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1 Introduction

Let G = (G,), be a sequence of subgroups G, of the real orthogonal group O(r). By a
G-manifold we mean a smooth manifold M with a G-structure on its stable normal bundle.
Roughly speaking, this is a homotopy class of liftings [#] such that the following diagram
commutes

BG = colim BG,

T
oo lf

M *y> BO = colim BO(r).

The map f is a fibration and v is a map classifying the stable normal bundle of M.
In the framework of G-manifolds, there is a generalized Pontrjagin-Thom Theorem:

QY =7, (MG).

On the left hand side we have the cobordism ring of G-manifolds, while on the right hand
side, MG denotes the Thom spectrum associated to G. Our purpose in Chapter 2 is to
compute 7, (MO) and 7,(MU), and hence have a description of the rings Q¢ and QU.

The first computation that we describe is due to Thom [Tho54]. In his paper, he show
the following result.

Proposition 1.1. The cohomology group H*(MO;Z/2) is a free module over the Steenrod
algebra As.

Therefore, one deduce by the Whitehead Theorem that MO has the homotopy type of a
product of Eilenberg-MacLane spectra [[ £*HZ/2. Stable homotopy groups are then easy
to compute. The full ring structure of the real cobordism ring is described in the following
theorem.

Theorem 1.2. Q9 = 7,/2[x; =i # 27 — 1]

The computation of the complex cobordism ring QU is a generalization of Thom’s argu-
ment. This is due to Milnor and can be found in his celebrated paper [Mil60|. He show the
following result.

Proposition 1.3. The cohomology group H*(MU;Z/p) is a free module over A,/(Qo),
where A,, denotes the Steenrod algebra and (Qo) is the two-side ideal generated by the Bock-
stein homomorphism.

Using the Adams spectral sequence, we can then compute the stable homotopy groups
7.(MU). The ring structure of QY is described in the following theorem.

Theorem 1.4. OV = Z[xo, 14, 76, . . .|

Then we consider complex oriented cohomology theories. This is a commutative multi-
plicative cohomology theory E*, with a natural choice of Thom class U € E?"(T¢) for any
n-dimensional complex vector bundle £. Main examples of such cohomology theories are:

e Singular cohomology with ring coefficients,
e K-Theory,

e Complex cobordism.

Consider the map m : CP* x CP* — CP*® classifying the tensor product of universal
line bundles 4! ® 4. For a complex oriented cohomology theory E*, the map m induces a
ring homomorphism

E*(pt)[z] =2 E*(CP*) — E*(CP* x CP*) = E*(pt)[z, y],

where © € E*(pt)[z] is the first Chern class of CP*. It turns out that the image of x is
a formal group law F(x,y) € E*(pt)[z,y]. This is a formal power series (in two variables)
satisfying the following properties
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o F(F(x,y),2z) = F(x,F(y,2)),
o F(x,y) = F(y,x),
o [(z,0)=x=F(0,x).

Among formal group laws there exists a universal formal group law. This is a formal
group law F,(x,y) over a ring L such that any formal group law G(z,y) are obtained from
F.(z,y) by a base change.

Theorem 1.5 (Lazard, Quillen). The ring L is isomorphic to m,(MU) = Z[xa, x4, T, - - . |
and the formal group law associated to complex cobordism is the universal formal group law.

If we let M U™ denote the complex cobordism cohomology, i.e. the generalized cohomology
theory associated to the Thom spectrum MU. We can then say that it is in some sense the
"most complicated" complex oriented cohomology theory. Using this, we can create new
(co)homology theories by considering the tensor functor

If F(z,y) is a formal group law over R, there exists amap f : m.(MU) — R, which induces
a structure of m.(MU)-module over R. Considering a finite CW-complex X, we can see that
MU,(X) is a finitely presented m,(MU)-module. Moreover, MU,(X) has a MU, (MU)-
comodule structure. Hence, let MU denote the category of MU, (MU )-comodules which are
finitely presented (MU )-modules.

In [Lan76], Landweber gives a sufficient and necessary condition on F(x,y) such that the
functor

M— M O, (MU) R

is exact whenever M belongs to MU.

At the end, we compute some stable homotopy groups of spheres using two different tools
that we use throughout this paper. The first method uses the Serre exact sequence for a
fibration. While the second method uses the Adams spectral sequence.

2 Cobordism

Roughly speaking, the idea of cobordism theory is to classify manifolds via surgery. To do
this, we introduce the following equivalence relation: two manifolds M, N are cobordant if
their disjoint union is the boundary of some manifold.

L A D

M >

We will come back later on this definition and be more precise.

This idea was deeply explored by René Thom, but the roots of cobordism is due to Henry
Poincaré in his Analysis Situs and in its complementary papers. His idea of homology is very
close to the modern framework elaborated by Thom. The interested reader will find more
informations about Poincaré’s work in [Lef99).

In this section, we will give some great computations and beautiful results due mostly to
Thom. The reader can evaluate how much they are important for stable algebraic topology
in [May99b].

Throughout this paper all our manifolds are supposed smooth and compact.
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2.1 (BG, f)-Manifolds

Let G, be a subgroup of O(r), the real orthogonal group. Then, one can form the classifying
spaces BG, and BO(r). We have also a map BG, — BO(r) induced by the inclusion that
we can replace by a fibration f, : BG,, — BO(r). Recall that BO(r) is weakly equivalent to
G,(R*), the Grassmann manifold of r-planes in R>. We have a natural r-plane bundle over
BO(r) consisting of pairs (X,v), where X € G,.(R*) is an r-plane and v € X is a vector.
This bundle is called the universal bundle and is denoted by ~".

Let M be an n-dimensional manifold, and suppose we have an embedding i : M — R™**".
By the Whitney embedding theorem, this map always exists for r big enough (depending only
on n). Let v(i) denote the normal bundle of M, this is the quotient of the pullback of the
tangent bundle of R"" by the tangent bundle of M. The total space of the normal bundle
can also be identified with the orthogonal complement of the tangent bundle. Moreover, if
r is large enough the embedding is unique up to homotopy. Therefore, the normal bundle is
unique up to isomorphism.

Definition. Let v(i) be classified by the map v : M — BO(r). A (BG,, f,)-structure on
v(i) is a homotopy class of liftings © of v to BG,. This is an equivalence class of maps
U : M — BG, such that the diagram

BG,

A

M ¥ BO(r)

commutes. Two maps o and ’ are equivalent, if there exists an homotopy H from o to o/
and such that
BG,

/ lfr
M x I -2 v — BO(r)
commutes.

Suppose now given a sequence of groups (G,), with each G, contained in O(r), and let
fr : BG,, — BO(r) be a sequence of fibrations. Suppose also that we have maps i, : BG, —
BG, 41 such that the diagram

i Trg1

BG’I" BG7"+1

lfr lfr-u
j Jr41

. — > BO(r) — BO(r+ 1)~ ...

commutes, where j,. : BO(r) — BO(r + 1) are the standard inclusions. Remark that a
(BG,, fr)-structure on the normal bundle v (i) defines a unique (BG,41, fr+1)-structure via

the embedding M - R+ ¢ Rn+7+1,

Definition. A (BG, f)-structure on the stable normal bundle of M is a homotopy class of
liftings ¥ to BG := colim, BG,.. Hence, we have the following commutative diagram

/ lf
M —— BO.
In terms of BG.,’s, this is can also be understood as an equivalence class of sequences of

(BG,, fr)-structures (7, ), on the normal bundle of M. Two such sequences (2.), and (2.),
are equivalent if they agree for a sufficiently large r.
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A (BG, f)-manifold is a pair consisting of a manifold M and a (BG, f)-structure on the
stable normal bundle of M.

One may ask why this definition does not depend on the choice of the embedding i :
M — R In fact, if j : M — R""" is another embedding, then there is a one-to-one
correspondence between the (BG, f)-structures on the stable normal bundle v(i) and those
on the stable normal bundle v(j) (see [Sto68, Chapter II, p.15]).

Example. Let us investigate first the most obvious example, i.e. G, = O(r). One can see
easily that any manifold has a trivial (BO, id)-structure.

Example. Suppose now G, = SO(r), then BSO(r) is weakly equivalent to the oriented
Grassmann manifold, denoted G, (R*), consisting of oriented r-planes in R*. With this
identification we have a natural map f,. : BSO(r) — BO(r) which is a 2-sheet covering of
BO(r). A lift & encodes the choice of an orientation of the normal bundle of our manifold.
Therefore, (BSO, f)-manifolds are oriented manifolds.

Example. Let now G2, = Ga,41 = U(r) the unitary group seen as a subgroup of O(2r).
The space BU(r) can be identified with the complex Grassmann manifold, denoted G, (C*).
In this case, we have also a natural fibration f,. : BU(r) — BO(2r). The reader can check
that a (BU, f)-structure on the stable normal bundle is equivalent to giving it a complex
structure. Hence (BU, f)-manifolds are stably almost-complex manifolds.

Example. For the last example, consider G, = 1 be the trivial group. Then BG, ~ EO(r)
is weakly equivalent to the contractible space of r-frames in R*°, denoted V,.(R°*°). This
is r-tuples of orthogonal vectors in R*. The canonical fibration f, : V,.(R*®) — G,.(R>)
sends (vy,...,v,) to the r-plane generated by these vectors. One can now see that a (B1, f)-
manifold is a manifold with a chosen trivialization of the stable normal bundle.

Notation. When the fibrations f, : BG, — BO(r) is implicitly understood, we will say G-
manifolds (respectively G-structure) instead of (BG, f)-manifolds (resp. (BG, f)-structure).

2.2 The Cobordism Group Q¢

Let M be a G-manifold, we want to specify how is defined the G-structure on the stable
normal bundle of the boundary dM. We will make this explicit for any submanifold N of
M with a trivialized normal bundle. Let n be the dimension of N and m the dimension
of M. Suppose we have iy : N — R™™ an embedding with r large enough. Using the
trivializations, we can find an embedding of a neighborhood of N in M into R**" x R™~—"
such that the neighborhood meets R"™" orthogonally along N (e.g. by taking a tubular
neighborhood in R™*" of N and then take the intersection with M).

With this construction, one would have that the normal planes of N in R™*" are the
normal planes of M in R™"7 restricted to N. So if M has a G-structure on its stable normal
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bundle, then we have an induced G-structure on the stable normal bundle of N by restriction.
Therefore, we have the following commutative diagram

BG,

|

In the specific case where N = 9M, it can be shown by means of differential geometry
that the boundary are collared. This is saying that there exists a tubular neighborhood of
the boundary (OM). in M, which is diffeomorphic to M x [0,¢). Therefore, we can suppose
that OM has a trivialized normal bundle and the above discussion holds.

Definition. Two G-manifolds M, N are said cobordant if there exists G-manifolds U, V such
that M UOU Z N UJV. If M and N are cobordant, we say that M and N are in the same
cobordism class.

Definition. Let QG denote the semigroup of cobordism classes of n-dimensional (compact)
G-manifolds. The composition law is given by the disjoint union

[M]+ [N]:=[MUN].
Proposition 2.1. Q¢ is an abelian group.

Proof. Let M be a G-manifold, one needs to find an inverse to M, i.e. N such that [MUN] =
[@]. One can consider for this M x 1 since (M x I) = M x 0U M x 1. Note that M x 1
might NOT be isomorphic to M as a G-manifold. For example, when G = SO, M x 1 is the
manifold M with the reversed orientation.

Define the G-structure on M x I by the following. Let i : M — R™"" be an embedding
for some large 7 and let  : M — BG,. be a lift such that the diagram

BG,

A

M —Y% BO(r)

commutes. We now extend the embedding i for M x I into R"*" x R = R"*"+! using the
standard inclusion. With this embedding, the normal map of M x I is the projection on M
followed by the normal map of M. We then have the commutative diagram

1

M BG,

N 7
. UMXI .
0 l lfr

VM xI

M x I —— BO(r).

Such lift exists by the very definition of a fibration. This gives us a G-structure on M x I,
and by construction M x 0 has the same G-structure as M. O

2.3 Thom Space

Let £ be an r-plane bundle with an Euclidian metric. The Thom space of £ is the space
obtained from the total space of £ by collapsing all vectors of length at least one into a single
basepoint, denoted oo, i.e.

T¢ = E)/{ve EE): [v] = 1}.
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In the literature, the reader can find another description of the Thom space by the fol-
lowing construction. Starting with any fiber bundle &, consider the fiberwise one point
compactification of £&. Then identify all the new points co to a single point. The resulting
space is the Thom space. Remark that this previous construction might apply in a more
general setting.

Notation. If £ is a vector bundle over X, the Thom space T¢ will sometimes be denoted
TX (when there is no ambiguity).

Let g : X — Y be a continuous map and 7 be a bundle over Y. If £ = ¢g*n, this is the
pullback of i along g, which is a bundle over X, then one has an induced map

T¢ L% 1.

Let j, : BO(r) — BO(r +1) be the canonical map induced by the inclusion. Considering
the pullback of the universal bundle v"*! along j,., one gets the following commutative
diagram

E(jiy™*h) ——= E(y"™)

| |

BO(r) —= BO(r +1).

By a straightforward computation one can check that the bundle j*~"*! is isomorphic to
the Whitney sum " @ £', where ! denotes the trivial line bundle. Then the Thom space
T(y"@®et) is isomorphic to the suspension XT%". Therefore, the map j, : BO(r) — BO(r+1)
induces a map

STBO(r) —2% TBO(r + 1).

Let now (G, ), be a sequence of subgroups, with each G, is contained in BO(r). Suppose
one has a commutative diagram

iy Trg1

BG, BG,i — ...

lfr lfﬂ-l
j Jr+1

. ——= BO(r) —> BO(r +1) s ...

We can then draw the commutative diagram

E((fr+1ir)*7r+l) - E(f:ﬂ’YHl) - E(’YTH)

L |

BG, ———~ BG, BO(r + 1),

f7‘+1
and see that i, induces a map

STBG, — ' TBGy 1.
Indeed,

T((frrin) ™) =T((Gofe)™270) = T ji7™H)
——
T Pet
T((fi) & <) = ST(f) = STBG,.



2 COBORDISM 8

At the end one gets the following commutative diagram

STBG, — "~ TBGyi

ZTfrl leH—l

STBO(r) —2% TBO(r + 1).

Definition. When (G,), is a sequence of subgroups as above, the Thom spaces TBG, are
denoted MG,.. The Thom spectrum of G = (G,),, denoted by MG, is the spectrum

(MG, MGy, MGo,...).

Examples. Here is a list of the associated Thom spectra to subgroups that we seen in 2.1.

MO = (x, MO(1), MO(2), MO(3), MO(4), . ..)

MSO = (x, MSO(1), MSO(2), MSO(3), MSO(4), ...)
MU = (x,%, MU(1),SMU (1), MU (2), MU (2),...)
M1 =(S°8',5% 8% 84 ...)

2.4 The Pontrjagin-Thom Theorem
Let G = (G,), be a sequence of groups, with each G, contained in O(r).

Theorem 2.2 (Pontrjagin-Thom). We have an isomorphism of groups
Qf = 1, (MG).

Sketch of the proof. Let [M] € QF, i : M — R"*" be a embedding with r large enough and
vy M — BO(r) be the map classifying the normal bundle v(i). Moreover, we denote
Upr 0 M — BG, the lift defining the G-structure on M.

The total space of the normal bundle, denoted E(v);), can be seen as a subspace of the
product R™" x R™**". Let us consider the map

e: R x R™ — R"" . (a,b) + a + b.

One can see that this map is smooth on E(vys). Furthermore, e restricted to M = M x 0 C
E(vy) is exactly our embedding i : M — R™*". By differential geometry, we can find an
e > 0 such that the map e|g(,,,) : E(var) — R™™" gives us an embedding of the tubular
neighborhood E(var)e = {n € E(vpy) : |n| < e} in R*".

Considering S™*" as the one point compactification R"*"U{occ}, we define a map S"+" -
E(var)e/OE(var)e by collapsing every points outside or in the boundary of E(vyy). into oo.
Composing now by E(var)e/OE(var)e 1—/E> Tv)ys the multiplication by 1/e, we get into the
Thom space of the normal bundle of M, denoted Tvy;.

The last step to define our map Q¢ — 7,,(MG), is to find a map Tvy; — MG,.. By the
universal property of the pullback
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we have an induced map between E(vy) and E(fy"). This map induces a map Ty, Tong
MG,.

Define the homomorphism 6 : Q¢ — 7,,(MG) is defined by sending [M] to the homotopy
class of the composition

Oar = 5™ %5 E(var)e /OE(war)e 215 Tvar T4 MG, .

At this stage, we can see that the homotopy type of this map does not depend on €, or on
the lift ©ps. Indeed, if we choose another €', the map 1/¢’ o ¢ would be homotopic to 1/¢ o c.
It is also true that if we choose another lift 73, given the same G-structure on M, then one
would have a homotopy between Ty, and T7},. Nevertheless, we have still to show that
6[M] does not depend on the embedding 7 : M — R,

Claim 1. The homotopy class of Oy depends only on the cobordism class of M.

Let W be a G-manifold. Consider the manifold M L W where the G-structure is the
one induced by M and W. We want to show that

O ~ Onruow -

Let j : MUOW — R™"" be any embedding for r large enough and let Dy oy : MUOW —
BG, give its G-structure. Moreover the restriction oy ow |y gives the same G-structure as
Uy (remark that j|a; might not be equal to i) and the restriction Dpriow|ow = Pwlow =
Daw -

Let H: M x I — R™" be a homotopy between i : M — R™*" and j|p : M — R,
Moreover, one can suppose by use of differential geometry that there exists d1,d2 > 0 such
that

H(xz,t) =i(x) for 0 <t <y, and H(z,t) = jlpm(z) for 1 — 5y <t < 1.

Let k: W — R™" x (0,1] be an embedding such that k|sw = jlaw x {1}, and such that
a tubular neighborhood of OW is embedded orthogonally to j(OW) x {1}. The reader must
have in mind the following cartoon.

ow

If we look now at

F:MxITUuW—R"" xI
(m, t) — (H(m,1),1)
w— k(w),
one can see that this is an embedding on a closed neighborhood of the boundary. Without

lost of generality, one can take it to be an embedding on the whole domain space. This can
be represented in the following picture.
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M x {1} ow

M x {0}

With our construction, we have the commutative solid diagram

M x {0} -2~ BG,

The lift is given by the very definition of a fibration. Moreover, we can modify the lift in

order to have also
Unuow | M

M x {1} 22 pa,
7

if,.

M x I ——— BO(r).
v(F|mx1)
If we now proceed to the construction of 0y, and 65w using embeddings i and j
respectively, then we would get a homotopy between 6, and 6,9 induced by F.
This homotopy is obtained by the following construction. At first, we have a collapse
St x I — E(vp)e/OE(vr). where E(vp) is the total space of the normal bundle vg of M x
TUW induced by F. Secondly, the multiplication by 1/e gives us a map E(vp)./0E(vr)e —

Tvp. Finally, the G-structure defined above on M x I U W gives us an induced map
Tvp T—VF> MG,. The reader can check that the composition of theses three maps is the
desired homotopy.

We are now able to prove the claim. If we take W to be ), we solved the problem that
6[M] does not depend on the embedding of M. Moreover, if [M] = [N], then there exists

U,V such that M LU = N L JV. Using the previous construction, we have
Om = Omuou = Onuov ~ On.
Claim 2. 0: Q¢ — 7,(M(G)) is a homomorphism of groups.

If [M],[N] are in QF, we can choose embeddings i : M — R"*""! x R, and j : N —
R7**7=1 x R_ and such that the tubular neighborhood of each manifold lies in the same half
space. Then 6}y (n) is homotopic to

gt Iy gty gnir OV e
where m is the pinch map.
Claim 3. 0 : Q¢ — 7,(MG) is an isomorphism.

The proof of this claim uses the great idea of transversality introduced by Thom. The
reader shall find the proof in [Sto68, Chapter II, p.21]. O
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2.5 Computation of Q¢

In the last section we transformed a geometrical problem (understand the cobordism groups)
into a homotopical problem. Generally, computing homotopy groups is often clueless and
very hard. Nevertheless, it turns out that computing the homotopy groups of the Thom
spectrum MO is possible. This is a very surprising fact.

The fundamental idea of this computation is to show that the mod 2 cohomology of the
Thom spectrum is a free module over the Steenrod algebra. Using the Whitehead theorem,
we will be able to identify the homotopy type of MO as some product of Eilenberg-MacLane
spectra. The homotopy groups will then follow straightforward. This computation is due to
Thom and can be founded in its celebrated paper [Thob54].

Let us first recall a few facts about the Grassmann manifold G,,(R*) = BO(n).

Proposition 2.3. The cohomology ring (with mod 2 coefficients) of the Grassmann man-
ifold G,,(R*>) is the polynomial algebra over Z/2 generated by the Stiefel-Whitney classes
Wi,y Wy, L.C.

H*(Gp(R*®);Z/2) = Z./2[wy, . . ., wy)].
Recall that each w; is of degree i.
Proof. The reader can find the proof in [MS74, Chapter 7]. O

A useful way tot think of the Stiefel-Whitney classes wy, is as the k-th symmetric poly-
nomials in variables t1,...,t,. This can be explained by looking at the subgroup of diagonal
matrices in O(n), denoted T'(n). One can then construct BT (n), which is the n-fold product
of real projective spaces RP* x --- x RP*°. Its cohomology ring is a polynomial algebra
over Z/2 generated by t1,...,t, each of degree 1. The induced map BT (n) — BO(n) gives
us in cohomology our desired identification. For more details about this, the reader can look
in [BS53].

Thus, a Z/2-basis of H*(G,,(R>); Z/2) is given by all symmetric polynomials Y #{* -+ - &,
where (a1 - - - a,) is a partition of k (with r less than or equal to n). The sum is taken over all
essential permutations, i.e. we mean that it is the "smallest" symmetric polynomial which
contains ¢7* - - - tor.

Let us also recall how works the Thom isomorphism. Let £ be an n-plane bundle over B
with total space F, and let Ey be non-zero vectors in . We suppose also that our coefficient
ring R is a field.

Proposition 2.4. There exists a cohomology class Ug in H"(E, Eo; R) such that the map

U,
H*(E; R) — > H"(E, Eg; R)

is an isomorphism. The class Ug is called the fundamental class or Thom class. Moreover,
the composition with the isomorphism ©*, i.e.

uUe¢

H*(B; R) —> H*(E; R) —> H"**(E, Ey; R)
is called the Thom isomorphism and is generally denoted by ¢.

This allows us to compute the reduced cohomology of the Thom space T¢, because
H™*(T¢; R) can be identified to H"**(E, Ey; R). Indeed, consider D(E) := {v € E :
|v| <1} the disk bundle of £ and S(E) := {v € E : |v| = 1} the sphere bundle of . Then the
pair (D(E),S(E)) is a deformation retract of the pair (E, Fy), and since (D(E), S(E)) is a
good pair, one has

H""*(E, Eo; R) = H"*(D(E), S(E); R)
~ H""*(D(E)/S(E); R) = H"*(T¢&; R).
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Let us now use the Thom isomorphism to give a basis of H*(MO(n);Z/2). In order to do
this, consider the trivial cross-section f : BO(n) — E, where E = E(4") is the total space of
the universal bundle. Therefore, f* : H*(E;Z/2) — H*(BO(n);Z/2) is an inverse for m*.
Composing f* by the natural restriction map H"**(E, Ey : Z/2) — H""¥(E;Z/2), one can
draw the commutative diagram

H*(BO(n); Z/2)

¢ \

AR (MO(n): 7,/2) I H™E(BO(n): 7,/2).

IR

The arrow in the right hand side is defined as the composition. If we now chase in this

diagram, we can identify the map on the right hand side to be a — a-w,, (where - denotes the

cup product). But the map a — a-w,, is a monomorphism, thus f*| is also a monomorphism.

Therefore, H*(MO(n);Z/2) can be seen in H*(BO(n);Z/2) as the ideal generated by w,,.
A 7Z/2-basis of H"*¥(MO(n);Z/2) is given by all symmetric polynomials of the form

Zt’lll'*'l...tf}r'f‘l byt

where (aq - - - a;-) runs over all partitions of k& (with r less than or equal to n). The sum is taken
over all essential permutations of t'1“+1 - ~t$r+1 ~try1---t,. Remark that each permutation
that is essential to t‘f”‘l coet@rtlog gty is also essential for {1t .- tdr.

Notation. If w = (a1 - - - a,) is a partition of ¢ with length r < n, we write

s(w) = #roetor,
Remark that s(1---1) = wy,.

Definition. We say that a partition w = (a4, ...,a,) is non-dyadic if each a; # 2™ — 1 and
is purely dyadic if each a; is of the form 2" — 1. Therefore, any partition w can be uniquely

factored as Awpg, where A is non-dyadic and wg = (r1,72(2% — 1),--- ,7;(27 — 1)) is purely
dyadic.
For a partition w = (ay,...,a,), we define to quantities:

l(w):=r and ww):=a;+- -+ a,.
For any two partitions w = Awg and w’ = Nw}, we say that w’ is less than w:
o if I(N) < I(N), or
o if I(N) =I(N), w(A) > w(\).

Remark that we totally ignore the dyadic part of our partition w.

We say that a monomial t{* - - -t is non-dyadic if each a; # 2™ and is purely dyadic if
each a; is of the form 2™. We can also define an order on monomials in the same fashion as
before by looking only the non-dyadic part.

Remark. It might be a little bit confusing, but one has to think that we arranged the
definitions such that we can switch from s(w) - wy, and Y t{*---¢%. For instance, if A is
non-dyadic we have

s(A) - w, = Zt‘fl"‘l e t;}r“‘l tyg1 et
then each monomial has exactly [(\) = r non-dyadic terms.

We will now define classes which will be used in the future to define a As-basis for

H*(MO;Z/2).
For any k < n, we form the classes {Sq"(s(\s) - wy,)} where h runs over all integers
0,...,k, the A\, runs over all non-dyadic partitions of h, and the Sq¢’* runs over all admissible

sequences of total degree (k — h). The definition of the Sq¢! can be found in appendix A.
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Lemma 2.5. The classes {Sq™ (s(\n) - wy)} are linearly independent.

Proof. Let us first identify who are the "biggest" terms in each Sq*(s(\,) - w,,) in the sense
of the ordering described above.

If we look at Sql» (t9*F!...¢%+1.¢ 1 .. t,) then to maximize the number of non-dyadic
terms we have to create the minimum of dyadic variables. Since the variables ¢, ---t, are
already dyadic, it is easy to see that applying Sq’* to them will never change their dyadic
nature (they are already lost to us). This facts follows from the formula S¢™t* = (Z’) gmta,
So in order to get the biggest terms, one need to consider the development of

t et LG eIty ty). (1)

Here the number of non-dyadic terms is equal to {(Ay,) = r. Another way to get r non-dyadic
terms would be to take successive squares of the non-dyadic factors t‘1“+1 - ta 1 But this
maneuver would fail since the w(\) would be strictly bigger than in (1). Hence, we just
proved the following.

Claim 1. For each h and each M\, the sum of all the biggest terms in Sq'n (s(\n) - wy,) is
ezactly

S S (1)

where the sum is taken over the essential permutations of the polynomial
t‘l“'H ct@ et

Remark now that a term cannot be expressed linearly by terms that are less than itself.
Therefore, if one has a non-trivial linear combination, then it can be formed using only classes
Sq* (s(An) - wy,) where the biggest terms has [(\) = r non-dyadic terms and of total non-
dyadic degree r + h. That means that h cannot vary in our linear combination. One can also
see that we cannot vary the partition Aj, because our terms will be all different and making
any non-trivial combination impossible.

Finally, we come to the fact that the only way to get a non-trivial linear combination is
to make I vary with fixed h and A\,. Let us write

0= cat{ ™ttt 8g (g -+ 1),
(03

By extracting the terms ti‘”‘l -+ t% 1 we get the relation:

0=ttt gartl anSqI“ (trg1-tn),
[e3

but this would imply ¢, = 0. Indeed the Sq’’s (for admissible sequences) form a basis of the
Steenrod algebra, thus Sq’ (¢, - - - t,) are linearly independent whenever the total degree of
Sq™, i.e. k— h, is less than or equal to n — r (cf. appendix A). This inequality is satisfied
because h > 2r, and k < n. O

Corollary 2.6. The classes {Sq™ (s(\n)-wy,)} form a basis of H"*(MO(n); Z/2) for k < n.

Proof. We seen previously that the rank of H"**(MO(n); Z/2) is the number of partitions of

k (where the number of terms is less or equal to n; this condition is always satisfied because

we supposed k < n). Write p(k) this number. We claim that p(k) = #{Sq" (s(A\n) - wn)}.
Indeed, any partition can be factor into a non-dyadic partition and a purely dyadic. Thus

p(k) = Z #{purely dyadic partitions of k — h}#{non-dyadic partitions of h}
0<h<k

and Serre showed in [Serb53a, p. 212] that #{purely dyadic partitions of k¥ — h} is equal to
the number of admissible sequences of total degree k — h. Thus our linearly independent
system form a Z/2-basis of H"**(MO(n);Z/2). O
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Notation.
d(h) := #{non-dyadic partitions of h}

Proposition 2.7. The As-module H*(MO;7Z/2) is free.

Proof. Write H*(MO;7Z/2) = lim, H""*(MO(n);Z/2). We previously showed that the
{Sq™ (s(An)-wy)} is a Z/2-basis of H"¥(MO(n);Z/2) for n large enough (n > k). Therefore,
if we let n go to infinity the classes "s(A\p) - woo", seen in H*(MO;Z/2), form a basis over

the Steenrod algebra, Az. Moreover, the degree of s(Ap) - woo in H*(MO;Z/2) is h. O

Proposition 2.8. The spectrum MO has the same homotopy type as the product H)\h YhHZ/2,
where HZ/2 denotes the Eilenberg-MacLane spectrum, and Ap, runs over all non-dyadic par-
titions.

Proof. In order to prove this proposition, we will use the Whitehead’s theorem. This theorem
states that if the cohomology of two spectra are isomorphic for any coefficient field Z/p and
Q, then they have the same homotopy type.

Claim 1.

H([[="HZ/2:2/2) = @D X" A,.
An

An

By definition, H*([[,, YhHZ7,/2;7./2) = lim,, H*+”(H/\h K(Z/2,h+n);Z/2). Since these
cohomology groups are finitely generated degreewise, we can apply the Kiinneth formula to
get

H ([ K(2Z/2,h +n);2/2) = @ H(K(Z/2,h + n); Z/2).
Ah An

Indeed, if n is big enough the mixed terms will vanish. Let us observe this phenomena on
Y = K(Z/2,h1 +n) x K(Z/2,hs + n), the proof remains the same in our general case.

H™Y;2/2) = @  HP(K(Z/2,h1 +n); Z/2) ® HY(K(Z/2,hy + n); Z/2)
ptg=*+n
=H*"™(K(Z/2,hy +n);Z)2) & H* " (K(Z/2, hy + n); Z/2)

B H(K(Z/2,h +n);Z/2) @ HI(K(Z/2,hy +n); Z/2)
prg=*+n
p,g>0
In the sum with the tensor product, non-zero terms appears only when *+n > hy + ho + 2n.
So for n big enough, the sum gets trivial.
We can hence finish the computation that we start above,

H(|[2"HZ/2;2/2) = @@ H*(X"HZ/2;Z/2) = D" H* (HZ/2%7/2) = P " A,

An An Ah

By proposition 2.7, we get that the mod 2 cohomology of H)\h YPHZ/2 and MO are
equal.

Moreover, the mod p > 2 cohomology of [],, Y"HTZ/2 is clearly trivial. To prove that
H*(MO;Z/p) is also trivial, we have to use the €-theory of Serre (cf. appendix C).

Considering %), the class of finite abelian groups such that each element has order prime
to p, we deduce that m.(MO) € %, for any odd p because 7,(MO) has no odd torsion.
Indeed, every manifold M is cobordant to itself, (M x I) = M U M. By theorem C.3 we
get that H.(MO;Z) € %,. This implies that H,(MO;Z) has no odd torsion and hence
H.(MO;Z/p) =0 for any odd prime p.

Since both spectra has only 2-torsion, their cohomology with rational coefficients are
trivial. So we are finally able to apply the Whitehead’s theorem and get our desired result. [
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Theorem 2.9.
Q0 =7/2%x - x7/2.
—_——

d(n) times

Proof. By the Pontrjagin-Thom theorem and proposition 2.8, we have

00 = 71, (MO) = m ([ [ S"HZ/2) = [[ 7a(S"HZ/2) = 2/2 % -+ x 2,/2. O
An An d(n) times

If M and N are to G-manifolds, we can define a natural G-structure on the product
M x N. Since G is a group, we have a natural multiplication BG x BG — BG. Hence if 0y,
and Uy denotes liftings to BG of vy and vy, we have the following commutative diagram

BG x BG—— BG

W J/fo lf

One can see easily that this induces a ring structure on Q.

Theorem 2.10. The graded ring 09 is isomorphic to the polynomial ring Z/2[w2, 24, T5, . . .|
on generators x; for each i # 27 — 1.

We will not prove this theorem, however the reader can find the proof in [Swi02, Chapter
20].

2.6 Computation of QU

One can see that in the previous computation, we were really lucky and it was somehow "too
easy". More precisely, the fact that H*(MO;Z/2) turns out to be free over the Steenrod
algebra is absolutely unhoped for any other Thom spectra. In our actual peculiar case,
H*(MU,;Z/p) is NOT free over the Steenrod algebra. However, H*(MU;Z/p) is free over
the quotient A,/(Qo), where Qo denotes the Bockstein. This will allow us to compute an
A,-free resolution of H*(MU;Z/p). Using then the Adams spectral sequence, we will be able
to compute m,(MU). This performance is due to Milnor and can be found in its beautiful
paper [Mil60].

Let us first give some useful facts about the Steenrod algebra A, for any prime p. Before
to go further, the reader should know some basic knowledge about it. A little summary take
place in Appendix A.

Lemma 2.11. The Steenrod algebra Ay, for any prime number p, contains a subalgebra Ao
with the following properties:

o Ay is a Grassmann algebra over Z/p with generators Qo, Q1, ... each of odd dimension,
i.e. Ao =7Z/plQo,Q1,...]/I, where I is the ideal generated by Q;Q; and Q;Q; + Q;Q;
foralli,j.

o A, is free as a right Ag-module.

e Considering Z/p as a left Ag-module by Q;Z/p = 0 for all i, we have an isomorphism
of left Ap-modules Ay, ® 4, Z/p = A,/ (Qo), where (Qo) 1is the two side ideal generated
by Qo-

e An additive basis for the quotient A,/(Qo) is given by all elements PE.

Since we cannot give a better proof as Milnor, we refer the reader to [Mil60] and [Mil58,
Theorem 4a|. However, let us give some useful remarks to have a better understanding.



2 COBORDISM 16

p odd: In [Mil58], Milnor studies the dual of the Steenrod algebra A, for an odd prime p. It
might first be a weird idea, but it turns out that it is more easy to understand the dual
rather than the Steenrod algebra itself. He obtains that the dual of the Steenrod algebra
is the tensor product of a Grassmann algebra and a polynomial algebra. Therefore, we
can get a basis of A, by dualizing the obvious additive basis of the dual. Such a basis

is given by elements
ep Nel pr
QT ...
where E = (eg,e1,...) is a sequence of 0 and 1, and R = (r1,79,...) is a sequence of

non-negative integers such that, almost all terms in theses sequences are zero. Moreover,
the elements @; satisfies our identities:

QiQ; =0 and Q;Q; + Q;Q; = 0.

We have also the following facts:

o P0.0.0.) — 1 and P0.0.-) = P the Steenrod power.
o PRQy — QuPR = Qi PR-0"00) 4 @y yPR-(0"00)
e (g is the Bockstein, and Q; 11 = PpiQi — QZ-Ppi.

By the difference R— S we mean the sequence obtained by taking the difference term by
term. If at least one of the term in the resulting sequence is less than zero, then P%—°
is understood to be zero. Thus, we can show by induction that the exact dimension of
Q; is 2p' — 1.

So far, we can understand who is Ay and that A, is free as a left (not right) Ag-module.
Indeed, we can take for basis the elements PFE.

Finally, we will try to understand the isomorphism A, ®4, Z/p = A,/(Qo). Let us
first consider A, modulo the right ideal Q¢.A, + Q1 Ap + ---. It can be shown by use
of the formula PRQ, = Q. PF + Qk+177R7(pk’0’0"") + Qk+27’R7(O’pk’0"") + .-+ that it
is also a left ideal. Hence, Qo.A, + Q1.4, + - - is a two side ideal containing (Qo), but
using the above formula with ¥ =0 and R = (0,...,0,1,0,...), shows us that each Q;
is contained in the ideal (Qq). Hence the two ideals are isomorphic.

By the definition of the Ay action on Z/p, we can see that A, ®4,Z/p is the quotient of
A, by the left ideal A,Qo +.A,Q1 + - --. Hence, we shown that Z/p®a4, A, = A,/(Qo)
with the left and right interchanged. To obtain correctly the statement of 2.11 we need
to use the anti-automorphism of A,,.

One can easily see that the elements P forms a Z/p-basis for A,/(Qo). Indeed, these
elements form a basis of the left Ap-module A,. Therefore, it forms a Z/p-basis for

Z/p @4, Ap = Ap/(Qo)-

p = 2 : Milnor discuss this case in [Mil58] by studying the dual of the Steenrod algebra over
7/2. By a similar procedure he finds out a basis of Ay given by elements Sq%, where R
runs over all sequences (where almost all terms are zero). We emphasis here that this
basis has nothing to do with the Serre-Cartan basis. For example, the degree of S¢** is
r1 4 37y + Trs + ... which is totally different from the the degree of S¢’, where I runs
over all admissible sequences.

Define now the P to be S¢?F and the Q;_; to be Sq(0+0:1.0:) where the sequence

(0,...,0,1,0,...) has a 1 in the i-th position. For convenience, let A; denote such
sequences. Moreover, we remark that Qo = S¢®' = S¢*, hence Qo is indeed the
Bockstein.

In [Mil58], Milnor shows that if E = (ej,ea,...) is a sequence of 0 and 1 and R =
(ri,79,...) is a sequence of non-negative integers (such that almost all terms are equal
to zero), then we have the following product formula Sq?Sq® = (E, R)Sq®*+f. The
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coefficient (E, R) denotes the product [],(e; +r;)!/e;!r;!. Therefore, we can get Q;Q; =
Q;Q; (by setting F = A;1; and R =Aj4;) and Q;Q; = 0.

By use of the above formula, we can prove by induction that Q5'Q{? - -- = Sq¥. This
leads us to the fact that since any sequence can be written uniquely in the form F+ 2R,
the elements Sq¥S¢* = S¢PPE form a Z/2-basis for A,.

Moreover, we can prove the rest with the same argumentation as for the previous case,
by use of the formula

k k
PRQk _ riPR _ Qk}+1PR_(2 ,0,0,...) + Qk+2zPR—(O,2 ,0,...) 4.

Let us now recall few facts about the complex Grassmann manifold G,,(C*) = BU(n).

Proposition 2.12. The cohomology ring of the complex Grassmann manifold G, (C>) is the
free polynomial algebra over Z generated by the Chern classes c1,. .., ¢y, i.e.

H*(Gn(C®);Z) = Z[ey, - . ., cn).
Recall that each c; is of degree 2.
Proof. The reader can find the proof in [MS74, Chapter 14]. O

As for MO, we can give an interpretation of Chern classes as symmetric polynomials by
use of the subgroup of diagonal unitary matrices in U(n). Using the Thom isomorphism (see
proposition 2.4), one draw the commutative diagram

Hi{(BU(n
Fi20(MU(n): Z) —— 2 Hi+2"(BU(n); Z).

As in the section 2.5, we can chase on this diagram and find out that the map at the right hand
side is @ ~— a - ¢,. This implies that f*| is a monomorphism. Therefore, H*2"(MU (n);Z)
can be identified in H**2"(BU(n);Z) as the ideal generated by c,. Furthermore, we have
that H*(BU(n);Z) is concentrated in even degrees, so is H*(MU (n); 7).

Therefore, an additive basis of H*+2"(MU(n);Z) when i = 2k is given by all symmetric

polynomials
= Zt‘fﬁl cet@ Yt
where the sum is taken over all essential permutations of the monomial ¢]

try1 - tn, and w = (ai,...,a,) runs over all partitions of k with r less than or equal to
n.

art+l | jar+l
T

We can now discuss the maneuver of the computation. We will proceed in two steps which
holds in the next two propositions.

Proposition 2.13. The cohomology H*(MU;Z/p) is a free module over A,/(Qo) with even
dimensional generators.

The proof of this proposition will be very similar to the proof given by Thom in [Thob4].
We will just have to extend his idea to the mod p Steenrod algebra and work with the P%’s
instead of the S¢’’s.

Proposition 2.14. If H*(Y;Z/p) is a free A/(Qo)-module with even dimensional genera-
tors, and if C«(Y;Z) is finitely generated and vanish for x less than some constant, then the
stable homotopy group {S°, Y },, contains no p-torsion.
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This proposition will be proven using the Adams spectral sequence. Since H*(Y;Z/p) is
"almost" free, we will be able to construct a not so complicated free resolution over A,.

Let us first investigate proposition 2.13. In order to argue in the same fashion as in the
section 2.5, one needs to understand better how behaves the polynomial P® on products
and on 2-dimensional cohomology classes. Recall that A; is the sequence (0,...,0,1,0,...),
where there is a 1 in the i-th position. We assume the convention, Ay := (0,0,...).

Lemma 2.15. If p is odd, or p = 2 and H*(X;Z/2) is annihilated by Qo = Sq', then the
following holds:

o Forz,y € H*(X;Z/p)

Pllay)= Y Ph)P(y).
Ri1+R2=R

e For any class t € H*(X;Z/p)

pry_ [ 7 ifR=A
0 i R+# Do, A, ..

Proof. The reader can find the proof in [Mil60]. O

If we assume this lemma, it will now be a piece of cake to generalize the Thom’s argument.
Recall that each partition w = (a1,...,a,) can be written as Awpg, where A contains no
terms of the form p/ — 1 and wgr consists of 77 copies of p? — 1 for each j, therefore write
R := (r1,72,...). As in section 2.5 we define a partial ordering on partitions.

Definition. For any two partitions w = MAwg and w’ = Nwl,, we say that w’ is less than w:
o if I(X) < I()), or
o if I(N) =1(N), w(A) > w(N).

Recall that I(w) is the number of terms and w(w) is the total degree of a given partition w.

Lemma 2.16. Let R = (r1,7r2,...) be a sequence of non-negative integers almost all zero.
Let \ be a partition with containing no terms of the form p? — 1 and suppose n to be large
(saymn > 1N +r1+ro+---). Then we have

PE(s(\) - cn) = s(A\wr) - ¢ + Z(cst)s(XwR/)

with Nwgr: less than M\wg.

Proof. By definition,
S(A) e = > 0ttty

where the sum is taken over all essential permutations of t‘flﬂ sttt oot We want
to understand what is the biggest terms when we apply P to this polynomial.
By the product formula given in lemma 2.15, we have that

PR i gyt = Y PRIt PR,
Ri4-+Rs=R

The bigger terms will have r terms which are not a power of p. Indeed, by setting R; to
be zero on the terms of the form tf"“, we will not create new terms of the form 7. We
could also try to apply P%i to tf"'“ and get (cst)ti“+1 where b; is not of the form p? — 1.
Unfortunately, this would increase w(A) which in our partial order would say that we created
a "smaller" term.
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Therefore,
PR(s(N) -¢,) = (Z ot gt IpR tn)) + (smaller symmetric polynomials)

To finish the proof, one can easily check that S #§*+...¢ar PRt ... t,) is equal to
s(Awpg) - ¢y, using the product formula of lemma 2.15. O

Proof of Proposition 2.13. By the preceding lemma, we have a system of equations
PER(s(N) - cn) = s(A\wR) - cn + Z(cst)s(XwR,) “ Cry

with A less than A. By induction, we can solve these equations to get the following system
of equations:

s(AwR) - en = PE(s(\) - ¢) + Z(cst)PR/(s()\’) ).

One can see this as inverting some upper block triangular matrices (obtained by arranging
the additive basis using the partial ordering).

Since the s(Awg) - ¢, form a Z/p-basis of H*t2"(MU (n); Z/p) for n large enough, we get
that the PF(s()\) - ¢,,) form also a Z/p-basis. If we let n go to infinity, we can see that the
classes s(\) - coo form a basis of H*(MU;Z/p) as an A, /(Qo)-module. Moreover, the degree
of s(\) - coo 1s 2 - w(N) since each t; is of degree 2. O

Scholium 2.17. The free A,/(Qo)-module H*(MU;Z/p) has generators s(\) - oo, Where
A = (a1,az,...) runs over all partitions such that a; # p/ — 1. The degree of s(\) - co is
2 - (total degree of \).

Let us now investigate the proof of proposition 2.14. To prove this, Milnor claims in
[Mil60] that the Adams spectral sequence (see appendix B.2) remains true by replacing
the finite CW-complex Y by a stable object Y, i.e. a sequence of CW-complexes Y =
{Yy,Y1,Y2,...} such that the suspension XY; is a subcomplex of Y;11. However, we need
that our stable object Y satisfies a finiteness condition. This finiteness condition holds in
the fact that C),(Y’; Z) should be finitely generated and vanish for n less than some constant.
These hypothesis are satisfied in our study case MU.

Theorem 2.18 (Adams spectral sequence for a stable object). Let X be a based finite CW-
complexe and let Y be a stable object as above. Then for any prime number p, we have a
spectral sequence {Ey,d,} such that

e E. is bigraded and the differental d, is of bidegree (r,r —1).
. Eg’t = Extf% (H*(Y;Z/p), Etﬁ*(X; Z/p)), where A, is the Steenrod algebra mod p.
o The spectral sequence converge to [X,Y], = colim;[X¢X,Y;],, i.e. there ewists a se-
quence of subgroups
[X,Y], = FO" o phrtl 5 p2nt2 o

such that ESt = Ft/FsTHL - Moreover, the intersection (), "% is equal to
(p) [Xa Y}n-

We will now construct an A,-free resolution of H*(Y;Z/p) providing that it is a free
A, /(Qo)-module and has even dimensional generators. This construction is purely homolog-
ical algebra.

Lemma 2.19. Let Ay be a Grassmann algebra on generators Qo, @1, ..., with dim(Q;) =
2p® — 1, then there exists an Ag-free resolution of Z/p (seen as an Ag-module by Q;Z/p = 0)
B S -SR-S Z/p—0

where each Fy is a free Ag-module generated by symbols b(rg,r1,...) withrog+11 + -+ = s.
The degree of each generator b(ro,r1,...) is > ri(dimQ; + 1) = > 2r;p® and the degree of d
is —1.
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Proof. Let us first explore the case where Ay is a Grassmann algebra on one generator @),
with dim(Qg) = 1. Consider the twisted polynomial algebra on one generator, namely z(!),
this is the Z/p-module generated by symbols 1, M, 2®) . with multiplication given by the
following formula
k+10)!
2050 = EHD ey

kN
Moreover, we require that each 2(*) has degree 2k. We denote by P this twisted polynomial

algebra.
If we now consider the tensor product Ag ® P, we can define a differential by

d(Qo) =0, d(a™) = Qod(x*1).

By a differential, we mean that Ay® P is a DGA-Algebra in the sense of [Carb4al, i.e. dis Z/p-
linear and has degree —1, dd = 0 and d(zy) = d(z)y + (=1)*lzd(y). The reader can check
that the (complicated) multiplication above, ensures that the differential is multiplicative
(which would have been false with the standard polynomial algebra).

In [Carb4b|, Cartan claims that Ay ® P is acyclic, i.e. ker d = im d. However, this is easily
verified by a straight forward computations. The reader must have in mind the following
picture

e Qoz®
2@ 2 Quz

e —— Qo
I—1
E d Fy d Fy ~—Z/p 0.

So considering these F, as Ag-module over a generator z(*), this gives us our desired free
resolution in the particular case where Ag is a Grassmann algebra over one generator.

Let now investigate the case where Ay is a Grassmann algebra on two generators, namely
Qo of degree 1 and Q) of degree 2p — 1. As before, construct the twisted polynomial algebra
P on two generators (1) of degree 2 and y!) of degree 2p. The differential on the tensor
product Ag ® P is defined on generators as before

d(Q:) =0, d(z®)=Qudx"), dy") = Quay" ).

In order to not be bothered by the signs we let the differential operate on the right, i.e. we
force the relation

d(zy) = zd(y) + (-1)d(2)y.
Thus, we can deduce the general formula

da® 2®yD) = 4Qp @ 2Dy 4 4Q; @ 2*) gyl

where a € Agy. As before, we can show that dd = 0 and that Ay ® P is acyclic. Hence, one
can construct an Ag-free resolution

B -5 RS R -5 Z/p—0

where each F, is a free Ap-module with basis z(¥)y(s=F)
In a similar way this construction can be generalized to our Grassmann algebra Ay on

generators Qo, Q1,Q2, .. .. O

Lemma 2.20. If H*(Y;Z/p) is a free A,/(Qo)-module with generators {y»}, then there
ezists a free A,-resolution of H*(Y;Z/p)

o By S B L B S HY(YZ/p) — 0

where each F) is a free Ay-module generated by symbols by (ro,71,...) withrg+1r1 +--- = s.
Moreover, the degree of each generator by (ro,r1,...) is dimy, + > 2r;(p — 1) + s.
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Proof. It is enough to build a free Ay,-resolution of the free A, /(Qo)-module generated by a
single element y,. The general resolution of H*(Y;Z/p) will be given by taking direct sums
of these resolutions.

Starting with the free Ap-resolution of the previous lemma

NG AN L S )

We apply to it the functor A, ®4, (—) to get a free A,-resolution of A, ®4, Z/p

e Ay @ay oy~ Ay @4, FI -5 A, @4, Fo — A, @4, Z/p—0.

Since A, ®4, Z/p = Ap/(Qo) as left A,-modules, this is a free resolution of A,/(Qo). By a
shift of degrees, we get the desired resolution of the free A,/(Qo)-module generated by yq.

In order to ensure that the differential is of degree 0, we set that by (rg,r1,...) is of
degree dimy, + > 2r;(p" — 1) + s, where s = r; + 72 + ---. Indeed, the explicit formula of
the differential is given by

d(a®ba(ro,r1,...)) :ZaQi(@ba(ro,...,m—1,...).

The degree of the element on the left hand side is

lal + yal + D 2r(0 —1) +5

while each summand on the right hand side is of degree
lal + (20" = 1) +lyal + D2 —1) = 2(p° — 1) + (s — 1). 0

We will use the above resolution to compute the spectral sequence with X; the space
obtained by gluing a 2-cell on a circle with a map of degree p. X can also be seen as the
pushout

Sl *p> Sl
D? — X.
This space gets particularly interesting by the following lemma.

Lemma 2.21. There is an exact sequence of abelian groups
0—[SY Y], ®Z/p—[X,Y], — Tor([S*, Y], 1,Z/p) — 0

Moreover, if [S°, Y], contains p-torsion, then [X,Y],, has to be non-trivial for two consec-
utive values of m.

Proof. The exact sequence follows by factorizing the following long exact sequence

[Ertgl Y] —F s 27181 Y] —— [9X, Y] —— [97S1, Y] ——— [%7S1, V).
sl Vi ® Z/p Tor([£"S1,Y;],Z/p)

Take the colimit to obtain the desired exact sequence.

The rest of the lemma follows easily. Suppose that [S°, Y], contains p-torsion for a certain
n, then [S*,Y],_1 = [S° Y], also contains p-torsion. Hence the groups [S', Y], 1 ® Z/p
and Tor([S1,Y],_1,Z/p) are non-trival, thus [X, Y], is non-trivial for m =n — 1,n. O
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Proof of Proposition 2.14. We will now compute the spectral sequence and show that [X, Y],
cannot be trivial for two consecutive values of m. Hence, by the previous lemma one would
have that [SY, Y], contains no p-torsion.

First, let us compute H*(X;Z/p). The cellular chain complex of X is

00—z -5 7% 70

Hence its mod p reduced cohomology groups have generators
z € H'(X;Z/p), Qor € H(X;Z/p).

Let us now consider the A4,-free resolution given in lemma 2.20, and apply to it the functor
Hom 4, (—, X*H*(X;Z/p)). This construction gives us a cochain complex

0 — Homu, (F), S*H*(X; Z/p)) -+ Homa, (F{, SUH*(X; Z/p)) L5 -

By linear algebra, we are able to describe a basis of HomAp(F'S’,ZtH*(X;Z/p)). This
basis consists in the following homomorphisms:

e for each b,(rg,r1,...) of degree t + 1, we have the map h,(ro,r1,...) defined on the
basis by sending b, (ro,71,...) to = and all other elements of the basis to 0,

e for each b, (ro,71,...) of degree t 4+ 2, we have the map h/ (rg,r1,...) defined on the
basis by sending b, (70,71, ...) to Qoz and all other elements of the basis to 0.

By the very definition of the differential, the reader can check that
d*(ha(r(),Tl, ce )) = h/a(’f‘o + 1,7’1, .. )

and that
d*(h;(r(),T‘l,. . )) =0.

Therefore, the ES’t term of the spectral sequence has a basis composed by all elements
h.,(0,71,7a,...) of degree t +2 = dimys + >, 2r;(p* — 1) + s. If we rewrite this equality, we
have that

t—s=dimy, + ZQri(pi —-1) -2

K2

Therefore, E5* = 0if t — s is odd. Thus [X, Y], is concentrated in even degrees and is trivial
whenever n is odd. We conclude by the previous lemma that [S°, Y], has no p-torsion [

We will now use Serre %-theory and the Pontrjagin-Thom theorem to get the description
of QY.

Theorem 2.22.
Zx---xXZ ifn=2k
N————

p(k) times

0 if n # 2k

QU

1%

Proof. By Serre %-theory, we have that the stable Hurewicz homomorphism
[S°, MU], — H,(MU;Z)

is a ¢p-isomorphism, where € to be the class of finite abelian groups. Using that [S°, M U],
has no torsion, we deduce by the Thom isomorphism (in homology) that [S°, M U], is iso-
morphic to a p(k)-fold product Z x --- x Z for n = 2k. Here p(k) denotes the number of
partitions of k. O
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Remark. The Thom isomorphism in homology is given by the composition
Hoii(T&7) “5 Hi(F;Z) ™ Hi(B;7)

where ¢ is an oriented n-plane bundle over B with total space E. In our study case, BU(r)
is covered by a complex r-plane bundle which gives it a natural orientation as a real plane
bundle. The Thom isomorphism induces by taking colimits the following isomorphism

H,(MU;Z) = H,(BU;Z).

Moreover, the cell structure of BU is well known, so is H,(BU;Z). The number of n-cells for
n = 2k is exactly p(k), and there is no odd dimensional cells. This can be found in [MS74].

We will now investigate the ring structure of QY. We shall prove the following theorem.

Theorem 2.23. The graded ring QU is isomorphic to the polynomial ring Z|xs, x4, T, - - - |
on generators T, for each n = 2i.

We recall that the definition of the ring structure on QU was given in the end of last
section. Moreover, the Pontrjagin-Thom isomorphism becomes an isomorphism of graded
rings (the ring structure of m,(MU) is described in section 3.3). To prove this theorem, we
will compute the (multiplicative) Adams spectral sequence for Y = MU and X = S, this
is the spectral sequence where the Fs-term is

By = Ext%y (H*(MU;Z/p),%'Z/p)
and the spectral sequence converge to m_s(MU).

Proposition 2.24. The multiplicative Ey " -term of this spectral sequence is isomorphic to a
polynomial ring Z/plho, T2, x4, .. .|. Furthermore, the bidegree of ho is (1,1) and the bidegree
of x9; is (0,2i) if i # p’ — 1 and is (1,2i + 1) ifi = p’ — 1.

We break the computation of Ext’ (H*(MU;Z/p), !7Z/p) into two claims.

Claim 1. The cohomology ring H*(MU'; Z/p) is isomorphic to the tensor product A, /(Qo)®
P*, such that the dual of P* is isomorphic to the polynomial ring P, = Z/plxa, x4, . ..] where
the xo; Tuns over all i # p’ — 1 and are of degree 2i.

Claim 2. We have an isomorphism of rings Exty (Z/p, S'Z/p) = Z/plho, h1, ha, . ..] where
the bidegree of h; is (1,2p' —1).

Proof of Claim 1. We already shown that we have an isomorphism of Z/p-modules

H*(MU;Z/p) = A,/ (Qo) @ span{s(A) - coo : A = (a1, 0a2,...),a; #p —1}.

=:P*

Moreover, we have a coalgebra structure on H*(MU) induced by the Thom isomorphism,
ie.
Ck ’—>Zi+_7’:k ci®c;j

H*(BU; Z/p) H*(BU;Z/p) @ H*(BU;Z/p)
¢i J{¢®¢
H*(MU) H*(MU;Z/p) ® H*(MU; Z/p),
where H*(BU;Z/p) is identified with the ring Z/p[ci, ca,...]. In our terms, ¢ is described
. ek —s(1,1,...,1) - oo
NEAGREL

k times



2 COBORDISM 24

Therefore, the coproduct on H*(MU;Z/p) is given by

S(\) - oo > > 8(€) - oo @ 5(C) * oo
£C=A
where £¢ denotes the juxtaposition of the two partitions.
Considering now the dual of H*(MU;Z/p), this is the algebra Z/p[b1,bs,...] where the
b;’s are of degree 2i. By [Mil58|, we know that the dual of A,/(Qo) is a polynomial algebra

Z/pl&1, &, ... ] where the &; have degree 2(p/ — 1). And so the dual of P* is our polynomial
ring P, = Z/plxe; 11 # p' — 1]. O

Proof of Claim 2. Recall that we constructed an Ap-free resolution of Z/p of the form

B -5 R L R -5 Z/p—0

where each Fy is a free Ap-module generated by symbols b(rg,r1,...) with rg+7r1 +--- = s.

The degree of each generator b(rg,71,...) is Y 2r;(p’ — 1) + s. Moreover, the graded Z/p-
module ®F; has a multiplicative structure given on generators by

b(ro,’r‘l,...)‘b(So,Sl,...):b(T‘0+So,T1+81,...).

Since Z/p has an Ag-module structure given by Q;Z/p = 0, all our differential are trivial
and h(0,0,...) is sent on 1 via e. If we now apply the functor Homu,(—, X'Z/p) to our
resolution, one can see that Hom 4, (Fs, ¥'Z/p) is a Z/p -module generated by elements

h(’l“o,’r‘1,...) : Fs—>EtZ/p

1, if (sg,81,...) = (10,71,-..)
b(s0, 51, ) — { 0, otherwise

and |b(rg,71,...)| = >.2r;(p’ — 1) + s = t. Thus, the induced multiplicative structure is
given by
h(To,’f’l,...) . h(SQ,Sl,...) = h(TO + 80,71 +517...),
and since our differentials are all trivial on the Fj, so they are on the Hom 4, (Fs, X!Z/p).
Finally, we define the ring isomorphism by the following

Z/p[h07h17h27"'] _>Eth40(Z/p7E*Z/p)
hj — h(0,...,0,1,0,...). O

j-th position
Proof of Proposition 2.24. With these two claims, we have the followings isomorphisms

B3 = Bxt, (H* (MU 2/p),5°2/p)
= Extly, (Ap/(Qo) ® P*,%"Z/p)
= Extlp (A, ®a, Z/p @ P*, 5" Z/p)
=~ Ext}, (Z/p @ P*,X*Z/p)
= P, @ Exty (Z/p,X"Z/p)
= Z/plas; i # p' — 1] @ Z/plho, ha, ha, . . ]
>~ Z/plho, x2, x4, Xg, - . . |

where the z9; := h;, whenever i = p/ — 1 > 0. This implies that the spectral sequence looks
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like (where p = 3 for instance)

S
4| hg hixy hgx3  hiz,
3] A h3x, h3z2  h3z,
2 hg h%xg h%l‘% h0x4
1 ho hoxz ho.]?% T4
0] 1 T2 x5
0|1 2 3 4 5|+ t—s

This implies that the spectral sequence is trivial, since the differentials d,. of the spectral
sequence are of bidegree (r,r — 1). O

Proof of Theorem 2.23. Let Q(m.(MU)) denote the module of indecomposable. One can
show that /
o Z/p fm=2i,i>0
Qme(MU))m ® Z/p = { 0 otherwise.
Indeed, this follows by our previous computation of the Es-term and a technical lemma
concerning the convergence of the Adams spectral sequence (cf. [Ada74, Chapter 2, Lemma
8.7]). If we let 2! denote any monomial in the xo;, then each tower z!, hoa!, h(%xI7 ...owill
give us a summand in 7, (MU). This is because all multiples h§ are represented in 7, (MU)
by multiples of p®.
Since the above result is true for all prime number p, we have that

o Z itm=2ii>0
Q(m(MU))m = { 0 otherwise.

Thus, 7,(MU) & Z[xa, x4, T6, - - - . O

3 Cohomology Theories and FGL

In this chapter we explain the very beginning of the so called "chromatic" approach to stable
homotopy theory. Recall that the latter is the study of spectra, or equivalently generalized
(co)homology theories.

At first, we will study formal group laws in its generality. We shall talk about the Lazard
ring L and its universal formal group law. This formal group law is particularly interesting
because any formal group law can be obtain by base change from it.

Secondly, we will study complex oriented cohomology theories. We shall see how to
create formal group laws from them. It turns out that the formal group law associated to
complex cobordism is isomorphic to the universal formal group law. Since the latter was the
"most complicated" formal group law, we can deduce that complex cobordism is the "most
complicated" cohomology theory among complex oriented cohomology theories. Moreover,
we will see how from a formal group law, one can realize a cohomology theory (whenever it
is possible).

A more modern approach would use the language of stacks and a lot of algebraic geometry.
Since we give here only an introduction, we preferred to stick to the classical formulations of
this theory.

Let € be the category of pairs of topological spaces (X, A), i.e. A C X.

Definition. Let E* : ¥ — Ab” be a contravariant functor, with a coboundary operator, i.e.
for any (X, A) € € we have a homomorphism

§* : B*(A) — E*TY(X, A)

natural in (X, A). We say that E* is a generalized cohomology theory if the following axioms
are satisfied:
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Homotopy axiom If f,g: (X, A) — (Y, B) are homotopic, then f* = g*.

Exactness axiom For any pair (X, A), we have a long exact sequence
e BYA) S EY(X,A) = BY(X) = EY(A) > -

Excision axiom If U is an open subset of X such that U C intA, then we have a natural
isomorphism

E*(X,A) S E*(X -U,A-U).
Additivity axiom If (X, A) = [[(X;, 4;), then we have a natural isomorphism

B (X, A) S [[ B (X, Ay).

In a similar fashion, one can define the notion of a generalized homology theory. This can be
specified using the axioms above in their dual statement. For a precise definition, we refer
the reader to [ES52].

Sometimes, we require our cohomology theory to satisfy the dimension axiom; this
is E*(pt) = 0 for all * # 0. However, we will have any use of it because the cohomology
theories that we will consider does not satisfy this axiom. For more details, we invite the
reader to look at [ES52]. This is the original text where these generalized (co)homology
theories appeared.

From this definition one can talk about reduced (co)homology theory, the long exact
sequence of a triple or even the Mayer-Vietoris exact sequence. Moreover, all results with
singular (co)homology that can be proven without using chain complexes are good candidates
to be interpreted in this general framework. For instance, we will see later how we can talk
about the Thom isomorphism with some extra conditions on the generalized cohomology
theory.

The major result involving generalized cohomology theories is the Brown representability
theorem. In order to give a precise statement, let us define some objects.

Definition. An Q-spectrum is a sequence of CW-complexes E, with basepoints and homo-
topy equivalences hy : QE; = Egy1.

Let (X, A) be a pair in &, we define the based space Z(X, A) to be
XUAXxTU{p}/ ~
where we identify a ~ (a,1) and (a,0) ~ p for any a € A. The basepoint of Z(X, A) is p.

Proposition 3.1. Let E, be an Q-spectrum, then the functor [Z(—,—), E.] is a generalized
cohomology theory.

Theorem 3.2 (E. H. Brown). Let E* be a generalized cohomology theory, then there exists
an Q-spectrum E,. unique up to homotopy such that [Z(—,—), E.] and E* are naturally
equivalent on the category of based path-connected CW-pairs.

The proof of this theorem can be found in [Bro62]. However, the reader will prefer the
more modern (and revisited) one from [Swi02].

Proposition 3.3. The singular cohomology H*(—; A) with coefficient in an abelian group A
is represented by the Eilenberg-MacLane spectrum HA = {K(A,n)},.
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3.1 Complex Oriented Cohomology Theories

Definition. Let E£* be a generalized cohomology theory. We say that E* is multiplicative if
there is a natural homomorphisms of graded abelian groups

E*(X,A)® E*(X,A) — E*(X, A),
7 s E*(pt),

such that the following diagrams commutes

E*(X,A)® E*(X,A) ® B*(X, A) — 225 B*(X, A) ® E*(X, A)

lm l

E*(X,A) ® E*(X,A) E*(X,A)

®1 1®
Z.® E*(pt) —— E*(pt) @ E*(pt) <—— E*(pt) © Z

lu
E*(pt).
The homomorphisms U and 7 are called respectively the cup product and the unit.

Moreover, a multiplicative cohomology theory E* is said commutative if we have in ad-
dition that the diagram

R
1R

E*(X,A)® E*(X,A)

E*(X,A)® E*(X,A)
commutes. Here T denotes the twist.

From the cup product, we can deduce the existence of a cross product, i.e. a natural
homomorphism of graded abelian groups

E*(X,A)® E*(Y,B) = E*((X, A) x (Y, B)).

Recall that the product of pairs (X, A) x (Y, B) is the pair (X x Y, X x BUA xY). This
cross product induces a product in reduced cohomology, called the Pontrjagin product

E*(X)® E*(Y) 25 EX(X AY).

Remark. It is a matter of fact that the existence of any of these products implies the
existence of the others. Also, if the reader has in mind that cohomology theories comes from
spectra, one may ask what kind of additional structure we have (on the associated spectrum)
if the cohomology theory is multiplicative. It turns out that these are ring spectra. We will
not go into details, but the reader can find some answers in [Swi02, Chapter 13].

Definition. Let E* be a generalized cohomology theory. We say that E* is a complex
oriented cohomology theory if it is commutative multiplicative and for any finite dimensional
complex vector bundle &, we have a natural choice of a Thom class. More precisely, for any
complex vector bundle £ over X with projection map 7 : V — X and dimension n, there is
a natural class U € E?"(V, V) such that the following properties holds:
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e For any x € X, the image of Us under the composition

E*(V, Vo) - E2"(F, Fy) = B (52") 25 B0(S°) = E°(pt)
is a unit. Here, ¢ denote the inclusion of {z} into X.
e The classes Ug are natural under pullbacks, i.e. Upee = f*(Ug).
e The classes U, are multiplicative, i.e. Ugyx¢ = Ug x Ug.

The reader should have in mind the case where E* is singular cohomology. Hence, these
Thom classes already appeared in Proposition 2.4. However, we made the assumption that
cohomology had its coefficients in a field. Whenever our (real) vector bundle is oriented, the
proposition remains true for coeflicients in any ring. Since complex vector bundles have a
natural orientation for their underlying real vector bundles structures, Proposition 2.4 holds
for any ring coefficients considering complex vector bundles.

Examples. We will see three main examples of complex oriented cohomology theories, these
are:

1. Singular cohomology with ring coefficients,
2. K-Theory,
3. Complex cobordism.

We just discussed the first example. The two other deserve their own section (cf. 3.2 and
3.3).

We will now see that complex oriented cohomology theories allows us to talk about the
Thom isomorphism, Euler classes and Chern classes. We will give here some general results
and computation with such cohomology theories, such that the reader can have some intuition
of what one can do in this framework.

Proposition 3.4. Let E* be a complex oriented cohomology theory and let & be a n-dimensional
complex vector bundle, then there is an isomorphism

B (V) = B (V. ),
that gives rise to a Thom isomorphism given by the composition
B (X) = B (v) 25 B (v ).
This isomorphism s denoted by ¢.

Proof. Let us break the proof into several cases.

Case (¢ is a trivial bundle): Write V = X xC", hence we have the following commutative
diagram

E? (X x C", (X x C")) ——> (52X, ) 2> BO(X,) —> EO(X)

z*l E2niil l(1+)* li*

E2(C",Cp) = >~ F2n(52n) =, E0(8) = - EOpt).

Using the fact that the Thom class Uy is sent on a unit, we get that the top suspension
isomorphism sends Ug unto a unit. Hence, one has that

E*(X) i E*+2n(22nX+) A E*+2n(X % (Cn7 (X « (Cn)o)

is given by z = z x Ug.
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Case (¢ is a vector bundle over a compact space): The proof follows by induction on

n, where X = X1 U-.-U X", and £|yx: are trivial. Let us do the proof for n = 2, the
general case is proved similarly.
Write VI = X! x C?, V2 = X2 x C"® and V" = X" x C", where X" denotes the
intersection of X! and X?2. Now draw the Mayer-Vietoris exact sequences of (V! V?)
and (V1 V), (V2,V#)). By naturality of the Thom class, this gives us the following
commutative diagram

- —=E"(V) EVYe E* (V) ——— = E* (V") ——— - -

XU&i (—)XUg@(—)XUHi ing

. E*+2n(‘/7 VO) Ev«-ﬁ-Qn(‘/l7 VOI) &) E*+2n(v27 VOQ) E*+2n (Vﬁ, Voﬁ) > ...
By the 5-lemma, we deduce our desired result.

Case (¢ is any complex vector bundle): The result follows by the lim! exact sequence
where the limit is taken over all compact subspaces of X. O

Definition. If £* is a complex oriented cohomology theory, we define the Fuler class, denoted
e(§) € E*™(X), to be the image of Ug via

E12n(‘/'7 Vb) - E2n<v> %) EQn(X) .

If £ is a complex line bundle, then the Euler class is called the first Chern class and is
denoted ¢ (§).

Remark. We will not develop the whole theory of Chern classes, although it is possible to
do it in this general framework. One idea would be to consider the projective bundle P(§)
of &, this is the fiber bundle over X whose fiber over any point x is the projective space of
7~ 1(z). With this construction there is also a tautological line bundle over P(¢), denoted
L¢. Using the Atiyah-Hirzebruch spectral sequence, one can show that E*(IP()) is free over
E*(X) with basis 1,¢,...,t""', where ¢ denotes the first Chern class ¢1(L¢) € E?(P(€)).
Therefore, there exists unique elements ¢;(§) € E*(X) such that

£ = e (O = a7 4+ (1) e (©):

Proposition 3.5. Let E* be a complex oriented cohomology theory. There exists a class x
in E?(CP>) such that its image under the composition

E*(CP>®) — E*(CP') = E?(5?) = E°(pt)
1S a unit.

Proof. Let 4! be the universal (complex) line bundle over CP>. We can hence consider its
first Chern class c;(y) € E?(CP>). Remark that this class is send on 0 in the following
exact sequence

0— E*(CP>®) — E*(CP>) — E*(pt) — 0.

Indeed, by naturality of the Chern classes we have that c¢1(y') is sent on ¢1(i*y') = e1(e!);
which is trivial. Hence c;(y!) comes from a reduced class z € E?(CP*). The reader can
easily check that its image under the composition

E?(CP>) — E*(CPY) = E2(S?) = E°(pt)

is a unit. ]
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Remark. In the literature, some authors assume the above proposition as the definition
of a complex oriented cohomology theory (see for example [Ada74, Chapter 2]). In fact,
this proposition is equivalent to our definition of orientability in a generalized multiplicative
cohomology theory.

Once we have the first Chern class = (in the sense of the above proposition), we can
recover all the Chern classes of BU(n) (see the previous remark). We can then extend by
naturality theses classes to any complex vector bundle. So a class = € E? (CP*°) with the
above property will induce a unique orientation on our generalized multiplicative cohomology
theory.

Let z € E2(CP°°) be a class given in the above proposition. We can hence define a map
(for each n)
E*(pt)[z] — E*(CP").
One can see that ™! is sent on zero. Indeed, let us cover CP™ by the canonical n +
1 contractible open sets U;. Since z is a reduced class, its restrict to zero on each Us;.
Therefore, x € E*(CP™,U;) for any i, and by the very definition of the cross product 2" €
E*(CP™,U;U---UU,41) = E*X(CP™",CP") =0.

Proposition 3.6. The induced map
E*(pt)[z]/(2"+!) — E*(CP™)
is an isomorphism.

Proof. Consider the Atiyah-Hirzebruch spectral sequence. Recall that its E5? terms are
equal to HP(CP™; F(pt)) and the spectral sequence converge to EPT¢(CP™). Since, this
spectral sequence is natural and multiplicative, by the universal coefficient theorem we can
deduce that the F5 term is isomorphic to E*(pt)[z]/(z™*!). Moreover, x and all elements in
E*(pt) are permanent cycles, i.e. has trivial image under the differentials d,., for all r > 2.
Therefore, the whole spectral sequence is trivial, and this gives us our desired result. O

Corollary 3.7. Let E* be a complex oriented cohomology theory, then E*(CP) is isomor-
phic to the ring of power series E*(pt)[x].

In order to prove this, let us recall some results about lim'. Let
co B Ay B A, B Ay

be a sequence of abelian groups. We define a homomorphism of abelian groups
d: HAZ — HAl : (ai)i — (ai —paiﬂ)i.

Then one can see that its kernel is exactly lim; A;. We define hm% A; as the cokernel of d.
In [Mil62], Milnor proved that if we have a sequence of CW-complexes K; C Ky C -+
with union K, then the following sequence of abelian groups

0 —lim'E*Y(K;) — E*(K) —lim E*(K;) — 0
is exact.

Proof of corollary 3.7. The infinite complex projective space CP> has a natural filtration
CP! c CP?2 C ---. Thus one has a short exact sequence

0 —lim'E*~}(CP") — E*(CP*) — lim E*(CP") — 0
and since each map E*(CP") = E*(pt)[z]/(z"") — E*(pt)[z]/(2™) = E*(CP"~!) is surjec-
tive, we have that lim}, E*~'(CP") = 0. So
E*(CP) 2 lim B* (pt)[a] /(") = B* (pt) [x]. O
Similarly, one can prove the following proposition.

Proposition 3.8. Let E* be a complex oriented cohomology theory, then E*(CP> x CP>)
is isomorphic to the ring of power series E*(pt)[x1,z2]], where 11 =2 ® 1 and 22 = 1 @ z.
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3.2 Example: K-Theory

We will see in this section a very nice example of a complex oriented cohomology theory;
which is K-theory. We will first recall some general facts about it and then discuss its
orientability. A very similar discussion can hold for KO-theory (for real vector bundle) and
K Sp-theory (for quaternionic vector bundle). But since these two last examples are NOT
complex oriented cohomology theory, we will vanish them from our discussion. However, the
interested reader can always look in [Swi02, Chapter 11] for a very precise discussion about
all of this.

Let us start by recall the Grothendieck construction. For any abelian semigroup S, there
exists an abelian group K(.S) and a homomorphism of semigroups ¢ : S — K(5) satisfying
the following universal property: for any abelian group A and homomorphism of semigroups
Y : S — A, there exists a unique homomorphism of groups ¢ : K(S) — A such that the
following diagram commutes

S
|

3!
K(S).

P
A
7
P

The group K (5) is obtained by adding formal inverse to S.

Let V(X)) denote the set of isomorphism classes of complex vector bundles over X, where
X is a compact space. This set is an abelian semigroup for the Whitney sum. The K -theory
of X is defined as the abelian group K(X) := K (V¢ (X)) obtained via the Grothendieck
construction. Moreover, elements of K (X) can be written as {{} — {n}, where £ and 7 are
complex vector bundles and {¢}, {n} denotes their isomorphism classes.

Considering the homomorphism of semigroups Ve (X) — Z : {{} — dim¢&, we have
an induced group homomorphism K(X) — Z. When X is a point, this map becomes an
isomorphism, hence it can be identified with the induced map

K(X)— K(x).

We define the reduced K-theory of a (compact) based space X to be the kernel of the
above map, where * denote the based point. This abelian group is denoted K (X). Moreover,

we have the following isomorphism K (X) = K(X) x Z.
Another useful way to think about K is to talk about stable equivalence classes.

Definition. Let £ and 1 be two complex vector bundles over a compact base space X. They
are said stably equivalent if there exists trivial bundles € and ¢’ over B such that {Be = nde’.

Proposition 3.9. If £ is a complex vector bundle over a compact space X, then there exists
a complex vector bundle ¢ such that & ® ( is equivalent to the trivial bundle €1 for some q.

Proof. The reader shall find the proof in [May99a, Chapter 24]. O

This proposition implies that the set of stable equivalence classes of complex vector bun-
dles over X has an abelian group structure. Moreover, we have the following isomorphism

{Stable equivalence classes of complex vector bundles over X } =K (X)

given by {¢}s — {€} — {9}, where d = dim ¢ and {¢}, denotes the stable equivalence class
of £.

Notation. Let BU denote |J, BU (k).

Theorem 3.10. For a based path-connected compact space X , we have a natural isomorphism

[X, BU] = K(X).
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Proof. The reader can find the proof in [Swi02, Theorem 11.56]. O

Corollary 3.11. For a path-connected compact space X, we have a natural isomorphism
[X,,Z x BU] = K(X),
where Z is given the discrete topology.

One can now start to think of K as a cohomology theory. The following theorem will
make explicit which 2-spectrum we must considered to have the right definition of K*.

Theorem 3.12 (Bott periodicity theorem). There is a homotopy equivalence
Z x BU ~ Q?BU.
This theorem allows us to construct a 2-periodic 2-spectrum K defined as

K. 7Z x BU if n is even
" QBU if n is odd.

This spectrum induces a cohomology theory K* called (complex) K -theory.

Let us compute the coefficient groups K (8™) for n > 0. For n = 0 one can easily see
that K(S°) = Z. For n > 0, K(S") = [S",Z x BU] = m,(BU) and by the Bott periodicity
theorem we only need to compute 71 (BU), since

N N [z ifg=0
Tyt2(BU) = 7rq(QQBU) = mo(Z x BU) = { 7e(BU) if Z > 0.

Moreover, 7 (BU) = mo(U) =2 mo(U(1)) = mo(S?) = 0. Hence

~rany ~ ) 24 if nis even
K(S){o if n is odd.

If X is a compact space, one can define a bilinear map

Ve(X) x Ve(X) = Ve(X) : ({€), {¢}) = {E@ (}

where £ ® ¢ denotes the fiber bundle whose fibers are the tensor product (over C) of the
fibers of £ and (. By the universal property of the Grothendieck construction, this induces a
unique homomorphism of abelian groups

K(X)® K(X) = K(X).

which is associative, commutative and natural in X (cf. [Swi02, Proposition 13.91]).

It is now reasonable to expect that one can give a multiplicative structure to the co-
homology theory K*. Indeed, we can define suitable maps i,y @ Ky A Ky — Kyt and
Ny o S™ — K, which will induce a ring structure on the spectrum K (cf. [Swi02, p. 300]).
Moreover, when we restrict our attention to path connected compact spaces, the resulting
product on the cohomology theory K* will correspond to the product structure defined above.

Let us now show that K™* is complex oriented. It is enough to provide a class x €
K?(CP>) which satisfies the property of proposition 3.5. Define z to be {y'} — 1 €
K(CP>®) = K°%CP>®) = K?(CP*). Such z is send on {¢} — 1 € K(CP') where ¢ is
the Hopf line bundle over CP' ~ S? and hence satisfies the property of proposition 3.5. In
fact, the first Chern class is ¢;(L) = L — 1 for any complex line bundle.

The interested reader can find in [May99a, Chapter24, Section 3] the whole theory of
Chern classes and the Thom isomorphism in the particular case of K-theory.
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3.3 Example: Complex cobordism

We define complex cobordism MU™* as the cohomology theory associated to the spectrum
MU. For pointed space X, the (reduced) cohomology group are given by

—k
MU (X) := colim, [S" X, MU, ).

By [Whi62] we know that this is a well defined cohomology theory. Remark that in chapter
2, we computed MU*(pt) = m,(MU). This suggest that this cohomology theory is multi-
plicative since m,(MU) turns out to be a graded ring,.

To define a multiplicative structure on MU*, we will define a ring structure on MU, i.e.
we will give maps of spectra

pw: MUANMU — MU, n:8°— MU

such that u is associative up to homotopy and 7 is a unit for p up to homotopy.

It is enough to define continuous maps pn;, : MU(n)AMU(m) — MU(n + m) and
Nan @ S?™ — MU (n) satisfying some coherence relations (cf. [Swi02, Proposition 13.80]).
Define the map BU(n) x BU(m) — BU(n +m) to be the map classifying the Whitney sum
4™ @ 4™, where v* denotes the universal fiber bundle over BU (k). Looking at the Thom
spaces, we have an induced map

ME" ) AMAE™) = MEH" ®&y™) — M(H"™).

This is our map finm : MU(n) AMU(m) — MU(n + m). Moreover, we have the inclusion

* — BU(n). Taking the Thom spaces, we have an induced map S** = M (*") — MU (n).
We show now that MU* is complex oriented. Let & be a complex vector bundle over X

of dimension n. Then there exists a map X — BU(n) classifying &, which induces a map

——2n
T¢ — MU (n). By definition, this map gives us a class U € MU (T€). We show that U
is our desired Thom class. Indeed, let i : {x} — X be the inclusion for any = € X, then one
has to check that the composition

MU (Te) < MU (Tite) = MU (5%7) 2 MU (S0)

— 0
sends Ug to our preferred generator of MU (pt). First, remark that Ue is sent on Uj+¢ by
the first map. This class is represented by a map
S s TE — MU (n).
Since BU(n) is path connected, the diagram

r———>%

X —— BU(n)

commutes up to homotopy for any x € X. Therefore, the previous map factors up to
homotopy through Tj*~™

S2n — TZ*E % Tj*’}/n o~ EZnsO

| |

TE MU (n),

— 0
and X27S% — MU (n) represent the class of our preferred generator in MU (S°) = my(MU).
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3.4 Formal group laws

We already seen that for a complex oriented cohomology theory E*, power series arises
naturally by looking at its value on CP*°. If we now consider the map ¢ : CP*® x CP*°® —
CP classifying the complex fiber bundle v' ®~' over CP> x CP>, then we have an induced
map in cohomology

E*(pt)[z] = E*(CP®) — E*(CP™® x CP®) = E*(pt)[x1, x2].

Since m : CP*® x CP*® — CP® defines an H-space structure on CP°°, we have that the
power series F'(z,y) defined by m*(z) = F(x1,z2) € E*(pt)[x1, z2] is a formal group law in
the following sense:

Definition. Let R be a ring. A formal group law over R is a power series F(z,y) € R[x,y]
such that:

o F(x,y) = F(y,x),
o F(z,0) =z =F(0,x),
hd F(F(x,y),z) = F(va(yvz))

We will come back on the topological aspects later. Now we will discuss formal group
laws in a purely algebraic way and talk about the so called universal formal group law.

Let us write F'(z,y) = >, ;>0 a;;x'y’, then the conditions above can be interpreted in
terms of relations among the a;;. For example, the first condition implies that a;; = aj;.
The second say that a;g = 1 and a;g = 0 whenever ¢ # 1. The associativity can also be
interpreted by some relation, but is very complicated to write down.

Definition. Let F' and G be formal group laws over R. By a map of formal group laws
f: F — G, we understand a formal power series f(z) € R[z] such that:

e f(0)=0, and
o f(F(z,y)) = G(f(z), f(y))

Lemma 3.13. Let f : FF — G be a map of formal group laws over R. f is an isomorphism
if and only if f'(0) is a unit in R.

If f/(0) =1 we say that f is a strict isomorphism.

Examples. Define G,(z,y) ;=2 +y and G, (z,y) == 1+ 2)(14+y) — 1 =2+ y + a2y. One
can see that these are obviously formal group laws. G, is called the additive formal group
law and G, is called the multiplicative formal group law.

One can see that these two formal group laws are isomorphic, if our ring is a Q-algebra.
Indeed, the isomorphism f : G, — G,, is given by the formal power series of the logarithm

Fl) =log1 +2) = 3 (-1)" 2
n>0

Another interesting example is given by starting with an invertible power series g(x).
Form the formal group law

G(z,y) =g "(g(z) + 9(v)).

Moreover, we have an isomorphism G — G, given by the power series g(z).

Remark. Let f : R — S be a ring homomorphism and let F(z,y) = Y a;;2z'y’ be a given
formal group law over R. Then one can define the formal group law over S, denoted f*F by

[PF(x,y) =) flag)r'y’.
0,720

This construction is called a base change.
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We are now in our way to talk about the Lazard theorem.

Proposition 3.14. There exists a universal formal group law in the following sense: there
is a ring R and a group law F, over R such that the map

Ring(R,S)— FGL/S
fr— f*Fu
is an isomorphism.

Proof. Let us first consider the free polynomial rings Z[a;;] among symbols a;;. We define
the ring R to be the quotient Z[a;;]/ ~ where the relations are given by the formal group

laws conditions. Hence, we define F, := Y a;;x'y’. By definition of R, it is obviously
a formal group law and the reader can check straight forward that the above map is an
isomorphism. O

Let us say that the a;;’s have degree 2(i+j—1), then one can see that R = @Rs,, becomes
a graded ring (where the homogeneous part of degree 2n is denoted Ra,). Moreover, the
following properties holds:

e Rg =17 and Rs, =0 for any n < 0 (to be fancy, one can say that R is connected).
e R,, is finitely generated as an abelian group.
Notation. )
Cnlw,y) = g-((4y)" =2 —y")

where d,, is the greatest common devisor of the binomial coefficient (Z) forl<k<n-1,
i.e. d, = pif n =p’ and d,, = 1 otherwise.

Theorem 3.15 (Lazard). Let L be the graded ring Z[x1, T2, ...| where each x; is of degree
2i. Then there is a formal group law F over L, such that

F(.’Ii‘,y) = Zfﬂncn+1($,y) mod 12 (2)
where I is the ideal (z1,22,...), and the map R — L classifying F is an isomorphism of

graded rings.

In order to prove this theorem, we need a technical lemma called the symmetric 2-cocycle
lemma.

Let A be an abelian group. We consider the graded ring Z & A where ab = 0 for any
a,b € A and elements of A are all in degree 2n. For convenience, we will write it Z ® As,. A
formal group law over this rings must look like z4+y+ f(x, y), where f(x,y) is a homogeneous
polynomial in A[x,y] of degree n — 1. Moreover, f(z,y) satisfy the following properties:

o f(z,y) = fy,2),
. f(,0)=0,
o flx,y)+ flz,y+ 2) = f(y,z) + f(z + vy, 2) (2-cocycle condition)
Such homogeneous polynomial f(x,y) is called a symmetric 2-cocycle with values in A.

Lemma 3.16 (symmetric 2-cocycle). For any symmetric 2-cocycle f(x,y) with values in A
there exists an a € A such that f(x,y) = aCy(z,y).

Proof. The reader can find the proof in [Rav86, Appendix 2, lemma A.2.1.29]. O
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Remark. There exists a much nicer and conceptual proof of this lemma involving homolog-
ical algebra. The idea is to consider the cochain complex

AL Al L Al y] S Al y, ).

where d’(a) = a, d'(f(2)) = f(z +y) = f(z) = f(y), &(f(z.y)) = f(,y) = flz +y,2) +
flz,y+z)— f(y, z). Therefore, a polynomial satisfying the 2-cocycle condition is an element
in ker d?, i.e. is a 2-dimensional cocycle.

Moreover, remark that I is the augmentation ideal of L, hence the equality (2) is a result
involving the module of indecomposable QL = I/I?. To be more specific, for any connected
graded ring S, we define the augmentation ideal to be I(S) := {s € S : deg(s) > 0}. The
module of indecomposables is defined as QS := I(S)/I(9)>.

Proof of the Lazard theorem. Let us consider the formal group law over Z & Zs,, defined by
z+y+ Cp(z,y). By universality, there is a ring homomorphism R — Z @& Z,,, classifying
this formal group law.

Claim 1. There is a canonical isomorphism (QR)s, — Z induced by the map above.

Indeed, one can see that Ring(R,Z & Zan) = Ab((QR)2n,Z). But we know by the
symmetric 2-cocycle lemma that formal group laws over Z @ Zs,, are in bijection with Z =
Ab(Z,7Z). By Yoneda lemma, we have that (QR)2, and Z are canonically isomorphic.

If we know consider the Lazard ring L = Z[z1,xa,...], we can construct a map L — R
using the previous isomorphism. More precisely, let 7, € R be an element whose image in
QRs, maps to 1 under the isomorphism in claim 1. The map L — R is defined on generators
by sending z,, to r,. Remark that with these choices, the map I — R is not canonical.

Claim 2. The map L — R is surjective.

This follows from the fact that a map S — T of connected, graded rings is surjective if
and only if its induced maps on the module of indecomposable Q.S — QT is surjective. This
result can be found in [MM65]. Although, the proof follows easily by induction on the degree
of the map.

Claim 3. The map L — R is injective.

Let us consider the graded ring U = Z[m1, ma, ...] where each m,, has degree 2n, and let
g(z) be the power series x + mjxz? + moxz3 + - - . Thus, define a formal group law G over U,
by

G(z,y) = g~ (9(x) + 9(y)).
This formal group law induces a map R — U.

In order to prove that L — R is injective, we will prove that the composition L - R — U
is injective. Since L and U are polynomial rings, it is enough to show injectivity on the
indecomposables, i.e. we will prove that the composition

o

(QL)Zn — (QR)27L —>(QU)27L

is injective. Recall that this map is induced by a base change, i.e. x,, is sent on the coefficient
of the term C,,41(z,y) of the formal group law G, which is seen in the quotient Z @& (QU )2y,
of U.

We compute this coefficient by looking first at g(z) and g~!(z) in Z © QUa,. The reader
can easily see that g(z) = x+m,2""! and g~ (z) = 2 —m, 2", Therefore, on this quotient
G looks like

Gz, y) =9~ (9(x) + 9(v))

=g 'z +y+mp(@"t +y"t)

z+y+my (@™ ") —my (e y + )"
=z+y—dpr1mnCrii(z,y).



3 COHOMOLOGY THEORIES AND FGL 37

This implies that the map (QL)2, = (QR)2, — (QU)2, sends z,, on —d,,1m, which is
obviously injective. O

3.5 Quillen’s theorem

Let us now study the formal group laws associated to our complex oriented cohomology
theories.

The first easy example to understand is the formal group law associated to singular
cohomology. The map m : CP*°® x CP* — CP* induces in singular cohomology a map
m* : H*(CP*®) — H*(CP*> xCP). Identifying H*(CP*>) = Z[x] and H*(CP>* xCP*>) =
Z|x1, 2], we have that m*(z) = x1 + x2. Therefore, the formal group law associated to
singular cohomology is the additive formal group law.

Let us now investigate the formal group law associated to K-theory. Recall that m :
CP>® x CP*>*® — CP is the map classifying the tensor product of universal line bundles, i.e.
m*y! = 4] ®y4. Therefore, passing to K-theory we have that m*(1 + ) = (14 z1)(1 + x2),
thus m*(x) = x1 + 29 + x129

The most interesting case is the formal group law associated to MU™.

Theorem 3.17 (Quillen). The ring homomorphism
Opy : L— MU (pt) = 7 (MU)

classifying the formal group law associated to MU™ is an isomorphism, and the formal group
law associated to MU* is the universal formal group law.

Let U = Z[my, ma,...] be the ring considered in the proof of the Lazard theorem.

Lemma 3.18. We have a natural bijection of sets
Ring(U,S) — {(¢, F)| ¢ : G, — F is a strict isomorphism, F is a FGL over S}.

This follows easily by the fact that a map of rings f : U — S is completely determined
by its value on the m;’s. Thus ¢(z) := Y. f(m;)x'™. Defining F = ¢71(¢(z) + ¢(y)), we
obviously have our bijection.

Let E* and M* be two complex oriented cohomology theories. Let xp and xj; be our
preferred classes in E2(CP>) and M?(CP>). Then the generalized cohomology theory
(EAM)* has two different orientations induced from zp and xp;. Let us write the cor-
responding preferred classes £ and s, and their associated formal group laws F and G
respectively.

Moreover, we know that (EAM)*(CP>*) = (EAM)*(pt)[£g]. In particular,

- _2 : ~i41
Ty = tiLUE

where the t;’s are in (E A M)*(pt). Since (E A M)* is complex oriented, to has to be invertible.
Let g(x) denotes the above power series. Thus

m* : (EAM)*(CP*®) —(EANM)*(CP*® x CP™)
bp— F(ép,ip)
9(8) — 9(F (28, 98))
Ea — G, Iur)
which implies that ¢(F(z5,y5)) = Gl9(@r), 9(ip)).
Restricting our attention to E* = H* and M* = MU*, we have that (H AMU)*(pt) =
H,(MU) = Z[by,bs,...], and the above relation becomes

- _§ : ~i+1
MU = bi{,EH .

—
w
~~—
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The reader can find the proof in [Rav86, Chapter 4, Lemma 4.1.8].
Since the formal group law associated to H* is G,, we deduce that

97 (9(x) + 9(v) = Fau(z,y) = h* Fayo (2, y) (4)

where h : 1,(MU) — H,(MU) is the Hurewicz homomorphism. Therefore, we have a strict
isomorphism of formal group laws G, — h*Fyp over Ho,(MU) given by the power series
g(z) = > biz*™!. Lemma 3.18 gives us a ring homomorphism ® : U — H,(MU).

Proposition 3.19. Let 0 : L — U be the map considered in the proof of the Lazard theorem.

Then the following diagram

L—9>U

Onvu \L \Lé
T (MU) —> H,(MU)
commutes.

Proof. We will show that

Ring(L, S) o Ring(U, S)

Q?VIUT T‘i’*

Ring(n.(MU), S) <"“— Ring(H.(MU), S)

commutes for all ring S. By the Yoneda lemma, the result will follow.

Claim 1. We have a natural bijection of sets

. ~ G, = f*F s a strict isomorphism,
Ring(.(M0),8) = {(0.0): 7 Fo o h e )

fim(MU) — S is a ring homomorphism

Let A : H.(MU) — S be a ring homomorphism, then define f := Ao h. By (4) we have a
strict isomorphism given by g(z) between G, and h*Fyy over H,(MU). Hence, by a base
change we have a strict isomorphism

ox: G — (Ao h)" Fryy = f"Fuu.

Hence, we defined a map A — (¢, Aoh). Conversely, amap A : H,(MU) = Z[by,ba,...] = S
is completely determined by a power series ¢(z) = > A(b;)x*T1. Thus the result follows by

(3).
Since we now know which functors L, U and H,.(MU) corepresents, we can consider the
following diagram

F<«i(¢,F)
FGL/S {($,F) : G, % F strict iso.}

Ring(L, S) L Ring(U, S)
F Fyu—f TBT\/IU Tcy (¢:5)— (o, " Frnu)

Ring(m.(MU), S) =<' Ring(H.(MU), S)

x

{(¢, f): Ga 2 f*Fumu strict iso.}.

The outer diagram is commutative which implies our result. O
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Proof of Theorem 8.17. Let us consider again the diagram of proposition 3.19.

L%‘U

o] E

7. (MU) —> H,(MU).

Recall that in the proof of Lazard theorem, we showed that the map € is injective. In
addition, we showed in the first chapter that the Hurewicz homomorphism is also injective.
Since @ is an isomorphism, we can conclude that 6,y is injective.

We now need to show that 6,y is surjective. Since we are working with polynomial
rings, it is enough to show this on indecomposable. We already know that the map 6 on
indecomposables sends x,, to —d,11m,,. Using the Adams spectral sequence, one can show
that the Hurewicz homomorphism behaves the same way on indecomposables, i.e.

h:Q(m(MU))2p — Q(H.(MU))2,
Ty — _dn+1b7L'

Thus 6,y is surjective on indecomposables. O

Remark. The computation of the Hurewicz homomorphism is fully done in [Rav86, Theorem
3.1.5]. However, it is not such hard result since we already know that h : 7.(MU) —
H.(MU) is injective. Therefore, on indecomposables h looks like x,, — (cst) by, so one only
needs to show that the coefficient (¢st) = —d,,+1. This can be done easily since the Hurewicz
homomorphism is the edge homomorphism of the Adams spectral sequence of Proposition
2.24.

The multiplication by p is a consequence of the fact that the generator xs, in the E -
term Ext’y (H*(MU;Z/p),X*Z/p) is of bidegree (1,2n + 1) whenever n = p’ — 1, while the
other generators xa, are of bidegree (0,2n) for n # p’ — 1.

3.6 MU, (MU)

In this section, we will see that MU,(MU) has a very rich structure. In fact, the reader has
to think about it as an analogue to H*(HZ/p;Z/p), where HZ/p denotes the Eilenberg-
MacLane spectrum associated to Z/p.

Recall that the cohomology group H*(HZ/p;Z/p) is am algebra over Z/p isomorphic to
the mod p Steenrod algebra, hence it has a Hopf algebra structure (see for this the Milnor’s
celebrated paper [Mil58]). Moreover, H*(X;Z/p) has a module structure over this algebra.

Thus, this gives us the motivation to study the homology group MU,(MU) as a w.(MU)-
module. Our purpose is first to understand the structure of MU,(MU) and then show that
MU, (X) has a comodule structure over this coalgebra.

First recall that for any spectrum FE, we can associate a generalized homology theory,
denoted FE,. The (reduced) homology groups for pointed CW-complexes are given by

En(X) :=m(EAX).

The reader can find in [Whi62|, that such functor is a well defined generalized homology
theory.

Let us now consider the generalized reduced homology theory MU, (for convenience we
will write MU, instead of MU, and all our spaces are going to be pointed). Recall that the
spectrum MU is a commutative ring spectrum, i.e there are maps of spectra p: MU AN MU
and 7 : S — MU such that p is associative and commutative up to homotopy and 7 is a
homotopy unit for u.

Lemma 3.20. MU, (X) is a left m.(MU)-module for any pointed space X .
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Proof. The map uA1: MUANMUANX — MU A X induces a natural group homomorphism
m(MU) @ MU, (X) — MU,(X). This is our 7.(MU)-action on MU, (X). O

Remark. The reader might notice that MU,(MU) has also a right 7.(MU )-module struc-

ture induced by
1A p

MUANMUANMU — MUANMU.

We will now discuss the full structure of MU,(MU) = 7.(MUAMU). We refer the
reader to [Ada69, Lecture 3] for the proofs of the following statements. MU,(MU) has the
following structure maps:

1. A product
©: MU, (MU)® MU,(MU)— MU,(MU)

induced by

INT AL

MUAMUANMUAMU "800 MU AMUAMUAMU "2 MU A MU

where T is the twist. The product map ¢ is an associative homomorphism of 7. (MU )-
bimodules.

2. A left unit and right unit
N T(MU) — MU.(MU), R : T (MU)— MU, (MU)

induced respectively by nA1l : SSAMU — MUAMU and 1A : MUAS? —
MUAMU. The maps nr,nr are homomorphisms of m.(MU)-bimodules, and 7,
(resp. nr) is a left (resp. right) unit with respect to the product .

3. A counit
e: MU, (MU)— m,(MU)
induced by g : MUAMU — MU. The counit € is a homomorphism of m.(MU)-
bimodules. Moreover, eny, = 1, eng = 1, and ¢ is a homomorphism of graded algebra.

4. A conjugation
c: MU, (MU)— MU, (MU)

induced by the twist T': MU AMU — MU AN MU. The conjugation c¢ is a homo-
morphism of 7, (MU)-bimodules and satisfies: c¢ng, = ng, cng = 11, ec = € and ¢ = 1.
Moreover, ¢ is a homomorphism of graded algebra.

5. A coproduct
Y MU,(MU) — MU,(MU) @z, vmuy MU.(MU)

We will come back later on the definition of this map. The coproduct 1) is a coassociative
homomorphism of 7, (MU)-bimodules, and ¢ is counital for ¢. Furthermore, ¥ is a
homomorphism of graded algebra. We also have ¢nr(A) = nr(\) ® 1, and ¢ngr(\) =
1®ngr(A) for any \ € 7, (MU).

Remark. This kind of structure is called a Hopf algebroid (see [Rav86, Appendix 1]). Remark
that in such structure if n;, = ng, then it turns out to be a Hopf algebra.

We will now define a natural coproduct map
Yx : MU(X) — MU, (MU) @, muy MUL(X).
The coproduct map 3 will therefore be defined as the special case where X = MU

Lemma 3.21. There is a natural isomorphism of left m, (MU )-modules

o

m : MU,(MU) ®,_au) MUL(X) = MU, (MU A X).
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The reader can find the proof in [Ada69, Lecture 3].
Let h: MU.(X) - MU.(MU A X) be the natural map induced by

IAPAL: MUAS'AX — MUAMU AX.

Therefore, we define ¥ x to be the composition

-1
bx : MUL(X) % MU,(MU A X) ™ MU, (MU) O, (M) MUL(X).
Remark that ¢x is a map of left 7, (MU)-modules.

Lemma 3.22. The map x defines on MU, (X) a left MU, (MU )-comodule structure in the
following sense:

e The map V¥x is coassociative with respect to 1, i.e. we have (Y @ 1)vx = (1 @Yx)x.
e The map € is counital with respect to V¥x, i.e. we have (e ® 1)x =1id.
The reader can find the proof in [Ada69, Lecture 3].

Lemma 3.23. If X is a finite pointed CW-complex, then MU, (X) is a finitely presented
module over m,(MU).

The reader can proved this easily by induction on the number of cells.

3.7 Landweber Exact Functor Theorem

We now know how to a complex oriented cohomology theory E* associate a formal group
law over E*(pt). The construction that we are about to explain in this section is to create
generalized homology theories from formal group laws.

Lemma 3.24. Let ¢ : F — G be a homomorphism of formal group laws over R. If p
is a prime number such that p = 0 in R and ¢'(0) = 0, then there exists a power series
Y(x) € R[z] such that ¢(x) = (aP).

Proof. Since ¢ is a homomorphism of formal group laws, we have the following equality
P(F(z,y)) = G(o(x), ¢(y))-
Applying the partial differential 6%’ we get

oF oG

& (Fla )y (0.5) = 52 (6(a), 6 @).

Now set x = 0,

oF oF oG

"(1)=—(0,y) = ¢'(F(0,))=—(0,9) = —(¢(0 '(0) = 0.
& (0) 5 (0,9) = 9 (F0,5) 5 (0,) = 52(6(0),6(1) ¢/ (0)
=y =0
Moreover, remark that the power series %—5(0, y) =14 aj1y + --- is invertible, because the
leading term is a unit. Therefore, ¢'(y) = 0. O

Notation. If F' is a formal group law, we shall write x +p y := F(z,y).

Definition. Let F be a formal group law over R. For n € N, the n-series of F' is the power
series
[Tl}p(x) =r~+p---+rx.

Moreover, it is easy to see that the m-series defines a homomorphism of formal group laws
[TL]F F— F.



3 COHOMOLOGY THEORIES AND FGL 42

Let p be a prime number and F' be a formal group law over R. Then one can see that
[plr(2) = pz + - - € Rz].
Therefore, over R/(p) we have [p](0) = 0. By the lemma, we have that

[Pl () = P2 (aP) = via? +--- € R/(p)[«]

For a power series ¢(z) € R/(p)[x]. Remark that such ¢(x) is also a homomorphism of
formal group laws. Indeed, one needs to check that ¢ (z +r y) = ¢¥1(z) +r ¥1(y). Recall
that in characteristic p, one has the following property (z + y)? = 2P + yP. This formula
holds as well for a formal group law, i.e. we have (z +p y)? = 2P +p yP. Thus,

U1(a? +r ") = i((z +r y)?) = Plr(z +ry) = Plr(x) +F Plr(y) = v1(2P) +7 P1(4F),

and this implies that ¢1(z +r y) = ¥1(z) +r ¥1(y) over R/(p).
Now let us look at ¢1(0) = vy + ---. Therefore, 1{(0) = 0 over R/(p,v1). Applying
the lemma, we have that ¢ (x) = ¥o(aP) = vea? + --- for a certain power series ¥q(x) €

R/(p,v1)[x].

By induction one can repeat the process and obtain for any prime p and integer n, ideals

I(pa ’I’L) = (p7 V1,V2y ... 7Unfl>-

Let MU be the category of MU,(MU)-comodules (in the sense of lemma 3.22) which
are finitely presented as m,.(MU)-modules.

Theorem 3.25 (Landweber). Let F' be a formal group law over R, then the functor
M— M ®7T*(MU) R

on MU is exact if and only if the multiplication by p on R and by v, on R/I(p,n) is monic
for each prime number p and n > 0.

We refer the reader to [Lan76] for a detailed proof of this statement.

Corollary 3.26. In the above situation, the functor
X — MU*(X) ®ﬂ-*(MU) R
is a generalized homology theory on the category of finite CW-complezes.

Example. Let R = Q, and consider the additive formal group law
Ga(z,y) =2 +y

over R. One can see straightforward that the condition of the Landweber exact functor
theorem are satisfied since the p-series are [p]g, (z) = pz. Thus the functor

X = MU(X) ®x, (muv) Q
is a well defined homology theory. In fact, this is singular homology with rational coefficients.

Example. Let R = Z[t*!] where t is of degree —2, and consider the multiplicative formal
group law
Gu(z,y) =z +y+toy =t ((tx + 1)(ty +1) — 1)

over R. We want to show that the condition of the Landweber exact functor theorem are
satisfied. We claim that the n-series of G,,, are

nlg,, () =t ' ((tz + 1)" — 1).
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Indeed, for n = 2 the statement holds, and by induction one can see that

[n)g,, () +g,, v =1t"" ([t(tl((tz +1)" — 1)) + 1] (tr +1) — 1)

=t ((tz+1)"(tz +1) - 1)
=t ((tz+ )" = 1) = [n+ 1]g,, (2).

So for any prime number p, the p-series have the following form

k=1

Thus over R/(p) this power series has only one term, namely #*~'2P. Hence v; = tP~!, and
v, = 0 for n > 1.
Since multiplication by p on Z[t*] and multiplication by t?~! on Z/p[t*] are monic, we
conclude that
X o5 MUL(X) 9. a0 ZIE]

is a homology theory. In fact, this homology theory is isomorphic to K-theory.

Example. Elliptic curves give us a great source of formal group laws. Using the Landweber
exact functor theorem, we can create a big family of cohomology theories called elliptic
cohomology theories. The reader can find in [Sil09, Chapter 4] the description of the maneuver
to create formal group laws from elliptic curves.

4 Some Homotopy Groups of Spheres

So far, we solved two nice homotopical problems: computing the homotopy groups of MO
and MU. In this section, we will give some clues to the greatest homotopical problem. This
is the computation of stable homotopy groups of spheres.

Our first computation of m,11(S™) and m,42(S™) will use the Serre exact sequence (cf
Appendix B.1). For more details and further computations of 7,5 (S™) using this method,
we refer the reader to [MT68, Chapter 12|. The second computation is based on the Adams
spectral sequence.

4.1 First computation: using Serre’s exact sequence

The main idea in this section is to approximate the spheres using the Eilenberg-MacLane
spaces and the path fibrations. Let us also assume n to be sufficiently large (say n = 593).
We start our first computation by setting Xo := K(Z,n). Recall that its mod 2 cohomology
groups were computed by Serre in [Ser53a| using its spectral sequence. Some ideas of this
computations can be founded in appendix B.1.

Recall that by the Brown representability theorem there is a map Sq¢? : Xog — K(Z/2,n+
2) corresponding to the class Sq%t, € H"?(Xy;Z/2). Consider the path fibration ev; over
K(Z/2,n + 2) and take its pullback along Sq?.

}H‘444444%>)(1 ‘Pl((Z/?,n—%Q)
Pll leV1
2
Xo—0 L~ K(Z/2,n+2)

This gives us a fibration p; over X, and its fiber F; is homeomorphic to the fiber of evy, i.e.
Fy =QK(Z/2,n+2) = K(Z/2,n + 1). We will now compute the mod 2 cohomology of X
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using the Serre exact sequence associated to the fibration X;. This one looks like

Jﬁ

C—% Xo,Z/Q HH”(Xl,Z/Q)HHn(Fl,Z/2)

J

H (X03 2/2) 2 B (X132/2) —-o HFL(Fy32,/2) —

U

@ H™*2(X0; 2/2) 2 H42(X152)2) —> H™2(F132,2)

H™3(Xg; 2,)2) ——> - -

So as far as we can compute the transgression 7 we will be able to know the cohomology
groups of X;. Here is a sample of these computations:

k H" " (X0;7,/2) H"r(F;7,/2)
0 ln
1 bnt1
2 Sq*i, e'///—/k;qan_H
3 Sy, / Sqint1
4 Sqi, Sq3Ln+1
Sg® inin
5 S¢°uy / Sqttna
S¢* ini1
6 Sq8e, SG°tni1
Sq*2u, Sq i1
7 Sq7 Ly,
SqP2u,

The computation of this transgression holds on the two following facts: 7(t,+1) = Sq?t, and
the transgression commutes with the Steenrod squares. Indeed, the equality 7(t,11) = Sq¢%u,
follows by construction, and the other fact is explained in appendix B.1. Besides, this is a
good exercise to practice the Adem relations.

Therefore, we can compute the mod 2 cohomology groups of X7 using the exact sequence

above.
k [0 1 2 3 4 5 6

H"WH(X1;Z/2) | in a Sq¢*u, B v S¢Cu,, 6

These classes are described by: i, := pi(in), i*(@) = S¢*(tns1), Sq¢*(tn) = pi(Sqiin),
i*(B) = SPuni1, -

Now let fo : S™ — Xy be the map representing the generator of m,(Xo) = 7, (K (Z,n)).
Composing with Sq?, we get a null-homotopic map. Hence there exists a homotopy H :
S™ x I — K(Z/2,n+ 2) such that H(—,0) = % and H(—,1) = Sq? o fo. This gives us a map
S™ — PK(Z/2,n + 2) : « — H(xz,—). By the universal property of the pullback, we have a
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lift f1 : S™ — X3 such that the following diagram commutes

X, —=PK(Z/2,n+2)

T

. 2
sn L Xy —2C K(Z/2,n +2).

So far, we have constructed a space X; and a map f; : S™ — X3 such that the induced
maps in mod 2 cohomology f; : H(X1;Z/2) — H'(S™;Z/2) are isomorphisms for i < n + 2
and is a monomorphism for ¢ = n+2. By the ¢, approximation theorem (cf. theorem C.5) we
have that the 2-components of m;(X;) and m;(S™) are equal for i < n+ 2. By the long exact
sequence of a fibrations, the reader can easily deduce that 7, (X;) = Z, m,4+1(X1) = Z/2 and
the other homotopy groups are trivial. Therefore we have that the 2-components of 7,41 (S™)
are Z/2.

Let us now go further and give a better approximation by "killing" the homology class a €
H"™3(X1;7Z/2). By Brown representability theorem, we have a map o : X1 — K(Z/2,n+3).
As above, consider the path fibration evy over K(Z/2,n + 3). If we now take the pullback
along «, we get a fibration py : Xo — X3 with fiber F; = K(Z/2,n + 2).

F,——X»
p2
X, —% K(Z/2,n+3)
We need now to compute the homology groups of X5. These can be obtained by using
the Serre exact sequence associated to ps. So as far as we can compute the transgression, as

far we will know H"t*(X,;Z/2). However, we will see that this is not that easy anymore.
Here is the beginning of the computation of the transgression.

k H" R (X1;7/2) H"F(Fy; 7,/2)
0 In
1
2 ln+2
3 a «'//‘/L‘S'q%n”
1 Sq“f/ SqPini2
8 /
5 Y S inga
SG2Sq vy o

o

Let us give some explanations for these computations. By construction, we have that
T(tn+2) = a. Moreover, by naturality of the Steenrod squares we have

i*(Sq'a) = S¢ti*(a) = Sqlqu(LnH) = SqS(Ln+1).

But we have also by definition that i*(3) = S¢*(t+1). Since i*(Sq*(tn41)) = 0 we have that
B = Sq*(a) + (est)Sq*(t,). One can see that when we defined 3, we had a choice to make.
One could claim that 8 = Sq!(a) and so that is how we justify the above relation.

For 7(5¢*(tn42)) and 7(S¢%Sq 1y 42) things become more complicated, and we refer the
reader to [MT68, Chapter 12|. However, even without these results we shown that X5 is a
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better approximation to S™ that X;. This will allow us to compute the 2-components of

7Tn+2(5n).
Let f1 : S™ — X7 be the map defined above. Composing with a we get a null-homotopic
map, hence there is a lift fo : S™ — X such that the following diagram commutes

Xy —= PK(Z/2,n + 3)

T

s X K(Z/2,0 + 3).

One can see that f» induces a map f* : H'(X2;7Z/2) — H*(S™;Z/2) which is an isomorphism
for i < n+3 and a monomorphism for i = n+3. Therefore, by the %, approximation theorem
(cf. C.5) we have that the 2-components of m;(X3) and m;(S™) are equal for ¢ < n+ 3. This
shows us that the 2-components of m,42(S™) is equal to Z/2.

For m,43(S™) things will not work that easily, because we cannot kill Sq¢*(¢,,) using an
Eilenberg-MacLane space K(Z/2,n+4). The obtained space X3 will not have trivial (n+4)-th
cohomology group.

Remark. Let us summarize what we have done above. To compute the homotopy groups
Ttk (S™), we used successive approximation of S™. This was building a tower of space

i

Xo

J

f2 X,

w7

S —— X
fo

such that fyu : mp4i(Xk) 5 Tn+i(S™) mod 6, for i < k. This idea has a general framework
where such towers are called Postnikov systems. For more details, we refer the reader to
[MT68, Chapter 12].

4.2 Second computation: using Adams spectral sequence

Let us now computes the stable homotopy groups 7,5 (S™) (for small k) using the Adams
spectral sequence. Recall that the Es-terms are Extf% (ﬁ*(Y; Z/p), DEH* (X;Z/p)). More-
over the spectral sequence converge to (,){X,Y };—s (cf. Appendix B.2). If we let ¥V =
X = SY, it is now a matter to understand Exti‘p (Z/p,%tZ/p). In fact, the Adams spectral
sequence reduce the computation of the homotopy groups of sphere into three steps:

1. Compute the Fr-terms.
2. Compute the differentials.
3. Solve the group extension problem.

As in the previous section, we will compute the 2-components of m,(S™) (for n suffi-
ciently large), i.e. we are interested in Ext%, (Z/2,%'Z/2). Therefore, we have to compute
an Ajg-free resolution of Z/2. This is an exact sequence

0¢—Z/2— Fo < Fi <2 F 8 Py

where each F; are free As-modules.
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The modules F;y and F; can be easily described. Fy = A, is the Steenrod algebra on one
generator ¢, while F} is the free As-module generated by {c: }i>0, where ay: is of degree 2°.

The differential d; sends awg: on quib.

t
5‘]4041
Sq L :]—SQQ’IOQ Bs
5 T~ S¢'ay Sq* By
Sqas Sq3Bs
Sglay = Sg*1 = Sq*3s o p—

Sq*t —— a4

4| SgPt =— Sy
T sga -1 — 5

Sq*tay ——— S¢*B Sqtyg —— 84

3| St —— Sqlay
Sq?l —— S¢Pay Sq'fy =—— 3

20 S’ ———
S¢tay —— B2

1| S¢'t ———— oy

The reader can find more of this computation in [Hat04, Chapter 2.
Remark that in our resolution, all differentials satisfies ker(ds) C I(Ag)Fs_1, where I(.As)
is the augmentation ideal. Such resolution are said minimal.

Lemma 4.1. If the As-free resolution
0¢—Z)2+— Fp < P <2 B & Fye—
is minimal, then the differentials
d* : Homu, (Fs_1,%'Z/2) — Hom u, (Fs, X'7/2)

are all zero. Thus
Extf42 (Z/2, EtZ/2) = Hom 4, (F, EtZ/Z).

The reader can find the proof of this statement in [MT68, Chapter 18, Proposition 7.

Therefore, with the above resolution we described Ey* = Ext%, (Z/2,%'Z/2) for t,s < 5.
Moreover, this spectral sequence has a multiplicative structure for which the differential is
multiplicative.

Theorem 4.2. s = 1: There is a Z/2-basis of elements h; € EQLT, fori>0.
s =2: Eg’t is generated by the products h;h; modulo the relation h;h;11 =0, for i > 0.

s =3: In E3", the products h;hjhy, are subject to the relations h;h?,o = 0, h3 = h?_,his1
and the relations induced by h;h;+1 = 0.
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The elements hg, h2,hg, ... are dual of the elements oy, 32,73,... While the elements
hi,ha, hs,... are dual of as, ay, ag, . ..

Remark. We emphasis that Eg”t is not generated by products h;hjhj only. There is also
other generators (the first appears for ¢ = 11 and is commonly called ¢g). The reader can
find the statement of this theorem in [MT68, Chapter 18].

Using the above theorem, let us draw the multiplicative Fs-terms.

S .
ITh
3 h3 h3 = hZhs
2 [ 12 B2 hohs
1 ho | M ha
0] 1
01]2 3 i[5 t—s

In [MT68, Chapter 18|, the reader can find a complete set of generators of this spectral
sequence for t — s < 17.

For dimensional reasons, the only differential that can be non trivial is d,.(hy). Since
hoh1 = 0 we can deduce that d,.(h;) = 0. Therefore, the above Es-terms are permanent
cycles. Moreover, we can identify hy via the map 2¢ : S™ — S™. This shows that the
2-components of m,,(S™) are the following:

ko 1 2 3 4
0

5
Trk(S") | Z Z[2 Z]2 ZJ8 0 0

A Steenrod Algebra

A.1 Steenrod Squares and Powers

We give here a compilation of the fundamental properties of the squaring operations.
Theorem A.1l. For any i > 0, there exists natural homomorphisms
Sq': H* (X, A;7)2) — H* (X, A;Z)2)
with the following properties:
o Whenever i > x, Sq¢* = 0.
o Sq'(x) =22 for allx € H'(X, A;Z/2).
o 5¢° =id, and Sq' is the Bockstein homomorphism.

o §Sq’ = Sq'S, where 6 is the connecting homomorphism in the long exact sequence of a
pair.

o ¥Sq¢° = S¢'S, where ¥ is the suspension isomorphism, given by the reduced cross
product x — = X 1, with ¢ a generator of H*(SY;7Z/2).

o Sqi(zy) = > Sq’ (x)Sq 7 (y), this formula is called the Cartan formula.

o for a < 2b, Sq*Sq® = Z[Ca:/g] (b;f;cl)Sq“+b_cch, this formula is called the Adem
relation.
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The reader can find the proof of the existence of the Steenrod squares in [MT68].

Let us now give some useful results for the squares in RP* x --- x RP*. Recall that
the cohomology ring H*(RP*;7Z/2) can be identified as the polynomial ring Z/2[t]. By
the Kiinneth formula, the n-fold product RP* x --. x RP* has for cohomology with mod 2
coefficient, the polynomial ring Z/2[t1, .. ., t,], where each ¢; is of degree 1. This ring contains
a subring Z/2[sy, ..., S|, where si is the k-th symmetric polynomial in variables t1,...,t,.

Lemma A.2. For any x € H'(X, A;Z/2), we have Sq'(z7) = (Z)x”ﬂ

Proof. Consider the total squares Sq =Y, Sq". For x we have Sq(x) = z + 22, and by the
Cartan formula, one can check that Sq is a ring homomorphism. Therefore

Sq(a?) = (z+ 22 = a9 (1 +2)) = o7 ij <2)xk _ Zk: (i) 2, 0

Until now, we worked with mod 2 coefficients. We give now a compilation of the funda-
mental properties of the Steenrod powers, which is an extension of the squaring operations
for any prime coefficients p > 2.

Theorem A.3. For any i > 0, there exists natural homomorphisms
P’ H* (X, A;Z/p) — H* PP~ D (X, A; Z/p)
with the following properties:
o Whenever 2i > x, P = 0.
o Pi(z)=aP for allz € H*(X, A;Z/2).
o PO =id.

o 5P = P'§, where § is the connecting homomorphism in the long eract sequence of a
pair.

o Y P! = P'S, where ¥ is the suspension isomorphism, given by the reduced cross product
T+ 1 X 1, with ¢ a generator of H'(S';Z/p).

o Pi(xy) =3, PI(z)P""(y), this formula is called the Cartan formula.
As for the Steenrod squares, we have Adem relations for powers.

Theorem A.4 (Adem relations). Let 3 : H*(X, A;Z/p) — H*T1 (X, A;Z/p) be the Bockstein
homomorphism (mod p). If a < pb, then the following equality holds:

papb — Z(il)aJrj <(P - 13(f pjj) - 1> Pa+b7jpj7

and if a < pb, then the following equality holds:

PPt =" (~1)** <(p -1 a j)) Bpatb=ipi

7 a—pj

a—pj—1

_ Z(_l)aJrj ((p —Db—j) - 1) potb=igpi,
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A.2 Steenrod Algebra

We will give here a short summary about the Steenrod algebra and some of its properties.

Definition. The Steenrod Algebra in mod 2 coefficients, denoted As, is defined as the Z/2-
graded module generated by the symbols Sq°, for each i > 0, modulo the Adem relations
and the relation that 1 ~ Sq°. Naturally, it has a canonical multiplication which allows us
to think about it as an algebra.

When we have iterated squares Sq'*Sq® --- Sq'r, it is convenient to write it simply as
Sq', where I = (iy---i,). We say that I is an admissible sequence if i1 > 2iy > --+ > 2i,,
where each iy is a non-negative integer.

Theorem A.5. A basis of Ay as a graded 7./2-module is given by the {Sq'}, where I runs
over all admissible sequences. This basis is called the Serre-Cartan basis.

As for the Steenrod Algebra Ay, we define A,.

Definition. The Steenrod Algebra in mod p coefficients, denoted A, is defined as the Z/p-
graded module generated by the symbols 3 and P?, for each i > 0, modulo the Adem relations
and the relation that 1 ~ P®. Naturally, it has a canonical multiplication which allows us to
think about it as an algebra.

There would be much more to say about the Steenrod Algebra. For this, we refer the
reader to the beautiful paper of Milnor [Mil58].

B Spectral Sequences

Let us introduce first the general situation of how arise a spectral sequence. We will then
see two particular examples which are the Serre spectral sequence and the Adams spectral
sequence.

Definition. An ezact couple is a pair of modules D, E (which will be generally bigraded),
together with homomorphisms i, 7, k such that the following diagram is exact

D—->DpD
E.

Notice that d := jk : E — FE is a differential on E, i.e. dd = 0.
Beginning with an exact couple, we can define its derived couple

D/#D/

El

by setting D’ = i(D), E' = kerd/imd = H(E,d), i' = i|p/, j' = ji~! and k'[y] := k(y) for
any y € E.

Lemma B.1. A derived couple is a well defined exact couple.
The proof of this lemma follows from an easy diagram chase.

Definition. A spectral sequence associated to an exact couple is the sequence of its iterated
derived couples.
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The n-th derived couple will be denoted
D’I’L

i D
N/

E™.

We refer the reader to [MT68, Chapter 7] for more details about general theory of spectral
sequencess. Since the most interesting part of the sequence is the E part, we will abbreviate
this sequence by {E",d"}. We will see later that the E2-term plays generally an important
role. Moreover, we will see also that the spectral sequences we will consider are going to
"converge" in a suitable way.

B.1 Serre Spectral Sequence

The spectral sequence we are now going to talk about was a real breakthrough in algebraic
topology. We will talk about its consequences after we stated the theorem. All of this can
be found in Serre’s original paper [Ser51].

Theorem B.2 (Serre Spectral Sequence in Homology). Let p : E — B be a Serre fibration
with fiber F. Suppose B and I are path connected and B simply connected. Then the
following holds:

o there is a spectral sequence {E",d"}, where the E" are bigraded and d" is of bidegree
(—=r,r —1).

o E2 = H,(B; Hy(F)).

o The spectral sequence converges to H.(E), i.e. for each n > 0 there exists a sequence
of modules such that

H,(E) = FooDFy_ 11D DFlyn

with B, = v/ Fp—1,q+1- By saying that the spectral sequence converge, we means
that the I, , gets stabilized for a certain (large) v, and in the stable range £y = EJ,.

e i, : H,(F)— H,(FE) corresponds to the map
Ho(F) = E,, — E} = Fo, C Hy(E),
with r sufficiently large.
e p,: Hy,(E) = H,(B) corresponds to the map
Hp(E)=Fnoo— E =2 E,, C EZ,O = H,(B),
with v sufficiently large.

This 3-graded object has to be thought as sheets of a bloc note with a p-axis and a g-axis.
Each sheet representing £ .
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Example. This spectral sequence, is a very efficient way to compute the homology of the
loop space of a space B by using the path fibration

QOB ——PB ~ %

T

* —> B,

One can show easily for example that H*(Q2S5™) = Z when * = k(n — 1) and 0 otherwise,
see [MT68, Chapter §|.

The Serre spectral sequence is very powerful and allows us to prove great theorems like
the Hurewicz theorem and the Whitehead’s theorem, see [MT68, Chapter §]. Another con-
sequence of this is the exact sequence in homology for a fibration.

Theorem B.3. Let p : E — B be a Serre fibration with fiber F', with B simply connected.
Suppose H;(B) =0 for 0 < i < p, and H;(F) =0 for 0 < j < gq. Then we have a finite exact
sequence

T P T

Hpyq-1(F) — Hpyq-1(E) — Hpiq-1(B) j

C»Hmzw)ls* pra—2(B) 2> HMB)i

C ...... i Hy(E) P~ 0.

The map 7 : H,(B) — H,_1(F) is called the transgression and is the map corresponding
todp,: Hy(B)=EX,CEng— E,  =E3, | = Hy_1(F). This transgression is well
defined when n < p+ q because all the previous differential starting from H,(B) are all zero.
Remark also that normally we don’t have Ey, = E§ 1, but this follows also by the fact
that all arriving differentials (until d") in E§,,_, are zero.

In a more general way, we say that « € H, (B) is transgressive if 7(z) is well defined. 7
can be seen as the maximum differential sending x € H,(B) to 7(x) € Ey,,_;. This makes
sense only if the previous d(z) are all zero. If we draw the E* terms (all superposed on the
E? term), then the transgression can be seen somehow in the following cartoon

T
EO,n—l
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We will see that transgressive elements will play a central role in our favorites compu-
tations. Let us now introduce the Serre spectral sequence in cohomology. This one is even
better than its homological analogue, since it respects the multiplicative structure.

Theorem B.4 (Serre Spectral Sequence in Cohomology). Let p : E — B be a Serre fibration
with fiber F. Suppose B and F are path connected and B simply connected, and let R be a
ring. Then the following holds:

e There is a spectral sequence {E,,d,.}, where the E,. are bigraded ring and d, is an
anti-derivation of bidegree (r,1 — 1), i.e. we have

dy(ab) = d,(a) - b+ (—1)la - d,.(b).

o The multiplicative structure of E,11 is induced by the multiplicative structure of E,.
o EV'Y = HP(B;HY(F;R)).

o The spectral sequence converges to H*(E; R), i.e. for eachn > 0 there exists a sequence
of modules such that

H"(E;R)=F"" > F" ' >...o 0

with ERY = FPa/Fprtla-1
e The multiplicative structure of Eo is induced by the cup product in H*(E; R).
e i*: H"(E; R) — H"(F;R) corresponds to the map

H"(E;R) = F*" — E%" ¢ EY™ = H,(F; R),

with r sufficiently large.

e p*: H"(B;R) — H"™(E; R) corresponds to the map
H"(B;R) = E}° - E™0 =~ gn0 — 0 ¢ H"(E; R),
with r sufficiently large.

As for homology, we have a finite exact sequence in cohomology associated to a fibration.
More precisely, if p : E — B be a Serre fibration with fiber F', with B simply connected
such that H(B;R) = 0 for 0 < i < p, and H’(F;R) = 0 for 0 < j < g, then the following
sequence is exact:

. HPH-2(B; ) = HPH02(E5 R) = HPY2(F3 R) j

- P41 (B R) ' HP+7Y (B} R) ="~ HP*07 (F3 ).

Here also, 7 is the transgression, i.e. the maximal differential d%"~! going from H" !(F; R)
to H"(B; R). More generally, we say that z € H"~!(F; R) is transgressive if 7(z) is defined,
ie. dy(z) =0 for all r < n.

Proposition B.5. Let R = Z/2. If v € H"'(F;Z/2) is transgressive, then Sq'(z) €
H" ™ =Y(F;7Z/2) is also transgressive. Moreover, if y € H"(B;Z/2) such that y € 7(x), then
Sq'(y) € 7(5¢' (x))-

In the special case where E? = E7 ., we have 7Sq'(z) = Sq'(rx).
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Let us compute the first terms of H*(K(Z/2,2);7/2) using the Serre spectral sequence
associated to the fibre map

K(Z)2,2) ~ QK(Z/2,1) — PK(Z/2,1)

\Levl

* K(Z/2,1).

First, the cohomology ring (with mod 2 coefficients) of K(Z/2,1) is well known as the poly-
nomial ring over Z/2 on one generator that we will denote «. Since PK(Z/2,1) ~ *, the
EP4 = 0 for all p,q except the case p = ¢ = 0. Hence EQ° = Z. The following figure
represent the F2'¢ terms.

HY(K(Z)2,1);Z)2)

(¢/7(2e/7)>)aH

(Z7IbS) ' (Z7IszbS>

Let us try to understand the art of chasing in spectral sequence of this kind. First, by
the Hurewicz theorem, we have an element 15 € H?(K(Z/2,2);7Z/2). Since the total space
of the fiber is contractible, a must hit ¢o via ds. By the Kiinneth formula, we know that
the Equ terms are 15 ® a?, and by the product formula for the differential, we know that
da(a?) = 215 ® a = 0. More generally, we deduce that da(a?*) = 0 and da(a?**1) = 1, ® a?F.

Now, consider a? = Sq!(a). By the proposition above, d3(Sq'(a)) = Sq'(d2(a)) = Sqta.
So we have an element Sq'iy in H3(K(Z/2,2);Z/2). From these elements, we can deduce
13 =do(12 ® @) and (Sqliz) - 12 = da(Sqtie @ ).

A new element will appear in H%(K(Z/2,2);Z/2), this one is given by the transgression
ds(Sq?Sq'a) = Sq%Sqtdy(a) = Sq2Sqtis. Indeed, d3(a*) = 2S¢, ®a? = 0, and dy(a?) =0
because there is nothing in Eff’l. The reader can continue this computation few steps further,
but to get the following theorem one needs to arrange information in some way. The proof
can be found in [MT6S].

Theorem B.6. The cohomology ring H*(K(Z/2,q);Z/2) is a polynomial ring over Z/2 gen-
erated by symbols {Sq’,} where I runs over all admissible sequences of excess less than q.

Remark. The excess of I = (i1,1i9,- - ,i,) is the difference iy —io — -+ — i,.
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Theorem B.7. The cohomology ring H*(K(Z,q);Z/2) (for ¢ > 1) is a polynomial ring over
7.)2 generated by symbols {Sql1,} where I runs over all admissible sequences of excess less
than q and which the last non-zero term of I is not 1.

These results were originally proved by Serre and they can be founded in its original paper
[Ser53a].
B.2 Adams Spectral Sequence

One of the most efficient tool to compute stable homotopy groups is the Adams spectral
sequence. This spectral sequence was introduced in the late fifty’s by Adams to solve the
Hopf invariant one problem. Today, it has also a lot of different applications as for example
the computation of the homotopy groups of spheres.

Let X,Y be based finite CW-complexes. Define the stable track group {X,Y}, as

colim, [¥ " X, %Y.

For any prime number p, let () { X, Y'},, denote the subgroup of { X, Y}, consisting of elements
whose order are finite and prime to p.

Theorem B.8 (Adams spectral sequence). For based finite CW-complexes X,Y and any
prime number p, we have a spectral sequence {E,,d.} such that

o E. is bigraded and the differential d, is of bidegree (r,r — 1).

o B3t = Ext’ (H*(Y;Z/p), St H*(X;Z/p)), where A, is the Steenrod algebra mod p.

e The spectral sequence converge to {X,Y },, i.e. there exists a sequence of subgroups
{X,Y}, = FO" D Flntl o p2nd2 5.

such that E3! = Fst/FstHL - Moreover, the intersection (), F*"** is equal to
X, Y}
We recall briefly the definition of Extg. If M and N are graded R-modules. Choose a
projective resolution of M, i.e. an exact sequence of projective R-modules

e P-4 P S M —0,

then apply the functor Hompg(—, N) (degree preserving R-linear maps) to get a cochain
complex

0 — Homp(Py, N) -5 Hompz (P, N) -2 Homp(Ps, N) —» - - -

The s-th homology group of this complex is Ext% (M, N). Moreover the suspension of a
graded module is defined by (XN); := Ny_q.

C Serre’s ¢-theory

In [Ser53b], Serre developed a very nice way to generalize the classical theorems of algebraic
topology. The idea is to look maps mod %, where € is a suitable class of abelian groups.
For the following, we refer the reader to Serre’s original paper or [MT68, Chapter 10].

Definition. A class of abelian groups is a collection € of abelian groups which satisfying the
following axiom:

Axiom 1 For any short exact sequence 0 — A" —+ A — A” — 0 of abelian groups, we have
that A € ¢ if and only if A’, A" € €.

Let us give us some additional axioms that a class of abelian groups may satisfy.
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Axiom 2 If A,B € %, then A® B € ¢ and Tor(A,B) € 6.
Axiom 2 (bis) If A € ¥, then A® B € € for any abelian group B.
Axiom 3 If A € €, then H,(K(A,1);Z) € € for all n > 0.

Examples. Obviously, the class containing only the trivial group satisfies these axioms. We
give here a short list some non-trivial classes that are interesting and that we might use in
this paper. Other classes might be found in the original Serre’s paper.

%r: The class of finite abelian groups satisfies axioms 1, 2 and 3.
©“rc: The class of finitely generated abelian groups satisfies also axioms 1,2 and 3.

©p: The class of abelian torsion groups such that every element has exponent prime to p,
this class satisfies axiom 1, 2 (bis) and 3.

Definition. Let f : A — B be a homomorphism of abelian grous. We say that f is a %-
monomorphism if ker f € €, and € -epimorphism if coker f € €. A €-isomorphism is both
a ¢-monomorphism and a €-epimorphism.

Theorem C.1 (Hurewicz theorem mod €). Let X be a 1-connected space. If € is a class of
abelian groups satisfying axioms 1,2 and 3, and if 7;(X) € € for alli < n, then H;(X) € €
for all i < n and the Hurewicz homomorphism 7, (X) — Hy,(X) is a €-isomorphism.
Theorem C.2 (Relative Hurewicz theorem mod ). Let (X, A) be a pair of 1-connected
topological space such that iy : mo(A) — mo(X) is an epimorphism. If € is a class of
abelian groups satisfying azioms 1, 2 (bis) and 3 and if m;(X,A) € € for all i < n, then
Hi(X,A) € € for all i <n and the relative Hurewicz homomotphism mp(X, A) — H,(X, A)
is a € -isomorphism.
Theorem C.3 (Hurewicz theorem mod % for a spectrum). Let E be a spectrum. if €
is a class of abelian groups satisfying azioms 1,2 and 3, and if m;(E) € € for all i < n,
then H;(E) € € for i < n and the stable Hurewicz homomorphism m,(E) — H,(E) is a
& -isomorphism.

In particular, if m;(E) € € for all i, then H;(E) € € for all i.
Theorem C.4 (Whitehead’s theorem mod €). Let f : A — B be a map between 1-connected
spaces and suppose fyu : mo(A) — mo(X) is an isomorphism. Suppose also that € is a class
of abelian groups satisfying axioms 1, 2 (bis) and 3. Then fu : m(A) = m(X) is a G-
isomorphism for all i < n and is a €-epimorphism for i = n, if and only if f. : H,(A) —
H,(X) is a €-isomorphism for all i < n and a €-epimorphism for i = n.
Theorem C.5 (¢, Approximation theorem). Let (X, A) be a pair 1-connected spaces such
that H;(A) and H;(X) are finitely generated for all i. Moreover, let f : A — X denote the
inclusion map and suppose that fu : mo(A) = ma(X) is an epimorphism. Then the following
conditions are equivalent:

1. f*: H{(X;Z/p) — H'(A;Z/p) is an isomorphism for i < n and a monomorphism for

1=n.
2. fv: Hi(A;Z/p) — H;(X;Z/p) is an isomorphism for i < n and an epimorphism for
1=n.

3. Hi(X,A;Z/p) =0 fori<n.
4. Hi(X, A Z) € 6, fori<n.
5. mi(X,A) €6, fori <n.
6. fu:mi(A) = m(X) is a Gp-isomorphism for i < n and a 6,-epimorphism for i =n
If these conditions holds, then m;(A) and m;(X) have isomorphic p-components for all i < n.

The proof of Theorems C.1, C.2, C.4 and C.5 can be found in Serre’s original paper
[Ser53b] and in [MT68]. The proof of Theorem C.3 can be found in [Rud98, Theorem 4.24].
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