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Introduction

A few years ago, I hoped to have the opportunity to write lecture notes such as these.
It was then possible to do a complete survey of the post-Stong [St] research in the direction
of Brown-Peterson homology. When finally confronted with this outlet, I found it impossi-
ble to do justice to the entire field. Although grand schemes such as another book like
Stong’s or an exposition of Morava’s work did occur to me, I had only three months to pre-
pare the lectures. The nature of C. B. M. S. Regional Conferences dictated that the lectures
should expose nonspecialists to the area (although few were present). The format became an
introduction to the basic facts about BP, with proofs, and a highly personal sampler of fur-
ther material, mostly without proofs. These notes are fairly true to the lectures; I talked too
much. (I have added §8 and expanded §11.) I have tried to retain an informal style and
where clarity means lying, the notes are clear.

An introduction to BP is a construction of BP and a study of the stable operations. In
the sampler I discuss a number of distinct tools: operations, associated homology theories,
formal groups, and Hopf rings; and show how each applies in several ways to interact with
the others. Throughout, I have emphasized the transition from sophisticated internal theo-
rems to the necessary applications; the moral: support basic research. The Conner-Floyd con-
jecture emerges as a central figure in these notes; it depends on almost everything else and
therefore is difficult to discuss outside of a series of lectures like these. A diagram of de-
pendencies for the Conner-Floyd conjecture is given as:

operations associated Hopf rings  bar spectral sequence
\ theories \
Morava Morava K-theories
structure of Eilenberg-Mac Lane

theorem / spaces

Conner-Floyd
conjecture

Each item in the diagram has other uses as well. Also, since these lectures, serious compu-
tations for BP, X have been done which depend on the Conner-Floyd conjecture.
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I begin by assuming the reader is familiar with the homology and homotopy of the
spectrum MU, From this T develop the basic facts about complex bordism cooperations
(§1), introduce the minimal necessary formal group machinery (§2), construct BP (§3),
and describe its cooperations (§3).

The sampler is begun by going into more depth on the cooperations and applying them to
stable homotopy (§4). The algebra discussed arises again and again in later sections. Next,]
introduce the sequences of associated homology theories which contribute so much to the rich
and plentiful internal theorems in the subject (§5). Operations and associated homology theo-
ries are combined to describe Morava’s little structure theorem (§6). A little knowledge of the
Morava K-theories of Eilenberg-MacLane spaces is fed into the Morava structure theorem to
prove the Conner-Floyd conjecture (§6). To obtain this “little knowledge” it is necessary to
study Q-spectra, G,. The main tool is Hopf rings and they are inserted into the bar spectral
sequence (§7). In order to complete the proof of the Conner-Floyd conjecture, the first appli-
cation is to the Morava K-theories of Eilenberg-MacLane spaces (§7). As a detailed example of
Hopf rings and the bar spectral sequence at work, the homology of the Eilenberg-MacLane
spaces is computed (§8). Hopf rings and formal groups are then combined to study the Q-
spectrum for BP (§9). This provides the opportunity to give Chan’s proof of no torsion (§10)
and leads naturally to the study of unstable operations (§11). The material on unstable opera-
tions is previously unpublished. For an introduction, see the beginning of §11.

Although there are many new ways to do the material, §§1~3 follow Adams [A,].
The required properties are established as quickly as possible; the student and researcher
alike will need to read Adams’s book for the wealth of results which do not lie on the geo-
desic to BP. Mike Boardman made the inclusion of the Hazewinke] generators possible by
supplying the simple proof used here.

§84—10 owe debts to all of the coauthors and colleagues mentioned in the text. §8
is new and is joint work with Douglas C. Ravenel.

The acknowledgements for §11 are in the introduction to that section.

The idea of these lectures is entirely due to Tim Lance. I offer my warm thanks to him
for this opportunity and also to Mike Chisholm and the other members of the faculty of State
University of New York at Albany who helped him out. Thanks are also due the Conference
Board of the Mathematical Sciences and the National Science Foundation (who funded the con-
ference and have cooperated with my tardiness), and the participants of the conference.

I thank the Osaka City University, Japan, the Tata Institute of Fundamental Research,
India, and the Hebrew University, Israel, for their hospitality and support during the produc-
tion of these notes, and Mrs. M. A. Einstein at The Johns Hopkins University for difficult
mail-order typing. During this period I was also partially supported by the National Science
Foundation and the Sloan Foundation.

My apologies to the reader for not including a complete bibliography of the subject,
but I found it too difficult to attempt away from my own files.

Finally I want to thank Michael Boardman, David Johnson and Robert Stong for
numerous comments on the manuscript which allowed me to correct errors and improve the
exposition.




Part I. An Introduction

1. Complex bordism. Bordism begins with geometry. Manifolds are well-studied
objects; bordism exploits the reservoir of knowledge about manifolds to attack homotopy

theory for more general spaces. This exploitation is analogous to the use of the geometry
of Euclidean cells by standard homology. In classical homology we quickly subordinate the
geometry to the rich algebraic structure which it induces. Likewise with bordism. We must,
however, keep the geometry in mind, not just for philosophical reasons, but because we
often return to bordism’s geometrical roots to derive new algebra.

For the correct details for the first part of this section we suggest Stong’s book [St];
for the second part, Adams’s book [A,].

Let
v

(1.1) l

Mn

be the stable normal bundle for a manifold M" of dimension n. Then v is the pull-back of
the universal bundle ¢ over BO by a map f (which is unique up to homotopy):

v ——§
s |
" — BO
M !
K The inclusion U(n) —> O(2n) induces the map

(1.3) r: BU — BO.

This map pulls back the universal real bundle to the universal unitary bundle. If we can
choose a homotopy lifting g,

BU

/7(
(1.4) i l’
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we say that M" has a U-structure g. It can have several U-structures or none. A pair (M", g)
of a manifold and a U-structure is called a U-manifold. There is also an “opposite” U-struc-
ture on M™, (-M", g) (cf. [CF3]).

We define the nth complex bordism group of a space X, MU, X. We consider all triples
(M", g, f), where (M", g) is a U-manifold of dimension n and f is a2 map

(1.5) f:M" — X

As with chains in homology, there are far too many of these to take seriously the first time
around. (They can, however, be useful.) So we put an equivalence relation on these triples
by (M?, g4, f1) ~ (M3, &5, [) if there is a triple (W™, h, k) with d(W"+1, h) = (M7, £1)
U -(M?2, g,) and klownr Tl =f, Uf,:
M
i§
(1.6) wntt E_ Sx awntl=MpU-M;.

A

M3
Under this equivalence relation we have an abelian group MU, X, where addition is
given by disjoint union. Using manifolds with boundary one can define bordism for a pair
(X, A) and verify geometrically that MU (X, A) is a generalized homology theory {CF,,
CF,, C]. Generalized homology theories like this are always obtained from spectra [Br,
Wh]. The spectrum for complex bordism is just the Thom spectrum for the unitary groups:

(1.7) MU = {MU®)} > With maps S§2 A MU@n — 1) — MU(n).

The space MU(n) is the Thom space of the universal n-dimensional complex bundle £, over
BU(n). The maps are induced by the maps

Ey ®C— &,

L

BU(n — 1) — BU(n)

We have an isomorphism:

(19) MU, X = lim [s"*2¥, MUK) A X} = (s", MU A X} = {S°, MU A X},,.

K~ o0
(We are making free usc of Boardman’s stable homotopy category [V].) This isomorphism
is proven using transversality as in Thom’s original paper [T];see [CF, CF3, C]. We can
use the right-hand side of (1.9) to define complex bordism. We see that all of the informa-
tion of complex bordism is contained in the spectrum MU. (We have now reduced to homo-
topy theory the geometry we wish to use to study homotopy theory to solve the geometric
problems which have been reduced to homotopy theory.) To study bordism we need to
know about MU. We will ignore the geometry as we develop the basic properties of MU.
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Where there is a generalized homology theory, there is a generalized cohomology
theory. In this case we have complex cobordism defined for finite complexes by

(1.10) MU"X = lim [S257"X, MU(k)] = {S™"X, MU} = {X, MU}".

o0
The Whitney sum of bundles gives a map

(1.11) BU(n) x BU(m) — BU(n + m),

which, when we pass to the Thom spaces, gives

(1.12) MU@n) A MU(m) — MU(n + m).

This pairing turns the spectrum MU into a ring spectrum,

(1.13) m: MU N MU — MU.

This makes MU*X an algebra over MU™ = MU™*(point) and MU, X a module over m, MU =
MU, = MU (point) = MU™™*. This algebra follows from the geometric Cartesian product of
U-manifolds.

The ring structure turns

(1.14) HMU = lim H,,,, MUk)

koo

into an algebra with a simplc description. We combine the homotopy equivalence MU(1) =
CP* and the map used in defining the spectrum:

(1.15) x: CP™ =~ MU(1) — MU.

Applying homology we obtain a map

(1.16) Hy\ ,CP™ — H . MU.

The group ﬁ2i+2CPm is free on one generator denoted by §;, ,. We define
(1.17) b, € Hy,MU

to be the image of 8;, , under this map. We have

(1.18) H MU =Z[b,, b,,...],

a polynomial algebra on the b’s. Since these generators, b;, come from CP”, the comodule
structure over the dual of the Steenrod algebra can be computed. Using this, the homotopy
of MU can be computed with the Adams spectral sequence to obtain

(1.19) MU, = 1 MU= Z[x,, x,,...],

a polynomial algebra on even degree generators. An element Xy, €Em,, MUCH, MUis a
polynomial generator if x,, = A\b, + *-- where A = +p if n = p’ — | for some prime p and
A = £1 otherwise. We assume that the reader is familiar with these basic homology and
homotopy facts about MU. They are readily accessible. See Stong’s book [St], Switzer’s
book [Sw], or the original papers of Milnor [Mi;] and Novikov [N].
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We can consider the Hurewicz homomorphism
(1.20) MU, = m,MU C HMU.

The groups MU, are just the equivalence classes of U-manifolds under the bordism relation
(1.6). Denote the equivalence class of CP" with the standard U-structure by [cP"]. We
have

(1.21) [CP"] € MU C H, MU.

These elements form rational gene:ators. We need to identify these elements in homology.
This is one of the key connections between the geometry and the algebra. In the power
series ting HyMU{[s]], define

(1.22) exps= 2 bt by=1.
i=z0
Define
(1.23) log s = Z mnsn+l,
n=0
by
(1.24) log(exp(s)) = s = exp(log(s)).

The m,, (n > 0) are new polynomial generators for H MU and from Mi8Cenko [N, Appen-
dix 1],

(1.25) [cprl =@+ Dm,,.

This is proven using characteristic number arguments and is part of the assumed knowledge
of the homology and homotopy of MU.

We see that the Atiyah-Hirzebruch spectral sequences for MU,CP” and MU*CP” both
collapse (they are in even degrees). Thus

(1.26) MU*[[x]] = MU*CP™ = homyy (MULCP, MUy)

where x € MU?CP™ is the map (1.15) (recall (1.10)). This all follows from the compati-

bility of the spectral sequence with the usual pairing of (generalized) homology and coho-

mology. We also need the obvious fact that x reduces to the standard cohomology algebra
generator. To describe the Kronecker pairing above, let

1.27m y: §— MUAN X €EMU,X and z: X — MU EMU*X.
Then
(1.28) (z, y) € MU,

is

(1.29) s 2y MU A X 25 MU A MU == MU
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good for any ring spectrum) where m is (1.13). Define

(1.30) 8; € MU, CP~
by
(1.31) (', B = 8.

This definition is valid because of the similar duality for homology and the compatibility of
the spectral sequence with the pairing. These §’s reduce to the standard homology f’s under

the map
(1.32) MU X — H, X

which we have from our knowledge of HOMU.
Using our map (1.15), we define

(1.33) x4(Biy ) = BMYV € MU, MU

just as with homology (1.17).
The Atiyah-Hirzebruch spectral sequence

(1.34) H MU;MU,) => MU MU = 7,MU A MU)
collapses (it is even degree), giving
(1.35) MU MU = MU,|b,, b, ...].
(The upper MU on blMU will appear only when it seems necessary.) This is the continuous
dual of the Landweber-Novikov operations MU*MU [L,, N]. (The topology is obtained
from the finite skeleta of MU.)
Using
(1.36) 1: §% — MU € MU,
to get the map
(1.37) X=S'N X—MUNA X,
we can apply MU,(-) to get
(1.38) MU X — MU (MU N X).
We need a standard lemma to proceed.

LEMMA 1.39. Let E,.(-) be a reduced generalized homology theory. Let E,X be free
over E,. The exterior product gives a Kiinneth isomorphism:

EX®p EY S5 ESXAY). ©

Proor. Both E X @ Fy(-)and E,(X A —) are generalized homology theories.
The exterior product provides a natural transformation between them. They agree on a
point so the E? terms of the Atiyah-Hirzebruch spectral sequences are isomorphic and we
are done. C
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By (1.38) and Lemma 1.39 we have

(1.40) ¥, MUX — MU MU A X) < MU MU @y, MULX.

MU MU = 1 (MU N MU) has two distinct MU,, module structures: a left and a right (see
below). From (1.35) we know the left module structure is free; so, by symmetry, the right
is free. In the tensor product of (1.40) we are using the right module structure.

Let X = MU and we see that MU MU is a “Hopf algebra”. For a general X, MU X
is a comodule over this Hopf algebra. We know the algebra structure of MU MU already
from (1.35). We give the other structure maps; see Al

We have

(1.41) €: MU MU — MU,;

just apply me(—) to (1.13). The left and right units,
(1.42) 1, Mg MUy —> MU MU,

are obtained by applying m(—) to

(143) MUN S® — MUAN MU and S° A MU— MU MU

respectively. Next we have the conjugation

(144) c: MU*MUg

which comes in the same way from the switch map

(1.45) MU A MUKD.

We consider MU, C Hy MU, (1.20), and describe our maps accordingly. Note also that

(1.46) MU MU C HMU[by, by, -1

M

Use b,MU to define exp and log series. As with homology, we obtain m; U, see

(1.22)—(1.24). At times we write

m= 2, m, mMU=Zm,MU,

iz0 iz0
(1.47)
B = Z 6,', b = Z bi’ etc.
iz0 i=z0

When we use these symbols in equations, we mean the equation is valid degree by degree.

TuEOREM 1.48. (a) €(®;) =0,i>0,ie. e®) = 1.
(b) ny(m) = m and ng(m) = 5 omm™MUY L
() ¢? =1 cny =ng,cng =ng, and cb
(d) The coproduct (1.40) is Vyo®) = Ej>0bf+1 ® b;.

(e) The coproduct for MU,CP” is wcpw(ﬁ) = Ei>0b’ ®p. O

MUYy = 1 MU




BROWN-PETERSON HOMOLOGY 9

These are formulas which we shall use later to obtain the corresponding formulas
for BP. Because this is an introduction to the subject we will give the details of the
proofs.

FPart (a). e(d,) = (1.b) = (1, x4, > = x*(1). B, ) = (x, Big?=0,i>0.

The remaining formulas are a corollary of one result. By mapping MU — MU A MU
into the left or right factor as in (1.43) we can define elements x%, x® gL 61.R in

(1.49) (MU N MUY*CP™ = (MU A MU)*([x]] and (MU A MU),CP*.
respectively, Here
(1.50) (MU A MU)™ = (MU A MU), = 7 (MU A MU) = MU MU
Lemma 151, xR =% pMUcLy*+1 o
Before we begin the proof, we need:
Lemma 1.52. The following diagram commutes:

MU*CP™ R (MU N MU)*CP*

\ %

homy, , (MU,CP™, MU,MU)

and P is an isomorphism. Here R is the Boardman map induced by
MU =S°AMU— MU AMU,  o(f)B) = F(B,).
and
P(g)(B;) =g B
where () is defined because MU N\ MU is an MU module spectrum by the map
MU A (MU A MUY= (MU A MU) A MU 25 pmu A mu. o
PrROOF. a(f)(B,) is S — MU A cp= —N MU A MU.

R(f)is CP™ —IMU ~ S° AN MU — R MU A MU.
So, PR(fINB) = (R(f), By is

g.
S — MU A CP™

Lo MU A MU =mU A 0 A MU LRy Aoy A MU 205 Mo A MU
\\ -~

~ P
~ -

The last maps can be ignored because they give the identity. We see that we are left with
a(f)(B;), thus proving the diagram commutes.

The fact that P is an isomorphism is really the more general fact that F*CP™ =~
homg (E,CP™, Fy) when F is a module spectrum over £ and the Atiyah-Hirzebruch spectral
sequence collapses. O
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PROOF OF 1.51. We have a(x}B;,,) = b,MU by definition. We also have
PeLYi() = (EY. B = 8.
To show this, we write down the map for the element (Y, B,
s Py A cpe DDy A MU A MU 255 MU A MU
and observe that it factors

L M_) mAI

ﬁ.
S —> MU A CP MU AN MU N MU 2% MU A MU

I l 1 T

MUAN MU~———MU A MUA S —"— MU A §°
This is already 8{: in the lower right-hand corner. Since
(MU A MU)Y*CP™ = (MU A MU)*[{x*]].

we know we can write x® = Eizoai(xl‘ ¥*1. Then

j=0

g;={ 2 a"yh 5i+,> = xR B0 =PxFNBiy )

= PRGBy 1) = N B ) =B

We return to the proof of 1.48.

Parr (¢). The first three parts are obvious from definitions. For the last, apply ¢ to
1.51 1o obtain

xL — Z C(b{\’IU)(xR)i+ 1
i>0

Thus it is the inverse series to 1.51 which defines the m,MU so we have c(b,MU) = mIMU.

Part (b). my(m) = m follows because 1, is a left module map. For np. let H be the
integral Eilenberg-MacLane spectrum. We reduce the formula for x¥ as follows and obtain
two formulas for x*:

xl =Y mMURY*TT € MU A MU)*CP”

iz0

l

xH =3 mx™! €(H N MU)*CP”
i20 )
Z mi(xL)i+l
y iz0
xH = €H N MU N MU)*CP™.

Z nR(mi)(xR)i+1

iz0
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So

. i+1
i+1 _ LNi+1 _ MU Ryj+1\°
2 ngm)GRY Tt = 3" mxlytt = 3 m,-<Z m YRy ) ,
i=0 i=0 i>0 =0

or ng(m) = Z;5 om(mMUy+1L,

Part (¢). The coproduct for CP* is defined by

MU,CP ~ MUMU ®;(;  MU,CP*

N

MU A MU),CP™

The element §; goes to {31.1‘, ie. Yop(B) = ﬁiL, and 1 ® B, is just B,.R. We need to write 6f

in terms of B, say BF = Zi_ja, . ® B,. We recall xR = = pMU(Ly+1

>0 which gives

Ry = 2 @MUY elyHE
k=0

where (5MU)] means the 2k degree component of (3™ V). We have

)
|

i~ <(XR)i’ t 8y ® ﬂk> =RV, 60
k=0

< 2. MOy tE, B{‘> = MY)L,.

k=0

So wch(ﬁi) = Eogjgi(bMU){_j ® §;, or
— MUNj
Ve pe(B) = ,~>Zo &MY ® g,

Part (d). This follows at once from part (e). ©
We will need one more result about MU,

LEMMA 1.53. There is a 1-1 correspondence between maps of ring spectra, g:
MU — MU, and power series

fe) =2 dx™*t e MUPcP~, 4, =1
i>0
The correspondence is given by g«x)=f(x). ©
PROOF.
MU*MU =~ homMU*(MU*MU, MU,),
MU*MU A MU) =~ homMU*(MU*(MU/\ MU), MU,,),

MUMU A MU) = MUMU @y, MU MU.
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Let 8, € homMU*(MU*MU, MU,) correspond to g € MU*MU. The diagram

MU A MU 2255 MU A MU

MU —25—— MU

shows that 6, is a map of algebras if and only if g is a map of ring spectra. Let Gg(bi) =

d, € MU,;, i >0 (0,(by = 1) = 1), and let g,(x) = Simogx T

d; = eg(bi) = 0,(x%B;+ D=4 X4Biy1? = (x*g, Birv?

=(geX, Bix 1) = 2 ”ixiH* Biv1) =0 ©
j=0
2. Formal groups. A great time can be had with formal groups, especially in connec-
tion with MU and BP. In fact it could easily be made the main theme of lecture notes with
the same title as these. However, our theme must be elsewhere and the reader will regretta-
bly be exposed only to the necessary minimum.
A commutative formal group law over a graded ring R, is a power series

@n F(x, y) = Yazxy € Ryllx, y11. 4 €ERyrj-ry
iJ
with:
F(x, y) = F(y, x), commutativity,
F(F(x, y), 2) = F(x, F(y, z)). associativity, and
F(x, 0) = x = F(0, x), identity.
Many relations on the a;; follow. Some simple ones are:

2.2) a; =% %0 T 0, k#1; a,=1

The cohomology theory MU*(—) gives rise to a formal group law over MUx. Just
apply MU*(-) to the standard map

(2.3) u: CP™ x CP™ — CP”
to get
(2.4) u*: MU*CP™ — MU*(CP™ x CP~) = MU*CP” & MU*CP™.

We obtain the formal group law
2.5 F(x,, x,) = p*(x) = 2oa,x] & xi.
ij

Its properties follow from the properties of u: homotopy commutativity, associativity, etc.
As usual we can best describe F by considering

(2.6) MU*CP™ C (H N MUY*CP™.
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Applying ¢ to 1.51 we have

(2.7) xb =3 mMUERYYt € (MU A MUY CP™.

i>0
Reducing to (H A MU)*CP* we have

(2.8) xH = 3 mxMU = log x.
>0

The element x¥ is primitive, so apply u*:
(2.9) log F(x;, x,) = xfT + x5 = log x, + log x,.

Now apply exp(—) to obtain:
(2.10) F(x, x,) = exp(log x; + log x,).
LemMA 2.11. The primitives of MUSCP® are MUE free on log xMY_ o

ProoF. Because H,(CP™, Q) is a polynomial algebra on a two dimensional element,
MU*QCP“’ is a polynomial aigebra over MU}‘2 on a two dimensional element. By duality
there is only one primitive free over MU™ rationally. We know log xMV js a primitive and
a quick check of its leading coefficient shows it is the generator we want. 0

The ring for a universal formal group law can be constructed using arbitrary ail-’s and
the relations from (2.1). Lazard has determined the structure of this ring. The theory of
rational formal group laws is trivial; (2.10)—(2.12).

One of the strongest connections between bordism and formal groups is displayed in

the following theorem.

THEOREM 2.12 (QUILLEN [Q,], OR SEE [A,]). The formal group law for complex
cobordism is isomorphic to the universal formal group law of Lazard. o

Given any formal group law F(x, y) over R,, there is a ring map g: MU, — R, which
induces the formal group; that is

(2.13) g(ailj‘."U = ai?.

The result can be made to appear even stronger because a topological analogue is true.
It follows, however, from a slight generalization of 1.53, even without Quillen’s result, and

it does not imply 2.12.

THEOREM 2.14. If F(x, y) is a formal group law over E, which comes from a gener-
alized cohomology theory E*(~) and the map (2.3), then there is a map of ring spectra,
MU — E, which induces the formal group law. ©

We define the formal group sum:

(2.15) x +p y = F(x, y) = exp(log x + log y).
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We define
(2.16) [1]1(x) = x = exp(log x),

and, inductively,
[n](x) = [n - 1](x) +5 x = exp(n log x), n>1.
We have
2.17) [~ 1](x) = ux) = exp(-1log x)
which implies
(2.18) F(x, (x)) = 0.

To prove this is well defined, let

(2.19) W)= 3 cxktl.
S0 ¢
Then
(2.20) F(x, dx)) = Zai].xi< > ckxk+l>j =0
ij k=0

can be solved inductively for c,, since @y, = 1.
This allows us to do formal group subtraction:

(2.21) x gy =x+g ([-1]1(y).
We need only one more elementary formal group fact for the construction of BP,
LEMMA 2.22. The power series [1/d] (x) = exp(1/d log x) is defined over MU, ®Z[ 1/d]-
Proor. Clearly,
[@]([1/d](x)) = exp(d log(exp(1/d log x))) = exp(d 1/d log x) = x.
Let [1/d](x) = 2,5 0¢;x" ! and [d](x) = ;5 4a,x"+!; then

7
x = Zal<z cjxi+]>’+1

iz0 \j=0

can be solved inductively for c,. We get that ¢, = ag ! = 1/d and ¢, is obtained in terms
of a;, ¢;, j <n, and ag';so when d has been inverted, the power series [1/d] (x) is de-
fined. ©

3. Brown-Peterson homology. Brown and Peterson constructed BP, known to them
as X, in [BP]. They built BP using a generalized Postnikov system. Novikov also gave a
construction [N]. BP was not computationally useful until a description of its operation
ring was available. This was produced by Quillen [Q,] and written up by Adams [A,].
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We localize the spectrum MU at a prime p and find a multiplicative idempotent e of
MU(p). The image of a multiplicative idempotent in MU*(X)(p) is a natural direct summand
and so gives rise to the multiplicative generalized homology theory called Brown-Peterson
homology: BP,X. The representing spectrum is called BP. One of the problems in the field
is that there are no pointwise models for BP, only homotopy constructions.

The idempotent of interest is the composition of a family of commuting idempotents.
We describe these idempotents.

LEMMA 3.1. Let g be a prime. There exists a multiplicative idempotent €, On
MUy ,q) Such that on H*(MU[”“)

m,, n+1%0/(g),

eq(mn) =
0, n+1=0(g).

The €, commute. O
From this we have:

THEOREM 3.2 (QUILLEN [Q,]). The multiplicative idempotent

e= J1 € EMU*MU(p)
q*p

is well defined. On H*(MU(p))

0, n#Epi—1,
€(m,,) = .
m,, n=p'-1.
The image of €, in MU (X )(p) is @ multiplicative generalized homology theory denoted by
BP, X, with

Z(p)[vl,vz, ] 21r,,<BPCH,,<BPZZ(p)[m mpz_ ,...]. DO

p~1° 1

PrRoOOF OF 3.2. The product Hq;ép €, is convergent in the topology on MU*MU(p)
because for large primes €, is the identity for large skeleta. The commuting of the €, makes
€ an idempotent. The rest follows from the lemma and above. o

Lemma 1.53 on multiplicative maps is true after localization. The same proof applies.
Multiplicative maps are identified there in terms of what they do on xY. Our €g> however,
is described in terms of what it does to H*MU“/q]. We need to go from one type of in-
formation to the other type. Let f(x™Y) be a power series representing a multiplicative

operation g We define

(3.3) mog x = 3 gu(m,)x"t1,

n=0
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Since log xMU is primitive, (2.11), by checking the first coefficient and using the fact that
g4(log xMU) must still be primitive, we have

(3.4) g«(log xMY) = log xMY.

Also,

(3.5 ga(log xMU) = mog fG:MY).

Let £~1(x) be the inverse power series, i.c. FUf)) = x = f(f1(x)). From (3.4)-(3.5)
(3.6) log xMU = mog f(xMU),

S0

(3.7) log f~1(x) = mog x

and by applying exp(—) we have

(3.8) f~1(x) = exp(mog x).

We have computed f(x) in terms of g4(m,,) (and vice versa).

PROOF OF 3.1. We have a chosen mog for €. Our only problem Is 10 522 72 the
corresponding f(x) has coefficients in MU, after inverting g. This is done ind:. ... Let g
be the gth roots of unity, g =i > 0. Since x9 — 1 = HL o(x — £;), most s» =0 s Tanc-
tions are zero. In particular,

0, k#0()

Ek+...+z§—k=
l ! {q, k=0(a)

We see that we can rewrite our desired mog x as
mog x = log x —é(log pxt oot log zchx).

Our tormal group nonsense comes in handy here. This tells us, by (3.8),

£ 1(x) = exp(mog xX)=X"p [é](zlx +p e EgX)

Because this is obtained using formal group sums and the [1/q] sequence, we s2 -hat the
coefficients of £~1(x) are in MU [§;, - - Eq] (1/q1" However, all terms invelving e &
are symmetric, and the symmetric functions in the &; are integral. Thus f ~1(x) nas coeffi-
cients in MUy q] and since its first term is x, the inverse f(x) exists and has coefficients
in MUs(s1q)-

This gives a multiplicative map with the desired properties. The commuting of the €,
can be checked by evaluating in homMU*[l/q](MU*MU[ 1/al’ MU*[1/q]) which is. ration-
ally, the same as homQ(H*(MU; Q), H«(MU, Q)). Likewise for e, ° €; = €q- =

We develop the basic properties of BP,BP. Just as with MU, we will do our compu-
tations with

3.9) BP.BP C (H A BP).BP.
We occasionally change the indexing on the m’s so that

(3.10) m,l = 2(p" = 1).
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THEOREM 3.11 (QUILLEN [Q,]). (i) There are ¢, EBPz(pi_l)BP' ty = 1, such that
i
g (my) = Tiomytf_;.
(i) BP.BP = BP.[t,, t,,...].
(iii) c is given by
= ¥ p’ i+j 1 = ZFt c(t;)?"
m, = m;t} c(tk_,-_].)p or >, 1,c(t)P
0<i+j<k n,j=0
(iv) The counit € has e(1) = 1, e(t;) = 0,1 > 0.
(v) The coproduct  is computed by

k : i
> Wt ' = X myp" @t

i=0 h+i+j=k

or

ZF W) = LFti ® t/p" b
i>0 iLj>0
Ravenel first showed us the nice formal group sum versions of these formulas. Note
the similarities with the formulas for the dual of the Steenrod algebra where formal group
addition is just regular addition and you use the conjugates of the normal generators for the
dual of the Steenrod algebra.
PrOOF OF 3.11. Parts (i) and (ii). The formula in (i) can be used to define the ¢’s.
The question is whether or not they actually lie in BP,BP, since they were defined in
(H A BP),BP. We recall 1.48(b) for MU:

nR(m) = Z mi(mMU)i+l'
i20

Apply the idempotent of 3.2 to obtain Ei>0nR(mpi_l) = Ei>0mpi_](mBP)Pi. Rewrite

the left-hand side using the formula defining the £’s in (i):

Z’f?R(m,- l)= Z m .

2
_ _1°k "
i>0 P kjso PI1

Using these two expressions we have 2, ., logBPt, = logBPmBP. Apply expBP(-) to obtain

F
(3.12) > t, =mBP,
k>0
Since mBF € BP,BP it is simple to prove, by induction on %, that t, is in BP,BP. Further-
more, it shows that 7, = m:,f_l modulo lower m’s. Since these m’s reduce to the generating
m’s in homology we have part (ii).

Part (iii). Apply ¢ to (i),

k X A

i i

nr(my) = 3. m i thei= X omaf,
i=0 P i+j=k
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to obtain
_ i
my = Z Nr (mi)c(tj)p ,
i+j=k
which is

= 3 mst,’:sc(ti)pﬁn by (i).
s+n+j=k

Add these over k and apply exp to get the formal group sum version of the formula.
Part (iv). The proof is by induction. Apply € to (i),

TIR(mk) = Z mil'].pl,
i+j=k
to get my, = my + €(t;), so e(t,) = 0.
Part (v). Apply ¥ to part (i), ng(m;) = Zi+j=km,~tlp', to get

1 ®np(m) = X mid/([i)pi.
i+i=k

The left-hand side, by part (i), is

i i
1® 2 mtf = 3 nglm) ®1f,
i+j=k i+j=k

and again by part (i),

h hts
= my, 12 @ 1f
h+sti=k

This proves the first formula. Just add over k to get

i; log ¥(t;) = S,/Zz:o logt, ® tlps‘
Apply exp to obtain the formal group sum version. O
With our new generators f;, it seems that we have lost track of the coprocuct on CP™.
It can be recovered. This is an example of how much information remains in [A,]. Several
people have studied operations on BP*CP™ without noticing the following simpie rormula
(which, unfortunately for the author, was first conjectured by computations).

THEOREM 3.13 [RW,]. The coaction ¥ pe: BP,CP™ —> BPyBP ®pp_ BP.CP” is

cp=’
given by
F i
by el8®)= T ((z: r>> ® B ©
i>0 n>0

Proor. Apply the idempotent to the MU, coproduct 1.48(e) to obtain
Ve (85) = 2 057y @ g7,

iz0
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Substitute 58P = ¢(mBP) from 1.48(c) and mB? = Ef;otn from (3.12). o
For future use we record the formula used in the proof above.

LEMMA 3.14. b8P = (ZF 1) ©

Even the most naive reader should realize there are problems with viewing BP,, only as
a subring of H,BP. Historically, general computations with BP had to wait not only for
Quillen’s description of BP, BP, but also for explicit generators for BP,. In retrospect, many
results do not need explicit generators to be proven but they were essential for the first
proofs.

Liulevicius constructed generators for BP at p = 2 in [Li]. Then Hazewinkel con-
structed generators at all primes [H,, H,]. Other generators followed; [K, Ar,], etc. Un-
fortunately, Hazewinkel’s generators came after Adams’s lecture notes [A,] and were not
included.

THEOREM 3.15 (HAZEwINKEL [H,, H,]). Generators for
n«BP C H, BP

o

Zipylvy. vy, ] CZImy o m,y, .. ]

ol = 2p”" = 1) = |m,|
are given by
n—1 i
Uy =Pm, = 3 mpb . o
i=1

PrROOF. From (1.19) and the properties of the idempotent, it is clear that an element
w, EBPZ(p"—l)
ula for v, meets this requirement if v, lies in BP,.

is a generator if and only if w, = Xm,, + -+, p|A\, A # 0 (p?). Our form-

LEMMA 3.16. exp(px) € pBP,[[x]]. ©

PrOOF. From (1.25) we know that p™m,, = [CPP"~!] € BP,. Thus p*H,;(,_,/BP
C 7r2k(p—l)BP’ the worst case being m{‘, so p"b,, is clearly in BP,. Thus

exp(px) = 3 b(px)*! € pBP,[[x]]. ©
iz0

Rewrite the formula for v, as pm,, = Ei":—olmiv,’,’:i and add over all n > 0:

—p = P’ _
pm-—p > mpf, m= 3 m,.
0<i+j m=0
0<;j

Write p as log(exp(p)). The above is now p log(1) = log(exp(p)) + Zj>0 log v;. Apply exp:

[P1(1) = exp(p) + T ;.
>0
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Since exp(p) € pBPy and [p](1) has coefficients in
on j, that v; €BP,. ©
In the above proof we showed:

LeMma 3.17. [pl(x) = E].F;ov].xpj mod (p).

This is a useful formula. Among other things,

BP, we can easily show, by induction

a

it says that the coefficients of xP" in

the [p]-sequence are generators. This was surely known to Morava and probably Quillen be-

fore other people were even interested. We see, however, that the result can be obtained

from [CF,], which existed before the question could be formulated. Araki’s generators
[Ar,] have the property that the formula in 3.17 holds without going mod (p).
We have introduced the basic formulas for BP. The reader is now equipped to use BP

as a tool. The formulas, however, can be difficult to use. They are inductive. In principle,

one needs to know everything in Jower dimensions in order to compute the next. Thisis in

sharp contrast to the closed formulas in the Adem relations. In practice it is impossible to

keep track of all of the information forever. Consequently, much of the inb of 1 D2eper

(BPer) is to be able to skim some information from the formulas without havir.s = Zeal

with it all and come out alive. There is strong motivation to do this. The fo.mu.s contain
a vast amount of information.

The Brown-Peterson spectrum sits midway between the sphere spectrum inl e
Eilenberg-MacLane spectrum. It has a nice balance between its homotopy ar. = mology:

homology: good okay bad

homotopy: bad  okay good

It can be expected to be useful because a tremendous amount of information has aiready

been used in its construction.

It has the advantage of small size over MU. Anyone who has worked with a polyno-

mial algebra prefers one whose generators go up exponentially in degree (like BP) to one

where they go up linearly (like MU).

The mod (p) cohomology of BP is just the reduced pth powers, i.e., the Steenrod al-
gebra modulo the left-right ideal generated by the Bockstein, or the left ideal generated by
the Milnor Bocksteins, @, The k-invariants of BP are given by all of the higher order oper-
ations which come from the Milnor Q,’s. Philosophically, using BP instead of mod (p) ho-
mology should have the effect of changing this higher order information from the Q,’s into
simple BP, module structure information. Thus it is reasonable to expect BP module struc-

tures which contain information which is difficult to gain access to from a standard homol-
ogy point of view. On the other hand, BP can be expected to be a useful tool for only cer-

tain types of problems: those where there is higher

order Q, information and it has been
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turned into accessible BP, module structure information. The next section on stable homo-
topy gives an example of the success of this principle. However, the process of trading inac-
cessible higher order information for inductive formulas does not make life easy.

A useful way of viewing Quillen’s splitting is as [Q, ]

(3.19) BP* ®MU‘ MU*AXz BP*.‘X', MU*(p) ®BP* BP*X zMU*X(p).

We end this section with a few examples of formulas taken from Giambalvo’s paper
[G]. There are more terms and formulas in his paper.
p=2.

[2]1(x) = 2x —v,;x2 + 203x3 = (Tv, + 8v3)x* + (30v,v, + 26v7)x5
- (11102u, + 84v5)x® + (502v3v, + 3000§ + 11203)x7
— (12705 + 960v,v3 + 229%tv, + 11400])x®
+ (766v,v4 + 54140202 + 9958v3v, + 43347 + ...,
npy) =vy +2t;, ngvy) =v, + 2, 5v1tf - 4t';’ - 3vftl,
c(t)=—t,, clty)=—t, —vt2 -],
V) =6, ®1+18®¢t, Yit,)=1,@1+1®1,+1t, @t} —vt, O1,.
p=3.
[3]1(x) = 3x — 8v,x3 + 7202x5 ~ 840v3x” ~ (6560vu, —~ 9000v7)x?
+ (2165040, v, — 88992v3)x ! ~ (5360208v2v, — 658776v)x 13
+ (119105576v3v, + 1199088v])x 1'% + ...,
ng() = vy + 3¢y,
np,y) = v, —4vdr, ~ 18267 = 350,17 - 271} + 31,

ct))=—t;, clty)=—1t,+1},

Ye)=t,®14+11¢,

Ut,) =1, ®1+1@t,—v, 2 ®t, —vt, @1} +1, @13,



Part II. A Sampler

4. Cooperations and stable homotopy. We begin our sampling of BP with a closer
look at BP,BP with an eye to applications. There is an obvious interesting object:

(4.1) Extzh pp(BPy, A) = H**(4),
where A4 is a BP,BP comodule. We will concentrate mostly on simple cases of
(4.2) A = BP I

where [ is an invariant ideal, i.c., an ideal which is also a subcomodule of BP,. Since the
coproduct (1.40)

(4.3) BP, — BP.BP ®pp, BPy ~ BP,BP

is a left module map, [ is invariant if and only if

(4.4) IBP,BP ~ BP, BPI.

If we want to verify 7 is an invariant ideal, by symmetry it is enough to check that
4.5) ng() C IBP, BP.

Thus it would be useful to know ng(v,) (since g is an algebra homomorphism). We give
a formula which we shall use many times.

THEOREM 4.6 (RAVENEL [R,]).
ZFtinR(Uj)pIE ZFU'_;]P' mod(p). ©
i>0 i>0
j>0 j=0

Proor. From 3.15, pm, = 20<i<nmiv},’ii. Apply ng,

Pir(m) = 3 np(m)ng(o,_ )"
0<i<n
and 3.11(),
jt+k

I j
i+j=n 0<j+k<n

23
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Add over all n, substituting 3.15 in the left-hand side,

h _h+k k

pY t,+ >, mph tf = ) log t;ng(vy)? .
nz=0 h+k+j=n k=20
k>0 §>0

Rewrite this as

: k k
logexp(p[ 3 t,}}+ 3 log vkt}’ = Y log tpnp(v)? .
n=0 k>0 k>0

i=0 >0

Apply exp,

F ok F k
eXP<P<Z tn>> tp 2 vl = 2 hmr(v)”
n>0 k>0 k>0

j=0 >0

Reducing mod(p) we are through by 3.16. ©
This is a useful formula for extracting information about ng(-).

LEMMA 4.7. The ideal I, = (p, vy, ..., Uy_y) C BPy is invariant. 0

Proor. We need only show that nR(vl-) €1,BP,BP, 0 <j<n. Inductively it is
enough to show nx(,_,) €1,BP,BP. We will show a little more.

LEMMA 4.8. 1g(v,) =v, mod/,. O

Proor. Inductively we can assume I, is invariant and we have I, BP,BP = BPBFI,
so working modulo 7, makes sense. Use 4.6 in degree 2(p™ — 1) modulo /[, ; 4.8 follows. ©

This shows 4.7 inductively. O

Using Ravenel’s theorem on Lemmas 4.7—4.8 is overpowering.

TueoREM 4.9 (LANDWEBER [L,], MORAVA [Mo,1). The invariant prime ideals are
I,,0<n Koo, 0

SKETCH OF THE PROOF. We know [, is invariant and prime. Assume [ is an invariant
prime ideal. Inductively assume I, C[I; we show that if I, #1, then ], ,, CI Lety €
I-1,. If we could show

(4.10) ng(¥) =avft! + -, a0 (p),

then we would have u,’f €] and since [ is prime, v, as well; thus I, CL A proof of
(4.10) is not difficult at this point; however, it does require some serious bookkeeping to
know how to choose ¢/ = t;ltéz -« given y in terms of v’s. We refer the reader to the ori-
ginal proofs or the more recent [JW,]. ©

Having meandered into operations only a little way, we are already in a position to
state a rather nice internal structure theorem on BP«X.
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LANDWEBER DECOMPOSITION THEOREM 4.11 (LANDWEBER [L5}). For X a finite
complex, there exists a finite sequence of subcomodules over BP4BP, 0 =My CM; C--- C

M, = BP. X, with
M. /M; zBP*/],,'., i20,0>n,20 0O

The problem of 4.1 arises naturally from results like 4.7-4.9. Let I be an invariant
ideal; then

(4.12) HOBP /I = hompp pp(BPx, BPy/I) C BPy/L.

Let a € BP,/I determine such a map. Then we have the commuting diagram

BP, —> BP,BP ®gp_ BPx

(413) al ll@a

BP,/I — BP,BP ®g P, BP, /I
where, since the comodule maps are BP, module maps we have

] —— 181

]

a—>a®1=1®a
SO
(4.15) ng(@) =n,(@) modulo /
determines HOBP,/I.
THEOREM 4.16 (LANDWEBER [L,]).
H°BP, ~Z,, H°BPI,~F,lv,],n>0. o

SKETCH OF THE PROOF. By 4.8 we have F, [v,] C HOBP,/I,,. For othera € BP,
—1,, by (4.10), ng@) Fn (@ mod . O

This makes H*BP,/I,, into an F, [v,,] module. Since F, [v,] is a P.I.D. we know that
H¥BP, /I, is a direct sum of free copies of F, [v,] and cyclic modules, F, [v,]/(v}). This
develops a craving for the next step, HIBP*/IH, which, for reasons that will be clear in a
moment, seems accessible. Before we move on to the higher Ext groups we should have
some method of computation [M].

Let
4.17) Q"(BP4BP, A) = BP,BP ®p ++* ®pp, BP4BP ®pp A

— s e
n copies
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be the cobar resolution with

n i ! "
d(yyl =+ Irgla) = Uyl Ipple + 30 2Dl byl Iygle
i=1

(4.18)
+EIPTIE yy)  gla’le”
where
(4.19) YN =27 ®7" and Y@= a ®a"

The homology is H**A.
For A = BP,/I, we have Q°4 = BP,/I. 1f a € 4, then Y(a) = 0 (@), so

(4.20) d(a) = lla - all = ngx(@)— n,(@).
Just as in (4.15), we find H°BP, /I is the kernel of
4.21) a—> nR(a) - 711,(”)-

Observe that the resolution has no elements in internal degree ¢ # 0 mod 2(p — 1).
This property is called “sparseness”, and is quite nice [TZ,].
The short exact sequence

Uy
(4.22) 0 —> BP/I,_; ——> BP4/I,_ — BP4/l, =0

gives rise to a “Bockstein” long exact sequence:

Uy
H*BP,JI_, ——> H*BPJI,_,

(4.23) an_\ /

H*BP,/I,

This begins
Fp [vn_l ] Fp [Un_ll Fp [Un]

I - ] I
(4.24) 0 — HOBP, /I, | ——2> HOBP,/I,_y — H°BP./I,

Uy
HIBP,JI,_, —=> H'BPI, | — H'BP4/I, )

We see that 6,_, (¥) # 0, k > 0, and gives all elements in H 1BP,/I,_, which are killed by

v,_,- The structure theorem for modules over the P.LD. F, [v,—] gives hope for finding
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the entire group. All we must do is compute the F, [v,, ] free part and find module gen-
erators, x;, such that vg_’llxi = Bnﬂ(vf,). The free part will be discussed later. Finding
generators x; is just a matter of dividing 8,_1(}) by v,_, as much as possible. We give a

simple example. To compute § we need to know ng(v,) modulo I, ,, as

n—1°
(4.25) 81 0F) = ) Mg W) —my(up)) mod I,

LEMMA 4.26 (MILLER-WILSON [MW], RAVENEL’S PROOF [R;]).

- pn—l _..D
nr@,) =v, + v, ] vh_,t, modl,_,. O

This is a good example of skimming off information from the inductive formulas. This
formula contains a tremendous amount of information and can be pushed a long way for
results; see [MW].

ProOF. We use Ravenel’s equation 4.6. In the degree of ngx(v,), the left-hand side is,
modulo I, _ |, ng(v,_;) tF nr,) +5 11V, )P, which is simply ngp(,) + ;15 ©,_{)?,
and by 4.8, this is ng (v,) + vE_,¢,.

The right-hand side of 4.6 is v,

Now we can present our example of some dividing by v

- L -1
+r vn_ltfn ! +p v, which isv, + vn_lt{’n . o
1+ Write k = ap¥, a # 0 (p).
We know

0#68, ,(v5) =5, ")

= (vn—l )_l [nR (U;‘lps) - ﬁL(UﬁpS)] mod In—l
4.27)

— n—1 N s
= W) Ty F v, gt m0f 1P —pP ] mod I,

- s s n-1+s s+1 _s s
= (o) B + 0B 1] —vP_ P —wiPT] mod I, ;.

Clearly uf,’i;l divides this, so the element
s _
(4.28) 8,_, 2P )/vrz:ill

is nonzero and defines for us an injection of F, [vn_ll/(vn”fl). We have easily come up
with a large number of elements in HIBP*/In_l. These elements, for n = 2, were found in-
dependently by several (6) people, but first by Zahler [Zh]. For awhile it was believed this
was all of the v, , torsion. Haynes Miller gave an example of a new element for n = 2, and
eventually the entire structure fell [MW]. When the above @ = 1, there are no more ele-
ments, but when ¢ # 1, one can divide (a homologous cycle) by v,,_; more times. A favor-
ite pictorial representation for the v,_, torsion in HIBP,,‘/I,,_1 is
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5,_,(,) 8, e 5, (2" a#l

(4.29)

<4

5 S_y s_y
6;171("’;,1) )/fo’—n - 4 6}1-1(071 )/U:; 1 9

where multiplication by v,,_, is vertical and the top line gives all of the elements 5,1_1(0,’,‘)
killed by v,,_,
Let us do a little more computing. Let p be odd. For H'BP, we have

(4.30) ngy) =v; T 0I,.
Then
) 1
(4.31) 8o{P) = 1oy + 21, — uf?’]

is divisible by p$, and 8 4(v{P $)/p$ reduces to av“”s"t a %0 (p), in H1BP,/(p). The v,
free part of H!BP,/(p) is generated by £, (and there are no Z,, summands of H1BP,).
Therefore,

(4.32) HI,Z(P—l)psaBP* 2Z/(p“+1).

This looks like the image of J at an odd prime. Seeing this, we know it is time to leave our
discussion of rather sophisticated internal theorems about the cohomology of BP,BP and
start to look for applications. We need the Adams-Novikov spectral sequence.

Define BP by the stable cofibration:

(4.33) 59, — BP — BP

We form a sequence of stable cofibration triangles with the top maps all changing degree:

Sy < BP «—— N?BP «—— N’BP «— -

Y AN AV \

BP BP A BP BP N\?BP
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Smash this with X and apply n.(—). The resulting spectral sequence has
(4.35) E, = Extzp pp(BPy, BPxX) = H**BP X = my X ).

For H*BP,, = m4S(,y, P > 2, the calculation of H'BP,, really does correspond to the
image of J [N]. Other parts of the previous algebraic material correspond to geometric situ-
ations. For the first example, Larry Smith generalized the elements of order p in the image
of J. He considered spaces V(n) with mod (p) cohomology E(Qy, Oy, ..., @,,), Or equiva-
lently [Sm, ]

(4.36) BP,V(n) = BP,JI, ..

This is the situation discussed at the end of the last section as most likely to be accessible

by BP techniques. Unfortunately, the V() spaces are only known to exist for very small

values of n, but in these cases they have produced a great deal of homotopy information.
Letting S° = V(— 1), the V(n) are constructed inductively as cofibrations,

(4.37) 22" Dy - 1) — V(n - 1) — V(n),
which realize the exact sequences

v
(4.38) 0 —> BP4/I,, —— BP,/I, — BP,/I, ,, — 0.

The space V(0) exists for all p, V(1) exists for p > 2 [A;], V(2) for p > 3 [Sm,, To, ],
and ¥V(3) for p > 5 [To,].
The elements of order p in the image of J are constructed by the composition
k
(4.39) 22 ~Dkg0 — 52(P=DEy(0) Z— p(0) — S*
obtained by iterating the map in (4.37). The map to ¥(0) is represented by
(4.40) vk € HOBP, /(D)

in the Adams-Novikov spectral sequence. The elements of order p in the image of J are
represented by

(4.41) 8o(v¥) € H'BP,.

Larry Smith constructed and detected the elements 8, [Sm,] defined by the compo-
sition
(4.42) S§2PP-DE E2(p2—1)kV(l) 8* V(1) — 22@-D+1p0) — g2(p-1)+2
The map to V(1) is represented by
(4.43) vy € H°BP,/(p, v,).
The nontriviality of this composition is determined by the nontriviality of

(4.44) 508,05 e H?pP,.
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We have seen that Sl(vf) # 0. We then have an exact sequence

8
(4.45) — HBP, — H'BP,/(p) ——> H*BP, —

where we know the first two groups and can easily verify that 5061(04‘) # 0. See [IMWZ]
or these notes after (4.31).
The element ¥, is defined by the composition

(446)  §203VE £203-Dky(2) 2, p2) — 5202 DT,
The map to V(2) is represented by

(4.47) vk € HOBP,/(p, vy, v,).

It is enough to show that

(4.48) 0+ 805152(U§) € H3BP,.

There is a result involved in making the leap from algebra to geometry. The most accessible
place to find it is in [JMWZ]. We already know that

(4.49) 0 # 8,(v%) EH'BP,/(p, v,)-

We consider the sequence

]
(4.50) — H'BP,/(p) — H'BP,/(p, v,) — HBP,/(p) =
We know the first two groups and so we can verify that
(4.51) 0 # 5,8,(%) € H2BP./(p).

Our next exact sequence is
20
(4.52) —s H?BP, — H2BP,/(p) — H>BP, —.
To prove that
(4.53) 0 # 8546,8,(v%) EH’BP,

it turns out to be necessary to compute H 2BP,,, but fortunately not H 2BP,/(p). Thereisa
pictorial representation for H 2BP,. corresponding to that for 1BP,/I,, given already. We
picture H!BP,/(p) more explicitly:
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LOp tow s él(vf)

5,0") 55’

\ | v

(4.54)

S-1

—

5, Mvf

5 sS4 s=1_5
AN &, (P W TP
free summand on 7,

v, multiplication is vertical

H2BP, is all p torsion. Using (4.31) to compute (4.45), we see that the image of H'BP, in
H'BP,/(p) is the free tower on ¢,. Thus all of the v, torsion part of H'BP,/(p) maps to
H?BP, and gives the elements of order p in H2BP,. All that remains is to divide these ele-
ments by p as much as possible. The exact divisibility can be found in [MRW]. The v, tor-
sion part of the picture for H1BP,/(p) is shifted to H*BP,. The main elements are Smith’s
By = 6061(04‘). From B, with k = ap®, s > 0, there are hairy stalactites hanging down. The
hair represents the division by powers of p.

Before proceeding to the description of the approach to the computation of H?BP,
this seems like a good place to sketch a simple proof of the fact that v, # 0 [TZ,, OT, A,].
This element generated a great deal of interest when the original papers of Oka-Toda and
Thomas-Zahler came to opposite conclusions. The proof given here has evolved over the
years with all of the advantages of hindsight with contributions from many people. Nothing
is used that was not available to the combined forces of bordism and stable homotopy ex-
perts at the time of the original proofs. The bordism experts had known for some time that

(4.55) 0#7' €my 1470
in complex bordism (BP) filtration two, i.e.

(4.56) 0+ 8,8,(v;) € H2BP,/(p).
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The only remaining question was whether this lived on the top or bottom sphere of V(0) in
the exact sequence

(4.57) — Ty +150) ™ Tiyg 141 VO = 116y —

Both of the end groups are in known stable stems isomorphic to Z/(p). The only question
is if ! is hit by the left-hand Z/(p). The stable homotopy experts knew that this group
was generated by 89 [To,]. The filtration is thus greater than two so it cannot hit ¥,

The complexity of the computation of H 2BP,, necessitates some new techniques. We
begin with some exact sequences which define the new BP,BP comodules:

0 — BP, — p 'BP, — BP,/(p”) — 0
0 — BP4/(p™) —> vy 'BP,/(p™) = BP./(p™.v7) — 0
(4.58)
0 — BP,J(p=, v7) — vy 'BP/(p~, vT) — BP4/(p™, vy, v3) — 0

Apply H*(—):

H*BP, «—— H*BP,/(p™) 2 H*BPJ(p™, ) <2 -
(4.59) \ / \ / \ /
H*p~'BPy H*{'BP./(P™) H*v;'BP/(p™. vY)
This gives a spectral sequence
(4.60) EST=HW'BP/(P™. ..., v ) = H*BP,,

called the chromatic spectral sequence [MRW]. It breaks H*BP up into its v,,-periodic
components. Since H*p 'BP, = Q, we have

H? —
Q\
~
~
~
~
~ 1,—-1 oo
O H UI\BP*/(p ) H! -
~
(4.61) ~
~
E, = ~
Q, -1 = > Y

Q HOv'BPA(PT) HOv3 ' BP,/(p™, v})

~
~
~

~

~ 4
H?BP, |
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To get H2BP, we need H'v ' BP,/(p™) and H%; 'BP,/(p™, v"). This is already a great
improvement (despite the complexity of the modules) because the lower the cohomological
degree, the more accessible things are. In particular,

(4.62) H°MCM.

The first differential kills all of H v 'BP,/(p~), so H 2BP, comes only from
H%;'BP,/(p~,v]). We have an exact sequence

(4.63) 0 — v 1BP,/(p) — v BP,/(p™) £ v BPL/(P™) — 0.

Apply H*(-) to get a Bockstein exact couple

H*o ' BP/(p™) £ H*v 'BP.J(P™)
(4.64) \ /
H*[1BP,/(p)
Likewise, we have

0 —> vy BP/(p, v7) — v7 'BPL/(p™, vT) T v7 1 BP4/(p”, vT) — 0,
(4.65)
— oy U1 - o
0— U{IBP*/(p, Ul) >V, IBP*/(p, o ) >V, IBP*/(p, Uy )— 0.

Applying H*(—) we get two exact couples, the second beginning with
(4.66) H*v;'BPy/(p, v,) = vy "H*BP,/(p, v}).
In general we start with the v, torsion free part,

(4.67) H*v'BPJI,, = v, H*BP,/I,,

and have n Bockstein spectral sequences to get to

(4.68) H*, 'BP (™, v], ..., v ).

The computability of (4.67) is a key motivating factor in this approach to H*BP,. This
computability is part of the Morava structure theorem for complex cobordism. We give the
Miller-Ravenel approach.

THEOREM 4.69 (RAVENEL [R,]). Let K(n)y = F, [v,, v, 1.

K(n)oK(n) = K(1), ®5p_ BP.BP ®gp K(n)y = K(n)lty, 1y, .. 1/0F't; v, 2P"). @
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ProOF. It is elementary that

K)o K(n) = K(n)l2, t,, .. J/(ng Wp1)s MR Wpp2)s - )

We go to Ravenel’s formula 4.6

F i_ F _ _pi
Y tmp@)P = 2 vitf mod (p).
i>0 >0
>0 >0

This reduces to 2),.1:;,0t,-nR(vn)”l = E]-I;ovn tIP". By induction on degree we have t,.nR(un)”'

n
=uv,tf", but by 4.8, np(v,) = v, and so
i n
vht =v,tf . o

THEOREM 4.70 (MILLER-RAVENEL [MR]). Extg,) K(n)(K(n)*, K(n),) =
H*v 'BP,JI, = v, 'H*BPI,. ©

Proving this is beyond the scope of these lecture notes.

Morava’s approach (the original) is dual to this [Mo,, Mo,]. The “dual” of K(n),K(n)
is the “group-ring” for the p-adic Lie group (known as the Morava stabilizers) ot endomor-
phisms of the height n formal group law over the closure of Fp. The continuous cohomol-
ogy of this Lie group determines the cohomology in 4.70. A good explanation of the details of
this duality is in Ravenel [R,]. Both approaches give H';1BP,/I, easily.

Another exciting motivating factor for the study made in [MRW] is the following im-
portant finiteness property which gives a parabolic vanishing curve (with spikes) for the chro-
matic spectral sequence.

THEOREM 4.71 (MORAVA [Mo,1). If p — 1 does not divide n, then
H%W;'BPJI, =0 fort>n* 0D
We are leaving the computations of cohomology groups over BP,BP. The computation

of H'BPJI, and H 2pp, demonstrates a good grasp of the operations for BP. Furthermore,
these computations have led to many concrete applications in stable homotopy.

5. Associated homology theories. There are many generalized homology theories as-
sociated with BP. Each family of theories takes us in a different direction, but the theories
themselves have a common origin. For this origin we must revert to geometry.

Recall that MU, X is given by equivalence classes of maps (1.6):

(5.1) M"— X.

It is Sullivan’s idea [Su] to kill manifolds selectively to form new generalized (bordism)
homology theories. Baas [Ba] developed a good bookkeeping system for dealing with these
theories. Let

(5.2) M] =x,, EMU, =Z[x, x4, ...].



i
ve ;g (v,)?

*of K(n), K(n)
j of endomor-

ous cohomol-
of the details of

following im-
s) for the chro-

e computation
. Furthermore,

py.

gy theories as-
ut the theories

(bordism)
ing with these

BROWN-PETERSON HOMOLOGY

The bordism theory MU(x,,,), X fits into an exact sequence

MU.X Zan, MU X

\

MU(x2n)*

with MU(x, , )4 = MU,/(x,,). A “manifold with singularity” in MU(x,,)4X is a U-manifold
with boundary

54) V, aV=MxP
and a map ¥ — X such that on 8V the map factors through the projection
(5.5) MxP—P—X

From Sullivan’s point of view this is the same as allowing the cone on M to be a manifold
with boundary M. This can be generalized to define “bordism” for pairs of spaces. The veri-
fication that we have a homology theory and the exact sequence (5.3) all come from the
geometry [Ba]. Inductively we can define

(5.6) MU(xzil, ...,x2in)*X

with coefficients

5.7 MU*/(xzil’ ...,xZi"),

and all possible long exact sequences. The multiplicativity of these theories is dealt with in
[SY, Wu, , Mo,].

Choose an infinite sequence of x,;’s which excludes all of the xz(pn_1 , all n, fixed
prime p. In the limit, after localizing at p, we have constructed BP, X! Kill off a few more
generators and we can construct theories with coefficient rings

BP{n), =~ Z(p)[ul, e U] Ow, 1,

(5.8)

P(n)*—F Vs V405 -] =BPI, [w,1,

k(n)y = F,[v,] (W,, Wu, ].
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The last two are due to Morava. These theories come with exact sequences

v
BP(ny X ———— BP(m) X

\

BP(n - 1), X

P(n) X o, P(n) X

\

P(n + 1), X

k() X I k() X

\ /

HW(X; Z[(p))

These long exact sequences all give Bockstein spectral sequences. We have seen this before.
The first direction we pursue using these associated theories has not really moved out
of the internal theorem stage. However, there are many beautiful internal results and much
has been written about it. See [CS] and [JW,] for the basics.
We define

(5.10) hom dimgp BP,X
to be the minimum length of a free BP, resolution for BP, X:

(5.11) 0—F —F, _, ——F ~—Fy—BP,X—0.

1

The study of this number (for MU, X) was initiated by Conner and Smith in [CS], where
the n = 0, 1 and 2 cases are investigated thoroughly. Unfortunately it turned out to be
necessary to localize at a prime and go to BP in order to continue the study. This number
measures the complexity of the BP, module structure and so is sometimes referred to as the
“ugliness number”. The main characterization is in terms of the associated theories BP{(m), X.
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Consider the sequence

p p
BP, X —> -+ — BP(n + DX —*L BP(), X —L> BP(n — 1), X —

o — BPO), X~ BP(- 1), X
(5.12)

H(X;Zg))  Hu(X: ZI(D)).

THEOREM 5.13 (JOHNSON-WILSON [JW,]). hom dimgp BPyX =n ¢ p,, 0, , ...
are all surjective and py, p,, ..., p,_, all fail to be surjective. D

Other related results are

THEOREM 5.14 (JoHNSON-WiLsoN [JW,}). If x € BP, X is v, torsion then
hom dimgp«BP, X >n. O

Although any expert tends to feel it should be obvious, it is only recently that a proof
has been found for

THEOREM 5.15 (JOHNSON-YOSIMURA [JY], SEE ALso [L]). If x EBP, X is v,
torsion then it is v,_, torsion. O

The proof is not obvious.

Along this line is a possibility that any n dimensional class in BP, X (for X a space) is
not v, torsion. David Johnson first raised this question. There is some minor evidence for
it as a conjecture. It is a very strong statement about the possible unstable BP, module
structures.

In this direction the most interest has been centered on the theories

(5.16) v, 'BP( X = v BP(n)y ®pp BPyX,

where v, ! means localization with respect to {v,’,‘}, ie., inverting v,,, first studied in [JW,]

and since studied in [L,, R;, JY]. The n = 1 case of (5.16) is the BP version of the Conner-
Floyd theorem [CF,] showing how complex cobordism determines complex K-theory:

¥y A * *
(5.17) KU*X =KU*®, , MU*X.

The n > 1 cases of (5.16) generalize the Conner-Floyd theorem in one direction. These
theories are v,,-periodic and one can see similarities between this type of thing and the chro-
matic spectral sequence. In particular we have the recurring theme of using one v, at a
time and building up slowly. We will see a lot more of this in the next section.
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6. Morava’s little structure theorem and the Conner-Floyd conjecture. We take an-
other direction using associated homology theories. We have already mentioned Morava’s
structure theorem in the setting of computing Ext groups. The Morava structure theorem is
a vast internal sequence of theorems by Morava about complex cobordism and related alge-
bra. It is an internal theorem with long range consequences and applications in many direc-
tions. Here we will ignore Morava’s work with operations and the relationship with stable
homotopy and give Morava’s little structure theorem and tie it in with a new direction in
our study to give a proof of the Conner-Floyd conjecture. Because this calls for so much
machinery it usually cannot be presented to an audience unless they have been properly
warmed up to BP. However, it is one of the most beautiful and complex applications of
the theory so it is a central theme in these lectures.

Published Morava references tend not to exist, but many of his results (in preprint
form) date back to 1971 or so. For Morava today, see {Mo,] and [Mo,], both presently
still preprints.

THEOREM 6.1 (MORAVA, SEE [JW,]). B(),X = v, ' P(n),X is free over B(n), =

F o

p[vn_l,v",vnH, .

Plausibility argument. P(n),X is approximately a comodule over BP,BFP/I, . There
are no nontrivial invariant ideals in B(n), because, as in (4.10), v,’f would be in such an ideal
but it is a unit. So, it is plausible that B(n), X is free. O

THEOREM 6.2 (MORAVA, SEE [JW,]).
K(n) X = v, k(n) X = K(n)y ®py, BM)uX = K(n)y ®pyy,y, PM)uX. ©

Here is another generalization of the Conner-Floyd theorem (5.17) (the n = 1 case is
just the mod (p) version of (5.16)).

COROLLARY 6.3 (MORAVA, SEE [JW,]). There is an unnatural isomorphism B(n), X
= K(n) X ®Fp Pn+1),. ©

Wiirgler [Wu,] has made this reversing process precise.

MORAVA’S LITTLE (NO OPERATIONS) STRUCTURE THEOREM 6.4. The v, torsion free
part of P(n), X is determined by K(n).X (6.3). The Bockstein long exact sequence (5.9) re-
lating P(n), X and P(n + 1), X gives the v, torsion. For BP, X, the diagram is
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5 BP X ——>p~1BP, X ~ H(X; Q) ®zyy BPs

(2]

P(n) X ==~ v P(), X = K(n), X ® P(n + 1),

/

P(n + 1), X
|

[
[
[
|
o

Although there are no operations in the staiement, they are in the proof. Again we
see v, -periodicity in this structure theorem.

Up to this point the result is purely internal. An attempt to use this to compute
BP, X for some space X would convince most people that it really is only an internal result.
However, we will use it to prove the Conner-Floyd conjecture which we now digress to de-
scribe.
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Let G be a finite abelian group of order p™, p odd. Define
(6.5) SF(G) C MSO,

to be the ideal given by classes of manifolds with a differential orientation preserving action
of G with no stationary points. MSO,X is defined like MU, X except using SO structures
on the manifolds. There is a canonical element '

v: 8! x -+ x St — BZ|(p) x -+ x BZ|(p),
W

— T et

n copies n copies
(6.6)

y € MSO,(BZI(p) x -+ x BZ/(p)).

———E I e
n copies

The annihilator ideal is defined as:
6.7) Ann y = {x € MSO,|xy = 0}.

THEOREM 6.8 (CONNER-FLOYD [CF,]). SF(G) C Ann(y). ©

Thus, Ann(y) is of interest for the study of SF(G). Let M 2('~1) pe Milnor basis
elements in MSO,.

THEOREM 6.9 (ConNER-FLOYD [CF,]). 1
(@, M2@~D, 2@, 2" D) C Amn(y). @ l

|

!

THEOREM 6.10 (RAVENEL-WILSON [RW,]). THE CONNER-FLOYD CONJECTURE [CF,].

(0, M2V, M2@" "1 = Amn(y). ©
Floyd and tomDieck eventually by-passed the Conner-Floyd need for this with
THEOREM 6.11 (ToMDiECK [tD]). If G =G, © G, ® - ® Gy, G; cyclic, then

SF(G) = (p, V2@V, y2@* 71Dy g

Floyd [F] first proved the G = Z/(p) x -** X Z/(p) case.
The group

(6.12) MSO(BZ/(p) x --* x BZ[(P))

is the group of oriented manifolds with free actions of Z/(p) x -+~ x Z/(p) on them, up to
cobordism.

At odd primes the relationship between MSO, X, and BP, X is completely analogous
to that for MU, X 5. In particular, we have MU X ®yryy MSOy () = MSO4X () induced
by the map (1.3) (cf. [St, p. 180]), p odd. Thus the elements [M2P'~1] come from
MU,.

The conjecture is completely a p-primary problem, so it is the same as:
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COROLLARY 6.13 [RW,]. Ann(y) =1, in

BP«(BZ/(p) x -+~ x BZ|(p)). O

e ——
n copies

There is a rather obvious approach to this problem. Just compute

(6.14) BP,(BZ[(p) x -+ x BZ|(p))

and look at the answer. This has the advantage of giving the cobordism groups of Z/(p) x

- x Z[(p) free actions on oriented manifolds. However, unlike the operations discussed in
the last section, the computability of BP, X is in very bad shape. The only spaces that
could be dealt with reasonably until now were torsion free spaces (the Atiyah-Hirzebruch
spectral sequence collapses), spaces with few cells (such as ¥(n)) and a few spaces like BZ/(p).
In particular, what was needed was an infinite sequence of spaces with known BP homology and
increasingly complex BP, module structure. Since these lectures were given, David Johnson and
the author have succeeded in computing (6.14). Examples of this type are necessary in order to
build the sort of confidence in the computability of BP,(—) that standard homology presently
enjoys. The labor (and the 16 year wait) that the reader will see us go through to understand
something of one element in (6.14) and prove the Conner-Floyd conjecture illustrates the poor
state of computability for BP,(—). However, the understanding of this element is crucial to the
computation of the entire group (6.14). This new computation adds even more to the complex
chain of results which ends with these concrete geometric applications.

To prove 6.13 we take the map

(6.15) X"BZ/(p) — K, = K(Z/(p), n)
which takes y to ¢,.

COROLLARY 6.16 [RW,]. Ann(y,)=1,,, €BP,K,. ©O

n—n
All of the above follow from
THEOREM 6.17 [RW,]. Ann(,)=1,,t, €v,'BP,K,. O
To prove 6.13 and 6.16 from 6.17 we just apply the maps and 6.9 to get

(6.18) I, C Ann(y) C Ann(t,)pp C Ann(t,) =1

vylgp ~ n
To prove 6.17 we compute
(6.19) v, 'BP.K,

in its entirety. To do this we use the Morava structure theorem. We start with the Morava
K-theories of K, (developed more later)

K(j)«K, =0, j<n,

(6.20) -
K(n)4K, = a K(n), free module on p — 1 even generators.
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To compute, we invert v, in the Morava Structure Theorem 6.4 using reduced theories in

each place:

v, 'BP.K,

=9
v, 'BPyK, ——=p v, 'BP.K, = H(K,; Q) ® v, 'BPy

N A

o7 P, K,

<
™

20
o P(1)uK, —= v7 o P(1)K, = K(1)4K, ® v, P2y

A

v, P2k,
|

(6.21) |
vy P(n - 1)K,

= 0
5 /van(n 1)K, —— > v, v 1P - 1)K, =K~ 1)K, ® v, LP(n)y
vn—lP(n)*I_(n
o vn
5 un_lP(n)*I_(n = Un_lP(n)*.Kn =~ K(n) K, ® P(n + 1),

R

v, 'P(n + 1)K, =0

After this localization we have reduced the computation process to a finite number of
Bockstein exact couples. By (6.20) we have

(6.22) v, 1p(n).K, =p — 1 copies of v, 1BP,/I,, on even degree generators.
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ories 1n We now compute vn_lP(n - 1)4K,. We see from (6.20) and (6.21) that thisis all v, _; tor-
sion. We use

v, 'P(n — 1)K,

‘P, (6.23) 5 v, \P(n — 1)K,

vn_lP(n)*Kn

From (6.23) the v,,_, torsion must be in odd degrees because the degree of & is odd, the
degree of v,_, is even, and v, 1P(n),K,, is in even degrees. Thus p is zero and (6.23) is a

'P(2), short exact sequence which is p — 1 copies of
-1 —-1 o
6.24) 0 — v, 'BP /I, —> v, 'BPy/(P, vy, ..., Up_5, V)
— v 'BP (D, ..., v,_y, vn ;) —> 0.
So
vy P(n — 1)K, =p — 1 copies of v BPL(D, .. Vg Vpy)
(6.25)

on odd degree generators.

=0 Repeat this type of computation until we have
1K, ® vy P(n)y
(6.26) vn_lBP*L{n =~ p — | copies of vn"lBP*/(p‘”, s Up g )
Note (4.63)—(4.68) the familiar BP, modules! To finish the Conner-Floyd conjecture we
need to locate t,,. This is just a homology computation.
The problem of computability is a very serious one. Consider the (time and location
dependent) functor
D ©.27) topologists -E> topological spaces

which assigns to each topologist his favorite topological space. If an algebraic theory E,(—)
is to be useful, then X must be able to compute E(F(X)). After all, if he wants to prove
theorems about F(X), E4(—) does no good if he cannot get his hands on the algebraic in-
variant E,(F(X)). By this standard it is clear that H,(—) is fairly computable, but it is not
clear why, since there is no workable algorithm for computing H,(F(X)). As a substitute
number of for an algorithm, Y has had to rely on the observation that X has computed H,(F(X)) for
all X older than Y. This supplies a certain faith that ¥ too can compute H(F(Y)), even if
he must do it in an “ad hoc” fashion and be prepared to spend two years at it. With H(-)
he has the decades of development of homological algebra, the Steenrod algebra, homology
operations, etc., to help him out. In general, although there are millions (>> =0) of homology
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theories, very few are computationally useful. After H,(—) we find that people have been
quite successful with K-theory. Now, with

(6:28) K(n)K(Z/(p),j) and BPBZ/(p) x " X BZ[(p))

computed there is some hope for K(n)«(—) and BP.(—). It may be that BP,(—) never be-
comes an easily computable theory. We see by the above example that K(n)(—) is some-
times an acceptable substitute. It appears to be quite computable, due mainly to the
Kiinneth isomorphism

(6.29) K()o(X x Y) = K@) X Ok n), K.Y
which follows because K(#)y is a graded field. We discuss (6.28) more later.

7. Hopf rings, the bar spectral sequence and K(n)y K. The techniques for computing
and describing K(n).«K; (K;= K(Z/(p). ) are general and have several BP related applica-
tions (like Sullivan’s theory of manifolds with singularities). We have already used the Morava
structure theorem for the proof of the Conner-Floyd conjecture. In addition, we need all of
the material in this section 10 compute the necessary K(j)«K,, for the completion of the
proof. After this discussion we can bring up some other examples of the technique and this
will eventually lead us to unstable cohomology operations.

Let
(7.1) G = {Gihi
be an §l-spectrum, i.e.
(7.2) QG4 = Gk

This represents a generalized cohomology theory

(1.3) G*X =~ [X, G4l
We want to study

74 E4Gy = {ExGilx

where E (—) is a multiplicative homology theory. To apply our tools we need a Kiinneth
isomorphism for the spaces G, This condition seldom holds in general, but always holds
for

(1.5) Ey) = K(my(—) o Hu(—:ZI(P)):
It also usually holds for
(7.6) Gy =MUy or BPy
These techniques can be used to compute things like
17y Km)aKx ExMUs EyBPy Hik(ny, HyBER and  HyKs.

We feel that even more non-BP applications could be made.

A
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We have that G¥X is an abelian group. Thus G, must be a homotopy commutative
H-space (not surprising since we already know it is an infinite loop space), or, in other
words, an abelian group object in the homotopy category. By our Kiinneth isomorphism,
E () takes G, to a coalgebra; it also takes products of G, to products in the category of
coalgebras (tensor product). Thus E4(—) takes the abelian group object G, to an abelian
group object in the category of coalgebras. This is just to say that ExGy is a (bi-) commu-
tative Hopf algebra with conjugation. This “abelian group” structure, or the Hopf algebra
multiplication, just comes from the product

(7.8) * Gy x Gy —> G
after applying E(—):
(7.9) *: ExGy @, ExGy = E4ly-

Considering everything at once, G*X is a graded abelian group so, as above, Gy is a
graded abelian group object in the homotopy category. Likewise,

(7.10) E Gy = {E«Grly

is a graded abelian group object in the category of E, coalgebras.

Of course, when G is a ring spectrum, G*X is more than just a graded group; it is a
graded ring. Then the graded abelian group object G, in the homotopy category becomes
a graded ring object. The multiplication

(7.11) G¥X x G"X — GF*"X

has a corresponding multiplication in Gy:

(7.12) o: Gy X G, ™ Gein

Applying F,(—) we have

(7.13) o: E4Gy B, ExG, > ExGyyn

turning E, G, into a graded ring object in the category of coalgebras. This object “should”
be called a “coalgebraic ring” but instead has taken on names such as “Hopf bialgebra™ and

the one we use, “Hopf ring”. See [RW,].
A ring must have a distributive law, and ours is:

(7.14) xo(y#2)=2 t(x 0y)x(x" 02) where Y(x)=2_x' ®x".
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Because of the importance of the relationship between the two products and the coproduct
we will track it down from the distributive law in G*X. We have that

G"X x G*X x ckx —L2F— G"X x G¥X
ldiag I XI l"
(7.15) G"X x G"X x G¥X x G¥X Grrkx
I X switch X I \*

G"X x G¥X x G"X x ka_g’x_"_) Gn+kX % Gn+kX
is the distributive law in G*X. In terms of classifying spaces it becomes

G, x Gy x G —"Cn ¥ Gi

lA xI XI lo

(7.16) G, x G, G Gy Grvi

11 x switch XTI X*

o X ©o
—
G, * Gy *xGp * Gy Gpyx X Gntk

Apply E(-) to obtain (7.14).

Because of the two products it is easy to construct many elements starting with just a
few; this helps to describe answers in terms of Hopf rings. All of our examples will demon-
strate this property in a strong way. We will also demonstrate some of the other benefits
which allow the Hopf ring structure to be used seriously in proofs as well. For even deeper
applications we will put the Hopf ring structure into the bar spectral sequence. To do this
we review the bar construction.

Let o™ be the geometric n-simplex and Q,'c the zero component of Gy. Then

G, ., =BG ~ ] o" xG % oo0 X Gyl~
(717 Yk +1 T 2 Y, — 7k
n copies

where ~ indicates that there are identifications made [Mg] which we will not give explicitly
in these lectures. BGy is filtered by

(7.18) B,G. =~ Il o"xGex X G/~ C BGy-
s=zn=0 N

n copies

Apply E4(-) to this filtered space to get the bar spectral sequence [RS]. Since

B,Gy/By1 G = P NG N N\ G

s copies

(7.19)

we have

(7.20) El .= Fo(B,Gy/Bs—1Cr) = F(2%) ®p» ® EuGy»
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and

E.Gy
*®

(7.21) E2,=Tory % “(Ex, Ex) = ExGpyy-

This is a spectral sequence of Hopf algebras. To put the additional structure of the o multi-

plication in the bar spectral sequence we look at
.
0! Gryy X Gy >Grtnt1

U U

o: BG, x G, —————>BG, , ,

(7.22)

520 $20 p——
s copies

°5{H 0% X Gy x - ng/~} x G, _—’{H 0% X Gpyp X" ng+n/~}
s copies

THEOREM 7.23 (THOMASON-WILSON [TW]). The o product factors as

Bsgk X gn _>Bsgk+n
N N

ot BGy x G, = BGryn
and the map

Bst/Bs—-l Qk X Qn Bsgk+n/Bs—1 Qk+n

Esgk/\"'/\gk x Gp > ZGyin N N Gran

s copies s copies

is described inductively as (g, ..., 8)° & = (8y°8...,8°8). O
This automatically implies:

THEOREM 7.24 (THOMASON-WILSON [TW]). Let E% «(E+Gy) = Ey Gy, be the
bar spectral sequence. Compatible with

0: EyGryy ®g, Exlp — ExGiy14n
is a pairing

E;*(E*Qk) ®E‘ E*—G.n _)E;’*(E*gk-fn)’




48 W. STEPHEN WILSON
with d"(x) oy =d"(x © y). Forr =1 this pairing is given by

(8, 1" "18)og=Z (8 g'lg, 08"l 1gg 0 &)
whereg — 28 ®g"' ® - ® &) is the iterated reduced coproduct. ©

This result is easy to prove, but tremendously powerful. It allows one to identify ele-
ments in terms of o products, compute differentials inductively, and solve extension problems
using Hopf ring properties. This will ail be demonstrated. The first example of the above
pairing was given in [RW,] with Gy = K« It is unnecessary to know how to prove this re-
sult in order to use it for computational purposes.

We wish to inject some formal group nonsense at this point. Our formal groups all
come from the standard map 2.3}

(1.25) u: CP° x CP™ — CP%,

which is unstable information. This is generally stabilized immediately, with the exception
of Quillen’s proof that MU*X is generated over MU * by nonnegative degree elements [Q,].
We go even further in [Rw,] in extracting unstable information from formal groups. In
E .G, we have two formal groups. Later we will get unstable relations from their interaction.
For now, we concentrate on just one formal group. We assume E is complex orientable, i.e.
CP™ has xF and B,.E just like MU in (1.26) and (1.30). Thus we have a formal group law
for E and elements ag . This formal group is the coproduct in £ *CP>. Dual to this is the
product in E.CP~. For E ()= H(—; Z) we can let B(s) = T;5¢B;s" and describe this
product as

(7.26) B(s)B(t) = B(s + 1)

We know H(CP”, Z)is a divided power algebra. If we look at the coefficient of s’/ we
get

(7.27) B:B; = G NBivjo

so the notation has managed to hide the binomial coefficients. We have much more to hide.
Let

(7.28) Bs) = X BFs' € ELPTIIsH)

i>0

THEOREM 7.29 (RAVENEL-WILSON [RW,]). In E.CP”[Is, 1],
B(s)B(t) = BGs +p 1)- O

Proor. Write B;8; = ZiciBy and Oy Hr x,)f = I, jakxix}. Then

iz0

Cp = xk, Z cixi> = (xka ﬁiBi) = (xk’ #*(5,' ® 6]'))

= wx®, B, ® f) = <Z«a,.’;-x{ ® x}, 6; ®61> = af.
Y
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Then B(s)B(t) = Z, ;8;5'8; = T, ; pafis'tip, = =, 6, Tyakstl = T, B, (s +p ) =
Bs+gt). o
Iterating we have:

CoroLLARY 7.30 [RW,]. B(s)" = f([n] o(s)). ©

On the surface, this appears to be another nonsense formula involving totally inacces-
sible coefficients. However, in the important case £ = BP we can extract an explicit for-
mula. Let

(7.31) Buy =8 ;-
p
It is fairly easy to see that the other §’s are decomposable.
THEOREM 7.32 (RAVENEL-WILSON [RW,]). In QBP,CP” mod (p),
n n—k
0= > v¢ By °
k=1

PROOF. Recall 3.17: [p](x) = =E, v xP" mod (p). By 7.30,

n>0

B6) = B([p) (s)) = B< );Fu,,sp"> mod (p)

=11 B(vns”n) mod (p) Dby iterating 7.29.
n>0

Since g is the multiplicative identity we have f(s)? = g, and I, 5 o8, Py = En>oﬁ(vns”")
in QBP,CP mod (p). Just pick off the coefficient of s o

We can now proceed to our discussion of the Morava K-theories of the mod ()
Eilenberg-MacLane spaces, K(n) K.

THEOREM 7.33 (RAVENEL-WILSON [RW,]). In K(n), CP™
{35)=0, 0<i<n-1,
i R
Blivn-1y=vi B, O0<i o

ProoF. The formal group law for BP reduces to K(n) to give

(PI6) = X v, s?" =v,s?".
k>0

By 7.30, BV = B(v,s”"), 50 B(s)? = ;5 ,BPsP", and

B(vnsp") =3 ﬁiv,",s"”n.

iz0

- i+n .
The coefficients of s?'™ " give the result. O
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Recall that K; = K(Z/(P), ])-

THEOREM 7.34 [szl‘ The standard map K, — CP* induces a Hopf algebra inclu-
sion K(n), K, C K(n),CP”, where K(n)4 K, is free over K(n), ona; €K(n),;K,,0<i<p”,
which maps to ;. The standard coproduct a,, — La;_; ® a; follows and

aGr-1) = Unl0)>

a’(",.‘)’=0, 0<i<n-1. ©

PrROOF. Any attempt works. O

THEOREM 7.35 (GLOBAL VERSION, RAVENEL-WILSON [RW,]1). K(n)4K is the free
Hopf ring on K(n),K,. ©

We have to say what a free Hopf ring is. Given a graded Hopf algebra

H (k) a (graded) Hopf algebra with conjugation, the free Hopf ring FH (%) is 2 functorially
assigned Hopf ring and map « such that any map f of our Hopf algebra to a Hopf ring factors
through a:

Hy(x) —L= Ru(»)

(1.37) /

@ /
/
FH(+)

The Hopf ring FH () is constructed by taking all finite * products of all finite o products

of elements and then using the relations obtained from Hopf algebras and Hopf rings.
Since our “abelian groups” in our fancy ring are bicommutative Hopf algebras with

conjugation, our “—1”, denoted [-1], is just conjugation. So, if we are in a Hopf ring

R (%) with

(7.38) x ER(n),y ERK), xoy=CDI-1]"yox
In the case of K(n),K, [- 114 = —ag, s0
(7.39) gy © 4Gy = ~4G) ° 3Gy
which implies, by Hopf ring madness, that
(7.40) 45y © 4y = 0.
In K(n)+K «, the longest o product is
(7.41) aI = a(o) o a(l) O ++* 0 a(n_l)-
By the distributivity law
(742) ai+1) ° x*P = (g o x)*2,
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SO

*
af? = @y -+ 0 agn-1))*? = a(yy 0 @(ry o oo 0 dg))™

%
= a(l) [ a(2) <] (a(z) 0 ... 0 a(n_l)) P

(7.43)

= ”(1) o a(2) 0 --.0 a(n~1) o (azkrf—l))
I CO R Cn PR A ()
= (—1)"'1vnal.

These are all of the elements in K(n),K,,, so as advertised in (6.20), K(n),K,, is free over
p — 1 even degree generators. Furthermore, any longer o product must give zero, so since
K(n),K, generates everything, K~(n')*5]. = 0,j > n, as in (6.20). This is all we needed to
prove the Conner-Floyd conjecture.

A detailed description (local version) and proof for K(n),K, are available in [RW,],
and for the more difficult K(Z/(p®), j) as well. In particular, we describe K(n)*L{j completely
as a Hopf algebra. This is necessary since we use the bar spectral sequence (7.21) to make
the computation. Inductively we compute Tor. Using 7.24 we can name many elements,
show which are infinite cycles, and compute the differentials, all inductively. Then we use
the Hopf ring structure to solve extension problems. Theorem 7.35 follows from this de-
tailed version.

This type of calculation, which relies heavily on the Kiinneth theorem, demonstrates
the computability of K(n),(—) to our satisfaction, and we recommend them to other homo-
topy theorists.

8. H.K, and the Steenrod algebra. Before we introduce the second formal group
law into Hopf rings we want to do a complete calculation. We will do a simple one, just
the mod (p) homology of the mod (p) Eilenberg-MacLane spaces H,K,. Usually people do
the p = 2 case, but we will do only the odd primes. They demonstrate the pairing 7.24
better. Letting

8.1) H={K}i>o

when we have H, K, we will also have H,H, the dual of the odd primary Steenrod algebra.
Having computed H,H it is nearly obligatory to give its structure as a Hopf algebra. This is
no problem since we have already done all the work for MU MU.

This computation of H.K, represents joint work with Douglas Ravenel. We came
across it in the early stages of our work with Hopf rings. Since that time we have promised
many people that we would write it up for pedagogical purposes. We thank Doug Ravenel
for allowing us to use this in these notes. We leave the K(Z/(p’), n) cases and Bockstein’s,
etc., for a potential future write-up.
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The beauty of this approach is that neither chains nor Steenrod operations need to be
introduced. Everything is done using standard homological algebra to keep track of the Hopf
ring structure inductively using the pairing in 7.24.

To describe our answer we need notation for H, K, and H,CP”. We have

8.2) e, €H,K,, o, €H, K, B, EH,,CP™, i>0.
The generators are
(8.3) vt =% Bo =h

The coproduct is
(84) Wo) =3 ap @, VB) = 3 buy OB
i=0 i=0

THEOREM 8.5 (GLOBAL VERSION). H K, is the free Hopf ring on HyKq = H.[Z/p],
H.K,, and H,CP> C H.K,, subject to the relation that e; o e, =f,. ©

Denote the height p truncated polynomial algebra and the exterior algebra respectively

by

(8.6) TP, (x) = Z/(p)[x]/(xP),  Ex) = Z/(p)[x]/(x?).
For finite sequences

(8.7) I=(p iy -n)  0<iy <iy<-e

define

8.8) G =0y oy, BT 1] - [0] €EH K.

For finite sequences

(8.9) J=(giyse) jr20,

define

(8.10) B7 =By o By o -orn B =11~ [O].

THEOREM 8.11 (LOCAL VERSION). As an algebra

HyKy=®p;E(€; 0 apo 87) ®; ; TPy (oy o 89,

where the tensor product is over all I, J as above and the coproduct follows by Hopf ring
properties from the o.’s and Bs. ©

Anyone who knows H *K . can conclude 8.5 and 8.11 rapidly enough. We give this
example to demonstrate the computation techniques in a familiar setting.

PROOF OF 8.5. Just as in (7.38)—(7.40), Ay © Ay = 0. The relation e, ce; =f; is
obvious. All even generators must be truncated of height one because of Hopf rings and the
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fact that they are in H, K, and H,CP®. There are no additional relations in 8.11, so 8.5
follows. O
Homology suspend By to define

(812) El' EHz(pi~1)H’

and & to define

(8.13) Ti €H2pi~11{'
From 8.11 we have
(8.14) HyH=>E[ry,71,,...] ® Pl &y, .. ]

THEOREM 8.15 (MILNOR [Mi,]). The coproduct on the Hopf algebra H H is given
by

W)= B 0k ad yir)=3 L @+, ®1 O
i=0 =0

Proor. We have our usual (stable) maps

CP™ — MU, — CP™ = K(Z, 2) = K,

Lo l

MU =—= MU > H

znd commuting diagram. From this we see that b = £, ,b; € MU, MU reduces to § =
Si>0% €H.H. (Recall that since §;, i #* p’, is decomposable it suspends trivially to H, H.)
Treorem 1.48(e) now gives us the coaction on CP™, just by the reduction MU MU —>
HeH. Part (d) reduces

v = 2 e,

i=0

For the ©'s we compare with the £’s using the maps

K, —CP~
H H

This gives us all of the coproduct except the term ? ® 1, which must be 7 ® 1 because we
are in a Hopf algebra. To be fair we must reduce the entire proof of 1.48(e) from MU to
H; easily done. ©

The 1, and &, are seen to be Milnor’s.
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PROOF OF 8.11 (RAVENEL-WILSON). This proof is by induction on spaces but we
will do all steps at once. We use the bar spectral sequence as in §7. First we compute

E2 = Tord 35+(ZI(p), ZI(P)) = HuKu 11

Tor preserves tensor products and depends only on the algebra structure. TorE ™) = I(ox),
I'(y) the divided power algebra, free over Z/(p) on v,(y) with coproduct

VU(r,) = Z Ynoi @ V5

product 7;y; = @, j)’ij generated by Y(n) = Vpn- We have v, () =¥ and ¢ is homology
suspension. We have

ox € Tor£(Z((p), ZI(p))
and so 7, (0x) € Tori(n"&l(Z/(P), Z[(p)).

Tor" 1 z/(p), Z/(p)) = E(ox) ® D)),
with ox € TorlT, };cll(x)(Z/(p), Z/(p)) and the transpotence,

#(x) € Tor; L5 (Z/(p), Z/(p))

represented by the cycles x¥1xP ! in the bar resolution, £ L.
TP
7,(6(x)) € Tors, 150 (Zi(p), ZI(p)).
Thus

H,K
Tores ™ * = ®1,JE(0°‘15J) ®; ; T(#(ey87)) ®; ; T(oe, oy 7).

Since suspension is just o multiplication with e, this is
® E(e048”) ® N9(oyp”) ® Dy 20).
Define
sy=(@, +1,i, +1,...) and s(J)=(0,jo /s> ce)

CLaIM 8.16. Modulo decomposables, in the spectral sequence pairing 7.24, for

(a) BKI X K*_l — BK,
1(_]) _ J+AO
’7pi(f3(0)) ° %y ° get = 7pi(°‘13 )
and for
(b) BI_{O X I__(* _-)BI_<*7

7 @] = ) o oy 67 =y 0(er8”). O
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We will finish the proof of 8.11 before we prove the claim. For degree reasons the
spectral sequence for BK,, collapses and we have already named the elements

7pi(¢([1] -[0])= Ay

Letting S' — K, and comparing the spectral sequences for CP™ = BS' — BK,, we see
that the one for BS! collapses trivially, and so, like the %y the

7p,‘(6(0)) = B(,‘)
are permanent cycles. Thus by induction, the elements on the right in 8.16 (using the dif-

ferentials in 7.24) are also permanent cycles. Since these are all of the even degree genera-
tors, the spectral sequence collapses. (The odd degree generators are in Tor, and so are

permanent cycles.) Furthermore, since we have names for the elements on the left in 8.16,

we see that i (¢(a1ﬁ")) represents o,y ° a i1y ° {3’ '@ and 7, (aIB °) represents

% © B D =a,  opTUtA0) W have now located and named all of the ele-

Bay © si(1)

ments
o ﬁsi+1(~’) o Si(J'FAO)'

J
el oaloﬁ . a(.)oa s Ol:i(l)

i+1 0))
This is just an obscure way of writing e, oap° g7, oy ° 87 without a¢{3(°).

So far we have collapsing and the correct answer. All we need now is to show that
there are no algebra extension problems. We give two proofs. This is easy to do without
Hopf rings. The map multiplication by p, p: K, — K, is homotopically trivial, so

0=py: HeKy — Hy K.
To show there are no extension problems all that we need to do is show
(aI ° ﬁj)*p = Oa

but this is just p.(a (D) o p)). However, since we are trying to demonstrate Hopf rings
we will give a Hopf ring proof. Each o o BJ can be written as +a() °qp o g7 or oy o
g’ o 6(,) The proof is the same for both. By the distributive law (7.14) (as in (7. 42)),

(a - 8o ﬁ(,')) =Qyp ©° g o (B(if) = 0.

But by the same calculation, if 5(";5’ were not zero (such as in K(#)4K ) this Hopf ring tech-

nique would have solved our extension problem for us. O

PrOOF oF CLAIM 8.16. There is nothing to prove for the i = 0 case of 8.16(a). For
i > 0 compute the p’ — 1 times iterated reduced coproduct. The symmetric term from the
right-hand side agrees with that on the left as aIB‘HAo. In fact, there are no other terms
but the symmetric one. The terms in Tor ; With this symmetric term equal to zero are
easily seen to be the decomposables. Thus the two sides of (a) are equal modulo decom-
posables. When we establish the i = O part of (b), the i > 0 part will follow in the same
way. It is this i = O part that makes the odd primes a much better example of the spec-
tral sequence pairing than p = 2. Part (a) was done just by using the homology suspension
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fact thate, o e; = By- Nothing more complicated ever happens for p = 2 because there is
never the filtration 2 transpotence to WOITy about. We now get to use the r = 1 computa-
tion of the pairing in 7.24. Using 7.24, iterated coproducts, the distributive law and the
facts that, in our cases, [1] e x =X and [0] o x = 0, we have

o([1] - [0]) 0 o8 = ((11] - (O] ~H111] - [01) o anf°”

= (alﬁj)*p - |a15]

plus many terms with more % products involved. We know what all cycles representing non-
trivial elements in Tor, look like. They are products of elements in Tor, or transpotence

elements. Thus the terms with more * products contribute nothing. D

9. Two formal groups and BP,BP,. In this section we bring in the second formal
group law to add even more structure to the Hopf ring ExG . We assume that both E and
G are complex orientable (see after (7.25)) so we have xE, xC, Bf , and BiG . We have al-
ready done a crucial step with one of the formal group laws by computing the multiplica-
tion in E,CP” in 7.29.

We need to define a few elements. For

9.1 +G € G2CP™ = [CP™, G,

define

9.2) xG(BF)=b; EE,,Gy-

To make your confusion specific, this b; stabilizes to b;_, for £ = MU =G.
For

(9.3) a€G = [pt, G, 1 EEyp) =Ep,

define

(9.4) 2, (1) = [a] €EyG;.

We now have a sub-Hopf ring

(9.5) EL[G*] CExGx

where E[G*] is the “ring-ring” (a group ring with some extra structure) on G*.
We define a “formal group sum”

(96) z +[FG] Y= x [ag] 0 2% oy°i
iJ

using the Hopf ring «addition” and “multiplication”.
We are ready to give the “main relation” which uses the interplay between the two
formal group laws and Hopf rings to give unstable information.

TueOREM 9.7 (RAVENEL-WiLsoN [RW,]). Let b(s) = Zimobis' In ExGalls, 11,

b(s +pp 1) = b +irg) PO O
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REMARK 9.8. This does not require the Kuinneth isomorphism and so is not neces-
sarily in a Hopf ring.

REMARK 9.9. For some E and G, such as K(n), K, this is vacucus because b; = 0,
i>0.

REMARK 9.10. The notation is almost necessary because when 9.7 is expanded out
we have

(9.11) ;b,. <izk:a].’fcsf¢k>' - : [ai?’] o <§:bns">°i . <'Zn:bmtm>°i

and the actual coefficients of 57t/ are even more unpleasant.

G
PROOF OF 9.7. We compute the composition CP” x CP*~ £ e 2 G, in
two different ways.

b(s +p t)

xS (B(s +p 1) = xE(BEBM)) = x$ u(B(s) ® B())

(% o w)4(B(s) ® BI) = (u*(xF))(B(s) ® B())
( T af(xCy ® (xf)f> (B(s) ® B(1))
ij

I

*

= * (5] o b(s)°? o B(YT = b(s) + Fgl PO

Ui

The second to the last step is because the sum goes to x, the a; to [ai].] and the product
tooe, O

We obtain the following corollary by iteration.
COROLLARY 9.12 [RW,]. In E,G.[[s]],
b([n]FE(s)) = [n] [Fgl (b(s). ©

Again, as with 7.29, this appears to be a useless nonsense formula; but again, as in
7.32, when we restrict to BP we can obtain very useful explicit results. To do this we go
to the mod (p) homology.

THEOREM 9.13 [RW,]. Let I = (p, v;, v,, ...). In QHBP,/[I1°*QH ,BP,,
“ k
0= Z [Uk] ° bzr[zj—k)‘ a
k=1
Proor. Using 9.12 for n = p we have

by = b(es) = [P] ) pp @) = T ] 0 bsXP™ » [p1o @), by 3.17.
n>0

Since [p] © (z) = b, mod decomposables, this becomes, mod decomposables and [/]°2,
2, 50lv,l ° b(s)°®". Picking out the coefficient of sP™ gives the result. ©



58 W. STEPHEN WILSON

We still have not answered the question about how powerful the “main relation™ 9.7
is. In the universal case G = MU, it is complete and gives all information.

THEOREM 9.14 (RAVENEL-WILSON [RW,]). E MU, . (E+BP, ) is generated over E
by [MU*] ([BP*]) and the b’s (b(y,s). The only relations come from 9.7. ©

The proof is difficult and will not be given here. To obtain
(9.15) E,MU, and E,BP,
it is enough to add e, € E, MU, (E BP,) and the relation
(9.16) €, o0e = bl’

A key step in the proof is to show that the integral homology of BP, has no torsion.
With this the Atiyah-Hirzebruch spectral sequence for BP*ILP*‘ MU, MU,) collapses. The
above solves all # and o product extension problems. By duality we have a complete de-
scription of MU*MU, (BP*BP,), the unstable operations. The last section is dedicated to
developing this further.

The explicit formula 9.13 can be used to give a basis for QH 4 BPy and PH,BP, which

then lifts to QF . BP, and PE4BP,. E.BP, is an exterior algebra or a polynomial algebra for
k odd and even respectively. Let

(9.17) I=(iy, iy, ...)
and
(9.18) J= (g digs-e)s

both nonnegative finite sequences. Define
(9.19) 167 = [oytvy? -1 0 bggd o bz:; o0 e,

THEOREM 9.20 [RW, |. A basis for QEyBP, , is given by all W] b7 such that if J
can be written as

— 2 ]
J—pAk1+p Ak2+---+p"Akn+J, ky<k,<k;<-
J' a nonnegative sequence, then i, =0. O

This basis uses 9.13 to get the largest v’s possible. This is useful in the study of the
BP(n), [Si] and the unstable Hurewicz homomorphism for BP, [Ma]. It is also possible to
use 9.13 to obtain a basis using the smallest v’s possible. This basis is particularly useful for
computations with unstable operations; see §11.

THEOREM 9.21 (BOARDMAN). A basis for QF +BP, « is given by all [v!] 57 such that
if I can be written as

I=28;,+ Ay, +---+Akn+1', ko <k, <--

, , k
I' a nonnegative sequence, then j, <p n o
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For BP, BP,, the b(,.) are not always the best elements to work with. Stably, in
BP,BP, the ¢; are not everyone’s choice either. The elements c(z;) will certainly do as alter-
native stable generators. Even better, they desuspend to elements

(9.22) i €BP, ,BP,.

For this reason many people prefer them. Thus in 9.20 and 9.21 the b(,) can be replaced
by the t (by 3.14).

10. Chan’s proof of no torsion in H,BP,. As already mentioned, knowing there is no

torsion in the homology of BP, is very important. The first proof of this fact in [W,] is

very ugly and we suspect no one ever reads it. There the spaces BP, are dismantled in an

unpleasant way. Then every possible torsion element that could arise during reassembly is
hunted down and killed with such individuality that the process borders on sadism. The re-

sult, ever: in this weak form, already has several applications. It allows one to study the en-
tire homotopy type of BP,. The important spaces here are the BP(n),.. This leads to a suc-
cessful analysis of H-spaces with no torsion in m, or Hy. See [W,] for these results. The
hemotopy type analysis is important in the study of hom dxme BP,X in [JW,] and gives
the upper bound from the dimension of X. (For X of d1mens1on k, hom dlmBP BP, X<n
where k <p" + p" "1 + ...+ p+1) In [Zb], Zabrodsky also uses these spaces.

Later, a second proof for the 1o torsion of H,BP, was given in [RW, ]. Unfortunately,
it is still rather inaccessible because it essentially proves 9.14 simultaneously. However, it is
nicer than the original and it gives more information. Again we suspect few people read the
inrer details.

[t is with great delight that we sketch a recent proof by Ken Chan which we think is
simple enough to convince most people that the theorem is true. Chan’s proof can easily be
improved to show H, BP, is generated by the [v,]7s and b(x) s, but completeness of the rela-
tions stili requires more work.,

The no torsion follows immediately from the following statement because the Bock-

stein spectral sequence collapses. We use mod (p) homology. A bipolynomial Hopf algebra
is one where both it and its dual are polynomial.

THeoREM 10.1 ([W,]; SECOND PROOF [RW,]; CHAN'S PrROOF [Ch]) HyBP,, .,
is an exterior algebra and H*&’; x I8 bipolynomial. We have, for k + n >0,
rank QHy , , BP, = rank m,BP = rank H BP. ©

SKETCH OF CHAN’S PROOF. The proof is by induction. To ground the induction we
have

H,BP, ~ QH BP, ~n BP, ~u, , BP

which proves the result for degree 1 = k + n. For our induction we assume the result for
n+,BP 0<i<k, alln and H,

+%BP,, n <q. We must show it for H,,  BP,. We use
the bar spectral sequence
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H_BP,_. '
Ei* = Tor**“——q I(Z/(p), Zi(p)) = H*B_Pq-

For ¢ odd, Tor of a polynomial algebra is just an exterjor algebra on the suspensions of
the generators. The spectral sequence obviously collapses and we are done. For g even,
Tor of the exterior algebra is a divided power algebra T' on the suspension of the gener-
ators. For both odd and even cases we compute

k+q— ~—0
k+g-1—

s
known below this line

2 -
Es’, = Tory, =

R~ total degree of interest

1 k+4q

For q even, I is even degree so the spectral sequence collapses (in our range, by the diagram).
Since I'is dual to a polynomial algebra we have the cohomology part of bipolynomial. The
rank of QH*QEq is also correct. We must now solve all extension problems in EF*=E” =T
We must show that it becomes a polynomial algebra of the correct rank. Since its dual is a
polynomial algebra of the correct rank we know that if it is a polynomial algebra then its
rank will be correct. Let 4 be the algebra after the extension problems are solved. If 4 is
not polynomial then clearly rank QA; .4 > rank m, BP. By induction everything is okay in
Jower degrees and we are only concerned with degree k + q.

Now, use the bar spectral sequence to compute Hk+q+,._zg>(’l+,., i > 0. (By induction
we already know the lower degrees.) It is easy to see that this oversized rank will persist
into the stable range, which is a contradiction because we know the stable homology. Thus
A must be a polynomial algebra of the correct rank. O

This technique of “trapping” the homology of an §2-spectrum between the known
m.E, in the form of HyE » and the known HE, has wide applications. This is the easiest
case. It can be used in other instances to solve extension problems, to show collapsing, or

to compute differentials.



Part II. Something New

11. Unstable operations. When [ first showed, in 1971 [W,], that H,BP, had no
torsion, I realized it meant that unstable BP operations were accessible and abundant. It
was hopeless to study them until a basis for H,BP, had been found [RW,]. It is only in
recent years that I have dabbled seriously with them. The usefulness of the only other truly
unstable, additive operations, the Adams Y*¥ in K-theory, led me to believe the BP operations
carried a great deal of information. The recent work of Bendersky, Curtis, Miller and Ravenel
(see [BCM] and later works) supports this conclusion. Since K-theory splits off cobordism
[CF, |, we know that the unstable cobordism operations contain, at minimum, the same in-
formation as K-theory. However, a quick look at the homotopy type of BP, [W,] makes
it clear that K-theory operations are only the surface of the operations available to cobor-
dism. Although it is clear that BP uperations contain a great deal of information, the old
problem with BP is still there: how do you get information out and live to tell the tale?
The machinery is now set up for straightforward computations, but, as yet, I have been un-
able to do a general computation with applications of interest. This has caused a delay in
publishing these results. The reader has mercifully been spared the tortuous backwaters that
months of calculations led me to. They have resulted in only a few conjectures to which I
hope to return someday.

First I will turn the unstable operations into 4 “ring” and give a rigorous general non-
sense definition of unstable modules, which is somewhat independent of the rest of the sec-
tion. Second, I show that unstable operations are not just a simple divisibility problem for
stable operations as I first suspected, but that unstable operations are very different animals
despite their close relationship with stable operations. More explicitly, no multiple of a
truly unstable operation is ever stable; although rationally, unstable and stable are the same!
This is our main result. It is a fact first revealed by unspeakable computations of examples.
This property is demonstrated in a familiar setting by showing that the Adams operations
for complex cobordism are legitimate unstable operations. Just as with K-theory, y* can be

delooped twice for every power of k it is multiplied by. In order to prove this, formulas
for computing

(11.1) T+ BPyBP, — BP,BP,
are worked out for all unstable operations r EBP"ILP,, = [BP,, BP,]. The proofs in this sec-

tion allow us to talk about stable operations, an aspect of BP neglected so far in these lectures.

61
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Near the end of this section I have presented the gruesome details of an elementary
application. The motivation is to show that straightforward calculation does produce, but
this is not the way to do it. Itis included for the student who really wants to learn the
material.

The research related to this section took place over the years at The Institute for Ad-
vanced Study, Oxford University, The Johns Hopkins University, and the Centro de Investi-
gacion del I.P.N. in Mexico City. In addition to the support of these institutions, the
research was partially supported by the National Science Foundation and the Sloan Founda-
tion. I am grateful to Luis Astey, Mike Boardman, Daciberg Goncalves, Don Davis, Vince
Giambalvo, Sam Gitler, Dave Johnson, Peter Landweber, Dana Latch, Haynes Miller, John
Moore, Bob Thomason, and surely, a few others I have forgotten; all of whom helped me
out in one way or another.

Since this work was completed, Mike Boardman has developed another approach to
unstable operations and he can reproduce most of these results and more. In particular he
has proven the conjecture of mine that QBP,BP, is [BP,] free as well as BP, free, a curious
fact indeed.

We have described BP,BP which gives, by duality, one description of the unstable
BP operations. For our definition of unstable modules, we will go to a more general setting.

Let
(11.2) E*(=)= [ Exl
be a generalized cohomology theory. The unstable cohomology operations are the natural
transformation
E¥X —— E"X
(11.3) )

(X, Ex] — (X, E,]
which, by [Br], are given by
(11.4) E"E, = [Ex, E,l-
We will restrict our attention to additive operations:
(115) rx + ) = 1) + ().
To do this effectively we need to assume that
(11.6) E*(E, x E) = E*E; & E*E.
The “abelian group” structure of By,

11.7) E, < Ex — Ex
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which comes from the abelian group E¥X, gives rise to a “coproduct”:
(11.8) E*E, — E*E, 8., E*E,,
and the “primitives”, PE*E, , i.e., those r € E*E, such that

(11.9) r—r®1+18&r,
are the additive unstable operations.
We want an unstable £*E module to behave like E*X for X a space. That is, we
want a graded (topologized) E* module, like £*X, and pairings like
(11.10) PE"E, ® E*X — EnY,

giving a commuting diagram

PE'E, ® PE"E, ® E¥X — PE'E, ® E"X

(1.1 l l

PE'E, ® E¥XX ————— Fix
where the composition of maps gives the pairings (11.10) and
(11.12) PL'E, ® PE"E, —> PE'E,.

We take the time now to make rigorous what we mean by the “ring” of unstable (ad-
ditive) operations and modules over it. This part can be safely skipped by readers who need
to do so.

It is understood that upper * modules are topologized and that maps occur in the ap-
propriate category. This will be suppressed throughout.

We have R algebras
(11.13) E*=F_ ,, G*= etc.

— %>

A graded E* - G, bimodule is a bigraded R module
(11.14) By = {B7},

where B/ is a left £* module, BY is a right G, module, and these structures are compatible
in the obvious way. We denote this category grbimodE,

-G,
We need a ““tensor product” functor

(11.15) ®px: grbimodE,_F* X grbimodF*_G' — grbimodE,*G*.
Define (B ®,+ CHE in grbimodz._, by

(11.16) By Bp+ C3Ng = (BE ®px Gy,
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the zero degree of the standard graded tensor product over F* = F_,, ie,,

(11.17) (B ®ps CENi =Y. Bl ®g C/(br®c—b®rc), r&F*.
i

One is not allowed to call just anything a tensor product. Bob Thomason has justified call-

ing this a tensor product by showing that it is a coend, as any good tensor product should

be.
The coend of a functor {ML, p. 222]

(11.18) S: C% x C— D,
is an object, d € D, and a dinatural transformation
(11.19) n: S(, ¢) —d
such that if X € D has a dinatural transformation
(11.20) B: S, ¢) — X,

then we have a: d — X with an = 8.
To be dinatural means that for a: ¢ — ¢’, the following diagram commutes:

/, S(, c)
\

(11.21) s, ¢)

/’

Let C = F*, where, as a category, F* has objects i € Z and morphisms

S(c', ¢

(11.22) F/~% = morph, j).

C°P = F, with F*/ = F,_; = morph(j, j). Define

(11.23) S, j) = Bj* ® C} € grbimodgs_g .
The coend of this functor is just
(11.24) Bi ®p, Cx

as defined above.
Let

(11.25)  B{ € gribimodgs_g % € gribimodgs_g ~ and Df € gibimodg+ _g
Define the graded £* — F, bimodule

(11.26) Homp _¢  ¥(C¥, D¥)

by

(11.27) Homg g, nC¥, DY) = homR_G*(C,’,f, D).
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The left £* module structure is inherited from the left £* module structure of Df. The
right F,, module structure is induced by the left F* module structure on CJF.
The adjoint relation is

(11.28)  homge_; (BY ®pu CF, DY)~ homgs ., (BY, Homg g (C2, D2Y).
Let B € grbimodE,_E‘. A map
(11.29) B ®ps B} — B}

puts a “ring” structure on B. The definition of associative is obvious since ®p« is associa-
tive. A unit is a sequence of elements 1, € B} which act as left and right units in the ob-
vious fashion. When we say ring we mean an associative “ring” structure with unit, Observe
that this is a sequence of maps

(11.30) B ® B! — BL.
EXAMPLE 11.31. EndX(M*). Let M* be a left E* module. Let
EndZ(M*) = hom, (m*, Mm).

The left £* module structure of pf* turns End¥(M*) into an object of grbimodE._E.. The
“ring™ structure is just composition of maps and so it is clearly associative. The unit is the
collection of identity maps 1, € homg (M", M").

More generally, we can define, for M} € grbimodE,_G‘,

Endi(M3) = homy, _., (M%, M),

which is again a ring in grbimodE,_E - The first is a special case of this, o
EXAMPLE 11.32. B MopULES. A By module, M¥ € grbimod s_g > for B} aring
*
in grbimodE.,_E , 1 a ring map

B — End}(M}),

which, by the adjoint relation, is the same as a definition given by an £* - G, map,
B} ®E. ME— Mk,

with commuting diagram

B ®pe B ®pa M} 187, pu g | pye

m@ll lm

BI®po M} ——" |

As above, we can specialize to the case of a left £* module M*, o
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ExaMPLE 11.33. STABLE E*E MODULES. Let E*E be the stable cohomology oper-
ation ring for a generalized cohomology theory represented by the spectrum E. Define
Stf € grbimod«_g by
E"KE = St}.
This is not a very efficient way to say it, but a ring map St — End¥(M*) is the same as

our usual concept of a stable E*E module structure on M *,
There is a stable E*E module structure induced on each TiM* i€ Z, from

St¥ = St~ — End}Z{(M*) = End{(Z'M*). ©
ExaMPLE 11.34. UNSTABLE F*E mopULES. This is our motivating example. Let
E = E, be an -spectrum with
E*(Ek x Ek) 2E*Ek ® E*Ek

for every k. We have PE*E, C E*E,. Let Uy = PE"E,. Thisis a ring in grbimod g« _j -
We define an unstable E*E module structure on M* to be a ring map

U¥ — Endi(M*).

The cohomology suspension E" ¥E —> PE"E,_ gives a ring map St — UF. By composi-
tion, any unstable module has a stable structure on it. We say a stable £*E module is un-
stable if the following diagram can be filled in:

St* — End*(M})

A

l ,

7/
Ve
Ve
* 7/
Us

A stable module may have many unstable structures, or none.

An unstable module structure on M* can be lifted to an unstable structurc on SiM*,
i > 0, by using the cohomology suspension map PE*E, — PE*_‘E*_,. to get

UF — Ul — Endii(M*) = Endi(Z'M).

Extending the unstable structure on M* to one on STIM* (or TT°M*) may not always be
possible. This, of course, is one of the important points about unstable operations.

Every E*X, for X a space, is an unstable £*E module, and E*3TPX is an unstable
module isomorphic to SE*X. If a space can be desuspended, say X = 2V (Y = 27 1X),
then

(11.35) Ery = 371X

and we have an unstable structure on $—1E*%X. Therefore, if there is no compatible un-
stable structure on S~1E*X, then X cannot be desuspended.
We have already noted that for E = MU and BP,

(11.36) E*Ey, = homg (E+Ey, Ex)
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and (11.6) holds. This is simply because H,E, has no torsion and the Atiyah-Hirzebruch
spectral sequence collapses. Standard mod (p) homology also satisfies condition (11.6). The
stable operations H*H give the Steenrod algebra Ap,. We can exhibit the striking differences
between unstable BP and H operations and show the reasoning behind our philosophy that
BP operations should contain a great deal of information. We have, for n > 0,

A, —> PH*K, C H¥K,, primitively generated,
(11.37)

BP*""BP »—> PBP*BP, C BP*BP, not primitively generated.

For mod (p) cohomology, the stable operations map onto the additive unstable opera-
tions and H*K,, is primitively generated. Thus the only unstable operations are stable oper-
ations and cup products. The main unstable information is that some stable operations (for
p=2, Sqi, i > n) are always trivial on n dimensional classes.

For BP, the stable operations inject into the additive unstable operations. As a bonus,
BP*&D” is not primitively generated. So not only do we have a rich new collection of ad-
ditive unstable operations, but there are serious new nonadditive operations not generated by
cup products and the additive operations.

We will tend to ignore the nonadditive operations until useful applications of the ad-
ditive ones have been found. Theoretically, though, it is clear how to deal with them, and
computations like those in this section can be carried out.

Recalling that H, MU, is bipolynomial or exterior, we have MUMU, is cofree and
MU*MU, is either a completed polynomial algebra (n even) or a completed exterior algebra
(1 odd). We can see by duality that MU*]li(_]n is not primitively generated.

Since there is never any torsion anywhere in BP (MU) we can feel free to study things
rationally without loss of information. BP is just a bunch of Eilenberg-MacLane spaces ra-
tionally so we have

(11.38) BP&™"BP = PBPSBP,,  n >0,

with obvious modifications for n < 0. The isomorphism is given by cohomology suspension.
This immediately implies

(11.39) 0~ BP*™"BP — PBP*BP,, n >0,

with modifications for n < 0. From this it appears that the study of unstable operations for
BP is just a problem of divisibility conditions for stable operations, and indeed, if we restrict
our attention to & dimensional complexes this is the case, and the coker defined by

(11.40) BP*7"BP — PBP*BP, —> coker — 0

would be entirely torsion. However, as we let k go to o, we have an inverse limit with
higher and higher torsion. (Think p-adics.) In other words we have completion problems,
discussed more later, and unstable operations cannot be represented in terms of stable opera-
tions and divisibility problems, but they are truly different objects. Our main theorem is

THEOREM 11.41. In (11.40), there is no torsion in the cokernel. O
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We defer the proof for a bit. We have:
BPE"BP D BP*""BP ~ hompg (BP+BP, BPy)
(11.42) = A N
PBP&BP, D PBP*BP, ——homgp (QBP«BP,, BPy)

We now have two ways to describe our unstable operations. First, they are dual to
QBP,.BP,, which we have an explicit basis for. Second, we know they are contained in the
rational stable operations. For this to be a useful statement, we must know how they sit
inside. Our first description can tell us. We have

(11.43) BP§™"BP = hompgp+(QBP4BP,, BPQ)
and the unstable operations, PBP*BP, , in
(11.44) BP*~"BP C PBP*BP, C BP§ "BP

are just those maps which send QBP,BP, to BP, C BPQ. We need a more explicit descrip-
tion of the isomorphism (11.43).

We can think of » € BP¥™BP as a map
(11.45) r € PBP*BP, C BP*BP, = [BP,, BP,] = {BP,, 2*BP},

just by restricting to n dimensional classes (the cohomology suspension again). The map in
(11.43) is induced as usual: r goes to

(11.46) 7 € hompp (QBP4BP,, BPy)
with
(11.47) F(p)=(r» or Hy)=ceos™ oryp)

§% the e homology suspension and r, the induced map (11.1).

Although our concern is mainly 7. evaluating r is an interesting problem in its own
right. As mentioned already, it is enough to do this rationally.

Recall from §9 the notations o, *, [a], b = Z;54b; and x € BP2CP™. The algebra
structure on BP,BP induces a coalgebra on BP*BP with r — 2’ &r".

THEOREM 11.48. Let r €BP§"BP C PBPEBP,, any n (also for MU). If r(x) =
Eizocix((k_")/z)“'“, ¢ € BPZ, then

(i) re(y = 2) = re(¥) * r4(2), Fx « ) = 0, (x, y) in the augmentation ideal,

(i) r4(y o 2)=Zr'(y)or"(@), Ay oz)=ZF(»7"@);

(iii) r«([a]) = [r@)], #([a]) = r{a);

(iv) 74(b) = %s0lc;] © pOEe—mDFIHL Fpy =T, e =c O

This gives a complete evaluation of r, for 7 EPBP(’S]iPn because we know that the [a]
and b’s generate BP,BP, from §9. Since BP*BP,, is primitively generated rationally, it is
easy to extend this to all » € BPkB_Pn.
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Proor. (i) follows from the additivity of r and the fact that homology suspension is
trivial on decomposables. (ii) and (iii) are elementary. To show (iv), we consider, rationally,

CP™ = BPy > BPy 1y p-
Then

i=0

r*(b)=r*x*(ﬂ)=r(X)*(ﬁ)=<Zcix((""'”2)+"+’> B= x le] o p(kmm/D¥itL,
*

From e(b) = 1, s(x * y) = 0, and e(ng(a)) = a, we have

PB)=¢€os™ o red)=c¢€o s°°< « le] o b((k—n)/2)+i+1>
i>0

i20 iZ0

- e<z n (e pE—mID i+ 1 b;~> =S¢ =c o

We are now equipped to produce some honest unstable operations. If we are given
(11.49) r €EMUS™"MU = PMUEMU,, = homy, ; (QMU,MU,,, MUQ)

we can evaluate it on QMU MU, , and if it lands in MU, C MUS we have a legitimate un-
stable operation.

Several people have studied rational Adams operations for MU and BP, but generally
they are not viewed as potential unstable operations [N, Ar,, Sn].
Recall (1.53) that the MU, multiplicative operations are given by power series

(11.50) fG)=x+--

with coefticients in MUQ. Let
(11.51) fx) = [k](x)/k

define a rational multiplicative operation ¢ *. We know that for x EMUéCP“’,

(11.52) v @) = [k] (x)/k.

THEOREM 11.53. ¢* € PMUMU, C MUSMU and k'y* € PMU?* MU, . C
MUQMU, € =0, 1,i€Z O

REMARKS 11.54. Novikov [N] claims the first part for torsion free spaces in a foot-

note. The result is true for BP as well because the ¥ exist there [Ar,]. Note that the y*
imply torsion in the coker of PBP*BP, >—> PBP*~2BP

* -
ProOF. Recall (3.7) that mog x = log f~!(x). We have f~ (x) = [1/k](kx) be-
cause

[/ (k([K) x)/k) = [1/k]([k] () = x.
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So
mog x = log f "1 (x) = log[1/k] (kx) = log exp((1/k) log(kx))
= (1/k) log(kx) = (1/k) 3" m(kx)'*1,

and since

2 Ukm)x'tt = (k) X mykex) H1,

>0
we have Y f(m,) = k'm; and it follows that, for a € MU ™%,
v¥*() = k'a.

We will prove only the MU OA_'IQO part as it adequately demonstrates the techniques. Recall
Theorem 9.13 that MU, MU, is generated by b’s and [MU*]. So QMU,MU, must be gen-
erated by elements of the form

[a] o b, o by'% -+ = [a]bY

with |al = =2(j, +J, + *+*), la] EMU,MU,,,. We have y*[a] = k%% and J*(b) =
[K)1(1)/k. Since Y* is multiplicative we have

V*(lal b)) = $*([a])) T*p7) = k1 2ad(p")

= k™14 2q(stuffyk’ 2T

which is integral! Likewise for the general case. O
Before we prove 11.41 we introduce the stable BP operations. Define monomials in
the #’s in BP.BP by

(11.55) 1C =152
We define

(11.56) rg € BP*BP
by the property

(11.57) (rg, t% =88.

i

Then lrg| = |El = 225 4¢{(p' — 1). Let R be the free Z ,y module on the r5. R is a co-
algebra with

(11.58) rg — > rg ® rge
E'+E"=E

and

(11.59) BP*BP ~ BP* ® R.

An element r € BP*BP is a possibly infinite sum
(11.60) r=2cgrg, g €BP*.
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Our interest is in BP(‘SBP, which is not the same as tensoring BP*BP with Q, but is the
same as taking sums (11.60) with the ¢, € BPS. Define a truly unstable operation to be an
element of PBP"B__P" which is not in the image of BP* "BP, i.e., an additive unstable opera-
tion which is not a stable operation. We can rephrase 11.41.

THEOREM 11.61. A truly unstable operation r = Zcgry must be an infinite sum with
unbounded negative powers of p in the coefficients cp. O

Define aiE € BP,; by

(11.62) rg(x) = 3 afx\EI2+iv1 - e pp2cp=,

iZ0

LEmMA 11.63. Let af = 2, af. Then

iz0 E

b= <ZFf.-> =Y d5E, o

ProoF.

aE=(rpx, p=(r,®x, ¥ c<ZFz,.>’ ®5> by 3.13

jZ0 \i=0

F o\
= ,-;, e, C<;§) ti> >(x, 8.

Since {x, B].) = 0 except when j = 1, we have

F
=(rg, ¢ Z t;
i>0

the required result. The first equality is just 3.14. ©
Tables of some aiE for p = 2 have been computed and are presented at the end of this
section. Thanks to Daciberg Goncalves and Don Davis for tremendous help.

COROLLARY 11.64. Fg(b)=af. ©
COROLLARY 11.65. ?Ai(b(i)) = a(f'" =—1. O

Proor. Use induction and EFtic(t,-)”' =1. o

PrRoOOF OF 11.61. Let f = Zd®ry € PRP*BP, C BP& "BP not in BP* "BP C
PBP*BP, ; then 0 # d¥ € BP§/BP* for some E. We assume that p*f = r € BP*BP for
some minimal k > 0. We obtain a contradiction. This proves the result. Since we have
multiplied f by p to get r, 7 must be trivial mod (p). By cohomology suspension, f is in all
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PBP*BP,, i <n, and the corresponding s are also trivial modulo (p). Since we have chosen
k minimal we can write

r=Y cErg +pr', somer' €BP*BP

with ¢Z #0 (p) and some nontrivial cE. The pr' will automatically have pr' =0 mod (p).
So since 7 is zero mod (p), we must have r” = EcErE give 7" =0 mod (p). We show this
does not happen, i.e., for any such " with ¢£ # 0 mod (p) we find that for large negative
i, 7" is nontrivial mod (p) on QBP,BP,. Of course we need to find only one element x with

F'(x) 20 (p).
Order the sequences E by

E, <E, if |E\|<I|E,l
E, <E, if |E,|=|E,| and KE,)> UE,), (E) = e,

E, <E, if |E | =|E,l,IE,) = KE,),

el =€}, i=1,2,...,k—1,and e} <el.
Pick the minimal E from the set of ¢£. To construct our x we begin with 4% =
b;f; ° b?;?o .-+ . By our choice of £, 11.65 and 11.48,
(11.66) FOE) = (1) E)E.

We started with a fixed PBP*BP, and we must produce an x in PBP*BP;, i <n. This bE
may not meet this condition. Pick k and j very large so that [v,‘:]] o bf € PBP*BP;, i < n.
Also choose k bigger than any v in cf, and j bigger than /() and |cf]; then

e j j
(11.67) cErg(vP'] o bE)y=2cEv?  (p).

For c/E>ErE' > E, to give something nonzero we know that some of rz- must apply to [U,’;]],
by (11.66). If so, then it must apply to all p’ of the v,’s in order to be nonzero mod ().
This guarantees p/ v’s smaller than v,. However, by our choice of , ¢ in (11.67) has fewer
such v’s, so the term in (11.67) will never be canceled out. ©

This gives some insight into the number and type of unstable operations. We can take
a “basis” for PBP*BP, dual to either 9.20 or 9.21. For the element r corresponding to a
basis element

(11.68) 187,

the “lead” term will be irE/pl(I) for some E. The infinity of terms in the “tail” of r will
be forced to be there in order to make 7 integral.

In practice it is a burden to handle the entire definition of unstable operations; a
“local” condition does well enough. If we have a stable BP*BP module M*, then for any
x € M" we have a map

(11.69) BP* "BP —> M*




BROWN-PETERSON HOMOLOGY 73

which takes 7 to r(x). If M* has an unstable structure on it, then this map must factor
thirough a BP*BP module map

BP*7"Bp — M*

bl
/
(11.70) 1 yd
/

/
PBP*BP,

This is just good old-fashioned algebraic topology.
The BP*BP module structure of PBP*BP, is complicated. Basically there will be a
bunch of generators ty» ¥y V4, ---, and a set of operations and relations

(11.71) e = T
1

Defining the map in (11.70) amounts to choosing values in M* for the unstable operations
(11.72) Y; € PBP*BP,

which are consistent with the relations (11.71). This is difficult to handle in practice, but it
is always a straightforward calculation in primary operations.

We give a computational example. The result is well known and can be proven using
standard unstable secondary operations. The hope, of course, is that the unstable primary
BP operations can eventually be used to obtain results that would necessitate the use of
standard higher order operations. To make our computations, we formalize the previous dis-
cussion in the equivalent form: Is M" in the image of

M* = homBP.BP(BP*BP, M*) — homBP,BP(PBP*&Dn, M*)
(11.73)
= EXtg pe p p(PBP*BP,, M*)?

We need to produce only one element X, not in the image in order to show no unstable
module structure exists. To show an unstable structure exists one must show that all of the
local definitions patch together consistently.

For our example, consider the cofibration

(11.74) RP'S — RP26 — Rp25 = RP26/Rp1S

No eleven-fold desuspension exists for RPfg. We prove this by showing there is no unstable
module structure on

(11.75) ZTUIBP*RP2S = M+,
which is compatible with the given stable structure. We compute, for p = 2,

(11.76) hom, . o (PBP*BP, M*).
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and show that it is not onto M°>. It is enough to compute through internal degree 15 be-
cause M¥ = 0, k > 15. Also M¥ = 0, k even.
We describe a cofree BP,BP resolution
(11.77) 0 — QBP,BP; — F, — F|,
take the dual and apply hom to obtain

(11.78) 0 — homg .

To briefly describe how this goes (through deg 15),

P(PBP*BP ¢, M*) — homy . o o(Fa, M*) = homy . o o(FY, M*).

(11.79) Fy~ %5BP,BP ® ='!BP,BP ® ='5BP BP
and
(11.80) F, ~3''pP.BP ® Z'3BP,BP.

Now, (11.78) becomes
(11.81) 0—Ker—>MS @M @ M5 > M1t @ M13

where 7 is a matrix of stable operations. Interpreted as in (11.71), for every x, we must be
able to choose an x,, and an x; ; such that

(1182) O0=r ;x5 +r,x;, trizx;s and 0=r, x5 +ry,x  +ry5x .
This will not come out so clearly in the computation. What we want is to show that the
composition of (11.81),
(11.83) 0~ Ker—>M>®M! @ M5
}
M5
is not surjective. We will never describe the matrix r in terms of the rg, but we will keep

our computations in homology, not cohomology.
From 9.21, or simple manipulations using 9.13 and 9.14, a basis for QBP,BP, is

deg
5 e, 0bg?
7 € obyob,
(11.84) 9 e 0b;?

11 e ob;oby €50 [v,]0b obs?
13 € ob2 ob4, €, 0 [UI] ob2°3
15 €, 0 {v,] obyobyoby € o [v,] 0b7%0by2.

The Boardman basis is preferred because it uses the smallest v’s possible.
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By homology suspension we consider this a subcomodule of £°BP,BP. Recall that

[a] suspends to my(a) and b,, suspends to b, _,.

QBP,BP. C T°BP,BP

deg

51

(11.85) 9 b2
LT b, bing(vy)
13 b,b,, b?’?R(Ul)

IS b,byng(v,), bing(v,)

From tables at the end of this section giving ng(v;) = v, - 2b, and ng(v,) =v, +
Sviby — 150,62 — 2b, + 14b3 we can rewrite and slightly alter the basis to be

QBP,BP. C =°BP,BP

(11.86) 9 b

4
13 b,by, b} - 2b}

15 2b%b,, v, b% - 1453
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To begin our resolution (11.77), (11.79), (11.80), in F,, we give coefficients
deg QBP,BP; — Z°BP.BP >'1pp,BP z15pP, BP
5 I — 14
7 b, — b,
9 b2 — bl
11 by — b3
(11.87)
2b3 — 2b} 1,
13 b,by — b, by 3b,
(v,53 — 2b3) — v, b} - 2b¢ -3b,
15 2b2b, — 2b3}b, 1762 - 2vu,b,
(v, 0% = 14b5) — (v, b} — 14b3)  —(15v,b, + 36b2) lys
This requires some computations to verify as does
FO - Fl
coefficients of
deg 1y, Iy
11 b, — 0
b3 — 1
1, = -2
13 b} — v, 3
(11.88) bby — 3v, 6
b1, — -V, -2
15 b} — —10b2 + 10v,b, 15b,
b3b, —> v} 4 17v,b, — 1763 -2u, + 34b,
b21,, — —2v,b, +2b3 ~4b,
1, —  —17v} +68v,b, — 68b7 —33v, + 66b,

Before we can compute (11.83) from (11.81) and (11.78), we must compute the groups

M* of (11.75).
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We begin with the fibration
(11.89) RP*™ — cP~ 2 cp=,

The Atiyah-Hirzebruch spectral sequences all collapse and give an exact sequence, so

(11.90) BP*RP™ = BP*[[x]]/[2] (x).

Furthermore, the spectral sequences collapse for everything in sight, giving surjections from
the maps

(11.91) RP** — RP™, RP; — CPy, RP2™ — cry,

where CP}} = CP"/CP*~1. For example,

(11.92) BP*RP?* = BP¥[[x] ] /([2] (x), x¥*1),
and
(11.93) BP*RPI"

has a Z(z) summand in degree 2k coming from x* EBPZkCP;k. In memory of CP* we
call the BP* generators for (11.93), x*, x*¥*1 . x"_ Using the formula for [2] (x) at the
end of §3 we can describe BP*RP2$ explicitly from degree 16 on up.

BP*RP2S = 3 11p*

deg groups generators relations

26 Z/(2) x13 w13 =0

24 Z/(4) x1? 212 =y 13
(11.94) 2 /() i 211 =y 512

20 Z/(16), Z/(2) x10 p,x13 210 = -3y, x1! +p,x13

18 Z/(32), Z/(4) x%, v,x!? 2% = —3u,x10 ~ y,x!2

16 Z,) Z/(8) x8, v,x!?

Returning to (11.81) we have

r=(ry,ry)
(11.95) 0~ Ker — (Z,, ® Z/(8)) @ Z/(8) @ Z/(2) — 220 Z/(8) @ Z/(4),
i Y2 Y3 Ya Z3 L]
with new names for the generators. Since we obtain surjections from (11.91) we can com-

pute our stable operations in BP*CP; 3. This is torsion free, so we can compute operations
in here by duality in BP, CPg 3. These in turn can be computed using CP*. Qur operation
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r is given to us in terms of (11.88), and we must compute it on the y’s in (11.95). For
r(x") = Za,x’,

(11.96) @ =mx", B =€ ory o x3(By),

which is convenient for us because we are given r in terms of r,. The map x™ is just

(11.97) CP™ — A.CP™ — A Z?BP — T2"BP.
n n

We will need the following computations which use the fact that b, = ~v, b, + 2bf from
the tables at the end of this section.

modulo
x,,1=3513 =1 @) !
x4'By, =1 ®)
Xi'Byy = 115, ==b, @ :
(11.98) x118,5 = 115, + (121>b§ = v,b; + b? @)
x36,, = 8b, + <§>bf + <f1>b1b2 =0 (8)
'
x18=ﬁ12 = 2b? @
XiBy3 =0 @

We compute (11.95) from (11.96). We compute in BP"‘CPé3 but because we reduce
to BP*RPlzg, we can work modulo (2°) as in the tables (11.98). Let

(11.99) ri(Vg) =agx'! +a;x'? + g,x13,

because y, = x'3, and we have x138, | = x138,, = 0,7,(v,) = a,x'? and
(11.100) ay =r (¥4, By = €or X138 3= €or «(l;5) =
from (11.88) |
(11.101) e(~17v} + 68v,b, — 68b2) = —17v?

because e(b) = 1. Since 2x13 = 0,

(11.102) ri(yg) =vix!3 = dxll =4z |

Computing r,(y,) = 2z, is about the same. So

(11.103) r(yy) =4z, +2z,.

Note that for our purposes we need only the table of € o 7, from (11.88), as
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deg €ory, coefficients of mod
Fo =1y, lis
b; —0 )
11
b — |
i, —-2
13 b} — 2v, -1 )
(11.104)
byby — -, 2
bylyy = -y 2
15 b} — 0 0 )
b2b3 —v? 0
b%1,, —0 0
lys = Yy

A similar calculation to that for r(y,) also gives

(11.105) "(y3) =4z, + 2z,.

Computing #( ¥,) is slightly different because Y, = vzx“. We have
(11.106) (H(33), B = € 0 Py x )y (B) = € o Taly X1 (By)

where v, , is just multiplication by nz(v,). Recall that in ( 11.104) there is an absent ls, by,

and b% going to zero. We compute

(11.107) n,) = 0.

Computing r( Y1) is fairly easy. We represent it as

(11.108) r(ry) =agx® +a;x% +a,x'% +ayx! + g,x12 + g x13,
Then
a, Bg ?
ay By ?
o2 | o Fro ?
(11.109) a T €O TeXy N B I =
4 By, 2b%

© © o o o o

© O o o
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and we have

(11.110) r(y,) = 2z,.

We are almost done. We want to show the lack of surjectivity of (11.83), and it is
now clear, from (11.103), (11.105), (11.107) and (11.110), put into (11.95), that y, cannot
be in the image in (11.83).

We conclude this section with some formulas we have found useful. We use the formu-
las and tables found earlier in the paper, and

THEOREM 11.111. Let [pl(x) = Z;50a,x !, with b = 3,0 b, = (5 41,), and

a=3.,4; a EBP,y. Then, with x(y) = Z;5,x,3"*", b(@) = nga(b), or :

ZbiaH-l — Z nR(a,‘)bi+l- O

=0 iz0

Proor. Just stabilize 9.12 for BP. o {

This allows us to compute the right unit of v’s in terms of b’s and give the nongen- ‘
erating b’s in terms of the generating b’s.

p =2 [2](x)= %50, . In BP,BP

nR(ao) =2,

ngpla,) = —v, + 2b,,
np(a,) = 2v% — 8v,b, + 8b3,
Ne(a;) = ~Tv, — 803 + 13v2b, + v b3 + 14b, — 34b3,

ng(@,) = 30v,v, + 26v] — 60v,b, — 58v3b, — 126v}b?
(11.112)

— 3
60v, b, + 488v, b3 — 42467 + 1206, b5,
ngas) = — 111w} - 84v] + 444v,v, b, + 285u1b, — 444v,b7 + 52507b7
+ 2220b, — 37140263 ~ 888u, b b, + 6156v,b7 + 888b7b, ~ 3528h7,
ngag) = 11202 + 502v,03 + 30008 — 1892v2v,b, — 109005h, + 2664v,v,b?
— 1790v§b? — 448v,b, — 1004v3b, — 880v,53 + 17528v3b3 + 3784v2b b,

- 39728v2b¢ — 5328v,b2b, + 39936y, b7 + 448b2 + 1760363 — 1507255,
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In BP,BP, p = 2,
MR (2) = 2,
Mr(Wy) =v; = 2b,,
b, = -vyb, +2b3,
MR(Vy) = v, + Svb, — 150,62 - 2, + 1453,
by =-vib; ~ 20,5, - 302b? + 140, b3 - vibs — 16b7 + 6b, b,
(11.113) bs = 4v0,by + 201b, — 110,02 + 0353 + v2b,
— 49107 - 13u;b,b5 + 1210,6% + 28b%b, ~ 98b3,
be = —4vtv,b, - Wib, + 270,v,b? + Tvib? ~ 2v,b,
= 207by ~ 400,b3 + 5Tu3p3 + 13vb,b, — 3210%5%
= 600,630, + 5700, b3 + 4b2 + 80b3b, — 36855,

p=2,b= c(Eil;oti) = EEaEtE, af = EDOa,-E.

0=

>

al =~1+v —v? + (2, + 209) ~ (3v] + 4v,v,) + (6030, + W)+ -,

a® =2 - Su; + 82 ~ (173 + 11v,) + 37v,0, + 340} + -+
a® = =5+ 21y, - 492 + (500, + 118v3) + -+,
a®l =1+ -0 + (20, + 23+,

(11.114) s

a* =14 - 84y, + 2640 + ---
a'l =6-13v, +210% + -,
a® =-42 43300, +---,

@l =-28 + 1000, + -,

a® =132+ -,
Al =120+ -,

®? =4+ ...
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