 1y never lies in L. 0O

Higher-order relations The proof of Lemma 8.5 resembles that of [BJW95,
Thm. 18.16]. The Nakayama Lemma [Bo95, §15] (which is easier for P(n), than
for BP,, as p = 0) allows us to work throughout modulo the ideal ¥ C Q%. We also
work modulo powers of 20. (These ideals were introduced in equation (7.14), which
displays the w-linear terms in the relation (Ry).)

When g = n and ¢ = 1, we observe that (8.3)(i) is the first term in (R4, 4,), and is
thus expressible by equation (7.14) in terms of Q-allowable monomials mod 0 + 202
Equation (7.13) shows that (R]) takes care of (ii), while (7.19) shows that (R!) takes
care of (iii). [If p = 2, we use (7.20) and (7.21) to handle (iv) and (v).]

Otherwise, the relations (Rj) are not at all transparent. We handle the general

disallowed monomial (8.3)(i) by eliminating the ¢ — n variables wy,, w41, ..., W41
from the ¢ —n+1 relations (R, 4n), (Ra,ii+n+1)s - -+ > (Ra,+q), expressed in the form
(7.14), to obtain the higher-order derived relation
Agwg + Y Aw, =0 mod U + 20?2, (8.9)
r>q

for certain determinants A,. Explicitly, for any r > ¢,

™ 7(g—1) r
A’" = Z Eﬂbz()dn—&—n—wn) T (dq_1+q—1—7r(q—1))b?dq—i-q—m")7 (810)
s
where we sum over all permutations 7 of {n,...,¢g—1,r}, write €, for the sign of 7,

and adopt the convention that meaningless factors b(;) with j < 0 are taken as 0.
We order the b-monomials lezicographically (b7 < b¥ if and only if there exists
t > 0 such that j, =k, for all r < ¢, and j; < k).

LEMMA 8.11 For any r > q, the determinant A, in (8.10) has the form

. n pn+l qul
Ar = by Vg, 1) - - Uag) Uldyrg—r)

r

+ higher terms.

Proof The displayed term is the diagonal term with 7 = id. For any other permu-
tation m, there is a first index ¢ such that 7t > ¢, so that n <t <¢g—1and 7k =k
' ptfl

for all k < t. The corresponding term ;b , ... b(dtil)b’(’;;t_m) ... in (8.10) is higher,
because d; +t — wt < d;. [
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Proof of Lemma 8.5 We show that each )-disallowed monomial in (8.3) is a linear
combination mod U of higher monomials with the same w-length, and monomials of
greater w-length, where we partially order all monomials according to the factor b’
(and ignore e, a(;), and wy). Since there are only finitely many monomials in each
bidegree, the result follows.

For (8.3)(i), Lemma 8.11 shows that we can use (8.9) to express b](J;n) . bj(odqq)wq
as a linear combination mod U of higher monomials and monomials with w-length
> 2, since for r > ¢, the diagonal term of A, is higher than the diagonal term of A,.
Multiplication by c¢ preserves the ordering.

For (ii), (iii) [and (iv), if p = 2], we modify equation (8.9) by eliminating the

variables wyy1, ..., wg—1 from the relations (Ra,,,1n+1), --- ; (Ra,+q) to obtain
Alw, + Awg + > Alw, =0 mod T + 0.
r>q

When we multiply by ebf\é)c, the first term drops out by (7.13). Lemma 8.11, slightly
modified (or with n replaced by n + 1), shows that (ii) is the lowest of the remaining
terms. If we multiply by a(o)bfyc instead and use (7.19), we obtain (iii). [For (iv), we
multiply by b{p,bayc and use (7.20).]

[For (v), we eliminate the variables wyys, ..., wq—1 from the relations (Ra, ,4n+2),
..., (Ra,+q) to obtain a higher-order relation

Alwy, + Al w1 + Ajwg + > Alw, =0 mod U+ 20>,

r>q

When we multiply this by bé\é)”nﬂc, the first two terms drop out by (7.11) and (7.21).
The diagonal term in the determinant A} gives (v).] O

The first higher-order relation The first relation for a given ¢, where we elimi-
nate Wy, Wyt1, - - ., We—1 from (R}), (Rut1), - - ., (Ry), is particularly important. The
additive version for P(n) of Bendersky’s Lemma [Be86, Thm. 6.2] (or see [BJW95,
Lemma 18.23]) gives more precise information than our proof of Lemma 8.5, and
follows immediately from Lemma 12.2.

We recall the ideal I, = (vp, Vpi1, - -, 04-1) C P(n). (where I,, = (0)).

LEMMA 8.12 In Qf = QP(n)*(wJ [replaced by Qan)*(in)*) if p=2], we
have the relation
9Dy, = v,ed™ D mod 1,QY for ¢ > n. (8.13)
[If p = 2, this is almost superseded by the relation
9D =2y = 4,e9™ Y mod I,Q* forq>n+1] O (8.14)
Primitive elements Let M be an unstable P(n)-cohomology comodule (in the

sense of [BJW95, Defn. 6.32]). An element z € M* is called (additively unstably)
primitive if the coaction py; has the value py;z = 2®¢e* on x. Then for any v € P(n),,

pu(vz) = 2 ® e (nRv). (8.15)

Of course, all this requires k£ > 0, but more is true, as in [ibid., Lemma 20.8].
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LEMMA 8.16 Let x € M* be a nonzero primitive element of the unstable P(n)-
cohomology comodule M, and assume q > n.

(a) If I,x = 0 and k satisfies the condition (depending on p and q):
(i) k> g(n,q) —1ifpisodd or ¢ =n;
(ii) k> g(n,q) —2ifp=2and g > n+1;
then v,x is primitive (possibly zero);
(b) Ifk does not satisfy the condition (8.17), then for all i > 0, vz is nonzero and
1S not primitive.

(8.17)

Proof For (a), (8.15) gives p(v,r) = z ® e*w,. By Lemma 8.12, this is the same as

T® quk_z(pq_l) = VT @ eF=2r"=1) “since I,z =0.

For (b), we have p(viz) = x ® e*w). Here, e*w} is Q-allowable by (8.3) and hence

a basis element of @}, which shows that v,z is not primitive. [

Proof of Lemma 1.17  We must have pz = x ®e*. If m > n, we have v,,_,z = 0, and

case (b) of Lemma 8.16 with ¢ = m — 1 does not apply; hence the lower bound on k.
Conversely, (8.15) specifies the coaction on all of M, and Lemma 8.12 shows it is

well defined. 0O

Proof of Theorem 1.18 We build an increasing sequence
O=MyCcMyCMyC...CM

of subcomodules of M. For each ¢ > 0, just as in the proof of Theorem 20.11 in
[BJW95], we construct a primitive element x; € M /M;_; with Ann(x;) = I,,,, for some
m;, using Lemma 8.16 in place of Lemma 20.8 of [ibid.]. We take M;/M; 1 C M/M;_4
as the P(n),-submodule generated by z;. Lemma 1.17 describes M;/M; ;.

Because each k; > 0 in Theorem 1.18 and each M" is a finitely generated F,-
module, this sequence must terminate after finitely many steps. We deduce that M
is a finitely presented P(n).-module. O

9 Idempotent operations

Lemma 9.1 delivers the promised additive idempotent operations 6(m) in P(n)-
cohomology that we need for Lemma 5.1, which is equivalent to Lemma 3.1. In fact,
we find a large class of #(m), among which none seems to be preferred. The rest of
this section applies the work in §8 to prove Lemma 9.1.

LEMMA 9.1 Assume that k < g(n,m) [replaced by k < g(n,m) — 1 if p = 2], where
m > n. Then there exists an additive idempotent operation §(m) on P(n)*(—) having

the following properties:
(i) The image of the operation 6(m) is represented by the space P(n,m) ;
(ii) The map 6(m): P(n), — P(n), factors to yield an H-space splitting

0(m): P(n,m), — P(n), of the canonical H-map p(m): P(n) — P(n,m) :

(iii) For all spaces X, 6(m) naturally embeds P(n,m)*(X) C P(n)*(X) as a
summand, in the sense of abelian groups (but not as P(n),-modules).
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Remark Exactly as in [BJWO95, end of §22|, we can make the splittings (m) com-
patible as k and m vary if we wish. The decomposition factors of P(n) N resulting
from this approach must of course be the same as in Theorem 1.12, according to
Theorem 1.2(b), but the injection maps are different, in general.

However, we emphasize that the splitting theorems as stated in §§1, 5 do not
require any compatibility.

The ideals J,, Asin [BJW95], the ideal J,, = (Vmi1, Um+2, - -.) C P(n)s, introduced
in equation (1.8), gives rise to an analogous ideal for the right action of P(n), on Q.

DEFINITION 9.2 Given any m > n, we define the ideal
3”@ = (wm+17 Wm+2, Wm+3, - - ) C QI

We need to know how J,, sits inside @%. As in [ibid.], the answer is remarkably
clean, in a certain range.

LEMMA 9.3 For k < g(n,m) [replaced by k < g(n,m) — 1 if p = 2], Q¥ N J,, is the
left P(n),-submodule of Q¥ spanned by all the Q-allowable monomials (8.1) that lie
in it and contain an explicit factor w, for some q > m.

Remark By Lemma 8.12, vmﬂeb%?’m)/? — z lies in J,,, where z € I,,,1Q%, so the
result definitely fails for k = g(n,m) + 1 [also for k = g(n,m) if p = 2].

Proof Any monomial that contains wy, with h > m visibly lies in J,,. To show the
converse, we fix k and ig and prove by downward induction on h that for all i < g, all
elements in Q¥ of the form cwy, lie in the indicated P(n),-submodule. This statement
is trivial for sufficiently large h (depending on k and iy).

We therefore choose ¢ > m, assume the statement holds for all A > ¢, and prove
it for h = ¢q. Take cw, € QF, where i < ig, so that ¢ € Qf“(pq_l). By Lemma 8.5, we
may reduce to the case where ¢ is a @-allowable monomial. We note that in (8.3),
the Q-disallowed monomials (i) and (iv) have b-length 1g(n,q), while (ii), (iii) and
(v) have b-length 3g(n,q) — 1.

Case 1: ¢ has no factor e, aq), or w;. For odd p, the b-length of c is at most

3k +2(p"=1)) < 5(g(n,m) + 2p" — 2) < 39(n, q),
which makes cw, also Q-allowable, as only rule (i) of (8.3) is relevant. [If p = 2, we
need to assume k < g(n,m) — 1 to get the stronger bound $g(n,q) — 1.]
Case 2: ¢ = ey or c = a()y, where y has no factor w;. In this case, the b-length
of ¢ is at most

(k= 1+2(p"=1)) < 5(g(n,m) +2p” — 3) < 39(n,q) — 1,
which makes cw, automatically ()-allowable.
Case 3: ¢ = ywj, where j < q. Then cw, remains ()-allowable, by the form of
Definition 8.2.
Case 4: ¢ = yw;, where j > q. By induction, cw, = (yw,)w, lies in the indicated
submodule. [

Linear functionals To establish Lemma 9.1, we actually construct the associated
P(n),-linear functional (§(m), —): Q¥ — P(n),.
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LEMMA 9.4 Assume the linear functional (§(m), —): Q¥ — P(n), corresponding to
the additive operation 6(m): P(n)*(—) — P(n)¥(—) satisfies the conditions:

(1) (0(m), QLN Jm) =0;

9.5
(i) {(O(m),c) = escmod J,, forall c € QF; (9:5)

where €4: Q¥ — P(n), is the augmentation. Then:

(a) The homology homomorphism Q(0(m),): Q¥ — Q¥ induced by the represent-
ing map 6(m): P(n), — P(n) satisfies

() QB(m).)( QN Jm) = 0;
(i) Q(O(m).) =id: Q — Q mod Jy;
(b) Q(0(m),) induces a splitting of the short exact sequence
0— QiNJy — Q@ — QY/(QINJn) — 0
of left P(n).-modules;

(¢) The operation 6(m) is idempotent and has the properties listed in Lemma 9.1.

Proof The proof is patterned after that of Lemma 22.2 in [BJW95]. We require the
commutative diagram

YA 1d®(0(m),—) AR

Q - Qo Q: @ P(n). Q:
Q fam — e T ® QN3 e 0 P(n)s) S — e Q3

of P(n),-module homomorphisms, where 14, €1 and Ar denote quotients of ¥4, €4,
and the right action Az of P(n), on Q% Q%/3,, is really Q%/(Q* N J,,), and the
vertical arrows are the obvious projections. The conditions (9.5) on (f(m), —) are
exactly what we need to fill in the diagonal.

By [BJW95, Lemma 6.51(c)], the top row gives the homology homomorphism
Q(0(m).), while by [ibid., (6.31)], the bottom row reduces to the identity homomor-
phism of Q*/J,,. Thus the diagonal provides a splitting we call j": Q%/3J,, — Q*
that satisfies j'o¢’ = Q(6(m).) and ¢'oj’ = id and so yields (a). Part (b) is merely a
restatement of (a).

It follows by faithfulness that 6(m) is an idempotent operation, so that the image
h(=) = 6(m)P(n)*(—) C P(n)k(—) is an ungraded cohomology theory. By [Bo95,
Thm. 3.6], h(—) is represented (on Ho) by some H-space Y, and the additive oper-
ations h(—) C P(n)*(—) and 6(m): P(n)*(—=) — h(—) are represented by H-maps
jY — Mk and q:wk — Y respectively, that satisfy joqg = 0(m) and goj = id.

To finish (c), we apply the homotopy group functor m,(—) to obtain homomor-
phisms ¢,: 7, (@IJ — m(Y) and j.:m (YY) — m, (@k) that satisfy g¢,oj, = id

and j.oq. = 6(m).. Recall that W*(P(n) k) ~ Y%P(n),. Given v € P(n);, (7.6)
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evaluates 0(m),XFv = YK(0(m),e*(ngv)). Then (9.5)(i) yields 8(m),XFv = 0
if v € J,,, while for any v, (ii) gives 8(m),X*v = Y*¥v mod J,,. It follows that
p(m)ej: Y — P(n,m) . induces an isomorphism of homotopy groups and is therefore
a homotopy equivalence. To establish the properties listed in Lemma 9.1, we put
0(m) = jog, where g: P(n, m), — Y is a homotopy inverse to p(m)ej. O

Proof of Lemma 9.1 Lemma 9.3 makes it obvious that linear functionals (6(m), —)
exist that satisfy the conditions (9.5), so that Lemma 9.4 applies. O

Remark As an explicit example, choose (#(m), —) on the Ravenel-Wilson basis as
(6(m), ¢) = v if ¢ has the form eb)y,w’ but contains no factor wy, with & > m, and
(0(m),c) = 0 otherwise. To determine (#(m), c) for ¢ not in the basis, we must first
express c¢ in terms of the basis.

10 Unstable operations in P(n)-cohomology

In this section, we use all unstable operations in P(n)-cohomology to obtain
generators and relations for the Hopf ring P(n), (M *), in the style of [BJW95]. The
two multiplications are cxd = p.(cxd) and cod = ¢, (cxd), induced respectively by the
maps p: P(n), x P(n), — P(n), and ¢: P(n), x P(n) — P(n) k. that represent
addition and multiplication in P(n)-cohomology, and 1; will denote the -identity
element of P(n)*(Mk) [If p = 2, we use the Hopf ring %}&M*) instead,
replacing ¢ X d by ¢ X d in both multiplications.] We still assume that 0 < n < oco.

We deduce the results of §7 on additive operations by applying the homomorphism

ge: P(n).(P(n), ) — QF, (10.1)
which neglects 15 and decomposables, shifts degrees by —k, and (as k varies) takes
o-products to products (with a sign, on account of the degree shift). However, the
Hopf ring structure maps ¢ and € are unrelated to ¥4 and €4.

Since the Hopf ring is a free P(n).-module by [RW96, Cor. 1.5], Theorem 4.14 of
[BJWO5] allows us to identify:
(i) The cohomology operation r: P(n)*(—) — P(n)™(—);
(ii) The cohomology class r(i,) € P(n) (P( n), )i

)
(iii) The representing map of spaces r: P( ) — P(n) ., up to homotopy;
(iv) The P(n).-linear functional (r,— *< (n)
[or (r, —): P(n)*(P(n) k) — P(n)* if p=2].

Hopf rings for p =2 When p =2, P(n)*(P(n) *> and P(n)*<P(n) *) are not Hopf
rings in the ordinary sense (though H, (P (n) ; Fg) is one, and is described in [BW01]
and after Theorem 11.8). (A few things are simpler: there are no signs and x is the
identity.) Because P(n) is not commutative, all Hopf ring axioms that shuffle factors
must be modified to use the commutativity isomorphism 7§, of equation (2.11), which

results in extra terms; see §2 or [Bo] for details. Neither multiplication is commutative
in the ordinary sense, nor is ¢ cocommutative.

) P(n), of degree —m
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As a P(n).-module, the Hopf ring P(n)*(P(n) *) is identical to P(n)*(P(n)*>
The choice of multiplication on P(n) does not affect the P(n),-module structure on
P(n)*(P(n) *>, nor does it affect the o-generators that we construct below. However,
switching to the other good multiplication on P(n) replaces cod = ¢,(cXd) by

b, (cxd) = ¢, Ti(cxd) = ¢p.(dXc) = doc,
which is different in general; and similarly for ¢ * d.

The Cartan formulae Assume first that p is odd. Given a cohomology class
x € P(n)*(X), we encode the action of operations on z by a formula of the form

r(z) =) (r, ca)ta for all r,

«

for suitable choices ¢, € P(n). (P(n) k) and z, € P(n)*(X). (Here and elsewhere, we
mean all operations r that have the correct domain degree. The sum may be infinite
if X is not finite-dimensional.) Similarly, given y € P(n)™(X), suppose

r(y) = Z(ﬂ ds)ys for all r.

B
Then the two Cartan formulae [BJW95, (10.23) and (10.36)] are:
x n y Z Z deg(:}ca deg(yﬂ)<r Cq * d5>xay5 (102>
and
Z Z deg(xa deg(yp) <T, Caodﬁ>$ayﬁ- (103)

We use them repeatedly w1th0ut further reference.

The case p = 2 Examination reveals that the proof of the Cartan formulae in
[BJW95] relies on the identity (zxy,axb) = +(x,a)(y,b), which is false for p = 2;
we must replace a X b by a X b and use equation (2.15) instead. When we use the
Hopf ring P(n), (P(n) *>, both Cartan formulae remain valid as stated.

Cohomology of a point Our first test space is the one-point space. For each
v € P(n),, the Hopf ring element [v] € P(n)()(P(n) _q) [or P(n)O(P(n) _q) if p=2]
is defined by the identity

r(v) = (r, [v]) in P(n)*(point) = P(n)., for all r. (10.4)
The properties of these elements were listed in [BJW95, Prop. 11.2]. As [v + V'] =
[v] * [v'] and [vv'] = [v]e[v], we are primarily interested in the elements

[vg] € P<n)0(M_g(pk_1)) for k >n

[or in P(n)O(P(n) _2(2k_1)) if p = 2]. Then (10.1) maps [vx] to wy.
We have the important relation

[1]" = [p] = [00] = 1o (10.5)
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Cohomology of a circle Our second test space is the circle S'. The suspension
element e = e; € P<n)1(M1> [or %I(Ml) if p = 2] is defined by the action
of operations r on the standard generator u; € P(n)*(S?),

r(uy) = (r,11)1s + (r, e)u, in P(n)*(S') = E(uy), for all r. (10.6)
The properties of e were listed in [BJW95, Prop. 13.7].

Complex orientation Our third test space is CP*>°. The Hopf ring elements b; €
P(n)s; (P(n) 2) or ]Tn)Qj (P(n) 2) if p = 2] for j > 0 are defined by the identity

r(z) = (r,b(x)) = 2@“, bj)xj in P(n)*(CP*) = P(n).[[z]], for all r,  (10.7)

where b(x) is a convenient formal abbreviation for 3°;b;z7. Their properties were
listed in [BJW95, Prop. 15.3]. In particular, by = 15 is now nonzero and b; = —eoe.
Again, the accelerated elements bjy = b,i € P(n)ap (MJ [or in P(n),;1 (MQ
if p = 2| suffice, as [ibid., Lemma 15.9] shows how to express the other b’s inductively
in terms of these and the v’s and [v]’s.

Naturality of equation (10.7) with respect to the p-th power map (: CP* — CP*°,
with massive use of the Cartan formulae, yields the identity

b(lpl(z) = X {b(x)"elg]} i P(n).(P(n),)l[x] (10.8)
[or in PTTL)*(MZ)HI” if p = 2], as in [ibid., (15.14)]. The lowest power of x that
occurs is still 27", apart from the term 1, on each side.

DEFINITION 10.9 For each k > n, we define the k-th main unstable relation (Ry) as
the coefficient of 27 in equation (10.8).

The first relation is simply
(Ra)  waboy = by o] in P(n).(P(n),)
[or in ITn)*(P(n) 2) if p = 2]. By [RW96, Prop. 2.1(j)], it desuspends once to
(Ry)  wne = eobig)o[vy] in P(n)*<P(n) 1) (10.10)

[or in P(n)*(P(n) 1) if p = 2|. The second relation is almost as easy, in view of
equation (6.17):

op™ ° n+1
(Rnt1) b(% o [un] + b(g) © [Un41] = vba) + Unsabo).- (10.11)

Cohomology of a lens space, for p odd Our final test space is the lens space
skeleton L, whose cohomology (6.21) has two generators v and z. As x is a Chern
class, equation (10.7) gives r(x) by naturality. We define Hopf ring elements a; and
¢; by the identity

N-1

(r,a;)x" + Z {r, c;yux’ in P(n)*(L), for all r. (10.12)

ﬂ
=
I
-
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Not by coincidence, their formal properties are exactly the same as in the case E =
K(n) of [BJWO95]. The formal abbreviation a(z) = 3, a;z" is convenient.
PROPOSITION 10.13 For p odd, the Hopf ring elements a; € P(n)s; (P(n)l) (for
0<i<p"), ap = ay € P(n)y (P(n)1> (for 0 <i <mn), and ¢; € P(n)2i11 (P(n)l)
(for 0 < i < p™ — 2) defined by equation (10.12) have the following properties:

(a) ap =1y and ¢y = ¢;

(b) Yar =it j—p @i @ aj;
(c) ea; =0 for all i > 0, in particular, eag; = 0 for all i;
(d) a;*xa; = (’J;J) a;+;, provided i + j < p";
e) at=0for0<i<n-—1;
iy =0for0<i 1
(f) xa; = (—1)'a;, in particular, xa@) = —a@);
(2) ci=exaj
(h) a@eag) = —agean;
(i) a@ean = 0;
]) For all r, r.ay, 1s the coeflicient of " 1n the formal 1dentity
For all is th flici f z¥ in the fi 1 identi

raa(e) = K (@) o[(r.a)]} + K {a(@)ob(@)"o [(r, )]}
in P(n).(P(n) )lz]/(="").

Proof The statement and proof are identical to [BJW95, Prop. 17.16], except that
we offer a simpler proof of (f) (and could have also in [ibid.]; compare the divided
power Hopf algebra I'(ay)).

If m is odd, say m = 2k + 1, we can write the defining equation for xa,, as

k
Xm + Z(Xam—i * a; + Xa; * am_i) + a,, = 0.

i=1

By induction, the terms in the sum cancel in pairs, as m—1: and ¢ have opposite parity.
If m is even, (d) decomposes a,, as a x-product, and we again use induction. [

We emphasize that (e) is not valid for i = n — 1; instead, [RW96, Prop. 2.1(i)]
shows that the unstable analogue of equation (7.19) is

(R agn 1) = Vnl(o) = Q(0) obzé\)[o [Un] in P(n)*(P(n) 1). (10.14)
Cohomology of real projective space, for p =2 In this case, L = RP*V, with
cohomology (6.24). We define Hopf ring elements f; by the identity

2N
r(t)=> (r, fi)t*  in P(n)*(RP?) = P(n).[t]/(#*" 1), for all r. (10.15)
i=0
Again, we mimic equation (10.12) by writing a; = fa;, a@) = agi = foir1, and ¢ =
foir1. We make the obvious changes to Proposition 10.13 and write f(t) = X, fit".
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We warn that the analogy is not perfect; 1a; acquires many extra terms. Also, (d)
now requires proof; see [Bo].
PropPoOsITION 10.16 For p = 2, the Hopf ring elements f; € ITn)l(MJ (for
0 <4 < 2N) and ag) = for1 € ITn)zm (@1) (for 0 < i < n — 1) defined by
equation (10.15) have the following properties:

(a) fo=11 and f =e;

(b) ¥fk = Eigjmr [i ® [i;

)
(c) ef, =0 for all i > 0, in particular, ea;) = 0 for all i;
(d) ag agj)°ag);
(e) fz * fj = (H_j)fi_;'_j, provided 7 —f-j S 2N,
(f) a@ *aq =0for0<i<n—1;

)

(g) For all r, r.fy is the coefficient of t* in the formal identity

rof () = XLF@ (0 S} in PG (P) )l /().

Again, for i =n — 1, (f) is replaced by (10.14), now taken in PTTL)*(P(TL) 1).
B

Finally, we prove in [Bo] that equation (7.18) lifts in the obvious way.

LEMMA 10.17 In the Hopf ring P(n)*(P(n) *> for p = 2, we have
agyea) = bat) for 0 <i<n-—1. (10.18)

Remark There is a case for writing e here as a(_y), so that the identity ece = b
becomes a natural extension of (10.18).

11 Structure of the Hopf ring

In this section, we present two descriptions of the Hopf ring P(n)*(P(n) *) [re-

placed by P(n), (P(n) *) if p = 2|: a clean concise description in terms of the gener-
ators and relations developed in §10, and a concrete computational description that
specifies exactly what the elements of the Hopf ring are. (This relies heavily on the
technical work of Ravenel-Wilson [RW96], and in no way replaces it.)

THEOREM 11.1 (Ravenel-Wilson) The Hopf ring P(n). (MJ [which is replaced
by P(n), (M*) if p = 2] over P(n), has the o-generators:

[vg] € P(n)o(@d(pkil)) for k > n, defined by equation (10.4);

e€ P(n)1<@l), defined by equation (10.6);

bjy = by € P(n)ay (Mz) for j > 0, defined by equation (10.7);

agy = api € P(n)gy (P(n)l) for 0 < ¢ < n, defined by equation (10.12)
[replaced by (10.15) if p = 2J;
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subject to the relations [1]'P = 1y, ece = —b(), the main relations (Ry) for k > n
(see Definition 10.9), and the two variants (10.10) and (10.14) of (R,) [also (10.18)
ifp=2].

Allowable monomials For our second description of the Hopf ring, we reinterpret
the general monomial (8.1) as the o-monomial

e*oalob® o]

_ o€ oig oiq Olp—1 °jo _7.001 71.0J2 ok oknt1
=€ Oa(o)oa(l)o e Oa(n 1 Ob Ob(l)ob O[Un] ”O[Un_H] " o...

(11.2)

(We adopt the usual convention (e.g. [RW77]) that for any element d with ed = 0,
d°® = [1] — 1y, so that d*°od = d holds. We also set [v;]°° = [v)] = [1].)

We define it to be allowable or Q-allowable exactly as in Definition 8.2.

A direct description of the allowable monomials is useful, to replace the indirect-
ness of Definition 8.2. As in [RW96], A, denotes the multi-index (1,0,0,...).

PRrROPOSITION 11.3 Any allowable o-monomial ¢ in the Hopf ring can be written
uniquely in one of the standard forms

(a) ¢ =a"ob " o[uN] if ¢ does not involve e; (11.4)
(b) ¢ = eoaob?CHLmR0o k] if ¢ involves e; .
where the multi-index G is defined by
° n—+1 op! q—1
b - b p b d +1) b(dq 1)7 (115)
L = (lp, 11,15, ...), and the indices sat1sfy
(i) ¢=>n;
(11 Ogdngdn—f—l S qu—l;
(iii) 0 <y <p" for allt < d,, forn <r <gq; (11.6)

)

)
(iv) 0 <l < p? for all t;
(v) k, =0 (i.e. v® contains no factor v,) for all r < q;
(vi) In Case (b), d,, =0 orly > 0.

Conversely, any such monomial is allowable.

Proof If the allowable monomial ¢ does not involve e, we choose each d, in turn as
small as possible, so that (iii) holds; moreover, (iii) requires this choice of d,. (If we
cannot even start, ¢ = n, ¢ = a’’ob°Fo[vX], and (ii), (iii) and (v) become vacuous.)
We continue as long as possible, until (iv) holds. In view of (8.3)(i), ¢ does not contain
[v,] for any r < ¢, and (v) holds.

If ¢ has the form eoc’, we note that eocc = b(g)oc’ remains allowable, and apply case
(a) to it. Here, we need (vi) so that Ay can be subtracted off.

Conversely, the monomials (11.4) are easily seen to be allowable. [

The algebra structure We recall that a simple system of generators of a graded
algebra A with multiplication % over a graded ring R of characteristic p is a set of
elements zq, 29, 23, . .. such that the finite products

* M *M *1M2 *m3
2 = M 2w 2T L (11.7)
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where 0 < m, < p for each z, of even degree and m, = 0 or 1 for each z,. of odd
degree, form a set of free R-module generators of A.

The following description is also essentially included in [RW96, Thms. 1.3, 1.4]
[except that for p = 2, (d) was not written out explicitly and contains the surprise
(iii)]. For I # (1,1,...,1), p(I) denotes the smallest ¢ such that i,,_, = 0.

THEOREM 11.8 (Ravenel-Wilson) Assume 0 < n < oo, and let k be any integer.
Then

(a) The Hopf algebra P(n)*(@k) [or %*(@J if p = 2] has as a simple
system of x-generators the set of all allowable o-monomials (11.2) (that lie in it);

(b) The Q-allowable o-monomials form a minimal set of algebra x-generators of
P(n).(P(n),) lor P(n),(P(n),) if p = 2;

(c) For p odd, P(n)*(P(n)k
one for each Q-allowable o-monomial (that lies in it):

) is the tensor product of the following subalgebras,

(1) TP,p(a b o[v"]) for I #(1,1,...,1);
(i) P(aob’o[v™])  for I =(1,1,...,1);
(iii) E(ecalob™ o[v™));
(d) Forp =2, P(n), (M k) contains the following subalgebras, one for each Q-
allowable o-monomial (that lies in it), and is additively (but not multiplicatively)
isomorphic to their tensor product:

(1) TP, (e oa obo[v™]) for I # (1,1,...,1);
(i)  P(a*fobo[v™]) for I =(1,1,...,1);
(iii) TPupi(eca”obo[vX])  for I =(1,1,...,1).
Remark For p = 2, the quotient algebra
H, (Mk’ Fz) = Iy @p(m). %*(Mi)
is the tensor product of the subalgebras listed in (d), interpreted as Fo-algebras.

To complete this description, we need the structure maps *, o, ¥, €, and , which
are all (bi)linear. We know v, €, and x on each generator e, a(;, by and [vg]; then
the Hopf ring laws determine these operations in general.

Reduction to standard form We reprove part of Theorem 11.1 by showing that
we have enough relations to reduce any Hopf ring expression to a P(n),-linear com-
bination of *-products (11.7) of allowable o-monomials.

For o, we need to know how to o-multiply any two o-monomials (11.2); then the
distributive laws for (axb)oc and ao(bxc) [modified if p = 2] take care of general
s-monomials z*M as in (11.7). As the o-generators o-commute up to sign [even for
p = 2|, all we need is a reduction formula for each non-allowable o-monomial (11.2).

The relation ece = —b(g) takes care of e, If p is odd, aE’f) = 0 is automatic, by
Proposition 10.13(i). [If p = 2, we use a(}; = b;;11) instead, from equation (10.18).]
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For the disallowed monomials (i) and (ii) of (8.3), we use the same relations as
in Lemma 8.5, now working modulo *-decomposables as well. These use only the
relations (Ry) for £ > n and (10.10), which implies (R,,).

For the x-product of two s-monomials (11.7), we shuffle the o-monomials into
the desired order (with the appropriate sign), and deal with excess *-powers of any
o-monomial. [If p = 2, shuffling introduces extra terms, but the process quickly
terminates, because the x-commutator ¢ x d — d * ¢ of any two o-monomials is *-
central; see [Bo| for details.]

The Frobenius operator To finish the reduction to standard form, we need a
formula for the Frobenius operator F'c = ¢ = ¢ * c* ... ¢ on each allowable
o-monomial ¢ of even degree [or any degree if p = 2].

We start from the relation [1]*” = 1y, which we rewrite as F([1] — 1p) = 0. We
next reverse the identity [BJWO95, (15.13)] as

F(cob®) = (Fe)ob™”, (11.9)

where 0, J denotes the extended multi-index (0, jo, j1, jo,-..). The proof used only
the property ¥b, = >, ;4 b; ® b;. Since a; has the same property when p is odd,
according to Proposition 10.13(b), we similarly have

F(aT0%¢) = a0 Fe
for any multi-index I = (ig, 1,42, . ..,i,—2). [For p =2, Proposition 10.16 delivers the
same result, and also
F(eoc) = aqyoFc.]
For a(,_1), we rewrite the relation (10.14) as
Fa,—1y = vna(0) — () obzé\)[o [Un].
Since applying —o[v’] preserves *-multiplication, we immediately have
F(co[v"]) = (Fe)o[v"].
Combining these, we find the general formulae
F(a"0b*7 o [v5]) = 0 (11.10)

and (with attention to the shuffles needed and the resulting signs)

FaT o™ o[uK]) = (1) 0N o0, 0] 4 (= 1) ona™ o577 o [bK],  (11.11)

where |I| =3, 4,.
[If p = 2, we need also the formulae involving e, which are

F(eoa®™0ob™ o[v"]) = 0 (11.12)
and
F(eoa* ob*7o[0"]) = a® obp1y o b7 o [0,0F] + v,a" " o byy o b0 o [0F], (11.13)
in which we make use of a(oa ) = b). For example,
F(eoag-1yobig)) = by ™" o[vns1] + vably + v2bi0) obr) + vns1b(3)

after reduction to standard form, which recovers equation (7.21).]
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A reduction formula There is a difficulty with equation (11.11) which obscures
the algebraic structure of the Hopf ring. Even in the simple case

F(agm-1)0b"®) = —a()b"™Co[v,] + v,a(0)b™C,
with G as in equation (11.5), the first term on the right is visibly not allowable (unless
q = n, so that G = 0). What we need is a reduction formula for

OO,G g0 n ° n+1 op! qg—1
b O[Un] - b(g7z+1)0b(§n+l+1)o . Ob( q 1+1)0[Un],

which is essentially Lemma 3.8 of [RW96]. It involves the p-th o-power of b°¢,

(bOG) op __ bopG _ bop

n+1 pn+2

o op4
) b b,

LEMMA 11.14 Using only the main relations (R},), the o-monomial b°*%o[v,], with
G as in equation (11.5), reduces to an allowable monomial by a formula of the form

0[] = (<1 B+

where the omitted terms do not involve any a(; and either (i) have the form
b°lo[vy] with b/ lexicographically higher than b (see §8), (ii) lie in the ideal
U = (vn, Upy1, - - .), (iii) have [v]-length at least 2, or (iv) are *-decomposable.

We apply this to equation (11.11) [also (11.13) if p = 2].

COROLLARY 11.15 For the general allowable o-monomial (11.4)(a) without e, we
have

F(a* 7ot @ lo[pf])) = (—1)a7 W gl Lo fpeN Lo popGo g K] 41 (11.16)
[If p = 2, we similarly obtain
F(eoa°l’1ob°G+L_A°o[vK]) = a°0’Io{b°N’Lob°2Go[quK] +...} (11.17)

from (11.4)(b).] O

The leading term on the right in equation (11.16) is always allowable: written in
standard form (11.4), it is a*57ob°*+ L 0[], with the same G, v%" = v, 0*, and b°L =
beN-Lope(=1G - Careful bookkeeping shows that, as the indices vary, it runs through
all the @-disallowed o-monomials of type (8.3)(iii) that are nevertheless allowable,
once each. [Similarly, (11.17) accounts for types (iv) and (v).]

It follows that F' never kills anything unexpected. Now we can read off parts (c)
and (d) of Theorem 11.8.

n+1
ob°p

Proof of Lemma For n < r < ¢, we set ¢, = b ..ob‘(’s:fl), so that

+) :
(conventionally) ¢, = b°* and ¢, = b°PC.

We show first that c¢.o[vs] = 0 whenever n < s < r < 7, by induction on s.
We o-multiply (Ra,+s) by ¢s; by (7.14), the k-th term is csobfy , . 4yolvn]. If b <'s,
this term is neglected by induction. (If s = n, there are no such terms.) If £ > s,
we have dj + s — k < dg, and this term is lexicographically higher. If k& = s, we
have csob( 1)° o[vs], which gives csy10[vs] = 0 when we o-multiply by bzs:;lfp ": hence
¢rolvg] = 0 for any r > s, if we o-multiply by further factors.
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Then we show that csobzgjﬂ)o[vs] = —Csy10[Us1] for n < s < ¢, from which the
result follows by induction, starting from ¢, = 0°°. We o-multiply (R4, 1s:1) by cs.
The k-th term is csobz§:+s+1_k)o[vk], which we have just shown is negligible if k < s.
If £k >s+1, we have ds + s + 1 — k < d,, and the term is lexicographically higher.

The two remaining terms, with £k = s and £ = s + 1, are the desired terms. [

12 Effect on homotopy groups

Given an unstable operation r: P(n)*(—) — P(n)™(—), where k,m > 0, consider
the homomorphism of homotopy groups r,: X¥P(n), — Y™ P(n), (see diagram (3.9))
induced by the representing map r: P(n), — P(n) . By [BJW95, Lemma 13.9], it is
given on ¥*v, where v € P(n);, by the unstable analogue of equation (7.6), namely

r. YRy = X"(r, epqiov]), (12.1)
where e;; = bzg) and egjiq = eobzg).

We therefore seek more information on the relations in the Hopf ring.

The first higher-order relation We need the Hopf ring version for P(n) of Ben-
dersky’s Lemma [Be86, Thm. 6.2], which immediately implies Lemma 8.12.

LEMMA 12.2 For q¢ > n, we have in P(n)*<P(n) ) the reduction formula

g(n,q—1)+1

(12.3)

6g(n,q)ﬂ"[”q] = UqCyq(n,g—1)+1 mod I,P(n). (wg(nvqflﬁrl)'

[If p = 2, this is almost superseded by
€g(n.q)-2°[Vq] = Vg€y(ng-1) + F(€g(ng-1)-1°0(n-1)) mod Iy, for g >n+1] (12.4)

Proof We establish (12.3) by induction on ¢q. For ¢ = n, it follows immediately

from (10.10). For ¢ > n, we return to the definition of the relation (R,). We

expand [p](z) = X MK)v¥2%%) | summing over multi-indices K, with coefficients

AMK) € F, and exponents d(K); then if we write b(z) = 15 + b(z), (10.8) becomes
A(K)

1 + b(Z/\(K)vad(K)> = % {12 + b(x)°d(K)o[vK]} . (12.5)

We apply the suspension epo—, where h = g(n,q—1) — 1, which kills 15 and most
s-products and thus drastically simplifies (12.5) to

ehob( > )\(K)vad(K)) =Y A(K)epob(z)* ) o[vF].

We take the coefficients of 2" and work mod I,. On the left, by (6.18), the only
surviving term in [p](z) is v,a?”, giving ej,ov,b(o), the right side of (12.3). On the right,
epolvr] = 0 for all k < ¢, by induction on ¢, since h = g(n,q—1) — 1 > g(n, k) — 1.
This leaves only ehobEg; o[vy], as required.

[For (12.4), we take h = g(n,q—1) — 2 instead. We still have enough e’s to kill
[vg] for any k < ¢ — 1, but not [v,_1]. By (6.16), the only terms of interest in [2](z)
are v,_122" and v,a?'. Instead of (12.3), we find

ehovqb(o) = €hOb(()%;_l O[Uq_l] + €hob(()(2);0[1)q].
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The first and third terms appear as the second and first terms in (12.4).
The second term is not allowable; but if ¢ = n + 1, we use (11.13) to write it as

by ob(t) o[vn] = F(ecag,—1yob()).
If g > n+ 1, we have epo[vg_1] = F(€g(nqg—2)-1°0mn-1y) by induction. Then

029—1 — 10 -1 029—1
encb(ty o[vg-1] = b1 oF(egng—2-100(-1)) = F(b)  o€q(ng-2-1°0(n-1)).

as required, with the help of equation (11.9).] O
Proofs for §3 Now we can finish the proofs of two lemmas.
Proof of Lemma 3.8 For (a), by (12.1),
P EF (000) = T, e grano[ont]) = S0 exrqranofonlofe]).
Since k 4+ ¢ > 0, we can use (10.10) to rewrite this as
7. XF (0,0) = 2™r, vpegigo[v]) = var. X
Part (b) is similar, with (12.3) in place of (10.10). O

LEMMA 12.6 Letr:wk — Mk be any map, where k > g(n, m—1), and suppose
that on homotopy, r.: X¥P(n), — X*P(n), is given on the bottom class by r,X¥1 =
AYXF1, where A € F,. Then on any monomial v¥ in the elements vy, Vpi1, .., U, Ts
has the form

r, PR = AR 4 3 o BRh (12.7)

L>K

with coefficients ¢, € F,,, where we order the multi-indices L = (1, l,41, . ..) lexico-
graphically (as in §8).

Proof We use induction on the length of v, starting from K = 0. If (12.7) holds
for ¥*vX, Lemma 3.8(b) gives

2 (0,0") = AZF (0 0™) + 3 e X (vh) mod I,
L>K

If we assume (as we may) that v® contains no factors v; with ¢ < ¢, all monomials in
I, will be larger lexicographically than v,v™, and we have the result for v,o*. O

Proof of Lemma 3.6 Take any map f: P(n,m)lC
k < g(n,m). Suppose f,X*1 = AX*1. We apply Lemma 12.6 to the composite

— P(n,m),, where g(n,m—1) <

P(n), ™ P(n,m), L P(n,m) "0 P(n)

to deduce that
O(m), f. S0 = AZFK + 3 o BF"
L>K
for any monomial v* in the generators v, vpy1, - .., vm. We apply p(m)., to see that
f.X*v% has the same form (possibly with some terms v’ deleted). It is now clear

that if A # 0, f. is an isomorphism and f is a homotopy equivalence. 0O
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