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Abstract

In this thesis we will build to a result that has applications in C*-
algebras and twisted K-theory. We aim to understand the behaviour of
exponential functors and the cohomology theories their target categories
induce. We will use the Weyl map, K-theory, and the suspension-loop
adjunction in order to achieve this goal.

We will begin by acquainting ourselves with fibre bundles and a few
key theorems and definitions that we will make heavy use of later due
to the role fibre bundles play in defining the 0" complex topological K-
theory group. We will discuss a few important functors, adjunctions, and
characteristic classes. We will also give a description of the cohomology
ring of any flag manifold F,(C) as a quotient ring of the polynomial
ring with n generators. We will also begin to understand generalised
cohomology theories.

Exponential functors are a particular family of monoidal functors be-
tween strict symmetric monoidal categories. We will show that each of
these functors induce a family of natural transformations and that the
suspension isomorphisms from the 0" degree to the 1* degree commute
with the relevant natural transformations.

The source category of an exponential functor is always a category
that we will call €3 and the cohomology theory it induces is connective
K-theory. We will investigate the effect an exponential functor has on a
vector bundle.

We will describe the Weyl map and we will discover that the class of
this map in K-theory corresponds to a sum of tensor products of certain
formal differences of line bundles with circle components. Finally it will
be shown that the class of the Weyl map in our more exotic cohomology
theories corresponds to a very similar class where we have instead taken
a formal quotient of vector bundles.
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1 Introduction

Exponential functors, as studied in [29], are monoidal functors from the category
of complex inner product vector spaces with unitary isomorphisms equipped
with the direct sum to a subcategory of the category of complex inner product
vector spaces with unitary isomorphisms equipped with the tensor product.
The source and target categories of an exponential functor are both equivalent
to strict symmetric monoidal categories so, as we will see, we can construct
a cohomology theory from each of these categories and hence investigate the
natural transformations induced by exponential functors.

The determinant functor and its powers are examples of exponential func-
tors. The induced maps on classifying spaces correspond to classical twists in
twisted K-theory. In this context the power is known as the level. The classical
twists, as introduced by Atiyah and Segal [2], correspond to elements in the 3rd
cohomology. Indeed, powers of the determinant give rise to a map:

SU(n) — SU ~ BBUg — BBU(1)

and since BBU(1) ~ K (Z, 3), an Eilenberg-MacLane space, we therefore obtain
a class in [SU(n), K(Z, 3)] = H3*(SU(n); Z). Twisted K-theory with classical
twists and their connection to representations of loop groups have been studied
intesively by Freed, Hopkins, and Teleman [14].

We will discuss this family of examples, but our main contribution is that
we will also look at more general exponential functors that provide twists with
non-trivial contributions from higher cohomology groups. For such a functor F,
we obtain a similar map:

1

where d = dim(F(C)).

In a different context similar higher twists have also been studied by Teleman
[34].

The work of Dadarlat and Pennig [7] provides a link to bundles of C*-
algebras. The bundles they investigate are classified up to isomorphism by the
same cohomology theories as we achieve here from the target category of an
exponential functor. Work by Evans and Pennig [12] consider the twists in this
operator-alegbraic setting but lead into the work in this thesis by conjecturing
the purely topological angle that we will follow.

We will be investigating the behaviour of a map called the Weyl map, com-
posing it with some useful inclusions, and later with induced maps from expo-
nential functors to determine the classes it represents in our various cohomology
theories.

W :SU(n)/T x T — SU(n)
(l9),2) — gZg™"



The Weyl map and it’s connection to twisted K-theory has been studied using
the language of gerbes by Becker, Murray, and Stevenson [4]. It is hoped but not
known that the Weyl map induces an injection W*: hi, (SU(n)) — hg (SU(n).T
x T) in the cohomology theory induced by any target category of an exponential
functor.

We will make extensive use of a cohomology theory known as K-theory which
has Bott periodicity, that is, for any topological space X and integer n, there
is an isomorphism K"(X) = K""2(X). Therefore, we only need to define two
of the abelian groups explicitly: K°(X) is the Grothendiek completion of the
monoid of isomorphism classes of vector bundles over X, and K-!(X) is the
quotient of the topological group of invertible matrices with complex valued
functions on X as entries, equipped with the equivalence relation S ~ diag(S,
1), by the normal subgroup that is the connected component of the identity. An
extensive introduction to K-theory can be found in the book Complex Topolog-
ical K-Theory by Efton Park [28].

We will use the Leray-Hirsch Theorem and the splitting principle in order to
discover the nature of the cohomology ring of any finite complex flag manifold
H*(F,(CF; k)) as it is of particular note that SU(n)/T is homeomorphic to
the complete flag manifold F,,(C"); that homeomorphism sends the canonical
tautological complex line bundles over F,,(C™) to their counterpart canonical
complex line bundles over SU(n)/T, and the Chern classes of these complex line
bundles are the generators of the cohomology ring.

The inclusion SU(n) < SU(c0) < U allows us to describe the class of the
Weyl map in K-theory thanks to the isomorphism K*(X) 2 [ X, U]. We will show
using the Kiinneth formula isomorphism and the suspension-loop adjunction
that there is a representative of [W] that is given by the sum of the complex
line bundles over SU(n)/T each tensored with a generator of K1(S') where S*
is the circle corresponding to each line bundle that exists as a subspace of T.

Armed with the knowledge of where our class exists in K-theory, we will
then investigate the effect of exponential functors. We will explain how to
construct cohomology theories from strict symmetric monoidal categories and
natural transformations of cohomology theories from functors between such cat-
egories. Using this method we will show that from the source category of an
exponential functor we can construct a cohomology theory known as connective
K-theory and from the target category, more exotic cohomology theories that
can be described using an integer fixed by the specific exponential functor d =
dim(F(%)).

To have a better understanding of the resulting class in our exotic cohomol-
ogy theories, we can use a ring homomorphism called the Chern character: ch:
K°(X) — HJ..(X; Q) to derive a natural isomorphism of cohomology theories
K*(X) ® Q — H},,.(X; Q) and similar natural transformations of cohomology
theories we will call the logarithmic Chern characters h% (X) ® Q — H,.,.(X;
Q). We can then investigate the resulting automorphism in the periodic coho-
mology with rational coefficients, hopefully resulting in a natural automorphism
of cohomology theories induced by the exponential functor.

Chapter 2 will deal with introducing the idea of fibre bundles alongside a



handful of examples and related properties that will be of great use to us later.
The pullback bundle construction in particular will be a heavy lifter in this
project as it is an easy method of constructing fibre bundles over complicated
spaces if we have a clear map to the simpler base space of a map we already
know to be a fibre bundle.

Chapter 3 will contain an in depth proof of the Leray-Hirsch theorem, a
result that allows us to construct a module isomorphism from a fibre bundle
provided that certain conditions are satisfied. The Leray-Hirsch isomorphism is
a weak analogue of the Kiinneth formula; it shows that the cohomology ring of
the total space and the tensor product of the cohomology rings of the base space
and the fibre are isomorphic as cohomology ring of the base space modules. We
first show that the map we're constructing is indeed a module homomorphism
and then show case by case that it is in fact an isomorphism. The conditions
of the Leray-Hirsch theorem impose restrictions on the total space and fibre of
a fibre bundle but not on the base space, in our proof we will show we have
an isomorphism when our fibre bundle has a CW complex as a base space of
varying dimensionality before checking that the base space need not even be a
CW complex. We will close the chapter proving that a few familiar fibre bundles
satisfy the conditions and thus allow ourselves to describe the cohomology rings
of the special unitary groups and flag manifolds at least as modules if nothing
more yet.

Chapter 4 will have a more categorical flavour, we will introduce the idea of
a classifying space of a group or monoid. We will describe the simplex category
A, simplicial sets and spaces, and finally two useful constructions known as the
nerve of a category and the geometric realisation of a simplicial set/space. We
will show that if we have a category with one object and a group as the collection
of morphisms, then the geometric realisation of the nerve of our category is a
way of constructing the classifying space of the group. We will finish off this
chapter by demonstrating that the loop space of a classifying space is homotopy
equivalent to the original group.

In chapter 5 we will discuss characteristic classes, these are classes in the
cohomology groups of the base space of a vector bundle (a fibre bundle where
the fibre is a vector space and the homeomorphisms are fibrewise linear) that
act as invariants. If two vector bundles have different characteristic classes then
they cannot be equal but the converse is not necessarily true. The Stiefel-
Whitney classes are characteristic classes in cohomology with Z/2Z coefficients
that we will define axiomatically. The Euler class is a characteristic class in
cohomology with integer coefficients but we require that the vector bundles are
oriented. The Chern classes are characteristic classes for complex vector bundles
in cohomology with integer coefficients; they are built from Euler classes of
underlying real vector bundles as complex vector bundles come equipped with
a canonical choice of orientation coming from the complex structure. We will
use characteristic classes to investigate the cohomology of flag manifolds as
a ring and close the chapter with the construction of a very important ring
homomorphism called the Chern character.

Chapter 6 is about general cohomology theories. We will discuss the Eilenberg-



Steenrod axioms and a similar set of axioms for reduced cohomology theories.
We explore the idea of 2-spectra and show that given an )-spectrum, we can
construct our very own (reduced) cohomology theory. Finally, we will discuss the
Kiinneth formula, a result concerning the cohomology rings of product spaces.
Not every general cohomology theory admits a Kiinneth formula but we will
show that there is a similar result when one of the spaces in our product space
is a torus and that this result is compatible with natural transformations of
cohomology theories.

We discuss strict symmetric monoidal categories and exponential functors
in chapter 7. We will give some examples of monoidal categories and show
that they are strict and symmetric before giving a few examples of exponential
functors [29], and then observing how they transform vector bundles into new
vector bundles over the same base space. Exponential functors transform the
direct sum of vector spaces into a tensor product of vector spaces

We introduce Segal’s category (well really it’s opposite category) in chapter
8, a very important category for our purposes. I'-categories are covariant func-
tors from the opposite of Segal’s category to the cateogry of pointed categories,
and in this chapter we first describe how to construct a I'-category given a strict
symmetric monoidal category and then given a I'-category, how to construct an
Q-spectrum. This completes the chain and we see that we can construct a co-
homology theory from any strict symmetric monoidal category. We follow up
this conclusion with a proof that a strong symmetric monoidal functor induces
a natural transformation of cohomology theories.

Chapter 9 finally introduces the Weyl map. We see that, after composition
with the inclusion of SU(n) into U, the Weyl map is homotopic to the direct
sum of easier to manipulate maps, easier in the sense that each is adjoint to a
map that is in turn homotopic to the formal difference of two line bundles. We
can put this result together with the Kiinneth formula for K-theory to express
the class of the Weyl map in K!(SU(n)/T).

Finally in chapter 10 we describe a family of group homomorphisms that
we call the tensor Chern characters as they are built in part using the Chern
character we have already met but instead these maps are from the cohomol-
ogy theories h§ constructed using the target categories of exponential functors.
We explore the class of the Weyl map after an application of a power of the
determinant as an exponential functor. We will discover that not all expo-
nential functors result in natural transformations of cohomology theories but
nevertheless, we can describe the class of the Weyl map as it is only dependent
on elements in the 0" and 15¢ degrees and we will finally show that this con-
struction agrees with the natural transformation construction if an exponential
functor is also a strong symmetric functor.



2 Fibre Bundles

Let us begin with a few preliminaries. The concept of fibre bundles was first
introduced by Steenrod in 1951 [33]. Here we introduce the definition:

Definition 1. A continuous map p: E — B is called a fibre bundle with
fibre F if V 2 € B 3 an open neighbourhood U of x such that there exists a
homeomorphism h: p}(U) — U x F such that:

pU) — s UxF

O
U
2.1 Pullback Bundle

Theorem 1. If p: E — X is a fibre bundle with fibre F, and ¢: ¥ — X is a
continuous map; consider the space ¢*E := {(y, ) € Y x E : ¢(y) = p(e)},
and a map py: ¢*E — Y defined by py(y, e) = y. Then py: ¢*E — Y is a
fibre bundle with fibre F.

Proof. Since p: E — X is a fibre bundle with fibre F, V z € X 3 an open
neighbourhood U of z such that 3 a homeomorphism h: pt(U) — U x F such
that:

pHU) —— S UxF

U

Consider z = ¢(y), since ¢ is continuous, if U is an open neighbourhood of z,
then ¢1(U) is an open neighbourhood of .

We must show that 3 a homeomorphism k: py (¢! (U)) = ¢ H(U) x F
such that:

py (¢~ (U)) i o U) x F
m - A(U}
o1 (U)

A point of py (¢ 1(U)) is of the form (y, e) € YXE where p(e) = ¢(y) € U.
We require that (7r¢,1(U)ok)(y, e) = py(y, e) = vy, to define k we must now
determine a map mpok:pys (¢ 1(U)) — F.

Since if ¢(y) € U, then p(e) € U = e € p}(U) and we have the diagram



the identification (wpok)(y, €) := (wroh)(e) is well defined.

It must finally be shown that k(y, e) = (y, (mpoh)(e)) is a homeomorphism.

k is continuous because projection maps are continuous and A is continuous
since it is a homeomorphism.

Let us design a map I: ¢"1(U) x F — pst(¢71(U)) to be the inverse of k.

A point in ¢ 1(U) x F is of the form (u, f) where ¢(u) € U and f € F, thus
(6(u), ) € Ux F.

h has a continuous inverse h™': U x F — p(U) since it is a homeomor-
phism, and so h''(¢(u), f) € p2(U) C E.

Now cousider p(Ii(6(u), 1)) — mush((6(u), 1)) = mu(6(u). 1) — ).
thus (u 17 (6(w), £)) € 6 * E and since o(w) € U, (u 1 (6(u) 1)) € s (67 (V).

Therefore define [ by I(u, f) = (u, b (¢(u ) f)), which is continuous since
identities, h™', and ¢ are continuous. We must check that [ is the inverse of k.

It must be shown that lok = id,, 141 () and kol = id g1y, p.

Lok(y,e) =1y, (mroh)(e))
= (y, b1 ((y), (p 0 h)(€)))
= (y,h = (p(e), (mr © h)(e)))
= (y,h ™ ((mv o h)(e), (mF © h)(e)))
= (y,h ™" (h(e))
= (v, )
kol(u, f) = k(u, b= (p(w), f))

( (ﬂ'FOh)(h
= (u, 7r(¢(u), f))
= (u, f)

Therefore k£ has a continuous inverse in [ and is thus a homeomorphism and
therefore py: ¢*E — Y is a fibre bundle with fibre F. A

(@(w), 1))

Definition 2. If p: F — X is a fibre bundle and ¢: Y — X is a continuous
map, then the fibre bundle py: ¢*E — Y is called the pullback bundle of p

by ¢.

2.2 Concrete Family of Examples
Consider SU(n) = {X € M,xn(C) | XX* = X*X =1, det(X) = 1}. An
element X € SU(n) is a matrix of the form:
U1l + 11 ... Ulp + W1n
X =
Un1 + Wp1 ..  Udn + Wnn
where

n n
Sowdtof =1V Y k4o =1 Vi, det(X) =1

i=1 j=1



Since an element of the m sphere S™ is of the form (z1, ..., Z,, 1) where

m—+1
E x? =1, and since g uh +vh =1,
(U11, V11 oy Un1, Vpy) iS an element of S27°1,

Therefore we can construct a map

p:SU(n) — S*~1
X — (W11, 011, -, Un1, Un1)

We will show that p: SU(n) — S?*! is a fibre bundle with fibre SU(n-1).

To do so, we must show that for any = € S>*!, 3 an open neighbourhood
U C $?™! of z such that 3 a homeomorphism h: p*(U) — U x SU(n-1) such
that

p- S S— SU(n—1)
Consider some z = (21, Z2, ..., Lan-1, Tapn) € S?71. We can always construct

the following vector x € C™ and matrix X € SU(n):

T, + 1o
X = : ,X:(x Vo ... vn)
Ton—1 + 1 %2n
where X, va, ..., v, is an orthonormal basis of C™. Since va, ..., v,, are columns

of a matrix in SU(n), there also exist corresponding points on the sphere S2"-1

V2y «oey Up.

Consider the half 2n-1 sphere of points in S?*! that are strictly on the
same side of the hyperplane through the points vs, ..., v, as z, this is our
neighbourhood U.

In the same way we constructed x from z, for any v € U we can construct
a vector u € C™. Since u does not lie in the vs, ..., v, hyperplane, u, vo, ...,
v, is a basis of C".

We will generate a new orthonormal basis from this basis using the Gram-
Schmidt process.

We define the following operations:

where P = (plv cey p'n)v q = (Q17 (XX} qn) eCm.



Consider the following:

Wy = Vg — proju(vg)

W3 = V3 — proj, (vs) — projg, (vs)

Wy = Vi, — Pr0j, (V) — Projwa(vy,) — ... — projg. _, (vp)
Then take _
W; = Y,VZ Vi
[[will
Then u, wa, ..., W, is an orthonormal basis of C"™ and therefore
(uw wy ... wy,)€SU(n)

Let us use all this to construct a map:

f:U — SU(n)

un—>(u Wy ... wn)

We would like to find a homeomorphism h: p*(U) — U x SU(n-1), in this
case we will instead find the continuous inverse first and equivalently prove that
it is a homeomorphism instead.

Consider then the map:

k:UxSU(n—1) — p 1 (U)
wx)— 5 (5 §)

where the entries called 0 are the n-1 dimensional row and column vectors whose
entries are all zero.

k is well defined since the first column of k(u, X) is u by inspection. It is
also clear that k is continuous since the Gram-Schmidt process is continuous.

We would like to find a continuous inverse of k for which we require that
myok™ = p.

Let us consider a map:

g :SU(n) — SU(n)
Vi f(p(Y)" Y
Necessarily from the definitions of p and f, the first row of f(p(Y))* is the con-

jugate transpose of the first column of Y and since both matrices are elements
of SU(n), their product will be a matrix of the form:

g(Y) = <(1) G(Oy)>



Let us now consider the required map:

h:p Y (U) — U x SU(n —1)
Z— (p(2),G(2))

We must finally show that koh — id, 1) and hok = idy su( )
ko h(2) = kp(2),G(2)
16 (5 iz
— [N 2

=1, -Z
=7

1 0
— G (o §))=X
= hok(u,X) = (u, X)
Therefore h is a homeomorphism with inverse k, and thus p: SU(n) — S2™! is
a fibre bundle with fibre SU(n-1).
2.3 Fibre Bundles from a Lie Group to a Quotient Space

If G is a Lie Group and H is a closed subgroup of G, then we would like to
show that the canonical map

p:G—G/H
g—g-H
is a fibre bundle with fibre H.



Proof. For every point © € G/H we need to find a neighbourhood U C G/H
such that 3 a homeomorphism h: p'(U) — U x H such that

Since H is a closed subgroup of G, by the Closed Subgroup Theorem, it is
also a Lie group. We call the corresponding Lie algebras of G and H, g and b
respectively, and we may consider the maps expy: g — G and expy: h — H
along with their derivatives dezpylo = idg and dexpy|o = idy. Consequently, b
is a subspace of g and we can consider the following short exact sequence:

0 b g —— g/h 0

where ¢ is the clearly surjective canonical map to the quotient.
Every short exact sequence of vector spaces splits so 3 a map o: g/h — g
such that g o 0 = idy . Since identities are injective, o must also be injective.
G/ H is not necessarily a group as H is not required to be a normal subgroup,
however it does have a left G action: for g, h € G, we have g.p(h) = p(g.h).
Let us construct a map expy/y:= p o erpy o o: g/bh — G/H.

G- q/H

EIPBT O Tezpn/h

g<+—5—9/b

Let 0 be the identity element of G, we can determine the derivative of exp
at [0]: dexpg/plo = dplo o dexpglo o dofo = g oidg 00 = g oo = idyy.

Therefore, since expg,y is continuously differentiable and has non-zero deriva-
tive at [0], by the Inverse Function Theorem, we may construct a neighbourhood
U of [0] such that 3 U € g/h for which expy/plz: U = U = expy(U) is a
diffeomorphism.

Since expg,y is a diffeomorphism on U, let us construct the inverse map ¢:
U — U. For any y € U, ¢(y) is such that expy/s(é(y)) = y. Then we can
construct a map o: U — G that makes the following diagram commute:

U
| o Jm
U

O
— 8

10



So we have

Thus p o7 =idy

Let € G/H with z = [g| for some g € G. Then due to the left G action on
G/H we have z = ¢.[0]. We have constructed a neighbourhood U of [0], thus
¢.U is a neighbourhood of z.

Let us now construct a map 7,: .U — G

“Ly)

This is well defined since y € .U = g¢gl.y € U so we can apply 7.
Again we have:

Sopod, = idg.U

Now for every point x € G/H we have a neighbourhood U, = ¢.U C G/H
where p(g) = z. For each neighbourhood let us finally construct a homeomor-
phism h,: p1(U,) — U, x H such that:

\ 0
P Uz

U,
The inverse of this function is more immediate. Let us define:

ke : Uy x H—p ' (U,)
(u,h) — T, (u).h

The codomain of k, is indeed p'(U,) since p(G,(u).h) = p(G.(u)) = u € U,.
As for h, itself, we define as follows:

he :p ' (U,) = Uy, x H
g (p(9),7(p(g))"".9)

11



To show that this too is well defined, we must show that if h = 7,(p(g))'.g
then p(h) = [0] € G/H

Wt =g ' 7.(plg))
p(h™") =p(g~"7.(p(9)))

Since H is a group and p(h™') = [0] implies h'* € H, h € H and so h, is well
defined.

(my, © hg)(u) = p(u) so h, fits into the commutative diagram, and both h,
and k, are both smooth by construction so to prove that h, is a homeomor-
phism, all we must do is prove that k, is its inverse.

(kz © ha)(9) = ka(p(9),72(p(9))".9)
=7.(p(9))0.(p(9) "9

Therefore k, o hy = idp—l(Uz) and hy o k; = idy_x g thus hy is the required
homeomorphism and therefore for a Lie group G and closed subgroup H C G,
the quotient map p: G — G/H is a fibre bundle with fibre H. A

2.4 The Homotopy Extension and Lifting Properties

The definitions and following proofs are described by Hatcher in Algebraic Topol-
ogy [17]

Definition 3. A map p: £ — B has the homotopy lifting property with
respect to a space X if for any given homotopy h: X x I — B and any given
map Ho: X x {0} — E which lifts ho:= h|x {0} (i-e. such that poHy = ho),
there exists a homotopy H: X x I — F that lifts h (i.e. such that poH = h)
and Ho = H|x x{o}-

Xx{O}i;E

) 3g "
idx Xy e p

XXIT>B
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A map p: E — B is called a fibration if it has the homotopy lifting property
with respect to all spaces X.

Lemma 2. If p: E — B is a fibration and z,y € B, then p!(z) ~ pl(y), i.e.
we can define a fibre F' of a fibration that is unique up to homotopy equivalence.

Lemma 3. Any fibre bundle is a fibration.

Definition 4. Let X be a topological space, and let .: A — X be the inclusion of
a subspace A into X, the pair (X, A) has the homotopy extension property
with respect to a space Y if given any homotopy f: A x I — Y and any map
Fo: X x {0} — Y such that Fo|axo} = fo:= f|axqo}, there exists an extension
of f to a homotopy F: X x I — Y such that F|x,0y = Fo and Flax; = f.

Ax{O}MAxI

ind{o}j 0 Jf

X5 {0} —— Y

~

Equivalently, the pair (X, A) has the homotopy extension property with respect
to a space Y if any map g¢: (X x {0}) U (A x I) = Y can be extended to a
map G: X x I — Y with G‘(XX{O})U(AXI) =g

We say that the pair (X, A) has the homotopy extension property if it has
the homotopy extension property with respect to all spaces Y, in such cases the
inclusion ¢: A — X is called a cofibration.

Definition 5. Let X be a topological space, a subspace A of X is called a
retract of X if there exists a continuous map r: X — A called a retraction
that is such that r|4 = ida.

A continuous map F: X x I — X is called a deformation retract of X
onto a subspace AifVz € X and a € A:

F(z,0) == F(z,1) e A F(a,1)=a

That is, a deformation retract is a homotopy between the identity map on X
and a retraction.

Lemma 4. A pair (X, A) has the homotopy extension property if and only if
(X x {0}) U (A x I) is a retract of X x L

Proof. If (X x{0}) U (A x I)is aretract of X x I then there exists a retraction
r: X x I = (X x {0}) U (A x I) such that 7”|(X><{0})U(A><I) = id(Xx{O})u(AxI)-

If we have a homotopy h: A x I — Y and a map Hp: X x {0} = Y such
that Holax{oy = ho:= h|laxqoy we need to find a homotopy H: X x [ — Y
such that H|X><{0} = Hp and H|axs = h.

13



Since h and H are required to agree on (X x{0}) N (A x I) = A x {0}, the
map Ho U h: (X x{0}) U (A x I) = Y is well defined, then the composition
(HyUh)or: X x I — Y isa candidate for H.

Hlxxoy = (Ho U h) o r)lxx0p = (Ho U h)lr(xx{o}) © 7lxxfoy- Since
7 is a retraction 7| xx{opuaxr = idxx{oyuaxr) SO Tlxxfoy = idxxqoy and
thus 7(X x {0}) = X x {0}. Then since (Ho U h)|x {0} = Ho we achieve the
result H|x 0y = (Ho U h)|xxqo0y ©id|x 0y = Ho as required. By an identical
argument H|ax; = h. Therefore we have found a suitable homotopy and thus
(X, A) has the homotopy extension property with respect to Y, but since Y was
arbitrary, (X, A) has the homotopy extension property.

If (X, A) has the homotopy extension property, then for any space Y, if we
have a homotopy h: A x I — Y and a map Hg: X X {0} — Y such that
Holaxgoy = Plaxgoy, then there exists a homotopy H: X x I — Y such that
H|X><{0} = HO and H|A><[ = h.

Let us choose Y = (X x {0}) U (A x I). The inclusions provide a homotopy
t: Ax I — Yandamapj: X x {0} — Y such that j|ax (o} = t|ax{o} therefore
there exists a homotopy r: X x I — Y such that r|ax; = ¢, 7|xx{0} = 7

To show that r is a retraction, we must show that r|y = idy.

rly = rlaxr U r|xxqoy = ¢ Uj=idy since ¢ and j agree on the intersection
(X x {0}) N (A x I) = A x {0}. Therefore (X x {0}) U (A x I) is a retract
of X x I

Therefore a pair (X, A) has the homotopy extension property if and only if
(X x {0}) U (A x I) is a retract of X x I A

Proofs of the following corollary and lemma can also be found in Allen
Hatcher’s Algebraic Topology on page 15 and 16 respectively [17].

Corollary 5. If X is a CW-complex and A is a subcomplex of X, then (X, A)
has the homotopy extension property.

Lemma 6. If (X, A) has the homotopy extension property and A is contractible,
then the quotient map ¢: X — X /A is a homotopy equivalence.

14



3 The Leray-Hirsch Theorem

There is a result called the Kiinneth formula that we will properly introduce and
make heavy use of later, that relates the cohomology ring of a product space to
the cohomology rings of the factor spaces.

The total space of a fibre bundle is locally, but not necessarily globally, the
product of two topological spaces, and as such there is a similar but weaker
result relating the various cohomology rings that was proved independently by
Jean Leray and Guy Hirsch in the 1940s. Here we will flesh out a proof given
by Hatcher [17].

Theorem 7. Let p : E — B be a fibre bundle with fibre F' such that for some
commutative ring with identity R:

e H"(F; R) is a finitely generated free R-module for all n

e There exist classes ¢; € H* (E; R) whose restrictions t*(¢;) form a basis
for H*(F; R) in each fibre F, where ¢ : F — F is the inclusion.

Then the map
®: H*(B;R)®r H*(F;R) —» H*(E; R)
D bi@r () = Y P (bi) — ¢
ij ij

is an H*(B; R)-module isomorphism.

3.1 Proof of the Leray-Hirsch Theorem
3.1.1 & is an H*(B; R)-module homomorphism

Proof. Tt is not too difficult to show that ® is at least a group homomorphism.
Since H*(F; R) is finitely generated in each degree we can write two general
elements of H*(B; R) ® g H*(F; R) as:

oo J; oo J;
A= Z Z aj, @R L*(Cji) and B = Z Z b]L ®R L*(Cjz')

i=0 5;=0 i=0 5;=0

15



Clearly, we have:

®(A+ B) = ZZGL“F{?% ®p (Ch))

=0 7;,=0

oo J;

= Z Z p*(ajq: + bj'i) ~ Cj;
i=0 j; =0
o J; oo J;

=3 pia) =+ DY pib) —
i=0 j;=0 i=0 j;=0
oo J; oo J;

QA +(B) = Y p(ag) — e+ > pib) e

i=0 j;=0 i=0 j;=0

To ensure the module structure is maintained, we need to describe the module
structure of both rings.
In H*(B; R) @ g H*(F; R) we have:

H*(B;R) x H*(B; R) ®g H*(F; R) — H*(B; R) @ H*(F; R)
(7", Z b; ®r L*(Cj)) — Z’I‘bl XRnr L*(Cj)
@] iJ

In H*(E; R) we have:
H*(B;R) x H*(E;R) — H*(E; R)
(rie) = p(r) —e

Thus, to prove that ® is a H*(B; R)-module homomorphism, we must show
that:

B b O ) =0 0) = b Or )

Zrb ®r L (c))) Zp (rbi) — ¢
:Zp r)—p* i)\‘/cj
ij
) — ZP*(bi) G
ij
=p*(r) — (Db @R *(c;))

ij
p is a map of spaces and thus p* is necessarily a ring homomorphism, also since
p*(r) does not depend on i or j and H*(E; R) is a ring, it can be pulled out as a
common factor. Since the two sides do indeed agree, ® is an H*(B; R)-module
homomorphism. A

Let us now tackle the trickier task of showing that ® is a bijection and thus
an H*(B; R)-module isomorphism.
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3.1.2 If B is a 0-dimensional CW complex

To begin proving the Leray-Hirsch Theorem, let us consider fibre bundles where
the base space is a 0-dimensional CW complex. All such spaces have the form
of a set of points equipped with the discrete topology.

We want to show that if the conditions of the theorem hold, then

®: H*(B; R) o H*(F: R) — H*(E; R)
D bi®r(e) = Y P (bi) —

is an isomorphism.

Proof. Since B is a 0-dimensional CW complex and a class in H°(X; R) simply
assigns an element of R to each connected component of X, we have the following
isomorphism:

[[R— H°B;R)

(7“1,7”2, ) — Z({Z} — 7“1')

i€EB
Since H*(B; R) = 0 Y k # 0, we must simply show that V k
% . H(B; R) @ H*(F; R) — H*(E; R)
Y b i@r(eg) = > pT(bi) — ¢
iJ ij

is an isomorphism.
Since p: E — B is a fibre bundle, V i € B, E; := p'(i) is homeomorphic to
the fibre F' and F is the disjoint union of these fibres.

E:HEZ-

i€B

Since all the fibres are homeomorphic to one another, without loss of generality
we may designate £y = F' and construct homeomorphisms from the other fibres
as ¢;: E; — F. We must also define the inclusion maps of each fibre into the
total space ¢;: E; — E.

If ¢;(V) is a basis of H*(Ey; R) = H*(F; R) then ¢;*(c;(V) =: ¢;() is a
basis of H*(E;; R). For classes ¢; € H*(E; R), we require that ¢;,*(c;) is a basis
of H¥(E;; R) V i € [n], therefore we choose the classes ¢; = (c;(V), ¢;(?), ...) to
satisfy these conditions.
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ThusV k €Z
H*(E;R) = H*([] Es: R)
ieB

= H H"(E;; R)

ieB

=~ [[ #"(F: R)

i€B
We can define the relevant isomorphism as follows:

H*(E;R) - [[ H*(F; R)
B

¢ = (L1 o) (9), (2 093 1)*(9), )

Thanks to these isomorphisms, to show that each ®; is an isomorphism, we
must construct another isomorphism ¢ that ensures that the following diagram
commutes:

H°(B;R) ®r H*(F; R) —>*— H*(E;R)

J . =

[ R®r H*(F;R) — [1; H*(F; R)

Lemma 8. Let R be a commutative ring with identity, X be a finitely generated
free R-module, and B a set. Then there exists an isomorphism

¢:HR®RX—>HX
B B

E T ®RI]‘F—> E (rilxj,rizxj,...)

2% 0,J

Proof. : We will show that the following map is both a left and right inverse of
¢:

v [[x > [[RerX
B B

(21, 22,...) = Zei QR Ti
i€B

where e; is the vector with O in every entry except the i*® which is instead 15.
The set {e; | i € B} is the standard basis of [[5 R.

18



Consider a general element of [[; R ®z X and apply first ¢, then ¢:
(Wod)(Q_ri ®r ;) = Y(6(Y_ri O 7))
%] ,J
= w(Z(rilij Tigdjs ))
,J

= Zw(’rnxjvrhxj? )
5,
=D e ORTiT

i,j kEB

= Z Z ekTi, OR Tj

i,j keB
= E ri R T;
i,

Thus w e} ¢ = ldHB R ®r X-
Now consider a general element of [[; X and apply first v, then ¢:

(o) (21, 22,...) = d(Y (71, 22, ...))
= ¢(z e; ®R T;)
i€B
= Z ¢(e; @r x;)
i€B
= Z(ehxi? €i2.13i, )
i€B
= Z(O, ceey Ly O7 )
i€B
= (1'1,1'2, )
Thus ¢ o ¢ = idpy, x-
Therefore, since 1 is indeed both a left and right inverse of ¢, both must be
isomorphisms. A

Since H*(F; R) is a finitely generated free R-module, so must H*(F; R)
be a finitely generated free R-module for each level k € Z. Therefore, in the
following diagram, ¢ is an isomorphism by the previous lemma:

HO(B; R) ®p H*(F; R) —*— H"(E;R)

4 F

Finally, this diagram must be shown to commute. Let us introduce names for

the two vertical isomorphisms we described earlier: o: [[5 R — H°(B; R) and
U: H*(E; R) — [z H*(F; R).
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We therefore need to show that for any element of [[3 R ®r H*(F; R):
¢ _ri@ra;) =U(@k(D o(r) @r ;)
i.j i
Since H*(F; R) is a finitely generated R-module ¥ k and we have a basis cj(l)
of H*(F; R), we can express any element + € H*(F; R) in the form:

T = lecl(l) for some set of x; € R
l
Now to show the commutativity
d)(z T ®R Z'j) = Z(Tilxj7ri2zja )
4,J 4,J

V(@Y o(r) ®rz))) = U(@:(d] Y ({m} i, @szﬁ 1)

4,J i,j mEB

= \P(‘I)k(z Z {m} = Tinw)le ®R Cl( )))

i,7,l meB

= (@3 Y (fm} = i) @r )

i,j,l meB

=0 p (> ({m} = ri,xg) — a)

i,  meB
= \II(Z(e = {1, x5, ife € Ep) —a)

= (o w#)*(;((e o {ri g, if e € By) — @),
,u;o ¢51>*<§lj<<e = (T, i € € Bp) — @), )
= 2 () Qe rawa) = i)
<w§1>*<2<<e = riag) = ), )
= Z Z ¢ i) vcl“)),;((ewzm —"),.)

_E 7’“5 a:jlcl rwg IJL ).
= E (riyzj,7i,2j,...) as required

Therefore the diagram in question does indeed commute, so since ¢ is an iso-
morphism, ®; must be an isomorphism V k.

Therefore ® is an isomorphism, and the Leray-Hirsch theorem holds for fibre
bundles with 0-dimensional CW complex base spaces. A
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3.1.3 If B is a finite-dimensional CW complex

To prove that the theorem holds for all finite-dimensional CW complex base
spaces we will use an induction argument.

Let us assume that the Leray-Hirsch theorem holds for (n-1)-dimensional
CW complex base spaces.

Let B be an n-dimensional CW complex and consider B’ C B to be the
subspace of B obtained by removing a single point from the interior of each of
the n-cells of B.

We will also let E” := p}(B’)

Proof. We must show that the following diagram, where R is understood to be
the coefficient ring, commutes and that the vertical maps are all isomorphisms:

.. — H*(B,B")®@ H*(F) — H*(B)®@ H*(F) — H*(B') @ H*(F) — ...

[#2s Js [o

.——HFE,EF)——— H(EF) ———— H*(F') —— ...

Since every pair of topological spaces (X, V') with ¥ C X generates a long exact
sequence of cohomology groups

w— H(X)Y) — H*(X) — H*(Y) — ...

the pairs (B, B’) and (E, E’) generate long exact sequences and the bottom row
of our diagram is an exact sequence automatically. Also, since H*(F; R) is a
finitely generated free R-module V k € Z, the functor (-) ® g H*(F'; R) is exact,
thus the top row of our diagram is an exact sequence too.

Let us consider the space B™!, the n-1 skeleton of B. It is clear to see that
B’ is homotopy equivalent to B™! since removing a single point from each n
cell allows us to continuously retract each to its boundary.

Homotopy equivalence in spaces induces isomorphisms in their cohomology
groups. To show that ® 5> is an isomorphism, we need to find a fibre bundle from
a total space X that is homotopic to E’ onto B™! with fibre F'; by assumption,
the Leray-Hirsch theorem will hold for this fibre bundle

H*(B') ® H*(F) —— H*(B" 1)@ H*(F)

o o =

H*(E) H*(X)

o

From this diagram, if we can prove the existence of X, then clearly ®p> must
be an isomorphism.

Definition 6. A space X is said to be k-connected if V i < k, 7;(X) = 0.
For a space X, and subspace A of X, the pair (X, A) is said to be k-connected
ifVi <k m;(X, A) = 0. By the long exact sequence of homotopy groups induced

21



by the short exact sequence of the pair, this implies that (X, A) is k-connected
iff m;(A) 2 7;(X)Vi<k-1and * 7,(A) = 7, (X), the map induced by the
inclusion, is a surjection.

Lemma 9. Consider a fibre bundle p: £ — B and a subspace B’ C B such
that (B, B’) is k-connected, then (E, p~*(B’)) is also k-connected.

Proof. Consider any map go: (D*, 9D?) — (E, p"*(B’)), with i < k, a map from
the i-disc to E that maps the boundary totally into p™(B").

Since (B, B’) is k-connected, there must exist a homotopy between any two
maps (D¢, D) — (B, B’) where i < k, thus consider the maps fo = pgo and
f1, any map such that Im(f,) C B’. Let f be the homotopy between fy and f;.

We thus achieve the following diagram:

(D', 0D%) x {0} = (E,p~}(B"))

[ o b
(D%,0D%) x I — (B,B’)

Since p: F — B is a fibre bundle, it is also a fibration and thus satisfies the
homotopy lifting property. We therefore know that there exists a homotopy ¢
such that the following diagram commutes:

(D, 0D") x {0} —=— (E,p~(B"))

i/l

(D, 0D") x I ———— (B

Thus we may consider g; such that f; = pg;, therefore, since Im(f;) C B’,
Im(g1) C p(B’).

Since such a g exists for any choice of go and i < k, if (B, B’) is k-connected,
(E, p1(B’)) must also be k-connected. A

Since B’ and B™! are homotopy equivalent, (B’, B™!) is k-connected V F,
thus by our lemma, (E’, pt(B™!)) must be k-connected V k, therefore p~t(B™!)
is homotopy equivalent to E’. Additionally, since p: E — B is a fibre bundle
with fibre F, then so are the maps p: £’ — B’, and p: p}(B™!) — B™L

We have therefore found a space that allows our diagram to commute:

H*(B') @ H*(F) —— H*(B""') @ H*(F)

<I>B¢ 0 |

H*(E') ——=—— H*(p~'(B"™"))

Therefore ® 5> is an isomorphism.
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We removed a set of points (read 0-dimensional CW complex) from B to
construct B’. Let the points themselves be denoted z., and the n-cells from
which they were removed, e, respectively.

Since p: E — B is a fibre bundle, for each z, 3 a neighbourhood U, C e,
such that 3 a homeomorphism h,: pt(U,) — U, x F such that:

p~ 1 (U,) —>U x F

D

Let U,’ C U, be the subspace constructed by removing z, from U,.
Let U and U’ be defined as follows:

U=JU. v =Ju,

Now let us consider a space K = B\U. It is clear that K ¢ B’ C B and
that the closure of K is contained within the interior of B’ since each U, is a
neighbourhood of the corresponding missing point.

Therefore, since B\K = U and B’\K = U’, by excision, the inclusion map
v (U, U’) — (B, B’) induces isomorphisms :*: H*(B, B’; R) — H*(U, U’; R)
VkeZ.

It is also clear that p'(K) C p'(B’) = E* C p}(B) = E and thus the
inclusion as described and the fibre bundle induce a similar collection of isomor-
phisms (*: H¥(E, E’; R) — H*(p*(U), p1(U’); R) induced by the inclusion
0 (), pH(U) = (B, B).

To prove that ®p ' is an isomorphism, we must show, in the following
diagram, that ®; ¢ is an isomorphism

H*(B,B')® H*(F) ——— H*(U,U’') ® H*(F)

(I)B,B’J/ D léU,U’

H*(E,E') ——=—— H*(p~"(U),p~(U"))
To do so, consider the following diagram:

. — H*U')® H*(F) — H*(U,U') ® H*(F) — H*(U) ® H*(F) — ...

l‘bU’ lq)U,U’ l‘I’U

= H(p7(U")) — H*(p~ ' (U),p~H(U")) — H*(p~'(U)) — ..

The rows are exact by the induced long exact sequences of the pairs (U, U’)
and (p1(U), p1(U’)) and the fact that the functor (-) ® g H*(F; R) is exact.

Let us denote by N the set of n-cells of B. Since each U, is a neighbourhood
wholly contained within a single corresponding n-cell ey, it must be the case
that each U, is isomorphic to the n-disc D".
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Since every disc D" is homotopy equivalent to a single point, U must be
homotopy equivalent to a set of distinct points labelled by N.

We must also consider the fact that a disc without a single point in it’s
interior is homotopy equivalent to its boundary thus each U,’ is homotopy
equivalent to D™ = S™1!, thus U’ is homotopy equivalent to the disjoint union
of | N| n-1 spheres, we will call this space NS"!

NS .= HSn_l

As in the proof that ®p- is an isomorphism, we can construct spaces X and Y
such that p: X — N and p: Y — NS™! are fibre bundles with fibre F and so
the following diagrams commute:

H*(U) ® H*(F) ———— H*(N) @ H*(F)

o . [x

H*(p~H(U)) ———=—— H*(X)

H*(U') @ H*(F) —— H*(NS"') @ H*(F)

@U/J/ D J/(PNS”*I

H*(p'(U")) ———=—— H*(Y)

Therefore since we have proven that the Leray-Hirsch theorem holds for the
case of 0-dimensional CW complex base spaces, ®y is an isomorphism, and
since NS™! is an (n-1)-dimensional CW complex, ® \gn-1 is an isomorpism by
assumption.

Therefore, &y and @ are also isomorphisms.

Finally, it must be shown that all the diagrams are commutative. The fol-
lowing are commutative by the naturality of the cup product:

H*(B,B') ® H*(F) —— H*(B) ® H*(F) —— H*(B') ® H*(F)

iq)B’B, J,(bB J{QB/

H*(E,F') ——— 5 H*(E) —— H*(E')
H*(U,U") ® H*(F) —— H*(U)® H*(F) —— H*(U') ® H*(F)

l‘bU’U/ ijU J,(I)U/

H*(p~H(U),p~"(U")) —— H*(p'(U)) ———— H*(p~"(U"))
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We must finally show that the following diagrams commute:

H*(B')® H*(F) 229 H*(B,B') ® H*(F)

@B/l lq)B.B’

H*(E') —————— H*(E, E')

H*(U") @ H*(F) 229 g*(U,U") ® H*(F)

@U/l J{q)U,U’

H*(p~ ' (U")) —5— H*(p"(U),p"(U"))

Since the two squares are identical in structure, we only need to check once.
Let us choose the first and consider a general element of H*(B’) ® H*(F)
and map it into H*(F, E’) in both directions:

55 (6 @)Y bi ®(e;)) = <I>B,B/<Z O(bi) ® *(¢5)
i - Zp ) = ¢
5(@3,(2 b @1 (c;))) =0 Zp ) — ¢;)
: = Zé ) — ¢;)
—Zé ) — ¢j, since §(c;) =0

Hence, since § o p* = p* o §, the squares must commute.
Thus by the Five Lemma ®y ¢ is an isomorphism, thus ®p p is an iso-
morphism, and finally, again by the Five Lemma, ® is an isomorphism.
Therefore the Leray-Hirsch Theorem is true for fibre bundles with finite
dimensional CW complex base spaces. A

3.1.4 If B is an infinite-dimensional CW complex

The argument when our base space is an infinite dimensional CW complex is
not too difficult since we have already laid most of the ground work.

Proof. Let B be an infinite-dimensional CW complex and let B™ be the n-
skeleton of B for any finite n.
Clearly, (B, B™) will be n-connected, thus by our lemma, (E, p~*(B™)) must
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also be n-connected. Let us examine the following diagram:

H*(B;R) ®p H*(F; R) — H*(B";R) ®x H*(F; R)

q{ O l@ BN

H*(E; R) H*(p~'(B"); R)

Since B™ is an n-dimensional CW subcomplex of B, p: pt(B™) — B" will be a
fibre bundle with fibre F, satisfying the conditions of the Leray-Hirsch theorem,
and with a finite-dimensional CW complex base space; therefore, &g~ is an
isomorphism.

The n-connectedness of (B, B") and (E, p"'(B™)) ensure that for all k < n
the horizontal maps are isomorphisms in the following diagram:

H**(B;R) ®p H*(F; R) =5 H*=*(B™;R) ®g H*(F; R)

(ka/ O J{‘I’B"k
H*(E;R) H*(p~'(B"); R)

o

Since a graded module homomorphism is an isomorphism if and only if on each
level it restricts to an abelian group isomorphism and ® g~ is an isomorphism of
H*(B™; R)-modules, ®gnj must be an isomorphism of abelian groups, therefore
so too must Py.

Since n was arbitrary, we can deduce that ® is an isomorphism of abelian
groups for arbitrary k£ € N, and therefore we achieve the result that ® is an
isomorphism of H*(B; R)-modules. A

3.1.5 If B is not a CW complex

Definition 7. A map f: X — Y is called a weak homotopy equivalence if
the induced maps f.: m,(X, zo) = 7 (Y, f(z0)) are isomorphisms for all n > 0
and choices of basepoint zy € X. A weak homotopy equivalence is all you need
to ensure an isomorphism of cohomology rings.

For a topological space X and a CW complex Z, a weak homotopy equiva-
lence f: Z — X is called a CW approximation to X.

Lemma 10. For any topological space X, a CW complex Z can be constructed
such that there exists a CW approximation f: Z — X

A proof of this statement can be attributed to Hatcher [17].

Now will show that if a fibre bundle p: F — B satisfies the conditions of
the Leray-Hirsch theorem but B is not a CW complex, even still, the map & is
an isomorphism.

Proof. Even though B is not a CW complex, there exists a CW approximation
f: A — B and we can construct the pullback bundle that makes the following
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a commutative diagram:

A—— B

p*: f*(E) — Ais also a fibre bundle with fibre F. Since this diagram commutes
by construction, it will easy to show that ® is an isomorphism if we can prove
that p* satisfies the conditions of the Leray-Hirsch theorem.

Since fibre bundles induce long exact sequences of homotopy groups we can
examine the connection between these two fibre bundles in terms of these se-
quences:

w —— T (F) —— o (f*(E)) —— mp(4) — 71 (F) —— ...

| | >

o —— T (F) ——— mp(F) ———— m(B) —— w1 (F) —— ...

IR
IR

Since the fibres are the same and f is a CW approximation, only every third
vertical map is not automatically an isomorphism. The Five Lemma takes care
of those maps and ensures that every vertical map is an isomorphism! Thus
the map 7g: f*(E) — E in the pullback diagram induces isomorphisms on all
homotopy groups thus it it is a weak homotopy equivalence and must induce an
isomorphism in cohomology.

Since p* and p have the same fibre and p satisifies the conditions of the
Leray-Hirsch theorem, p*: f*(E) — A is a fibre bundle with fibre F' which for
some ring with identity R, H"(F; R) is a finitely generated free R-module for
all n.

Additionally, the classes ¢; € H* (E; R) pull back to classes 757 (c;) €
H% (f*(E); R) and thus by the commutativity of the following diagram we
have classes that restrict by the inclusion of the fibre into f*(E) to a basis of
the cohomology ring for each fibre.

*

H*(E;R) —=» H*(f*(E); R)

l 0 L;‘«

H*(F; R) —— H*(F;R)

By the commutativity of the pull back diagram, functoriality of the tensor prod-
uct with H*(F; R), and naturality of the cup product, the following diagram
commutes:

H*(B; R) @ H*(F; R) "2"5' 1*(A; R) ®r H*(F; R)

&Ii [} Lb A

H*(E; R) s H*(f*(E); R)
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The weak homotopy equivalences ensure that the two horizontal maps are iso-
morphisms and now we have seen that p* is a fibre bundle satisfying the condi-
tions of the Leray-Hirsch theorem and has a CW complex as a base space, thus
®,4 is an isomorphism. Therefore the commutativity of the diagram ensures
that @ is also an isomorphism.

Thus, provided the conditions hold, the Leray-Hirsch map is an isomorphism
regardless of what kind of topological space we have as a base space. A

3.2 Applications of the Leray-Hirsch Theorem
3.2.1 Cohomology of the Special Unitary Groups

Definition 8. The exterior algebra on a finite set of generators z; with
coefficients in a ring R, denoted Ag[z1, ..., zx], where each z; is in degree d;,
is a ring with an addition operation naturally derived from the ring R, and a
multiplication operation defined by the multiplication in R together with the
following property:

p Narg = (=1) % (2 A y)

where z; is in degree d;.

Theorem 11. The cohomology ring of the groups SU(n) with coefficients in Z
for n > 2 is the exterior algebra on n-1 generators z; each in a different odd
degree i, with 3 < ¢ < 2n-1:

H* (SU(n), Z) = AZ [1‘3, ceey {I,‘Qn_l]

Proof. We will attempt to prove this using an induction argument.

SU(1) = 0 and since we know there is a fibre bundle p: SU(2) — S? with
fibre SU(1), we know that SU(2) = S3. Hence H*(SU(2); Z) = H*(S?; Z) =
Az|zs] and thus the base case holds.

Let us assume that H*(SU(n-1); Z) = Az[zs, ..., Tan3] and hopefully con-
clude that H*(SU(n); Z) = Az|zs, ..., Tan-1]-

In an earlier section we determined that the map p: SU(n) — S?""! defined
by p(X) = (w11, v11, ..., Uni, Un1) Where u;; + 4vj1 is the j,1 entry in the
matrix X, is a fibre bundle with fibre SU(n-1).

In order to find the cohomology rings of the groups SU(n) with coeflicients
in Z we would like to show that this fibre bundle satisfies the conditions of the
Leray-Hirsch Theorem.

Since a fibre bundle induces a short exact sequence, we can consider the long
exact sequence of homotopy groups associated with the fibre bundle:

o — Te1(S?2"7Y) — 1 (SU(n — 1)) — me(SU(n)) — me(S21) — ..
Since m(S™) = 0 when k < n, the long exact sequence above implies that

7(SU(n-1)) =& mx(SU(n)) V k < 2n-2 and ma,—2(SU(n-1)) = man_2(SU(n)) is
an epimorphism. Therefore the pair (SU(n), SU(n-1)) is 2n-2 connected.
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An application of the Hurewicz theorem therefore tells us that H*(SU(n); Z)
— H*(SU(n-1); Z) is at least an epimorphism for k < 2n-3, and by our assump-

tion that H*(SU(n-1); Z) = Az|zs, ..., T2n-3], there must be classes cs, ..., can 3
€ H*(SU(n); Z) that these epimorphisms send to the classes corresponding to
the generators zgs, ..., T9,.3 respectively.

A basis of H*(SU(n-1); Z) is deduced by a basis of Az|zs, ..., T25,-3] which
is given by forming the wedge product of distinct z;s. The cup products of the
corresponding ¢; classes in H*(SU(n); Z) will restrict to this basis.

Therefore, by assumption, the cohomology groups of the fibre are finitely
generated free Z-modules, and there exist classes in the cohomology ring of the
total space whose restrictions form a basis of the cohomology ring of each fibre.

Thus we may apply the Leray-Hirsch Theorem and so,

H*(SU(n); Z) = H*(S* 1, Z) @ H*(SU(n — 1); Z)
= Azlron—1] ® Azles, ..., Tan_3]
Finally, we must show that there is an isomorphism
A Az[Ton 1] ® Az[xs, ..., 23] = Az[ws, ..., Ton 1]

Since 1 ® p(x3, ..., Toan—3) + Top—1 ® q(T3,...,T2n—3) is a generic element of
Azlxon—1] ® Azlxs,...,xon—3], we will show by a short argument that A can
be defined by:

M1 @ p(x3,..., T2n-3) + Tan—1 @ q(23, ..., Tan—3)) = p(23, ..., Tan—3)
+ Ton—1 A (3, ... Tan—3)
We are looking for an isomorphism of rings, and so we only need to show that

A is both injective and surjective.
A is injective if Ker(A) = {0}.

)\(1 ® p(l‘;g, ey $2n73) + 29, 1Q q($37 ey :L'ang)) =0
p(:Cg, ceny fEQn_g) + Ton—1 A q(xg, cony £C2n_3) = 0
— p(l‘g, ey szn_g) =0and z9,_1 A q(:ﬁg, ...,[Ezn_g) =0
= p(x3,...,Tan—3) = 0 and q(x3, ..., 22,—3) =0
= 1®@p(x3,...,T20-3) + Tan—1 @ q(¥3,...,T2n3) =1 @0+ T2, 1 ®0
=0
Thus Ker(A) = {0} and so A is indeed injective.
Let us now show that A is surjective.
Consider T(z3, ..., Tan1), a generic element of Az[zs,...,z2,—1]. We can
describe T'(z3, ..., T2,.1) in the following manner:
n—1 )
T(x3,...,T2pn—1) = Z Llig,.ian_1) /\ Jflffﬂ
(43,...yi2n—1)EB Jj=1



for some given t(;, . ;,. ) € Z, and where B is the set of tuples (i3, ..., i2p-1)
where each 7y is either 0 or 1.
Let us make the following denotations:

n—2

— 92541

To(x?n '“71'27173) = E iz, .. izn—3,0) /\ x2j7+1
(ig,...,izn,,g,O)EB j=1

n—2

_ 1241

Ti(zs, ..., vap—3) = E : bligyeyizn_3,1) /\ Ty
(3,...,i2n—3,1)EB Jj=1

Clearly,
T(z3, ..., T2pn—1) = To(x3, ... Ton—3) + Tan—1 A Ti (3, ..., Tan_3)

and thus )\(1 ®T0($3, ceey l’gn,g) + Ton—1 ®T1($3, ceey l’gn,g)) = T(l’g, veey (EQn,l),
So A is surjective.
Therefore A is an isomorphism and we achieve the result:

H*(SU(TL)7Z) = Az[$37 ...,l’gnfl]

3.2.2 Cohomology of Grassmannian Manifolds

Definition 9. A Grassmannian of an n-dimensional vector space V, denoted
Gri(V) is the set of all linear k-dimensional vector subspaces of V.

An n-flag in C* is an n-tuple of orthogonal 1 dimensional vector spaces in
CF or equivalently, a sequence of vector subspaces Vi C ... C V,, C C* where
V; has dimension 1.

The set of all n-flags in C* forms a topological space denoted F,,(C*) which
is a subspace of the product of n copies of CP*1.

There is a natural fibre bundle p: F,(C*) — Gr, (CF) where p maps each
flag Vi C ... C V,, C CF to the subspace V,,. p1(C") is the set of n-flags where
V,, = C™ which is also the space F,,(C"). Thus F,(C") is the fibre.

We would like to determine the cohomology structure of the Grassmannians
Gr,(C*>) using the fibre bundle p: F,(C*®) — Gr,(C*>) with fibre F,, (C™).
Clearly, in order to do this we must in turn determine the cohomology structure
of F,(C*>).

As a result, we need to consider the map ¢: F,(C*) — F,_1(C*) which
maps each flag V; C ... C V,,.; CV,, CC*® totheflagV; C ... C V,,.; C C*>.
We see from the fact that ¢1(C! C ... € C™! C C*) is the set of flags of the
form C! c ... ¢ C*! c V,, € C* and that choosing a suitable V,, is equivalent
to choosing a line that is orthogonal to C™! in C*> which in turn is equivalent
to choosing a line in C*°, that since ¢ is a fibre bundle, the fibre is CIP*°.
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Since F1(C*) = CP*°, we know that H*(F1(C*>); Z) = Z|z] where z is in
degree 2. Then if ¢ satisfies the conditions of the Leray-Hirsch Theorem then

H*(Fo(C®); 2) = (R 2] = Z [z, ..., 2]
=1

where each z(¥) is in degree 2. We also need to know the cohomology of the

groups F,,(Ck), which we can determine from the similar map ¢: F,(C*) —

F,,..1(CF) which maps each flag Vi C ... C V,,.;1 € V,, C C* to the flag V| C
. CV,1 C (Ck.

Again, we see that ¢! (C! C ... ¢ C™! C CF) is the set of flags of the form
C'c .. cC™ cV, CC* and that choosing a suitable V,, is equivalent to
choosing a line that is orthogonal to C*! in C* which in turn is equivalent to
choosing a line in C*"*1, therefore since ¢ is a fibre bundle, the fibre is CP* ™.

We know that H*(CP*; Z) = Z|z]/(2**1) where z is in degree 2, and since
F1(CF) = CP*!, if q is a fibre bundle, and satisfies the conditions of the Leray-
Hirsch Theorem, we have:

H*(Fo(C*);2) = Q) Z[z) /(2 )F )
i=1
= 7MW, . 2™]/ (W), .., (x())k=ntl)
is an isomorphism of abelian groups.
We will be investigating the cohomology of these spaces again in a later

section with the aim of achieving a description of the cohomology ring as a ring
instead of just as modules.
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4 Classifying Spaces and Adjunctions

4.1 Simplicial Sets and Spaces

Definition 10. The simplex category A, as described by Grothendieck [15],
is the category whose objects are ordered sets of the form [n] = {0, 1, ..., n} for
n € N and morphisms are order preserving maps f: [n] — [m], i.e. maps such
that ¢ < jin [n] = f(i) < f() in [m].

The monomorphisms 6™ ..., §™": [n-1] — [n] such that ((57”
the epimorphisms o™, ..., ¢™": [n+1] — [n] such that |(c™%)1(4)
generate every morphism in A.

Originally defined by Eilenberg and Zilber [11], a simplicial set is a con-
travariant functor X: A — Set and a simplicial space is a contravariant
functor Y: A — Top. The images of the monomorphisms 6™ are called the
face maps and denoted d,, ; and the images of the epimorphisms o™ are called
the degeneracy maps and denoted s,, ;.

In addition, there is a covariant functor A — Top that sends each object
[n] to the standard n-simplex:

11(3) — 0 and
| = 2 together

A" = {(2g, .., xn) |0 <2 <1,y a; =1} CR™H
=0

The images of the monomorphisms §™* are called the coface maps and denoted
d™" and the images of the epimorphisms ¢™* are called the codegeneracy
maps and denoted s™"

dn,i . Anfl — An
(]}0, ...,J)n_l) — (Jfo, ey i1, 0,]}1’, ...7])71_1)
Sn,i . AnJrl N An
(.To, ...,xn_,_l) — (.To, ey Ti—1, L5 + Tig1, Tig2, ...,$n+1)

As described by Segal in Categories and Cohomology Theories [32], the ge-
ometric realisation of a simplicial set or space X is defined as the following
space:

|X| = ]_[X x A/
where for (z, p) € X[n| x A", (y, q) € X|n-1] x A™! we have (z, p) ~ (v, q)
if:

dpi(w) =y and d"'(q) = p
nLi(p) = g

There is a related notion called the fat geometric realisation of a simplicial
set or space X defined as:

or Sp—1,:(y) == and s

|X]| = HX x AY)/
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where in this case, (z, p) ~ (y, q) just if d,i(z) = y and d™(q) = p. i.e.
the geometric realisation is the quotient of the fat geometric realisation by the
equivalence relation induced by the degeneracy and codegeneracy maps.

Definition 11. Consider each object [n] of A as a category in its own right [n].
The collection of objects of [n] is the set [n] and the collections of morphisms
of [n] are sets with sizes given by:

1

0, else

; 15

[Homyn (i, 5)| = {

In addition, for every morphism f: [n] — [m] in A we can determine a functor
F: [n] — [m] that sends each object i of [n] to the object f(i) in [m] and
each morphism ¢ € Homy,)(4,j) to the morphism 1 € Homy,(f(4),f(j)) which
necessarily exists since f is order preserving.

Let € be a small category. By definition each [n] is a small category and so
we may consider the collection of morphisms Homgat([n], €) in the category
of small categories. This collection is itself a set since Cat is a locally small
category.

Now for each morphism f: [n] — [m]| in A we can define a mapping of
sets Homgat ([m], €) — Homeat([n], €) by precomposition with the induced
functor F: [n] — [m] as in the following commutative diagram in Cat:

[n] ———— [m]

\\\\ 0
VoF "~ Vv

¢

The nerve of ¢ is the simplicial set N(%): A — Set that sends each object
[n] of A to the set Homeat([n], ). This is consistent with the definition by
Segal in Classifying Spaces and Spectral Sequences [31]

4.2 Classifying Spaces

Definition 12. Let G be a topological group. Following the definition by
Steenrod [33], a principal G-bundle is a fibre bundle p: E — B together
with a continuous right action a: E x G — E such that V z € B, if y € p™!(z),
then a(y,g) € p'(z) V g € G. Furthermore, V z € B, y € p (z), the map G —
pL(z) given by g — a(y,g) is a homeomorphism.

Lemma 12. Let G be a topological group and let p: E — B be a principal
G-bundle such that F is weakly contractible i.e. E is path connected and V
mi(E) = 0. Then for all CW compleces X, the map ¢: [X, B] = Pg(X) from
the set of homotopy classes of maps from X to B to the set of isomorphism
classes of principal G-bundles over X, given by ¢([f]) = f*F is a bijection.

A proof of this lemma is provided by Theorem 7.4 in lecture notes by Mitchell
[27].
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This lemma implies that any other principal G-bundle can be written as a
pullback of such a fibre bundle, we call a principal G-bundle with contractible
total space a universal G-bundle. The base space is called a classifying
space of G, and is denoted BG. It can be seen that for a given G, BG is
unique up to homotopy equivalence.

4.2.1 A Candidate for BG

Definition 13. As discussed by Kelly in Basic Concepts of Enriched Category
Theory [21], a topologically enriched category is a small category where
the collections of morphisms are topological spaces and the composition of mor-
phisms is continuous.

A topological category is a topologically enriched category where the
collection of objects is also a topological space.

Any topologically enriched category can be considered as a topological cate-
gory in a simple manner. If we have a topologically enriched category 2~ with
a set of objects X, then there is a topological category 2  with X equipped
with the discrete topology as the topological space of objects and spaces of
morphisms for each pair of objects inherited from 2.

Theorem 13. For a topological group G consider the topological category ¢
of one object *¢ with morphisms the elements of G. Composition of morphisms
is defined by composition in the group G. Then the geometric realisation of the
nerve of ¢, |[N(¥)| is a classifying space of G.

Proof. In order to show for a topological group G and the topological category
% of one object *¢ with morphisms the elements of G, that |N(¥)| is a candidate
for BG, we must show that it is the base space of a universal G-bundle.

It is natural to consider a similar topological category to ¢ that we will call
J that has as a collection of objects the topological group G and exactly one
morphism from every object to every other object. Composition of morphisms
is defined in the following manner: for ¢ € Homr(g1,92), ¥ € Homr(g2,93),
¥ o ¢ is defined to be the unique morphism in Hom s (g1,93).

Lemma 14. If F,G: € — 2 are two functors and n: F — G is a natural

transformation, then there is a homotopy between the two continuous maps
IN(E)LIN(G): IN(€)| = [N(2)]

Proof. Recall the category [1] that has as objects the set {0,1} and three mor-
phisms idg € Hom[1;(0,0), id; € Homyy)(1,1), and ¢ € Homyy)(0,1).

Consider a new functor H: € x [1] = 2. H maps pairs of objects in the
following manner:
F(X), N=0

HX,N) = {G(X), N=1
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and, since the natural transformation 7: F — G ensures that for any morphism
f € Home(X,Y) the following diagram commutes:

F(X) 5 G(X)
F(f)l 0 lcm
F(Y) —— G(Y)

H maps pairs of morphisms in the following manner: for f € Homg(X,Y)

F(f)» §=id0
ny o F(f)=G(f)onx, £=¢

Now let us consider the continuous map |N(H)|: |[N(€ x [1])| = |N(2)|. It is
known that the nerve and geometric realisation respect products and so this is
the map [N (H)[: |[N(€)] x [N([1])| — [N(2)|.

It can be shown that |N([1])] = [0,1] the unit interval and since the end
points of the interval correspond to the two objects of [1], we must have that
H(X,0) = F(X) implies |N(H)|(z,0) = |N(F)|(z) and likewise H(X,1) = G(X)
implies |[N(H)|(z,1) = |N(G)|(z) therefore |[N(H)|: |N(%)| x [0,1] — |[N(2)|
is a homotopy from |N(F)| to |[N(G)|. A

Lemma 15. If € is a category with a terminal object, then |N(%)| is con-
tractible.

Proof. The category [0] has a single object 0 and a single morphism idy. Let
% be any category with a terminal object T, that is, for every object S of €,
there is exactly one morphism in the set Home (S, T).

Let F: [0] — % be the functor such that F(0) = T and F(idg) = idr and
let G: € — |0] be the functor such that G(X) = 0 for all objects X of ¥ and
G(¢) = idp for all morphisms ¢ of %.

Let us consider the composition of these two functors in both ways possible.
GF: [0] — [0] sends the object 0 to itself, and the morphism idg also to itself
thus GF is equal to the identity functor on [0], idjo). FG: € — € sends every
object X of ¥ to the terminal object T and every morphism ¢ of € to id .

There is a natural transformation 7: id¢ — FG that has as components
the morphisms 7x: idg(X) — FG(X) in Hom¢ (X, T) which are by definition
unique for each object X. 7 is indeed a natural transformation as V objects X, Y
of €, and morphisms ¢ € Home (X,Y), the following diagram clearly commutes:

ide (X) > FG(X) X 2T
wew)| O |row = ﬂ O JidT
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Therefore since we have two functors ide,FG: € — % and a natural trans-
formation 7: id¢ — FG, by the previous lemma we know that there must
exist a homotopy H: |[N(%)| x [0,1] = |N(€)| where H(z,0) = |N(id¢)|(z) =
id o)) (%) — = and H(z,1) — |[N(FG)|(z) — [N(F)|(N(G)|(z)), since [N ([0])]
is a single point, |N(G)| is the map to just that point, and |N(F')| is the in-
clusion of that point onto ¢, the vertex of |N(€)| corresponding to the terminal
object T. Thus, H(z,1) = |[N(F)|(|N(G)|(z)) = ¢, and therefore the identity is
homotopic to the map to a single point and thus |N(%)| is contractible. A

Since the category # has exactly one morphism from each object to every
object, every object of . must be a terminal object, and thus |N(J#)| must
be contractible.

|N(s£)] is our candidate for the total space of the universal G-bundle that
has [N (¥)] as a base space. We must show that there is a G-action on the space
|N ()], and that the quotient of this space by the action is |N(¥)].

We can describe a G-action on the category 52 which consists of:

e a G-action on the group of objects a: ob# x G — obs# which sends
the pair (h, g) of an object labelled with the group element h and a group
element g, to the object labelled hyg,

e a (G-action on the collection of morphisms a: mors?” x G — mors?
which sends the pair (¢, ¢) of a morphism ¢ € Hom s (h1,h2) and a group
element ¢ to the unique morphism ¢g € Hom s (hg,h29)

Let us examine the simplicial spaces N(¥¢) and N (7). We will be deter-
mining whether the G-action on % induces a G-action on N (5#)([n]) with the
desired quotient for each object [n] of A.

N()(|n]) = Homeat([n], 7€) is equivalent to G™ ! since each object of
[n] can be sent to any of the elements of ob.#” = G and the image of each
morphism will be automatically determined since there is a unique morphism
in S between any two objects.

N(9)([n]) = Homeat([n], ¢) is equivalent to G", since each object [n] is
necessarily sent to the object g, an element of Homgat([n], ¢) is uniquely
determined by the images of the morphisms ¢;: i-1 — i for 1 < ¢ < n, each of
which can be any of the elements of Homg (x¢, x¢) = G.

We can define a G-action on N (52)(|n]) derived from the G-action on J#:

an : N(A)([n]) x G = N(A)([n])
((h()v 7hn)7g) = (h097 7hng)

To define the quotient of N()(|n]) by the G-action, we first define an equiv-
alence relation ~¢ in the following manner:

(hoy ooy ) ~a an((hoy...shn),9) Vg € G

It is easy to show that this is indeed an equivalence relation as it is reflexive:

(h07 cey hn) ~G an((hOa ey hn)a IG)
= (h07"'ahn)
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symmetric:

(hoy ooy ) ~a (Ko, vy k)
= (ko,..., kn) = an((hoy ..rs An), 9)
= (hog, ..., hng) for some g € G
but also (ko, ..., kn) ~q @n((kos ..o kn), g™ 1)
= (kog™"s - kng ™) = (hogg™ ', hngg ™)
= (ko, ..., kn) ~c (ho,...; hn)

and transitive:

(ho, ey b)) ~c (ko -, kn)
and (ko, ..., kn) ~c (loy .-y In)
= (ko, ..., kn) = an((ho, ..., hn), g1)
= (hog1, -, hng1)
and (lo, .., ln) = an((ko, .-y kn), g2)
= (koga, ..., knge) for some ¢1,g2 € G
= (lo, - 1n) = (hog192; - hng192)
= an((ho, -y hn), g192)
= (hoy .-y hn) ~a (loy ooy In)
We now examine the quotient space that we denote by
N(A)([n])/ G := N(HA)(|n])/~c

Points in this space are classes of the form [(hq, ..., hy)], but due to the equiva-
lence relation we can always choose (1¢, hlho_l, e hnhal) to be the represen-
tative of each class and we see that N(s)([n])/G = G™.

There is in fact a homeomorphism between N(J2)([n])/G and N(¥)([n])
given by the map:

¢: N(H([n])/G — N(&)([n])
[(hoy ooy hn)] + (Rihgty o b Y b bt )

which is continuous since composition and inversion are required to be in a
topological group, with a similarly continuous map:

Y N(@G)([n]) - N()(n])/G
(9155 9n) = [(1a, 91592915 s Gn---91)]
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which can easily be shown to be the inverse of ¢:

Y(D([(hos -y hn)])) = P ((ha hal, ~-~vhnh;i1))
=[(1g, hihy*, hohithahgt, o bbb ki hg )]
(1g, ho sy hnhg )]
[(hoy -y hn)]
o(((91,-+,9n))) = ¢([(1G, 91,9291, -5 Gn---91)])
=(g1lg ,929191’17~-~7gnu-gl(gnfl-..gl)‘l)
= (91,920191 s s Gn-- 9197 00 1)
= (91, 9n)

While we now have a homeomorphism on every level, before we can say we have
a homeomorphism of simplicial spaces we need to verify that our constructions
are compatible with the face and degeneracy maps.

In the following diagrams, ¢ denotes the quotient maps N(J)([m]) —
N()([m])/ G, ¢ denotes the homeomorphisms N (J)([m])/G — N(Z)([m]),
and d,, ;, Sp,; denote the face and degeneracy maps respectively in the appropri-
ate simplicial spaces. In the diagrams it is clear which of these maps is meant
in each case but in the proof following they will be appropriately indexed.

N(#)([n]) =225 N(@)([n)) N(#)([n]) =225 N(@)([n])

., l O Jaes i 0 Jom

H)[n=1]) 75 N@)(n=1)) N ([n+1]) 2 N@)([n +1])

Let us first describe what the face and degeneracy maps do in our simplicial
spaces:

d : N(A)([n]) = N(£)([n — 1))
(ho, . hn) — (ho, ~-~7hi—1a hi+1, 7hn)
dy ;i N(@)([n]) — N(@)([n - 1))

(927"'7971)7 1=0
(gla agn) — (91; ---;gi71a9i+19ivgi+27 "'791’7,)7 1 S Z S n— 1
(gla ---agn—l)v 1=n

75 N(A)([n]) — N(A)([n+1))
(ho,. o hn) > (hoy ooy hiy Ry e i)
N(@)([n]) = N(@)([n +1])
(91,---,gn) = (g1, 90y 1 Git1s oos Gn)
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Now to check that the diagrams commute as we would like:

(7 © (¢n © gn))(ho, oo hn) = (di ; © $n) ([(hos .oy Pn)])

=d? ;(hihg', ... hnhy )
(hohit, o hph b)), i =0

= (hihgty s hivahi Y o hph b)), 1<i<n—1
(hihg ', s hpo1hty), i=mn

((fn—-10Gn-1) 0 dL3)(ho, ces i) = (Dn—1 0 Gn-1) (o, oo i1, Ri1, ooy )

= dn-1([(Roy ey hi1, hig1s oy Bn)))
(hohi'shnhit)), i=0

= (hihgts s hivahi Y, o hph b)), 1<i<n—1
(hihgt, s hp_1hty), i=mn

(.5 © (60 © ) (Ros -y hin) = (557 5 © D) ([(Bos ey hn)])
= s (hahgt, o hah L))
= (hihgty oo hihi Y la higahy b o b )
((bn41 0 Gnr1) © 55) (hos ooy hen) = (Gg1 © G ) (hoy ooy By By ooy By )
= bpy1([(hoy oy hiy By oy B)])
= (hihg 'y hihi Y g, hiahy b o o )

We see that the diagrams both commute therefore the composition ¢ o ¢ with
components ¢y o g is a simplicial map.

This also ensures that the intermediary N(J¢)/G := Im(q) is a simplicial
space and the fact that ¢,,: N()([n])/G — N(Z)(|n]) is a homeomorphism
for each n ensures that ||N(#)/G|| is at least homotopy equivalent to || N (9)||
as proved by Segal [32]. Additionally, if the inclusion group homomorphism ¢:
1 — G is a cofibration then more helpfully we have that the induced map ¢*:
IN()/G| — |N(9)] is also a homotopy equivalence.

We can define a G-action on |N ()| via the G-actions we have defined on
each level of the nerve:

a: |[N(H)| x G— |N(H)|
([((h’07 ~--7hn)at)]’g) = [(an((hOa ey hn)ag)’t)]

It is the quotient of this action that must be, at least up to homotopy equiva-
lence, a principal G-bundle over |N(¥)| in order for | N(¥)| to be a valid model
for BG.

The G-action quotient and the geometric realisation are quotients that do
not interfere with each other, the G-action is a quotient on each N (5)([i]) with
no relations between levels or to the simplices while the geometric realisation
only has relations between consecutive levels N (#)([i]) x A? with no relations
within any individual level, therefore:

IN(H)|/G = |N(A#)/G| ~ N ()]
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and we see that the quotient of the contractible space |N ()| by the G-action
we have defined is, up to homotopy equivalence, |N(9)|.

The local triviality of the map ¢* o ¢: |N(J)| — |N(¥)] is another conse-
quence of the group homomorphism ¢: 1 — G being a cofibration as proved by
Segal [32].

Thus |N(9)] is the base space of a principal G-bundle, and therefore a model
for the classifying space BG. A

4.3 The Suspension-Loop Adjunction

The following very important functors and the adjunction between them are
defined here using the definitions provided in Topology a Categorical Approach

(6]

Definition 14. For two pointed topological spaces (X, xq), (Y, yo), the smash
product XAY is defined as (X x Y)/~ where ~ is the equivalence relation:

(z,90) ~ (¢, yo) V z,2" € X
(z0,y) ~ (20, ¥ )V y, 9y €Y

XAY is a pointed topological space with base point [(zq, yo)].

For a pointed topological space (X, xg), the reduced suspension ¥ X is
defined to be the smash product X A S!. The mapping ¥: Top* — Top* can
be shown to be a covariant functor.

Definition 15. For two pointed topological spaces (X, ), (Y, yo), consider
the set Hommop* (X, Y) (and it is a set as Top™* is a locally small category since
it is a subcategory of Set). We can equip Hompep*(X, Y') with the compact-
open topology defined to be the coarsest topology containing all sets of the
form:

S(K,U) :={f € Hompep=(X,Y) | f(K) CU}

where K C X is compact and U C Y is open. Additionally we can define the
base point to be the map X — Y that sends all of X to the base point yg.

For a pointed topological space (X, xg), the loop space QX is defined to be
the space Homrop+(S*, X). The mapping Q: Top* — Top* can also be shown
to be a covariant functor.

Lemma 16. There is an adjunction ¥ - Q

Proof. We would like to show that for all pointed topological spaces, X and Y,
we have an isomorphism that is natural in both arguments:

@X7y : HOInTOp*(EX, Y) — HOHlTOp* (X, QY)

Helpfully, if (Z, zo) is locally compact and Hausdorff, and Homyep*(Z, V) is
equipped with the compact-open topology, then for any other pointed topolog-
ical space (X, () there is a bijection

927X,y : HomTop* (X N Z, Y) — HomTop* (X, HomTop* (Z, Y))
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that sends a morphism ¢g: XAZ — Y to the morphism that sends each z € X
to g evaluated at z, g([(z, -)]): Z — Y. [6]

Since S' is compact Hausdorff, taking Z = S' we see that 651y y = Oxy
is an isomorphism. We must now check that this isomorphism is natural.

Let ¢: X — X', ¢: Y — Y’ be continuous maps of pointed topological
spaces. We must show that the following diagram commutes:

[SP]
Hompop (XX, Y) —% Hompepx (X', QY)

Hompgp* (Z¢>,Y)l lHomTops« (¢,Q2Y)
Hompop* (5X,Y) —2% Hompops (X, QY)
HOHITop*(EX7¢)J/ J{HomTop* (X,Q)
@X1yl

Homop* (XX, Y”") —— Hompep* (X, QY”)

We therefore need to show that for any continuous map f € Hompep*(XX",Y)
we have (Hommep*(0,Q2Y )0 Ox v )(f) = (Ox,yoHommep*(3¢,Y))(f), and for
any continuous map g € Hompep+(XX,Y) we similarly have another equality
(HomTop*(X7Qw)o GX,Y)(g) - (GX,Y7OH0mTop*(ZX7'(/)))(g)'

f:3X' =Y
Hompop* (X0, Y)(f) : XX =Y
—foXp: EX oY
S6: TX — nX!
(5,2) = (92, 2)
= foXgp: ¥ X Y
(@, 2) = f(é(2), 2)
(Ox.y 0 Hompops (36, Y))(f) 1 X — QY
=0Oxy(foXp): X —=QV
v s (f o £6)(a,-)
=z f(é(z),-)
Oxy(f): X' =QY
S G
(Hommpop* (¢, QY ) 0 Ox/ yv)(f): X = QY
=0x y(flogp: X Q¥
x> f(o(z), —)
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Thus (Hompep(4,Q2Y)o Ox v )(f) = (Ox,yoHompep* (X6, Y))(f),

g:2X =Y
Homrop* (X, 9)(g) : BX = Y’
=gog: X =Y’
(Ox.y 0 Hompops(SX,9))(g) 1 X — QY
=Oxy (Pog): X — QY
z = (o g)(z,—)
=  z—yog(r,—)
Oxy(g): X —-QV
x— g(x,—)
(Hompop* (X, Q) 0 Oxy)(9): X — QY
=MpoBxy(g): X — QY
z = Q(g(z, —))
Qy: QY — QY”’
wrHYow
= MWpoOxy(g): X — Qy’
x> pog(e,—)

Thus (Hommep*(X,Q2%)0 Ox v )(9) = (Ox,y oHommep*(XX,1))(g), and there-
fore © x,y is natural in both arguments and the adjunction ¥ 4 Q follows. A

4.4 'The Homotopy Fibre

Definition 16. Let f: A — B be a continuous function of topological spaces.
The mapping path space is defined to be the space:

E;:={(a,p) | a € A,p:[0,1] — B such that p(0) = f(a)}
Lemma 17. The map m: E; — B given by m(a, p) := p(1) is a fibration.

Proof. Given a topological space X, a homotopy h: X x I — B, and a map H:
X x {0} — Ej such that m o Hy = h|x {0}, we need to show the existence of
amap H: X x [ — Ej such that 7 o H = h and H|x 0y = Ho.

Let ma: By — Aand mpr: By — BT be the projections of the mapping path
space onto the first and second coordinates respectively, and let us define a, :=
(ma o Ho)(z) and p, := (mgr o Hy)(z), i.e. Ho(z) = (ay, ps). Since Ho(z) €
Ey and m o Ho = h|x {0}, Pz is a path from f(a;) to h(z, 0).

In describing the homotopy H, we require that H(z, 0) = Ho(z) = (az, pg)
and w(H (z, t)) = h(x, t), i.e. the path wgr(H (z, t)) needs to end at h(z, t) and
needs to be p, when ¢t = 0. Consider the homotopy:

Pa(i77), 0<s<1—3
h(z,2(s—(1-1%)), 1-L<s<1

H(z,t) := (az,s— {
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We can easily verify that this indeed is a well defined map and that our two
requirements hold:

ats:l—%: px(ié)ngg(l)
= 7(Ho(z))
h(z, 2(1 — % (- %))) — h(x,0)
= m(Ho(z))
at s =1: wpr(H(z,1))(1) = h(z,2(1 - (1 - %)))
= h(z,2(3))
— h(z, 1)

=Dz (5)
Thus H is a homotopy that lifts our given homotopy h and agrees with our

given map Hy. Since both were arbitrary, 7: £y — B is a fibration. A

Definition 17. If E; is the mapping path space of a map f: A — B, then
the fibre of the fibration m: Ey — B is called the homotopy fibre of f and is
denoted F¢; particularly, it is unique up to homotopy equivalence.

Lemma 18. If f: * — B is a map from the one point space to any topological
space B, then the homotopy fibre of f is homotopy equivalent to QB.

Proof. For any continuous function of topological spaces f: A — B, the homo-
topy fibre can be written as:

Fy ~{(a,p) € Ey | n(a,p) = p(1) = by for some by € B}

up to homotopy equivalence.

Since any choice of by yields a space homotopy equivalent to Fy, let us
consider the space when by = p(0) = f(a); there every path p: [0, 1] — B is
actually a loop p: S' — B since p(0) = p(1)!

For a general topological space A there may be many choices for a € A such
that (a, p) € Fy. However for A = * the one point space, we naturally only
have once choice for a € * so for f: * — B we have:

E; ={(a,p) | a € *, p:[0,1] — B such that p(0) = f(a)}
= {p:[0,1] = B such that p(0) = f(a)}
= Fy~{p:S' — B such that p(0) = p(1) = f(a)}
— {p: (5,0) -+ (B, f(a)} = OB
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Theorem 19. Let G be a topological group and H be an admissible subgroup
of G, that is, the quotient map G — G/H is a principal H-bundle. Then the
homotopy fibre of the map of classifying spaces Bi: BH — BG induced by the
inclusion is weakly equivalent to G/H, i.e. m;(Fp,) = m(G/H) VY k € N.

A proof for this statement is given by Theorem 11.3 in the notes by Mitchell
[27].

For H equal to the trivial group, this theorem together with the previous
lemma boil down to the following statement:

Corollary 20. For any topological group G, there is a homotopy equivalence
OBG ~ G.
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5 Characteristic Classes and K°

A vector bundle p: E — B is a fibre bundle where each fibre p~!(b) is a fixed
vector space V, and for the open neighbourhoods U of the points z € B the
homeomorphisms hy: U x V — p(U) are fibrewise linear:

ie. hy(z, v) + hy(z, w) = hy(z, v+w) and hy(z, Av) = Ahy(z, v) for
any A in the underlying field of V.

The following definition and proofs of the non-trivial statements within it
can be found in Complex Topological K-Theory by Efton Park [28].

Definition 18. The set of isomorphism classes of complex vector bundles over
a topological space X is denoted Vect(X). Vect(X) is an abelian monoid when
equipped with the direct sum of vector bundles as a binary operation.

The Grothendieck completion of an abelain monoid A is the abelian
group (A x A)/~ where (a, b) ~ (a’, b)) if a + b + ¢ = a’ + b + ¢ for some
c € A. A class [(a, b)] € (A x A)/~ is denoted a - b and called a formal
difference.

The Grothendieck completion of Vect(X) is an abelian group denoted K°(X)
called the 0" K-theory group of X.

The abelian group K°(X) can be seen to be a ring when equipped with the
tensor product of vector bundles as a binary operation.

The following definition for characteristic classes, along with the definitions
of specific characteristic classes found in the next section, all adhere to the
definitions provided by Milnor and Stasheff [26]

Definition 19. A characteristic class of a vector bundle p: £ — B is some
class ¢(F) € H*(B; G) such that for any continuous map f: B’ — B, we have
O(f*E) = f*(¢(E)) where f* is the pullback of E to B’ by f on the left hand
side, and the induced map in cohomology on the right hand side.

Lemma 21. If p: F — B and ¢: £’ — B are two vector bundles such that there
is an isomorphsim f: E’ — E, then if ¢(FE) is a characteristic class of p, then
¢(E’) = ¢(E), i.e. characteristic classes are unique up to isomorphism and thus
define maps ¢: Vect(B) — H*(B; G), which by the definition of characteristic
classes, are the components of a natural transformation ¢: Vect — H*(-; G).

Many characteristic classes define more than just maps and thus a natural
transformation between functors from Top to Set.

As we will see, we can construct characteristic classes that define monoid
homomorphisms and thus natural transformations K® — H*(-; G) as functors
Top — Grp, with the goal for now being to construct a characteristic class that
defines ring homomorphisms and thus a natural transformation K° — H*(-; G)
as functors Top — Rng.
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5.1 Stiefel-Whitney Classes

Definition 20. Consider an n-dimensional real vector bundle p: E — B (i.e.
where the fibre is R™ for some n € N). The Stiefel-Whitney classes are a
sequence of classes w;(E) € H'(B; Z/27Z) for i € Z subject to the following
axioms:

. wo(E) =1¢€ HYB;Z/27),
and w;(E) = 0 € H'(B;Z/27) Yi > n,
e If p’: E’ — B’ is a n-dimensional real vector bundle and f: B — B’

is covered by a bundle map g: E — E’ (i.e. ¢ maps each fibre of p
isomorphically onto a fibre of p’), then w,(EF) = f*(w;(E")) = w;(f*(E")),

e If ¢: £’ — B is an m-dimensional real vector bundle over the same base
space as p, then

K
wp(E® E') =Y wi(E) — wp_i(E")
=0

e For the canonical line bundle over the circle vf: M — S!, the Stiefel-
Whitney class w1 (M) # 0 € H(S*; Z/27Z)

We can define the total Stiefel-Whitney class of an n-dimensional real vector
bundle p: E — B to be the class w(E) € H*(B; Z/2Z) as follows:

w(E) = sz(E) =14 wi(F)+ ... + w,(F) by the first axiom
i=0

Together with the third axiom, the total Stiefel-Whitney class permits us to
write the following relation for any two real vector bundles over the same base
space p: F — B and ¢: £' — B:

w(E® E") =w(E)w(E')

5.2 The Euler Class

Definition 21. Let V be a real vector space of dimension n > 0. An orienta-
tion of V is an equivalence class of bases of V. Two bases vy, ..., v,, and wq,
..., Wy, are said to be equivalent if the matrix A satisfying the equation

(V1 ey Vi ) A = (W1, oy W)

has positive determinant.
A linear map k: V — V is said to be orientation preserving if vy, ..., v,
and k(vy), ..., k(v,) are in the same orientation of V V bases vy, ..., v, of V.
Let p: EF — B be an n-dimensional real vector bundle with fibre V. An
orientation of p is a function which assigns an orientation to each fibre V
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such that for every point z € B, there exists a neighbourhood of z, U and a
homeomorphism h: U x R™ — p1(U) so that for each fibre V = p!(u) over
U, the homomorphisms ¢,: = — h(u, z) from R™ to V = R"™ are orientation
preserving for all w € U. If we can construct an orientation of a vector bundle p,
then we say that p is orientable. An orientable vector bundle equipped with
an orientation is called oriented.

Let Vg := V\{0}. The choice of an orientation of V corresponds to a choice
of generator py of the singular homology group H,(V, Vo; Z). We can use uy
to obtain a generator uy of the cohomology group H™(V, Vo; Z) using the inner
product equation <wuy, pyv> = 1.

Theorem 22. If p: £ — B is an oriented n-dimensional real vector bundle,
and z: B — F is the zero section to define Eg = E\z(B) then H'(E, Eq; Z) is
trivial for ¢ < n and H"(FE, Eo; Z) has exactly one cohomology class u, that we
call the orientation class, such that under the induced map of the inclusion
t: V. — E, the restriction of u to t*(u) € H™(V, Vq; Z) is equal to the already
chosen generator uy for every fibre.

Furthermore ¥: H*(E; Z) — H*'"(E, Ey; Z) defined by ¥(z) = z—u is
an isomorphism for all &.

A proof of this theorem can be found in section 10 of Characteristic Classes
by Milnor and Stasheff. [26]

The inclusion of the pair (E, §) — (E, Fy) gives rise to the restriction
homomorphism (-)|g: H*(E, Eo; Z) — H*(E; Z). Notice that since the fibre
of p is a vector space and vector spaces are contractible to a point, F and B are
homotopy equivalent and thus p*: H"(B; Z) — H™(F; Z) is an isomorphism.

Definition 22. The Euler class, named for it’s relation to the Euler char-
acteristic, of an oriented n-dimensional real vector bundle p: EF — B is the
cohomology class e(E) € H™(B; Z) such that p*(e(F)) = u|g, where u is the
orientation class of the vector bundle.

Lemma 23. For two oriented n-dimensional real vector bundles p: £ — B and
p’: B’ — B’,if amap f: B — B’ is covered by an orientation preserving bundle
map g: £ — E’, then:
e(E) = f*(e(E))

Lemma 24. For any two oriented real vector bundles over the same base space
p: E — B, q: B’ — B we have the following relation:

e(E®E")=¢e(E) — e(E)
Lemma 25. The ring homomorphism ¢: Z — Z/2Z given by ¢(z) = © + 27
induces a ring homomorphism ¢*: H*(B; Z) — H*(B; Z/2Z). For any oriented
n-dimensional real vector bundle p: £ — B, it can be shown that:

q"(e(E)) = wn(E)

Proofs of these lemmas are given in the oriented bundles and the Euler class
chapters also in Milnor and Stasheft’s book Characteristic Classes [26].
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5.3 Chern Classes

Let p: E — B be an n-dimensional complex vector bundle i.e. the fibre is C”.
Let us denote by pr: £ — B, the underlying 2n-dimensional real vector bundle.

Lemma 26. If p is a complex vector bundle, then pr has a canonical choice of
orientation.

Proof. Let us choose a complex basis of each fibre of p over B, (vy, ..., v,,), then
after ignoring the complex structure, (vi, ivy, ..., v, iv,) is a basis for each
fibre of pg over B. A

As a result, the Euler class e(E) € H*"(B; Z) is well defined.

Let z: B — E be the zero section, and then let Eq = E\z(B). A point in
Ey is given by any non-zero vector in E, v € p~}(b). Given a Hermitian metric
on each fibre V, we can define a space E’ whose points are of the form (v, w)
where w is orthogonal to v in the fibre p~*(b).

Then the projection map p’: E’> — FEy given by p’(v, w) = (v) is an (n-1)-
dimensional complex vector bundle. Clearly, this process iterates.

Lemma 27. Let p: £ — B be an oriented n-dimensional real vector bundle,
and let z: B — FE be the zero section, Eqg = E\z(B), and po: E¢ — B be
the restriction of p to Fg, then the following sequence is exact and is called the
Gysin sequence:

o H (B2 (B, 2) 2 H(BeZ) -5 Hi- (B2 <)

The map £ is derived in part from the map coming from the Snake Lemma in
the long exact sequence in cohomology of the pair (E, Ey).

Thus, if p: E — B is an n-dimensional complex vector bundle, pr admits
an exact Gysin sequence:

— 7B, 2) PHi (B, 7)Y Hi(By 7)) — HiZ (B 7))

For i < 2n-1, clearly H"2"(B; Z) and H*?""1(B; Z) are both zero, and so the
map (pr)§: H'(B; Z) — H'(Eo; Z) is an isomorphism for i < 2n-1.

Definition 23. The Chern classes of an n-dimensional complex vector bundle
p: E — B are a collection of cohomolgy classes ¢;(E) € H*(B; Z) defined as
follows:

ci(E)=0 Vi>n
cn(E) =e(E)
ci(E) = ((pr)5)~(ci(E") Vi <n

Specifically cn-1(E) = ((pr)§) " (cn-1(E7)) = ((pr)5) " (e(E")) since p’: B —
Eq is an (n-1)-dimensional complex vector bundle, and thus since the process
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of reducing the dimension iterates, we see that the Chern classes are a series of
Euler classes of related complex vector bundles.

As with the Stiefel-Whitney classes, we may define the total Chern class
of an n-dimensional complex vector bundle p: E — B to be the class ¢(F) €
H*(B; Z) given by:

o(E) =Y ¢i(E)=1+c1(E)+ ...+ cu(E)

oo
=0

Proofs of the following lemmas can be found in Characteristic Classes by
Milnor and Stasheff [26].

Lemma 28. Let p: E — B and p’: E° — B’ are two n-dimensional complex
vector bundles, if a map f: B — B’ is covered by a bundle map ¢g: £ — E’,
then:

co(E) = f*(c(E))

Lemma 29. Similarly to the other characteristic classes discussed, for any two
complex vector bundles over the same base space p: £ — B, ¢: E’ — B we
have the following relation:

c(E® E") = c(E)c(E)

Corollary 30. If a complex vector bundle p: F — B decomposes into the
direct sum of complex line bundlesie. £E =L ® ... ® L, andp =11 & ... &
l,, where each l;: L; — B is a vector bundle with fibre C, then

i=0 i=1
5.4 Chern Classes and Flag Manifolds
The Chern classes of some certain vector bundles will be very useful to know.

Lemma 31. Let us consider the tautological line bundle over complex projective
space CP*, that is, the 1 dimensional vector bundle ~' that has total space
E'CP* .= {(Span(v), w) | v € CFt1\{0}, w = Av for A € C} and is given by:

4! E'CP* — CP*
(Span(v),w) — Span(v)

The Chern class ¢;(E'CP¥) is the generator of the ring H*(CP*; 7).
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Proof. Since 4! is a complex line bundle, the underlying real plane bundle 14
has a canonical choice of orientation and we may construct a Gysin sequence:

1« 1%
LS V(B Z) — HY(CPF 2] 2 (CPF, z) 25 HiV2(Ey Z) —

where we write £ = E'CP* for brevity and so Fy as E without the zero section
leaves us with Ey = {(Span(v), w) | v.€ CF1\{0}, w = Av for A € C\{0}}.
There is a clear isomorphism between Ey and CF+1\{0} given by

¢ : C"\{0} — Ey
w — (Span(w),w)

Since additionally, C™\{0} is homotopy equivalent to the sphere S?*~!, we have

that Fy is homotopy equivalent to S?**! and so H*(Ey; Z) = H*(S***1; Z) for
all i € Z; in particular, H*(Eo; Z) = 0 for i ¢ {0, 2k + 1} and so

— ¢1(E) : H(CP*;Z) — H'*?(CP*; Z)
=z — c(E)

is an isomorphism for 1 < -3, 0 < ¢ < 2k-2, 7 > 2k+1. With the knowledge that
H*(X; k) =0 for i < 0, and a closer examination of the remaining sections of
the Gysin sequence, we will determine the nature of H *((CIP’k; Z) as a ring.

From the following section of the Gysin sequence, since H°(S**+1; 7) = 7,
we can determine the nature of H°(CP*; Z) for k € N

0 —— H2(CP*z) =B gocpt,z) —— 7z —— H-(CP*; 2)

Since H'(X; k) 2 0 for i < 0, this leaves us with the map H(CP*; Z) — Z
which must be an isomorphism V k£ € N.

From successive isomorphisms we have Z = H°(CP*; Z) =~ H?(CP*; Z) for
0 < i < k. Since the only automorphisms on Z are idyz and -idyz, generators
of these groups must be mapped by the isomorphisms to generators. Therefore
since 1 — ¢1(E) = c¢1(E), by iteration we have that c;(E)? is a generator of
H?(CP*; Z) for 0 < i < k.

Next let us inspect the following section of the Gysin sequence:

HO(CPF;z) = 7 % H-V(CPY z) Pl (CPh z) — HY(S?+1;7)

Since in exact sequences, a zero map must follow an isomorphism and an in-
jection must follow a zero map, since we have H 'I(CIP’]“; Z) = 0, necessarily
H?"Y(CP*; Z) = 0 for 0 < i < k.

Since CP* is a 2k-dimensional CW-complex, Hi(CIP’k; Z) =0 for i > 2k+1,
we now have a full description of the cohomology ring of complex projective
space:

H*(CP*; Z) = Z|ey (E*CPF)] /(e (E*CP*)F+1)
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The process of constructing line bundles in the following theorem is known
as the splitting principle [24].

Theorem 32. Let p: £ — X be an n-dimensional vector bundle over a para-
compact space X. There exists a space Y and a map ¢: Y — X such that the
induced map ¢*: H*(X; Z) — H*(Y; Z) is injective, and the pullback bundle
q*(p): ¢*(E) — Y decomposes into the direct sum of n line bundles.

Proof. To prove this theorem we will show that there exists a space Y; and
amap ¢1: Y7 — X such that the induced map ¢f: H*(X; Z) - H*(Y1; Z)
is injective, and the pullback bundle ¢7(p): ¢f(E) — Y1 decomposes into the
direct sum of a line bundle and an (n-1)-dimensional vector bundle, i.e. there
exists a line bundle I;: L1 — Y and an (n-1)-dimensional vector bundle p,,_1:
Q1 — Y such that ¢} (E) = Ly ® Q1 and ¢{(p) = l1 ® pp1.

We will be able to iteratively apply this process to the resulting (n-k)-
dimensional vector bundles p,.: Qr — Y to construct spaces Y. and
maps qxi1: Yre1 — Yy such that the induced maps g, 1 H*(Yy; Z) —
H*(Y}11; Z) are injective and the pullback bundle ;. (qr): ¢y (Qr) —
Y )11 decomposes into the direct sum of a line bundle Iy 1: Ly 1 — Y1 and
an (n-(k-+1))-dimensional vector bundle p,_(z11): Qrr1 — Yii1-

If the base case is true, then the space Y = Y, and the map ¢ = (¢ o

. 0¢p): Y — X are such that the induced map ¢*: H*(X; Z) — H*(Y; Z)
is injective, and the pullback bundle ¢*(p): ¢*(E) — Y decomposes into the
direct sum of n line bundles, namely

.
Il
_

and ¢*(p) =

D-
ST

o
Il
A

where I;: L; — Y is the pullback of I;: L; — Y; by the map (g;41 © ... 0 qn)
for each .

Let p: EF — X be an n-dimensional vector bundle and, if z: X — FE is
the zero section, i.e. z(z) = 0, € V, C E, let us consider P(E) := E\z(X)/~
where v ~ w iff v = Aw for some A € C\{0}. The map py: P(E) — X given
by po([v]) = p(v) is well defined since any other representative of [v] must be
in the same vector space as v and thus in the same fibre. The map pg is a fibre
bundle, choosing points [v] € P(E) such that po([v]) = z for some z € X is
equivalent to choosing lines in the vector space V,, i.e. py'(z) = F(V,) =
CP" ! since p is an n-dimensional vector bundle.

Let us produce the following pullback diagram:

po(E) —— B



po(E) = {([v], w) € P(E) x E | v, w € V, for some z € X} and the map
m: p{(E) — P(E) is simply the projection map to the P(E) coordinate. We
may decompose this n-dimensional vector bundle into the direct sum of a line
bundle and an (n-1)-dimensional vector bundle in the following manner:

Let us define L := {([v], w) € P(E) x E | w € [v]} and @ := {([v], w) €
P(E) x E|v L w}, clearly p§(E) = L & Q. Additionally, we have projection
maps to the P(E) coordinate 7y: L — P(E), ng: @ — P(E) so that 7 = 7w, &
mqQ, therefore the pullback vector bundle m decomposes into a line bundle and

n (n-1)-dimensional vector bundle. A

Lemma 33. For an n-dimensional vector bundle p: £ — X using the splitting
principle we can construct the flag bundle 7: p§(E) — P(E) and decompose it
into the direct sum of the line bundle 7;: L — P(FE) and the (n-1)-dimensional
vector bundle 7mg: @ — P(E). Then we have the following isomorphism in the
category of rings:

H*(P(E)); Z) = H*(X;Z)[e1 (L), e1(Q), s en1(Q)]/ (e(L)e(Q) — ¢(E))

= H*(X;2)[en(D)]/ (Y (1Y pi(en—j (E))er (L))
§=0

Proof. Since we already know that H*(CP"™'; Z) is a finitely generated free
Z-module for all k£ and since in the following pullback diagram:

tz(L) ——— L

N

where t;: F1(V,;) — P(FE) is the inclusion of the fibre over z € X into the
total space, vy t5(L) — F1(V;) is the tautological bundle over F1(V,), and
thus the restrictions % (cq (L)), where ¢1(L) € H?(P(E); Z), form a basis for
H*(F1(V,); Z) = H*(CP"™'; Z) for each z € X. The conditions are met and
so we may apply the Leray-Hirsch Theorem to the fibre bundle po: P(E) — X
that has fibre F'(V,) = CP""!, and achieve the following isomorphism:

H*(P(E);Z) = H*(X;Z) ® H*(CP"" ', Z)
= HY(X;Z)[x]/(«")
in the category of H*(X; Z)-modules where z is the Chern class of the tauto-

logical line bundle over CP"~'. Thus, every element of H*(P(E); Z) can be
written in the form:

n—1
Z a;Cq1 (L)Z
=0
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where a; € H*(X; Z) and for b € H*(X; Z) we have:

b- z_: aze1 (L) = z_:(b ~a;)er (L)
=0 1=0

However, while we cannot have a linearly independent c¢;(L)" term, it is not
necessarily true that ¢1(L)™ = 0 since the Leray-Hirsch Theorem does not give
us an isomorphism of rings.

To eliminate the ¢1(L)™ term and describe the multiplication structure of
H*(P(E); Z) as a ring, we instead turn to the relation ¢(L)c(Q) = p§(c(E))
derived from the facts that L & @ = p§(E) and po is covered by the bundle
map p4(E) — E, the projection to the E coordinate.

The ring H*(P(E); Z) is therefore generated by c¢;(L) along with the set
{c1(Q), ..., cn-1(Q)} (though these elements may not be independent), together
with the condition that ¢(L)c(Q) - ps(c(E)) = 0. We therefore may write the
ring in the following manner:

H*(P(E); Z) = H*(X; Z)[c1(L), c1(Q), s en1(Q)]/(e(L)e(Q) — pp(e(E)))

Since the element p§(c(F)) is some fixed element of H*(P(FE); Z), using the rela-
tion we can determine ¢( Q) explicitly in terms of powers of ¢; (L) by comparing
like degrees:

(1+ea(L)A+a(Q) + -+ en-1(Q) = L+ p(er(E)) + ... + pj(en(E))
1+ Cl(Q) + ...+ cCn- 1(Q)+
ci(L) + e(@)er(L) + oo+ ena(@)er (L) = 1+ po(er(E)) + .. + po(cn(E))
— (@) +e1(@ei(L) = :;( (E)), for 1< <n
= recursively for 1 <i <n, ¢(Q) = Z(—l)jpg(ci,j (E))er (L)

=0

L

n

so since ¢,(Q) =0, 0 = Z(—l)jpg(cn,j(E))cl(L)j

j=0
So to write our ring H*(P(E); Z) with an independent generating set, we can
say:

n

H*(P(E);Z) = H (X N/Q (1Y Db (en—j (B))er (L))
7=0

A

Corollary 34. Let each z; be the Chern class of the tautological line bundle ~;:
L; = F,(C*) where L; := {(V, C ... CV, CCF),v)|veV,vIiwVwe
Vi.1}, and 4; is the projection to the flag coordinate, and, abusing notation, let
¢(@) denote simultaneously the total Chern class and the set of Chern classes
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of the (k-n)-dimensional vector bundle @, — F,(C¥) such that L1 @ ... ® L,
® @, = CF. Finally, let P(z) be the set of partitions of z into n non-negative
integers, elements of P(z) are tuples (71, ..., ) such that

n
for1 <i<mn, r; >0 and Zri:z
i=1

Then the cohomology ring of a finite dimensional flag manifold F,,(C*) is given
by:

H* (Fa(C*);2) = Z[xh--,me(Qn)]/((H(l+xi))C(Qn)—1)

k k—m n
« > (D)™ "o (@, ) Y [] )
m=k—n+1 i=0 (r1,eesrn) =1
eP(m—n+i)

Proof. Consider the trivial k-bundle over a single point C¥ — %. The space
P(Ck) = C*\{0}/~ where v ~ w iff v = Aw for some A € C\{0} is clearly
equivalent to the space F'1(CF). We will prove this relation with a proof by
induction.

In the following pullback diagram L; := {(V1, v) € F1(CF) x C* | v € V;},
Q1 :={(Vi,w) € F1(C*) x C¥ |v LwV v eV} and fi: Fi(CF) — x sends
every 1-flag to the 0-flag in CF.

LioQ, —— C*

I
Fl((Ck) T *

Since C* — x is the trivial bundle, ¢(C¥) = 1, and thus f;(c(C¥)) = 1. Let us
write 1 = ¢1(L1), from our previous theorem we have:

k
H*(Fy(C*); Z) = H* (%, Z)[21]/ Z ) £ (cr—j (CF))a))



From the congruence F(CF) = CP*~! we know that H*(F(CF); Z) =
Z|z]/(z*) where z is the first Chern class of the tautological line bundle over
F1(C¥). These two methods agree, and to prove the base case holds, let us show
that our formula yields the same result:

Thus, since all these methods agree, our base case holds.

To proceed we will show that if @, = {((V1 C ... C V,), w) € F,(C*) x
CF|v LwVYveV,} isthe complement to the direct sum of the tautological
line bundles over F,,(C¥) then P(Q,) = F, .1(CF).

Let us denote by V a flag (V1 C ... € V,, € CF) € F,,(C*). P(Q,) = {(V,
w) € F(CF) x CH\{0 | v L wV v € V,}/~ where (V, w) ~ (V’, w) iff V
=V’ and w = Aw’ for some A € C\{0}. Therefore equivalently, P(Q,) = {(V,
W) € F,,(CF) x F1(C*) such that V,, L W}, or additionally equivalently, since
V,, and W must be perpendicular, let V,, 1 = V,, & W, then P(Q,) = {V1 C

. CV,CV, CCF} = F, 1(CF).

Next we would like to show that the following formula for the Chern classes
of @, hold in terms of the Chern classes of the tautological line bundles over
F,(C%), let P(i) be the set of partitions of i into n non-negative integers, and
zj = c1(L;) where Lj = {(V, w) € F,,(C*) x C* |weV,,v IwVveV 1}

SCAEICID DI | €

(r1,...,rn)EP (1) J=1

k—n n
@)= =" > I«
i=0 (r1,...,rn)EP(i) J=1

We will show that the tautological line bundles over a flag manifold F,,_; (CF)
can be pulled back by the map f,: F,(CF) = F,_1(CF) where f,(V; C ... C
V, CCF) = (Vy C .. CV,1 CCF)to the corresponding tautological line
bundles over F',,(C¥). This formula will then be shown to hold via an induction
argument.

Let Lj := {(V, w) € F, 1(C*) x CkF | w € V;, v L wV v €V, } be the
total space of the tautological line bundle v;: L; — F n-1(CF) and construct the
following pullback diagram:

fallg) ———L;

l gy lvj
F,(Ch) 5 F_1(CF)
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f;:(Lj) {((V7W)7V/) € Lj X Fn(ck) | 'VJ(V?W) = fn(vl)}

{((V,w), V') € Lj x Fo(C*) | V = fu(V')}

{(V,w),V € L; x F,(C*) |[weV,,v lw

VV,o,V,i=ViV1<i<n-—1}

={(V,w) € F,(CH)xC" |weVj,vilw
VV;.1,V;=ViV¥V1<i<n-—1}

Thus f7(L;) is the total space of the j*® tautological line bundle over F,,(C*),
therefore c1(f;(L;)) = f(c1(L;)) will be a generator of the ring H*(F,,(C*);
Z) if we are able to show that the Chern classes of the tautological line bundles
are.

The base case for our relation is easy. Since we require that ¢(Ly)c(Q1) =
¢(CF), we can use the recursive formula we found to determine the Chern classes
of Q1. For 1 < i < k-1 we have:

i

ci(@1) =D (=1) f (eimj(CY))ar]

Our formula for n = 1 requires us to partition 4 into 1 non negative integer.
Clearly, there is only one 1-tuple (namely (7)) that will partition ¢ and thus:

a@) =31 Y [l

N
=

=0 (r1)eP(i)j=1
k—1 4

SDYEID W
=0 (r1)eP(1)
k—1 4

— Y (1)t
=0

exactly as required.

Now, let us assume our formula works for @),, and reach the conclusion that
it must also therefore hold for @, 1.

Let us denote by z; the Chern classes of the tautological line bundles over
F.,11(CF), we have already seen that for 1 < j < n, z; = f#,(y;) where the
y; are the Chern classes of the tautological line bundles over F',,(C¥). We have
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also showed that the following pullback diagram is valid:

Ln+1 S Qn+1 E— Qn

Lo
Frp1(CF) —— F,(CF)

.fn+1

Thus we may apply our lemma to achieve:

¢i(Qn+1) = Z(—l)jf;H (i (Qu))Th 1
=0

%

(D=1 Z Hx;l)z{zﬂ by assumption
(T14eesTn ) EP(i—j) I=1

NEITEND DN | EOE

(r150rn,d) €P (i) I=1

<.
o

i

aiSRD D GO DRI ) EAY
3=0 (r1,00,rn,j)EP(i) 1=1
n+1

= (-1)" Z H x)'

(Tl,..‘,TV,L+1)€P(i) =1

exactly as required, thus our formula holds for all n.

The final push is to assume the ring H*(F,(C¥); Z) behaves as we expect
and thus conclude that the ring H*(F,, . 1(C¥); Z) follows suit.

We have done all the work required to say that:

H*(Fop1(C); 2) 2 H* (Fu(C*); Z) 241, (Qut )]/ (L + Z41)e(Qur) — €(Qn))

By our assumption:

n

H*(Fy(C");Z) = Zlwy, ooy 2, Q)] /([ [+ 20))e(Qn) = 1)

i=1
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Therefore:

H*(Fpy1(CF); Z) 2 (Z[w1, oo T, ¢(Qn)]/
((H(l +;))e(@Qn) — 1) [znt1, c(@n+1)]/
(T + 2png1)e(@ni1) — c(@n))
27w, ey Ty (Qn), Tng1, (Qnt1)]/

((H(l + xz))C(Qn) - 17 (1 + xn+1)c(Qn+1) - C(Qn))

Z[w1s s T, C(Qn+1)]/((H(1 +20))(1+ ng1)e(@nyr) — 1)
n+1

Z[wr, s i1, o(Qui)l/ (T (1 + 20)e(@nrn) = 1)

i=1

1%

1

Thus our corollary holds for all flag manifolds F,,(C¥).

Since ¢(Q,) is a polynomial in zj, ..., ,, we are able to rewrite the coho-
mology ring explicitly in terms of z1, ..., x,, by determining the nature of the
ideal:

n

O i@,y n))e(@Qn) =1
=0

1+ Cl(Qn) + ...+ Ck—n(Qn)“‘
01(X1, ooy p) + 01(T1y ooy Tn) 1 (@Qn) + oo + 01 (X1, vy T ) e (@) +

On(ZT1y ey @n) F O (1, oy T )C1(Qn) + oo + on(T1, ooy Tn) Ch—n (@) = 1

To reduce the number of terms, let us show the following:
Zoj(xl, v @n)Cimj(@Qn) =0for 1 <i<k—n.
§=0

Let X = a7l..x;) be a general term of our sum where the p, are distinct
elements of the set {1, ..., n}, and we have ry + ... + r; = i with r;, > 0.
Necessarily j < 7 and 7 < n.

To show the equality of our formula we must show that the coefficient of X
in our sum is 0. This will be done by examining the coefficients of X in each of

the summands oy (21, ..., )¢k (@rn) and we discover that:

the coefficient of X in ¢;(Q,) is (-1)7,
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the coefficient of X in oy (21, ..., 2n)ci-1(Qy) is (-1)715,

the coefficient of X in op(x1,...,2n)cin(Qy) is (-1)F (i),

the coefficient of X in (21, ..., Zn) i (Qy) is (-1)™7 (;) = (-1)%7.

The j** term is reached since j < i and j < n.
Thus we must have that the coefficient of X in our full sum is:

ké(—w-’f(i) - <—1>i:§<—1>k(i)
= (1)) =0

since the alternating sum of binomial coefficients is zero, therefore our sum
works too! Let us return to our ideal now that these terms have vanished:

g1 (l'la axy) xn)%—ﬂ(@ﬂ)"‘

02(T15 s T ) Chmn—1(Qn) + 02(21, o, T ) e (@)

Un(xla -~-axn)ck—2n(Qn) + ...+ O'n(xla ---vxn)ck—n—i-l(Qn) =0

We can group the summands along the rows first to achieve:

n k—n
Z Z 0i(Z1y ey Ty ) O (@) = 0

i=1 m=k—n—i+1

Or to better demonstrate which polynomial vanishes in each degree we can
group the summands down the columns first to achieve:

>

m=k—n+1 17

k—m
O—n—i(zla teey In)cm—n+i(Qn) =0
=0

and finally, substituting our formula for the Chern classes of @,,, we achieve:

k k—m n
—n4i ry
D I G e S CO Y > [I=7 =0
m=k—n+1 i=0 (r1,...,rn)EP(m—n+1i) j=1

Therefore, in the ring H*(F, (C*); Z), the ideal can be given by any of these
formulae. A

Corollary 35. The cohomology ring of a total flag manifold is given by:
H*(Fo(C"); Z) & Zlay, ooy 2] /(O ol .y )
i=1
This result is consistent with the work of Borel [5].
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Proof. Let us examine the ideal for k£ = n:

>

n—
m=1 i=

m n

(—l)m—n+ign_i(l‘1, ey .’L‘n) Z H l‘;j =0
0

(1 yeeesrn) € P(m—nti) j=1

Since for our permitted values m - n + ¢ < 0 unless m + 7 = n and P(t) = 0
for t < 0, this ideal simplifies:

n n
.
E Om (T, ey Tp) E ijj =0
m=1

(r1,...,mn)EP(0) j=1

and since (0, ..., 0) is the only n-tuple in P(0), we achieve:
Therefore,

as required. A
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5.5 The Chern Character

To define a useful ring homomorphism we must first evoke some definitions and
results from Macdonald’s Symmetric Functions and Hall Polynomials [23]

Definition 24. Consider the set of polynomials in n indeterminates t1, ..., t,
with integer coefficients Z|[t1, ..., t,]. A symmetric polynomial is a polyno-
mial f(t1, ..., tp) € Z[t1, ..., t,] that is invariant under all permutations of ¢,
..ty tn, that is, for all elements ¢ € S(n) the symmetric group acting on the set
{1, ..., n}, we have f(t1, ..., tn) = f(fyp@)s - ty(n)). Let us denote by Sz[ty,
.ty ty] the set of symmetric polynomials in n indeterminates with coefficients
in Z.

It is known that Sz[t1, ..., ¢,] is a subring of Z[t;, ..., t,] and indeed a
polynomial ring in its own right in n algebraically independent generators:

Sz[th ...,tn] = Z[O’h ...70'”]

where o, is the k*" elementary symmetric polynomial in n indeterminates.
Let us define a set of equivalence relations ~j on S(n).
¥~ &I (1) = 6(1), and ..., and B(k) = 6(k).

The elementary symmetric polynomials are defined as follows:

k
Uk(tla"'vtTL) = Z Htw(i)

[WleS(n)/~k i=1

A key feature of the elementary symmetric polynomials is the property:

n

i=1

=1

Let each ¢; have degree 1, we denote by S%[tl, ..ty t] the additive subgroup
of 8zlt1, ..., tn] of all k-dimensional symmetric polynomials.

Let I = (i1, ..., ir) be a partition of k£ € N; i.e. Z;:1 i; = k and without
loss of generality for our purposes, let k > i3 > ... > 4, > 0. Let P(k) be the
set of partitions of k.

For any n > k and any partition I of k£ we define the following symmetric
polynomial in n indeterminates:

sp(o1, .oy 08) = Siy iy (01, o, 0) 1= Z H t:j(j)

[#leS(n)/~ri=1

It is clear that s; is a polynomial in only o1, ..., o as any further elementary
symmetric polynomials are in too high a degree to produce a k-dimensional
polynomial by addition or multiplication.

For n < k it is still possible to define s, but the result is only polynomial
in oy, ..., 0, as symmetric polynomials in higher degrees are also polynomial in
01y ey Op. Also, for I = (i1, ..., iy), $1(01, ..., o) = 0 if n < 7 as we run out
of indeterminates.
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Lemma 36. Sk[ty, ..., t,]| has as an additive basis the set:

{81(0'1,...,0'k) | Ie P(k)}

Now to introduce the reason these constructions are useful.

Lemma 37. If p: E — B is a complex vector bundle. For any partition I of k
€ N, we can define the symmetric polynomial s;(c(E)) := s;(c1(E), ..., cn(E)).

Then s;(c¢(E)) = sr(o1(t1, -y tn)y oy On(t1, .oy ty)) for some set of inde-
terminates t1, ..., t,.

Proof. For a complex vector bundle p: E — B that decomposes into the direct
sum of n complex line bundles /;: L; — B we have

N

=0 =1

and by comparison we have
C»L(E) = O'i(Cl (Ll), “eey Cl(Ln))
So for any partition I of some k € N we are permitted to write:

si(ce(E)) := si(c1(E), ..., ce(E))
= sr(o1(c1(L1), oy c1(Lp))y ey ok(c1(L1), -y c1(Ly)))-

If, however, p: E — B does not decompose into the direct sum of line bundles,
we are still able to define s;(c¢(E)) via the splitting principle. Below we will
construct the flag bundles and associated maps and classes to ensure the relation
still holds.

As we had when we defined the Chern classes, let z: B — FE be the zero
section and Eg = E\z(B). Let us consider the space P1(F) = Eg/~ where ~
is the equivalence relation given by v ~ w iff v = Aw for some A € C. There
is a map f1: P1(F) — B given by f1([v]) = p(v). This map is well defined as
Av is necessarily in the same fibre as vV A € C.

We may consider the pullback of E by f1:

fi(E) — E
o]
Pi(E) —— B

where f1*(E) = {([v], w) € P1(E) x E | p(v) = p(w)} and ¢:1([v], w) = [v].
Let Ly = {([v], w) € f1*(E) | w = Av for some A € C} and I; = ¢1]|L,,
then l;: L1 — P1(FE) is a line bundle. Let E; be the orthogonal complement of
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Ly in f1*(F) and p1 = ¢1]E,.- q1: f1*(E) — P1(E) thus decomposes into the
direct sum of the vector bundles ly: Ly — P1(E) and p1: E; — P1(E).
Since the total Chern class is natural, we know that:

fi(e(E)) = c(f{(E))
(L1 & En)
(L1)e(En)

Cc
C

This process iterates.
At each following step we have a vector bundle py: Ey — Py (E), we consider
another zero section zy: Pi(E) — Ej and define (Ey)g = F\zx(Pr(F)) and

Pii1(E) = (Eg)o/~ where ~ is the equivalence relation given by ([vy, ..., V],
w) ~ ([v1'y ooy Vvi'], W) iff [ve, .., vi] = [V, ..., vi'] and W’ = Aw for some
A eC.

We have maps fri1: Prpi1(E) — Pi(E) and thus we may construct the
pullback of Ey, by f11 resulting in a vector bundle gy 1: fr11*(Er) = Pri1(E)
that decomposes into the direct sum of the line bundle I}, 1: Lgi1 — Pry1(E)
and the vector bundle py1: Fri1 — Pri1(F). Therefore giving us the formula:

fis1(e(Ex)) = e(Lit1)c(Er1)

If p: E — B is an n-dimensional complex vector bundle, this process termi-
nates as the vector bundle ¢,: f,*(E,.1) = Pn(E) is equal to the line bundle
ln: Ly = Pr(E).

Since each l;: L; — P;(E) is a line bundle there is only once Chern class of
note for each 1 < i < n: ¢1(L;) € H*(P,(E); Z).

This results in a family of equations:

fi(e(E)) = (1 + c1(Ly))e(Er)
f3(e(Br)) = (1 + e1(L2))e(E2)

fo-1(e(Bn2)) = (1 + c1(Ln-1))e(En-1)
fa(e(En-1)) =1+ c1(Ln)

In addition, since f1: P1(F) — B and the maps f;: P;(E) — P;1(F) for
2 < ¢ < n are surjections, the induced maps f1*: H*(B; Z) — H*(P1(E); Z)
and f;*: H¥(P;1(E); Z) — H*(P;(E); Z) for 2 < i < n must be injections.
Therefore we may rewrite our family of equations:
co(B) = fi (1 + er(La))e(Er))
c(Br) = f37H (1 + e1(La))e(B))

c(Bn-2) = fr_1 " (1 + e1(Ln-1))e(En-1))
c(Bn-1) = f ' (1 + e1(Ln))
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and so, by making all the substitutions, the family may be written as a sin-
gle equation. However, since each f;* is a ring homomorphism, we may first
simplify even further:

For 1 < i < n let us denote by x;(E) the class in H%(B; Z) such that:

Xi(B) = (ff oo f1)"Her(Li))

Then:
o(B) =1+ x1(E))..(1+ xn(E))

And so, for an n-dimensional non-decomposable complex vector bundle p: F —
B and any partition I of some k € N we write:

sp(c(E)) == si(c1(E), ..., cx(E))
= s1(01(X1(E); -, Xn(E)), s 0k (X1 (E), s Xn(E)))

Note that s;(c¢(E)) is a polynomial in the Chern classes ¢1(E), ..., ¢x(E) so in
practice it will not regularly be necessary to compute the classes x;(E), they
are just necessary to show that the Chern classes are elementary symmetric
polynomials in some set of n indeterminates.

By the splitting principle, if p: E — B is an n-dimensional vector bundle,
we can construct a space Y and a map ¢: Y — B such that the pullback bundle
¢*(p): ¢*(E) — Y can be decomposed into the direct sum of line bundles:

¢ (B) =PI
=1

The line bundles [;: L;” — Y can be ordered in such a way that c¢;(L;") =
?*(xi(E)) and since ¢* is required to be an injection, we have that x;(F) =
(%) (e1(Ls))

We can verify that ¢;(¢*(E)) = ¢*(ci(E)).

i
=0i(¢"(X1(E)), .-, & (xn(E)))
= 0i(¢" (") (cr(L1))); -, 6" ((¢7) " (ea(L1))))
=oi(c1 (L)), ...,c1(L)))
and so for any partition I of k € N, s;(c(E)) = (¢*)(s1(c(¢*E))). A

Lemma 38. If I = (iy, ..., i,-) is a partition of k € Nand p: £ — B, p: ' —
B are two complex vector bundles over the same space then:

SI(C(E D E/)) = Z Siy,..i; (C(E)) + Sij1sein (C(E/))
=0
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Definition 25. For an n-dimensional complex vector bundle p: E — B, the
Chern character ch(F) is defined to be the following:

ch(E) :=n+ Z 7Sk(;('E)) € H*(B;Q)
k=1 ’

Notice that if p: F — B is a line bundle we have:
ch(E) = exp(c1(E))

The Chern character can been shown to have some beneficial properties that
the total Chern class lacks.

Theorem 39. Since the total Chern class is a characteristic class, and the Chern
classes all lie in even degree, the Chern character ch: Vect(B) — H®"*"(B; Z)
is well defined where:

Heven(B;Q) — @ Hk(B,Q)

ke2Z

If p: E — B and q: F — B are vector bundles over B, then

ch(E @ F) = ch(E) + ch(F)
and ch(E ® F) = ch(E)ch(F)

therefore the Chern character extends to a ring homomorphism ch: K°(B) —
H*(B; Q) and thus a natural transformation K° — H*(-; Q) as functors Top
— Rng

Proof. Tt is not too tricky to show that the Chern character satisfies the first
property. For p: £ — B and ¢: F — B, two complex vector bundles over the
same space B, we have:

sk(c(E @ F))

ch(EEBF):Tcmk:(E@F)—i—Z X

k=1

— rank(E) + rank(F) + f: si(e(E)) + si(e(F))

= rank(E) + i @ + rank(F) + i su(elF)
k=1 k=1

= ch(E) + ch(F)

Thus the direct sum of vector bundles becomes addition of their Chern charac-
ters.

The set of vector bundles over a base space B together with the direct sum
is a monoid. Group completion of this monoid ensures that the Chern character
is a homomorphism of abelian groups.
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To prove that the multiplication operation is preserved, we will first con-
sider when the two complex vector bundles can both be decomposed into the
direct sum of line bundles. This decomposition will help as the tensor product
distributes over the direct sum.

To achieve the result we want we will have to determine the Chern classes
of the tensor product of vector bundles.

Lemma 40. For two complex line bundles I: L — B and I’: L’ — B over the
same base space, we have:

Co(L@L/) =
a(L® L) =ci(L)+ e (L),
(Lo L')=0, fori#0,1.

Let p: F — B and q: F — B be complex vector bundles over the same
space such that there exist complex line bundles /;: L; — B for 1 < i < n and
i L’ > Bforl1<j<mwherep =0, ® .. ®lp,¢=01"® .. dly, L=
Li®...® Ly,and F =L"® ... ® Ly’

ch(E®F)= ch((L1 S..®Ly)® (L1 ®... 0 Ly,))

m

@@L ® L))

= iich(lji ® Lj)
— ZZ exp(ci(L; ® Lj))
= ZZ exp(ci(L;) + e1(Ly))

Z ch(L i ch(L
@ Li)ch(EP L,
j=1

= ch(E)ch(F)

Thus the Chern character of the tensor product of two vector bundles that can
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be decomposed into the direct sum of line bundles is indeed equal to the product
of their Chern characters.

If however, p: E — B and ¢: F — B are two vector bundles that cannot
be decomposed into the direct sum of line bundles, we will need to implement
the splitting principle.

Let Y and Z be the spaces and ¢: Y — B and ¥: Z — B be the maps
such that the pullback bundles ¢*(B) — Y and ¢*(B) — Z decompose into
the direct sum of line bundles.

We can define the vector bundle p ® ¢: F ® F — B and a continuous map
¢ ®Y: Y ® Z — B to construct a pullback bundle:

(pY)*'(EFQF) — EQF

<¢®w>*(p®q>l J lmq
_
Y®©7 s B

Since the tensor product is compatible with the pullback construction, here the
pullback bundle is equivalent to the tensor product of the two pullback bundles
o*(p) @ *(q): 6*(E) ® V5(F) — ¥ @ Z

The pullback bundles ¢*(p) and ¥*(g) both decompose into the direct sum
of line bundles so ch(¢*(E) @ *(F)) = ch(¢*(E))ch(yp*(F)) as we have already
seen.

Therefore:

sp(c(E®F)

ch(E® F) :Tcmkz(E®F)—|—Z x

=1

=

Thus the tensor product of any pair of vector bundles becomes multiplication
of the Chern characters.

These two properties together can be extended to ensure that the Chern
character is a ring homomorphism:

ch: K°(B) — H®*"(B;Q)
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6 General Cohomology Theories and the Chern
Character

6.1 General Cohomology Theories

Definition 26. A cohomology theory is a sequence of contravariant functors
from the category of pairs of CW-complexes to the category of abelian groups
hE: CWpair — AbGrp together with natural transformations between consec-
utive functors with components d: h*(A4) — h¥"1(X, A) called the boundary
homomorphisms where h*(A) := h*(A, §)) such that:

o If f, g: (X, A) — (Y, B) are homotopic maps, then the maps induced by
the functors f* ¢g*: h¥(Y, B) — h*(X, A) are equal for each k

e For any pair of CW-complexes (X, A), the inclusions i: A — X and j:
(X, 0) — (X, A) induce a long exact sequence:

L RETL(A) D RE(X, A) D RR(X) D nR(A) S pRL(X,A) —

e If A and B are two subcompleces of X such that X = AUB, then the
inclusion i: (4, ANB) — (X, B) induces an isomorphism for each functor
i*: h*(X, B) — h*(A, ANB)

e If we have a pair of CW-complexes (X, Ay) for each « in some set I and
let (X, A) = [[,c;(Xa, Aa), then the inclusions iy: (Xo, 4a) — (X, A)
induce an isomorphism for each k

i BF(X,A) = [ W (Xa, Aa)
ael

If, in addition, a cohomology theory h* is such that h¥(pt) = 0V k # 0, we
say that A* is an ordinary cohomology theory, if it does not satisfy this
property, we call it an extraordinary cohomology theory.

These are the Eilenberg-Steenrod axioms as defined by Eilenberg and Steen-
rod in Foundations of Algebraic Topology [10].

For ordinary cohomology theories and many (at least all those we will dis-
cuss) extraordinary cohomology theories, we can define a functor also denoted
h*: CWpair — Rng by equipping the graded abelian group

W' (X, A) == P r*(X, A)

kEZ

with a multiplication structure derived in part by the contravariance of the
functors ¥ and the diagonal map A: X — X x X, where A(z) = (z, z). [17]

Let us continue by defining a couple of extraordinary cohomology theories
built using some familiar abelian groups.
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Definition 27. Consider a compact Hausdorff space X and let C'(X) be the
set of all complex valued functions on X. Let GL(n, C'(X)) be the topological
group of invertible nx n matrices with entries in C'(X) and let GL(n, C'(X))o be
the connected component of I, in GL(n, C(X)) where 1 and 0 are the constant
maps to 1 and 0 in C respectively.

We define the following groups:

GL(C(X)) = (| GL(n,C(X)))/ ~
neN
and GL(C(X))o = (|J GL(n,C(X))o)/ ~

neN

where ~ is the equivalence relation defined by A ~ diag(A4, 1).
GL(C(X))o is a normal subgroup of GL(C(X)) and so we may define a
group called the -15¢ K-theory group:

K HX) := GL(C(X))/GL(C(X))o

Together with our previous construction of the 0*" K-theory group, and a prop-
erty called Bott-periodicity that ensures that K"(X) = K""2(X) V n € Z,
we are able to define an extraordinary cohomology theory called complex K-
theory using the functors K.

There are many non-trivial statements in this definition including but not
limited to: each mapping K™ defines a functor CWpair — AbGrp, we have
Bott-periodicity, that we have boundary homomorphisms, and thus that we
have an extraordinary cohomology theory. Proofs of all of these statements can
be found in Complex Topological K-Theory by Efton Park [28].

Definition 28. Using ordinary cohomology with coeflicients in G for some
group G as a base, we can construct an extraordinary cohomology theory we
will call periodic cohomology with coefficients in G:

H)..(X;G) = @ H**(X;G)

per
ke2Z

Clearly there is an isomorphism H!  (X;G) = H!2(X;G) V i

per per
We often write H**"(X; G) = HY,,.(X;G) and we may define H°¥(X; G)
= H,,(X;G).

6.2 Behaviour of the Chern Character

We have defined the Chern character for some space X as a ring homomor-
phism ch: K°(X) — H*"(X; Q), we would like to extend this to a natural
transformation ch: K* — Hp..(-; Q).

Bott periodicity gives us an isomorphism K™ (X) = K°(X) for even integers

n € 27, so we may immediately construct an abelian group homomorphism we
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may call ch:
K"(X) --**-+ Hy,,(X;Q)

per

4 0

KO(X) — HM(X; Q)

The isomorphisms K!(X) =2 K°(X x R) and H"1(X; Q) = H*(X x R; Q)
ensure the existence of an abelian group homomorphism we can call the odd
Chern character:

0 even .
KO(X x R) —— H®"(X x R; Q)

and Bott periodicity once again gives us an isomorphism K"(X) = K-(X) for
odd integers n € -1 + 2Z and the final set of abelian group homomorphisms
can be constructed:

Kn(X) - 7, (X;Q)

per

% O Tg

K=Y (X) — HO(X;Q)

Since K theory and cohomology are functors and all of these isomorphisms are
functorial, for any map ¢: X — Y and n € Z, the appropriate Chern characters
ensure the following diagram commutes:

E™(Y) == H;,,(Y;Q)

per

¢*l 0 y*
K™(X) —— HL (X;Q)

per

The following definitions are provided by Hilton [18].

Definition 29. Let h* be a cohomology theory, the corresponding reduced
cohomology theory h* is a sequence of contravariant functors from the cate-
gory of pointed topological spaces (at least CW-complexes) to the category of
abelian groups h: Top* — AbGrp. If i: pt — X is the inclusion of a point to
the basepoint of a CW-complex X, then iNLk(X ) is the kernel of the map induced
by the cohomology theory for each k, i.e. the following sequence is exact V k:

0 —— hWF(X) —— hF(X) —=> h*(pt)

The coeflicient ring of a cohomology theory defined to be the graded ring h*
where each h* := h*(SY).
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Let us examine the coefficient rings of some familiar cohomology theories.

Firstly, cohomology with rational coefficients H*(-; Q) unsurprisingly has
coefficient ring H* = Q. This is true since HO(pt; Q) = Q, H°(S°; Q) 2 Q x Q
and the map induced by i: pt — SU is the projection onto one of the entries
i*(p, ¢) = p. All other groups in the coefficient ring are trivial since for & # 0,
HF(S% Q) = 0.

It is also easy to determine the coeflicient ring for complex K-theory. We
already know KY(S) = Zx Z, K%(pt) = Z and the map induced by the inclusion
i: pt — S is again the projection onto one of the entries i*(p, ¢) = p so we
have K°(S%) 2 Z. The other K-theory group is easy, K (S°) 2 0 since K~*(S")
=0.

Bott periodicity ensures that K™(X) = K"?2(X), a property maintained in
reduced K-theory, thus as a graded abelian group, the coefficient ring of complex
K-theory is as follows:

ina [2 ne2
0, nel+27Z

Since K-theory admits a cup product, as a graded ring, the coefficient ring is:
K* = Z[z,z7Y

where z is a generator in degree 2.
The other cohomology theory currently of note is periodic cohomology with
rational coefficients H*. .(-; Q). As we saw before, H°(S"; Q) = Q and for all

- per
other n # 0, H"(S% Q) = 0. Since relative periodic cohomology is the kernel
of a group homomorphism we have:

Hy,, (X5Q) = €D H™H(X; Q)
ke2z
Thus as a graded abelian group the coeflicient ring of periodic cohomology is:

j—:’nerg Q, nEQZ
P 0, n€l+2Z

and again, thanks to the cup product, as a ring:
Hy.o = Qly,y '
where y is a generator in degree 2.

Lemma 41. If k* and h* are cohomology theories, and h* is a graded vector
space over Q, then any homomorphism of graded rings 7: k* — h* has a unique
extension to a natural transformation n: k* — h*.

Proven by Hilton. Theorem 3.22 [18]
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Thus in order to understand the Chern character as a natural transforma-
tion, since H per 18 a graded vector space over Q, we need only understand the
homomorphism of graded rings obtained by restricting the Chern character to
the coefficient rings which will naturally extend to the full natural transforma-

tion.

0 kn Kn (SO) i Kn (pt)
th i D chl D lch
0 ;Ler H;Ler (SO’ Q) T> H;Ler (pt7 Q)

6.3 Axiomatic Reduced Cohomology Theories

There is an alternative axiomatic definition for reduced cohomology theories;
often we prefer not to work with pairs of CW-complexes, but only with pointed
topological spaces. Again we defer to definitions provided in General Cohomol-
ogy Theory and K-theory by Hilton [18]

Definition 30. For any based continuous map f: X — Y let us define C; the
mapping cone of f as follows:

Cr=((Xx[0,1))uy)/ ~
where ~ is the equivalence relation defined as follows:
(.%', 0) ~ (lJ, 0)

and (zg,t) ~ (xo,t)

Definition 31. A reduced cohomology theory is a sequence of contravari-
ant functors from the category of pointed topological spaces to the category
of abelian groups h*: Top* — AbGrp together with a sequence of natural
transformations with components o%: h"(X) — h""}(XX) such that:

e If f g: X — Y are homotopic based continuous maps, then the maps
induced by the functors f*, g*: h*(Y) — h¥(X) are equal for each k

e The natural transformations ¢™: A" — h"T1Y are all natural isomor-
phisms.

e for any based continuous map f: X — Y, the sequence

X%Y%Cf

where i: Y — Cy is the inclusion of Y into the mapping cone of f, induces
an exact sequence for each k:

W (X) <L B (Y) < R (Cy)
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It can, but won’t be shown that the definition of a cohomology theory de-
scribed earlier is equivalent to this definition of a reduced cohomology theory
when restricted to pointed topological spaces.

Definition 32. As first introduced by Adams [1], a family Y of pointed topo-
logical spaces Y, together with a family of based continuous maps ¢g,: Y, —
QY .1 is called an Q-spectrum if ¢,, is a homotopy equivalence for all n.

Lemma 42. If Y is an Q-spectrum, then there exists a reduced cohomology
theory hi. consisting of contravariant functors h¥.: Top* — AbGrp defined by
a mapping of objects: V X € ob(Top*)

Wy (X) = [X, Y]
and mapping of morphisms: V f € Homrep* (X, Z)

Wy (f) : by (Z) = hy (X)
[6] = [90 f]

together with natural transformations ¢”: hy — h’{,HE with components:

o% B (X) = WP (EX)
[0] =[Oy, ,, (9n © 0)]

where O x y: Hompep*(XX, Y) — Hommep*(X, QY) are the component iso-
morphisms of the suspension-loop adjunction X - €.

Proof. Clearly each h¥ is a contravariant functor, as for every ¢: X — Y, we
have hY (idy)[¢] = [¢ o idx] = [¢] and thus AY (idy) = idpr (x)-
To show that each ¢™ is a natural transformation, we must show that for

any f: X — Z the following diagram commutes:

W (Z) = Wyt (52)

wo| 0 W (o)
R (X) —— YT (EX)
Ix

That is, for any [¢] € h}(Z) we must show that:

(R (2 (0Z10]) = (% (h3(F)le]).

(5 () (0% 19]) = [0z, (9n 0 §) 0 Bf]
and (o (h% (f)[])) = [Oxy, ., (gn o b0 f)].

Let gn 0 ¢: Z — QY be given by (gn 0 ¢)(z) = (.2 S = Y,y then
6)_(,1Yn+1(9" o ¢): ¥Z — Y, 1 is the mapping (z, t) — (,(1).
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Let us examine the behaviour of the two maps from ¥X to Y, 1.

(O, (gn 0 0) 0 Tf)(2,t) = O3, . (g0 © ) (f(2),1)
= () (1)
(Ox,vni1(gnodo f))(@,t) = (Ox,v,11(9n 0 9))(f(2),1)
= (p(a) (1)

Therefore the two maps are equal and thus trivially homotopic and every o™ is
a natural transformation.

It will be shown that the functors h% together with the natural transforma-
tions o, satisfy the three axioms for a reduced cohomology theory.

Let f, g: X — Z be based continuous maps such that there exists a homotopy
H: X x [0,1] — Z where H(zg, t) = z0, H(z, 0) = f(z), and H(z, 1) = g(z).

Let ¢: Z — Y} be a representative of the class [¢] € h%(Z), it must be
shown that f*|¢] = [pof] and g*|¢] = [pog] are the same class in h¥ (X), that
is we must show there exists a homotopy between ¢of and ¢og.

¢oH: X x [0,1] — Y is exactly such a homotopy.

(¢ o H)(z,0) = ¢(f(x)) (¢o H)(x,1) = ¢(9(x))
= (¢o f)(x) = (¢og)(z)

Thus, f*[¢] = ¢*[¢] and since [¢] was arbitrary, f* and ¢g* are equal maps.

Secondly, it must be shown that o™: hy — h?,'HZ is a natural isomorphism
for all n € Z, that is, every component morphism o%: A% (X) — h;‘“(EX)
must be shown to be an isomorphism.

For any class [¢] € h}(X), we have o%[¢] = [9;(,116L+1(9” o ¢)], we would
like to find a mapping 7%: Ay (2X) — h%(X) so that 0™ o 7" = id, n+15, and
oo™ = idpn. Y

In order to define 7', we will again use the component isomorphisms of the
suspension loop adjunction O x y: Hompep* (XX, Y) = Hompep* (X, QY).

Also, since the maps ¢,,: Y, — QY , .1 are homotopy equivalences, there
exist maps called their homotopy inverses g,,”: QY .1 — Y, such that g,0g,’
is homotopic to idgy, ,, and g,’0g, is homotopic to idy,,.

Let [] € hyt! (5X), we define 7%[¢)] = [g2700x v, ., (1))

For all [¢] € A} (X):

(0% [9]) = T%[0Xy, ., (9n 0 0)]

= [g; o @X7Yn+1 (@)_{,11/,,#1 (gn © ¢))]
’

= [gn ©gn© ¢]
¢]
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since gy, o g/, is homotopic to the identity, and for all [¢)] € 3 (2X)

ox (Tx[¥]) = 0% [gn © Ox.v, . (V)]

Xvoir (Gn 0 9n 0 Ox v, (1))]
Xy (Ox v, (1))
V]
since ¢/, o g, is homotopic to the identity.

Therefore each o is an isomorphism, and thus each ¢” is a natural isomor-
phism.

Finally, we must show that if f: X — Z is a based continuous map and i:
Z — (Y is the inclusion of Z into the mapping cone of f, then the sequence:

=[O
=[O

[
[
[

M(Cp) = W (2) 5 M (X)
is exact for all k& € Z, that is Im(i*) = Ker(f*).

To show that Im(i*) C Ker(f*) we must show that if [1)] € h%-(Z) is such
that 3 [¢] € hy-(Cy) with i*[¢] = [¢], then f*[4)] = [0] € h%-(X), or equivalently,
V [¢] € h(Cy), we have f*(i*[¢]) = [0] € R} (X). By the definition of these
maps then, it must be shown that for all based continuous maps ¢: Cy — Yy,
¢oiof: X — Y is homotopic to the mapping = — y( that sends all of X to
the base point of Y.

There is a homotopy H: X x [0,1] — Cy given by H(z, t) = [z, t]. It is seen
that H(z, 0) = [z0, 20| the base point of Cy, and H(z, 1) = [f(z)] = iof (z).

¢oH: X x [0,1] = Y therefore is a homotopy from the mapping = — yo
to poiofas ¢oH(z, 0) = dlzg, z0] = yo since ¢ is based continuous, and
boH(z, 1) — poio f(z).

Thus Im(i*) C Ker(f*).

To show that Ker(f*) C Im(i*) we must show that if [¢)] € k¥ (Z) is such
that f*[¢] = [0] € A% (X), then (@] € h¥(C}) such that i*[¢] = [].

f*[] = [0] means that there exists some homotopy H: X X [0,1] = Y, with
H(z, 0) = yo, H(z, 1) = (¢ o f)(x), and H(zo, t) = yo.

Let us describe a map ¢: Cy — Yy

¢lz,t] = H(x,1)
¢lz] = ¥(2)

for (z,t) € X x [0,1] C Cy,and z € Z C Cy.
To check that ¢ is well defined, we must show that the different representa-
tives of each class of €'y are mapped identically:

¢lz,0] = H(z,0) ¢l 1] = H(z,1) ¢lxo,t] = H(zo,1)
=%Yo = (Yo f)(x) =Y
= H(z',0) =(f(z)) = H(zo,t)
= ¢[2", 0] = ¢[f(z)] = @[zo, t']



And since ¢ o i = 1 by definition of the inclusion, we have found a map that
exactly maps to any 1 in the kernel of f*. Since this is equality, taking the
homotopy classes clearly gives us i*[¢] = [¢], and thus [¢)] € Im(i*).
Therefore Ker(f*) C Im(i*) and thus Ker(f*) = Im(:*).
Therefore, from any €2-spectrum, a reduced cohomology theory can be con-
structed. A

6.4 Kinneth formula and Products with Tori

Definition 33. A cohomology theory h* has a property called the Kiinneth
formula over a ring R if for any topological spaces X, Y where h"(Y) is a
finitely generated free R-module for all n, for all &k, we have an isomorphism of
abelian groups:
WX xY)= @@ K(X)®r W (Y)
itj=k
and we have an isomorphism of rings:

(X xY)2h"(X)®grh"(Y)

Ordinary cohomology with coefficients in a field k has the Kiinneth formula
over k [17] and K-theory has the Kiinneth formula over Z [28]. Thanks to
Bott-periodicity, the Kiinneth formula group isomorphisms for K-theory are as
follows:

KX xY)= (KX)o K°(Y)) & (K'(X) ® K'(Y))
K'(XxY)2 (KX)o KYY))® (K'(X)® K°(Y))

As we have seen, the Leray-Hirsch Theorem is a generalisation of the Kiinneth
formula in ordinary cohomology for total spaces of fibre bundles, i.e. spaces
that are locally but not necessarily globally a product space, the trade off being
that we achieve only a module isomoprhism instead of a ring isomorphism.

Many general cohomology theories do not admit a Kiinneth formula but we
will see that there is a family of product spaces where the ring induced by any
general cohomology theory can be decomposed into a tensor product.

Lemma 43. Let h* be a general cohomology theory and X be a CW-complex.
Then h*(X x S') = h*(X) ® Aj[2] where z has degree 1.
Furthermore, h*(X x T™) = h*(X) ® Aj|z1, ..., 2n] where each z; has
degree 1.

Proof. Let D' and d' denote closed and open respectively connected proper
subsets of St.
We will first examine the long exact sequence of the pair (X x S', X x D!):

oo = BF(X xS X x DY) — RF(X x Sh)

|

REFL(X x DY) — hFFH(X xS, X x DY) — ...
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Since D! is a closed and connected proper subset of S', it is homeomorphic to
a closed interval which in turn is homotopy equivalent to a single point. The
resulting homotopy equivalence allows us to simplify our long exact sequence:

.= WX xSYH X x {1}) — hF(X x Sh)

|

RF(X) — BM1(X x SL, X x {1}) — ...

The maps h*(X x S!') — h*(X) are induced by the inclusion :: X — X x S!.
¢ has a clear left inverse in the projection map 7x: X x S! — X, and so, since
each h® is a contravariant functor:
Tx Ol = idX
= (mxou)* =id}
tFo W;( = idhk(X)
Since f o g being a surjection implies that f is a surjection and since identities

clearly are, /* is a surjection, thus the maps h*(X) — RF"1(X x S!, X x D)
must be zero maps and we obtain a sequence of split short exact sequences:

*

0 —— AF(X xSY, X x DY) —— h¥(X xS!) —4— h¥(X) —— 0
The split gives us the isomorphism:
R (X x SY) = (X x SY, X x DY) @ h*(X)

Let us try and find a friendlier way of expressing the relative term.
If d' ¢ D', then let us excise X x d' € X x D' ¢ X x S! and obtain the
following isomorphism in every degree:

RF(X x SY X x DY) = hF(X x SN\d', X x D'\d")
>~ pF(X x D', X x §%)

We may also construct a long exact sequence using this pair:

. — hF(X x D', X xS%) — hF(X x D)

l

RF(X x §%) — hFH(X x DY, X x S%) — ...
For the same reason as before, h*(X x D') = h*(X). The map h*(X x D!)

— hF(X x S°) is induced in part by the inclusion 3: S° — D!, additionally,
we have a map h¥(X x S°) — h¥(X) induced by the inclusion tx: X — X x
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S°. If the following diagram commutes then our long exact sequence will break
down into split small exact sequences:

IR

hE(X x DY)

(id Xm /X

hE(X x SY)

hH(X)

The composition (idx x 7) o tx is equal to the inclusion of X into X x D?!.
Composing or each side with the projection map X x D! — X yields a map
at least homotopic to the identity on each space so this is the map that induces
our isomorphism, thus the diagram necessarily commutes.

Since f o g being an injection implies that g is an injection and since identities
clearly are, (idx x j)* is an injection, thus the maps ¥ (X x D!, X x S§%) —
h¥(X x D') must be zero maps and we obtain a sequence of split short exact
sequences:

0 — hF(X x DY) — h¥(X xS°) — W*+L(X x DY, X xS%) — 0

In the following diagram, since h* is a cohomology theory, the first two vertical
maps must be isomorphisms, we would like to find a map ¢ such that the
left square will commute, then since the rows are exact, the right square will
commute and h*(X x D!, X x S°) will be isomorphic to the cokernel of ¢ by
the five lemma:

0 — h¥(X x DY) —— h¥(X x SY) —— A1 (X x D' X xS°) — 0

| o o

0 —— h*(X) — R*(X) @ h*(X) ———— Coker(¢) ——— 0

The central isomorphism is due to the fact that X x S & X [] X, if we define
the maps on spaces as follows:

n:X =X xS i1 X 5> X xS°
z— (z,1) x— (z,—1)

Then the isomorphism h*(X x S°%) — h*¥(X) @ h¥(X) is the map I* which is
induced by the inclusions i.e. I*(£¢) = (¢5(€), t*1(£)).

For ¢ = (idx x 7)*(§), we will have 1%(€) = *,(€), therefore the sensible
choice for ¢ in our diagram is the diagonal map, i.e. ¢(z) = (=, z).

The map h*(X) @ h*(X) — Coker(¢) will be the difference map in order
to keep the bottom row exact, therefore Coker(¢) = h*(X) and we achieve the
result that R¥"1(X x D!, X x S) = p¥F(X).

Returning to our first split exact sequence then, we can see the result of all
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these isomorphisms:
R (X x SY) = b (X x SY, X x DY) @ h¥(X)
~ pk(X x D', X x §°) @ h*(X)
=~ pFH(X) @ hF(X)

This is the case in every degree k, but we can make this neater and describe the
whole graded abelian group at once. If z is some degree 1 object, then we can
consider the exterior algebra Ayz[z]|, which as a graded abelian group, has one
copy of Z in degree 0, one copy of Z in degree 1, and is trivial otherwise.

We can safely tensor with a single copy of Z and see that:

WX xSH=pr ' (X)eZaeh(X)eZ
=~ pFHX) @ Aj[2] @ BR(X) @ AY[]

= P rF i (X) @ Ay[]
i=0
Therefore

R*(X x SY) = h*(X) ® Aj[2]

Since T is the product of n copies of S!, the graded abelian group h*(X x T")
can similarly be described:

R*(X x T") =2 A*(X x T ! x §1)
=X x T @ Aj[2]

= h*(X) Q) Az =]
i=1
2R (X))@ Ag[z1, ey 20
where each z; is in degree 1. A

Naturally, by the homeomorphism pt x X = X, we have for any cohomology
theory that h*(T") = h*(pt) @ A}[z1, ..., Zn]-

Corollary 44. Let h* be a general cohomology theory and let h* be the corre-
sponding reduced cohomology theory defined by h*(X) := h*(X, pt), then for
any CW-complex X:

(X x T™) = h*(X) @ AY[21, ..., 2a] ® B*(X) @ Ab[z1, ..., 2]

where we define A%[zl,...,zn} = Aj[z1, .y 20)\AY[21, ..., 2] and each z; is in
degree 1.
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Proof. If we have a pointed topological space X with basepoint zo and D! a
closed, connected subset of S' containing a point zo we take to be the base point
of St, then we may say that (zg, zo) is the basepoint of X x S! and we have
a triple of pointed topological spaces (zg, z9) C X x D' C X x S! and so, as
shown by Hatcher [17], we can construct a long exact sequence:

. — hF(X x S', X x D') — h*(X x S

|

R¥(X x DY) — hF"1(X x S', X x D) — ...

where h(X) = h(X, pt).

Again, X x D' is homotopy equivalent to X and an identical argument to
previously ensures that h¥(X x S') — h*¥(X x D') is a surjection, thus this
long exact sequence splits and for each k:

0 —— h¥(X xS, X x D) —— hF(X x S!) —— h¥(X x D') —— 0
and the split gives us an isomorphism:
RF(X x S') = h*F(X) @ hF(X x S, X x DY)

Additionally, we have already determined that h*(X x S!, X x D) = p*1(X),
and so our isomorphism simplifies again:

RF(X x SY) = hF(X) @ hFH(X)
Once again we can write our isomorphism in terms of exterior algebras:

X xSH=pF(X)ozZoh Y(X)oZ
RF(X) @ AY[z] @ hFH(X) @ Aj[z]

where z is an element of degree 1.
Thus we have

h*(X x SY) =2 h*(X) @ AY[z] @ h*(X) @ Aj[2]

We need to make quick note of a ring isomorphism by describing its effect on

simple elements, let p(z1, ..., zp-1) = b121 + boze + .. + b1, . p1z1AAZy
be a general element of A%[z1, ..., Zp1]:
A A}[zn] ® Adlz1, ..., Zn_1] —>/~\2[zl7...7zn}

@AE[Zn] ® A%[Zl, ceny anl]
AnZn ® ao 53] (bO + bnzn) ®p(217 “’»anl) = apQnZn + bOp(Zlv cey anl)
+bnzn /\p(zlv'-'vzn—l)
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After which we can investigate products with an arbitrary torus:

(X x T™) 2 h*(X x T" N @ AY[z1] @ h* (X x T" 1) @ Aj[z]
=~ (R*(X x T"2) @ AY[20] @ h* (X x T""2) @ Aj[20]) @ AY[z1]
® (P*(X x T"?) © Az[z2]) ® Az[z]
= h*(X x T2 ® AZ[zl, 2]
@R (X x T %) @ (Ag[z2] ® Ap[z1] @ Af[z0] ® Af[1])
>~ p*(X x T 2) @ AY[21, 2] ® h* (X x T"2) @ Aj[z1, 20

1%

R*(X) @ AY[z1, ..y 2n] ® h*(X) @ A [21, ..., 2]
where each z; is in degree 1. A

With the homeomorphism T™ = pt x T™ and the obvious isomorphism h* (pt)
=~ (), we achieve the result 2*(T™) 2 h*(pt) @ A[z1, ..., za].

6.4.1 Compatibility with a Natural Transformation

Definition 34. A natural transformation of cohomology theories is a
natural transformation 7: h* — k* which in turn consists of a family of natural
transformations n™: h™ — k™ such that the required components commute with
the boundary maps i.e. for each n € Z, pairs of topological spaces (X, 4) and
(Y, B), and map of pairs ¢: (X, 4) — (Y, B):

n

h(Y, B) —225 k(Y, B) A (A) — A kn(A)
WJ{ O J}V th{ O J{dk
hn(Xa A) ? kn(Xa A) thrl(X’ A) T> kn+1(X7 A)
X,A Nx,A

Lemma 45. For any general cohomology theories h* and k*, natural trans-
formation of cohomology theories n: h* — k* and topological space X, the
cohomology of the product with a torus construction is compatible with the
natural transformation:

h*(X x T") — 2 k(X x T")

. . |

h*(X) @ A% [z1, ..., 20 —d E*(X) @ Aj[z1, ., 2n)

nx

Proof. The homeomorphism X x T" =2 X x T" ! x S! together with the
isomorphism A} [z1, ..., Zp-1] @ Af[z,] = A)[21, ..., 2, ] ensure that we can work
up to higher dimensional torii inductively once we have shown that the following
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diagram commutes:

h*(X x S1) —2 jr (X x S1)

. . =

h(X) @ Azl2] = k7(X) @ Azlz]

This diagram will commute if in turn, for each n:

n
Mx xs1

K (X x SY) k(X x S

| . =

AMX) & R L(X) —— k(X)) @ k"L(X)

nyony !
We will show that this is the case by examining some exact sequences.

The pair (X x S!, X x D) induces a long exact sequence in both h* and
k*, the natural transformation of cohomology theories gives us corresponding
components to connect the two sequences:

w3 AM(X xSY X x DY) s h?(X x St) » h*(X x DY) » h"TH(X xS, X x D) » ..
n?{xsl,XxDll O ";xsll Dn;xDll O ln;tlsl,xxDl
W EP(X xS, X x DY) 5 k(X x SY) 5 k(X x DY) 5 k"X xS, X x DY) 5 ...

1 being a natural transformation of cohomology theories ensures that every
square in this diagram commutes. The two squares contained within any given
degree commute as the horizontal maps are induced by the two inclusion maps
of pairs (X x S, ) — (X x S', X x DY) and (X x D', () — (X x S, 0) and
the vertical maps are components of a natural transformation, and the squares
between degrees commute as a natural transformation of cohomology theories
requires the relevant components to commute with the boundary maps.

The splitting of these long exact sequences comes from a map on spaces
which together with the fact that X x D! is homeomorphic to X allows us to
construct a sequence of commutative diagrams by ensuring that every square we
need to construct will still commute by the nature of a natural transformation
of cohomology theories, the excision isomorphism too comes from a homeomor-
phism and a inclusion of pairs and so for each n:

0 —— (X xDL X xS —— A*(X xS') —— (X)) —— 0
n;xDl,Xx§0l (] ";xsll (] J{n;(
0 —— k(X x D', X xS —— F*(X xS —— k(X)) —— 0
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which ensures that the following diagram is commutative:

(X x SY) —=— h"(X) @ h"(X x D', X x S)
";L(xgll ([l lnyf@n;xDl,XxSo
k(X x S') —— k"(X) ® k"(X x D', X x §°)

Thus all we must do is show that the following diagram holds:

(X x DY, X x %) —— hn1(X)
n;L(xDl,X xsol O ln;_l
E"(X x DY, X x SY) — k" H(X)
We can start by investigating the long exact sequences of the pair (X x D!, X
x SY), again connected by components of our natural transformation of coho-
mology theories:
w3 AM(X x DY X xS%) 5 hn(X x DY) » h*(X x S°) » hnTH(X x DY, X x S°)
”?{xol,xmol (] ";L(xDll | ”;L(xsol 0 ln;tlnl,xxso
> EM(X x DY X xS%) 5 k"X x DY) 5 k"X x S%) » k"THX x DY, X x S°) -
Once again the split is induced by a map of spaces and so we achieve a sequence
of commutative diagrams:
0 —— A(X x DY) —— h"(X x$§°) —— A" TH (X x D}, X xSY) —— 0

”;L(xDll (] n;xgol d l”;:xlpl,Xst
0 —— k(X x D) —— k(X xS§%) —— k"X x D}, X xSY) —— 0

Again, homeomorphisms will generate commutative squares so additionally, the
additivity isomoprhism will make a commutative square and, with an extra
bit of homological algebra and diagram chasing, every square in the following
diagram will commute:

0 — h™(X x DY) —>h"X><S° hHL(X x DY, X x S%) ——— 0

% EBh” X) J h(X) — 0
0 — k"(X x DY) % (X x SY) E"HH(X x DY, X x SY) 0

0 —mM "(X) ——— k:”( )@ k;”( ) E"(X) — 0
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and the diagram we require is the rightmost vertical parallelogram.
Therefore all our previous diagrams do indeed commute and we achieve the
result that:

R*(X x T) — 1 (X x T™)

. . =

h*(X) @ A% 21, ..., 20 P E*(X) @ Ajlz1, -, 2n)
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7 Monoidal Categories and Exponential Functors

7.1 Monoidal Categories

Monoidal categories were first introduced under different names independently
by Bénabou and MacLane. The following definition is derived from the work of
Kelly [20] who paired down the coherence conditions of MacLane’s definition to
just the pentagon and triangle identities.

Definition 35. A monoidal category is a category ¥ equipped with a monoidal
structure which consists of:

e a bifunctor o: ¥ x ¥ — % called the monoidal product
e an object I called the unit object

e natural isomorphisms «, A and p called the associator, and the left and
right unitors respectively which together express that up to isomorphism:

e o is associative, o has components a4 g ¢: Ao(BoC) — (AoB)oC

e o has [ as a left and right identity, A and p have respective compo-
nents Ag: [oA — A, and pa: Aol — A

e coherence conditions on «, A and p requiring that the following diagrams

commute:
AO(BO(COD)SI%D(AOB)O(COD)O[%D((AOB)OC)OD
lidAOO‘B,C,D O O‘A,B,COidDT
Ao((BoC)oD) e (A0 (BoC))oD
Ao (IoB) TALE (Aol)oB
_ \ O /
idgoAp ppcidp
AoB

A strict monoidal category is a monoidal category where the associator and
unitors are identities.

The coherence conditions are satisfied automatically in a strict monoidal
category.

7.1.1 Examples of Monoidal Categories

Consider the category €' that has as objects the set N and collections of mor-
phisms as follows:
U(n), n=m

Homig (n,m) = {@ else

Where U(0) is defined to be the trivial group.
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We may equip this category with a monoidal structure consisting of a bi-
functor ®: € x €g — € that maps pairs of objects (n, m) to the object
n+m, and maps pairs of morphisms (A4, B) where A € U(n), B € U(m) to the
morphism diag(A, B) € U(n+m). 0 is the unit object, and the associator and
unitors are identities.

Now consider the category %' that has as objects the set N and collections
of morphisms as follows:

Uu(CHen), n=m
Home, (n,m) = {(Z), olse
We may equip this category with a monoidal structure consisting of a bifunctor
®: €5 X €g — €g that maps pairs of objects (n, m) again to the object n+m,
and maps pairs of morphisms (4, B) where A € U((C?)®"), B € U((C%)®™)
to the morphism A®B € U((C%)®(™tm)). Again 0 is the unit object, and the
associator and unitors are identities.

7.1.2 Geometric Realisation of the Nerve of Monoidal Categories

As with any category we can construct a topological space |N(%)| for any
monoidal category %, the difference here is that the monoidal structure on ¢
imbues |N(%)| with the structure of a monoid. Then, since |N (%) is a monoid,
there exists a category with one object and collection of morphisms |N(%)| with
composition of morphisms defined as in the monoid, and the geometric reali-
sation of the nerve of that category can be taken and will be a model for the
classifying space of |[N(%)].

Let us attempt this on the monoidal categories we have already described.

For i € N, let ¥g; be the category with one object and collection of mor-
phisms U(7). By inspection we can see that @ is the coproduct of all of these
categories:

G = [[oir andso [N(Ge)| = IN([[Cai)l = [T IN(Gen)]

i=0 =0 =0

Since each €g; is a category with one object and morphism space U(7), we
know that |[N(€a.:)| = B(U(i)), the classifying space of the topological group
U(4). Therefore:

oo
IN(%e)| = [ BUG)
i=0
Since we have the structure of a moniod on |N(%g)|, we can again construct
it’s classifying space:

B(IN(€e)l) = B(HBU(Z'))
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We would like to construct a space X such that m;(X) = m;( B(|N(%g)|) for i
>2,and m(X) =0
There is a monoid homomorphism:

w: [[BUG) = N
=0

given by w(FE) = n for E € BU(n), since constructing classifying spaces is a
functor, this map induces a group homomorphism:

Buw : B(]O_o[ BU(i)) — B(N)

The homotopy fibre of this map Bw will be denoted BBUg.

Lemma 46. BBUyg is such that m;(BBUg) = m;(B(|N(%g)|) for i > 2 and
Wl(BBU@) =0

Proof. The group homomorphism Bw induces a fibration Bw: EBUg — BN
with fibre BBUg where

EBUg := {(a,p) |a € B(H BU(%)), p:[0,1] = B(N) such that p(0) = Bw(a)}
=0

BBUg ~ {(a,p) € EBUg | Bw(a,p) = p(1) = by for some by € B(N)}

Naturally there is an inclusion «: BBUg — EBUg, but there is also an inclusion

7: QB(N) — BBUg since QB(N) = {(a, p) € BBUg | Bw(a) = p(0) = p(1) =

bo where by is the basepoint of B(N)}

Together with Bw, ¢ and 7 induce a long exact sequence of topological spaces
which in turn induces a long exact sequence of homotopy groups:

oo = 41 (B(N)) = m(BBUg) — 1, (EBUg) — 7, (B(N)) = m,_1(BBUg) — ...

There is a canonical injection:
o
¢: B(][ BU(i)) - EBUg
i=0

at— (aa CBw(a))

where cpy,(q) is the constant path at Bw(a).
There is a deformation retract of EBUg onto Im(¢) given by:

H:EBUg x I — EBUg
((a’vp)at) = (a’7pt)

where py: I — B(N) is given by pi(s) = p(s(1 - t)).
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H is indeed a homotopy retract since H((a, p), 0) = (a, po) = (a, p) as
po(s) = p(s) Vs el H((a, p), 1) = (a, p1) € Im(¢) as p1(s) = p(0) Vs e[
SO0 P1 = CBw(a)> and for (av CBw(a)) € Im(¢)’ H((CL, CBw(a))v 1) - (a7 CBUJ(G)I)
- (aa CBw(a)) as CBw(a)1(5) - CBw(a)(O) - Bw(a’) - CBw(a)(s) Vsel

Thus since a homotopy retract is a particular case of homotopy equivalence,
EBUyg is homotopy equivalent to Im(¢) and since ¢ is an injection, Im(¢) is
isomorphic to B(|N(%g)|), therefore 7 (B(|N(€g)|)) = mx(EBUg) V k.

Additionally, we know

mw(B(N)) = [§*, B(N)]
= [$*~, QB(N)]
— [S*1, 7]
T—1(Z)

[z, k=1

N 0, else
Therefore 7, (BBUg) 2 7, (B(|N(%g)|)) for £ > 2 and we are left with only a
small section of the long exact sequence to untangle:

0 = m(BBUg) = m(B(IN(%5)])) = m(B(N)) = m0(BBUg) = mo(B(IN(¢a)])) — 0

The map 71 (Bw): m1(B(|N(%g)|)) = m1(B(N)) is an isomorphism as it fits into
the following commutative diagram:

o

T (B(IN(%e)]) —— m(B(N(%s)))) —— mo(BU X Z) —— Z

’”(B“)l 0 l 0 l . Jidz

m1(B(N)) ———=—— m(QB(N)) = m0(Z) — Z

Therefore, 71 (BBUg) = 0 and mo(BBUg) = m (B(|N(%s)])) = 0.
Thus BBUyg, is exactly as we require. A

Definition 36. Let X; for i € N be objects in some category ¢ and f; €
Homg (X ;, X, ;1) be a sequence of composable morphisms.

If ¥ is a category where the objects are topological spaces perhaps with addi-
tional algebraic structure, and the morphisms are continuous homomorphisms,
the colimit of the sequence Xg — X; — ... X, — ... is the object of €
colim(Xo — X1 — ... X,, — ...) defined as follows:

colim(Xo = X1 — ... = Xp — ..) == ([ X3)/ ~
=0

where for p € X;, ¢ € X, p ~ ¢ if fra(...(fs(p))-..) = fra(..(f;(q))...) € X
for some k > i,j.
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the homotopy colimit of Xy — X; — ... X, — ... is the object ho-
colim(Xo — X1 — ... X,, — ...) defined as follows:

hocolim(Xg — X1 — ... = X,, —» ..) = (]O_o[(Xl X [i,i+1]))/ ~
i=0

where for z € X, (z, i+1) ~ (fi(x), i+1).

Lemma 47. If X — X1 — ... = X,, — ... is a sequence of topological spaces
potentially with additional algebraic structures and appropriate continuous ho-
momorphisms, then hocolim(X¢o — X1 — ... = X, — ...) and hocolim(X; —
Xo — ... = X, — ...) are homotopy equivalent.

Proof. Let us make definitions Hg := hocolim(Xg — X1 = ... = X, = ...)
and Hq := hocolim(X1 — X9 — ... = X, — ...). We need to find continuous
maps f: Hyp — H; and g: H; — Hg such that ¢g o f is homotopic to idy, and
f o g is homotopic to idy, .

If we take H as it is and simply translate H; by one unit interval we may
write:

Hy = (J (X3 x [i,i + 1))/ ~ Hy 2= ([0 x [ii+ 1))/ ~
i=0 i=1
where for z € X, (x, i+1) ~ (f;(z), i+1) for all 4.
Let g: Hy — Hg simply be the inclusion [z, t] — [z, t] and let f: Hy — Hy
be defined as follows:

[f0($)7 1}7 VS XOa
x,t, else

f([z, 1)) = {

f is continuous as [z, 1| = [fo(z), 1] for z € X by the equivalence relation.

(f o 9)([z,t]) = f([z,t]) = [z,t] since x ¢ X, therefore f o g is equal to idg,
let alone homotopy equivalent.

The composition g o f however, maps as follows:

[fO(x)a 1]’ (S X07
[z, ], else

(g0 f)([x,t]) == {

We need to describe a homotopy between idg, and g o f. Let H: Hy x [0,1] —
H be defined as follows:

[z, t+ (1 —1)s], x€ Xy,

[x, 1], else

H([x,t],s) :—{

Then H(|z,t],0) = [z,¢] and H(|z,t],1) = (g o f)(|z,t]) since |z,1] = [fo(z),1] for
z € Xy, therefore H is a homotopy from idg, to g o f, and thus Hy and H; are
homotopy equivalent. A
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Corollary 48. If Xg - X; — ... = X,, — ... is a sequence of topological
spaces, then hocolim(Xg — X1 — ... = X, — ...) and hocolim(X — X1
— ... = X, — ...) are homotopy equivalent for all k£ € N.

Proof. Let H; := hocolim(X; = X;11 — ... = X, — ...). We have already
proven that Hg is homotopy equivalent to H;. By a simple relabelling ¥; =
Xiy;and gj = foojforjeN, Yo=Y, = ... = Y, — ... is a sequence
of algebraic structures and appropriate homomorphisms and therefore we know
that H; = hocolim(Yo — Y1 — ... = Y, — ...) is homotopy equivalent to
Hii1 = hocolim(Yy - Yy — ... > Y, = ..) foralli e N.

Therefore, via the homotopy equivalences to all homotopy colimits in be-
tween, Hg is homotopy equivalent to H for all £ € N. A

Lemma 49. If Xy - X; — ... — X,, — ... is a sequence of CW-complexes
and continuous maps, such that f,(X;) is a subcomplex of X ;.1 for all i, then
hocolim(Xo — X1 — ... =» X,, — ...) is homotopy equivalent to colim(Xo —
X1 = .. =X, — ).

Proof. Let us write H := hocolim(Xg — X1 — ... = X, — ...) and C :=
colim(Xo - X1 — ... —» X, — ...). We again need to find two continuous
maps f: H — C and g: C — H where g o f is homotopic to idyg and f o g is
homotopic to id¢.

There is a simple map f: H — C where f([z,t]) = [z]. f is well defined since
[, i+1] = [f:(x), i+1] for every & € X; in H, but we clearly have [z] = [f;(z)]
in C so f is indeed well defined.

A map g: C — H is trickier to produce. A

Consider the inclusion maps ¢: U(n) — U(n+1) given by «(X) = diag(X, 1)
and then the sequence U(0) — U(1) — ... = U(n) < ...

Let U := colim(U(0) — U(1) < ... = U(n) < ...). Since each U(n) is a
group and the colimit is a construction by use of homomorphisms, U is also a
group and thus B(U) can be constructed.

The inclusion maps ¢,: U(n) — U(n+1) will induce maps between classifying
spaces B(t,): BU(n) — BU(n+1) since B: Mon — Top is a covariant functor.

Lemma 50. BU = colim(BU(0) - BU(1) — ... - BU(n) — ...)
Proof. A

We can therefore describe a monoid homomorphism:

I1 B : [] BU(m) - [ BU(n)
n=0 n=0 n=0

and from repeated application of this homomorphism we obtain a sequence and
thus we can construct that sequence’s homotopy colimit H:

H := hocolim(] [ BU(n) = [] BU(n) = ...) = (JT(]] BU(®))x[i,i+1]))/ ~
n=0 n=0 =0 n=0
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where for z € [[72,BU(j), (2, i+1) ~ (1172 B(¢;)(2), i+1), or equivalently, for
y € BU(n), (y, i+1) ~ (B(tn)(y), i+1) for all 4 € N.
The nature of the disjoint union allows us to rearrange H:

oo o0

H=(J(]] BUM) x [i,i+1]))/ ~
=0 n=0
= ([T (I BUG) x [m+5,m+5+1)u [[(J]BUMn+i) x [i,i+1]))/ ~
m=0 j=0 n=1 =0

= IO_O[ hocolim(BU(0) — BU(1) — ...) U ﬁ hocolim(BU(n) — BU(n+1) — ...)

m=0 n=1

~ [ hocolim(BU(0) = BU(1) — ...)
nez

~ [ colim(BU(0) - BU(1) = ..) ~ [ BU=BU x Z
nez nez

By the Group Completion Theorem [25]:
B(][ BU(i)) ~ B(BU x Z)
i=0

and by Harris [16]:
B(J[BUG)) ~U
i=0

Now for i € N, let ¥g; be the category with one object and collection of
morphisms U((C4)®?).
As before, € is the disjoint union of all of these categories and so:

IN(€o)| = IN(TT €ei)l = [T IN(€x0)l = [T BU(CH®)
i=0 i=0 i=0

The monoidal structure of € induces a moniod structure on |N (% )| and thus
we may construct B(|N(%g)|)

As in the case with @, we would like to find a space X such that m;(X) =
i (B(|N(€g)|)) for i > 2, and m(X) = 0.

Luckily, the same process as before works identically! There is a monoid
homomorphism:

¢ [ BU(CH®) - N
i=0

given by ¥(E) = n for E € BU((C%)®"), and again, the classifying space con-
struction functor induces a group homomorphism:

By : B(BU((C!)®")) = B(N)
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The homotopy fibre of this map will be denoted BBU®[5], and has the desired
properties as the codomain of Bt is B(N) exactly as was the case when we
defined BBUg.

For some fixed integer d, consider the map .d: Z — Z given by z — z.d and
then the sequence Z - 7Z — ... - 7 — ...

collim(Z =7 — ... > Z — ..) =H{

ISHRS]

1
|p€Z, q=d, keN}=Z[Z]CcQ

Similarly, for some fixed integer d, let us consider the map (-) ® I;: U((C?)®?)
— U((CH2E+D) given by A + A ® I, the Kronecker product, and then the
sequence U((C1H)®0) — U((CH®) — ... — ... U((CH®") — ...

We will make the following definition:

1
U] = colim(U((CH)®%) — U((CH®!) - ... = .. U(CH®") = ..)
Again, since each U((C%)®") is a group and the colimit uses homomorphisms
in its construction, U[] is also a group and BU[}] can be constructed.
Analogously to the case of €, by the Group Completion Theorem [25]:

B(N(%s))) ]_[ BU((CH®)) ~ B(BU[%] x 7)

=0

and by Harris [16]:

B[] BU(E)®) ~ Ul

=0

7.1.3 Strict Symmetric Monoidal Categories

Definition 37. A braided monoidal category, as introduced by Joyal and
Street [19], is a monoidal category % together with a natural isomorphism S
called the braiding with components 54 p: AoB — BoA satisfying a further
pair of coherence conditions:

Ao (BoC) 225 (Ao B)oC 2225 0o (Ao B)
idAoﬂB’cl D J/QC,A,B
Ao (CoB) zro3 (AOC)OB)ﬁWB(COA)

(AoB)oC ﬂ Ao(Bo(C) — fa.mog (BoC)o A

,BA,BOidCl O lag,lc,A

(BOA)OCﬁBO(AOC)ﬁcBO(COA)
Ap.a,c 1éBoPa,
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A symmetric monoidal category is a braided monoidal category such
that the braiding satisfies 84, 5 - f5,4 = idaop for all objects A, B. In this case,
the two additional coherence conditions imply one another.

A strict symmetric monoidal category is a symmetric monoidal cate-
gory where the associator and unitors are identities, that is a symmetric monoidal
category that is also a strict monoidal category.

We have already seen that €5 and %y are strict monoidal categories, to
show they are strict symmetric monoidal categories all we must do is describe
the braidings.

For each pair of objects n, m € ob%g we must find a unitary linear trans-
formation 3, ,,, € Home, (n@®m, m@n) such that By, m © fmn = idpgm, and for
every pair of morphisms A € U(n), B € U(m), the following diagram commutes:

n@mMm@n

A@BJ{ O J{B@A

n@m?m@n

For any morphism X € U(n+m) let us define:

o I, 0 I,
= (2 55) (2 5)
where 0 is the nxm or mXxn zero matrix as appropriate.
For A € U(n), B € U(m), this results in the following equation:

Brn,m(diag(A, B)) = diag(B, A)

For each pair of objects n, m € ob%g we must find a unitary linear trans-
formation f,,, € Home, (n®@m, m®n) such that 8, m © fm.n = idpgm, and
for every pair of morphisms A € U((C%)®"), B € U((C4)®™), the following
diagram commutes:

nem 2" men
A®BJ O lB@A
nYm T> me®n
In this case B, ,, is a unitary linear transformation 3, ,,,: (C%)@(+m) — (Cd)®n+m)
defined as follows for v;, w; € Clfor1 <i<m1<j<m:

Brm(Vi® ... @ . .V @Wi Q.. QWp) =W ®..0 . Wp VI Q.0 V,
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7.2 Exponential Functors

Definition 38. Let ¥ and 2 be monoidal categories. A monoidal functor
as described by MacLane [22] is a functor F': € — 2 together with a natural
transformation ¢ with components ¢4 p: FA op FB — F(A oy B) and a
morphism ¢: [ — F(I¢) which are such that the following diagrams commute:

FAo g(FBo oFC) 2 (F A6 ,FB) o yFC

idFAOQQsB,Cl lqu’Bo_@ich
FAOQF(BO%C) O F(AO%B)O@FC
¢A,Bo%cl ldeo%B,C

F(Aog(BowC)) j—— F((AoeB)o«C)

id g o9 ogpid
FAogly P22 0 Ao o F (1) I90gFB 2 BBp(1,) 0, FB
/’FA\L O l‘ﬁA,I% and )\FB\L O Lﬁj_@,g
FATF(AO(KI‘K) FBTF(I(KO(KB)

A monoidal functor is called a strong monoidal functor if the components of
¢ and v are all isomorphisms, or a strict monoidal functor if the components
of ¢ and v are all the appropriate identity morphisms. An exponential functor
where the components of ¢ and 1 are not all isomorphisms is called a lax
monoidal functor

Definition 39. Let Vecty be the category whose objects are vector spaces over
the field k and morphisms are linear maps. This category will be donoted Vect
when the field k is understood or arbitrary.

An exponential functor [29] is a monoidal functor F: Vect — Vect that
preserves adjoints (i.e. F(A*) = F(A4)*) such that for any vector spaces V and
W, ¢y w: F(VEW) — F(V)QF (W) is a natural isomorphism.

7.2.1 The Determinant

Let Vect("cSO be the category with complex vector spaces as objects and linear
automorphisms as the only morphisms.

As each morphism of Vect(icSO can be given as a square matrix, let us deter-
mine whether the determinant is an exponential functor.

Let det: Vect%cSO — Vect(icSO map every object to the vector space C and
every morphism A to det(A), then for any two vector spaces V and W we have
det(VoW) = C and det(V)®@det(W) = C ® C = C so the required isomor-
phism has the potential to exist. On morphisms, since A®B = diag(A,B) and
det(diag(A,B)) = det(A)det(B), the isomorphism is given as ¢: C @ C —» C
where ¢(a ® ) = af, thus the determinant is an exponential functor.
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The determinant gives us a clue towards another family of exponential func-
tors.

Any nxn square matrix A is a linear transformation A: V — V for some
n dimensional vector space V with basis {vy, ..., v,,}, and thus induces a map
A"(A): A™(V) — A™(V) given by A™(A)(viA..Av,) = AviA..AAv,. Since
A™(V) is a 1 dimensional vector space, AviA..AAv, = AviA..Av,, for some
constant A and it so happens that A = det(A).

7.2.2 The Direct Sum of Exterior Powers

For any two vector spaces V and W, there is an isomorphism for each £ € N

AR VeW) 5 @ A(V) @ A(W)
i+j=k

Each A¥ can be shown to be an isomorphism by considering what happens on
the basis elements. If V has basis {vy, ..., v,,} and W has basis {wq, ..., w,, }
then VW has basis {(v1,0), ..., (v,0), (0,w1), ..., (0,w,,)}, A%(V) has basis
elements of the form v,, A...Av,, where p, < p, for z < y, A7(W) has basis
elements of the form w, A...Aw,, where g, < g, for z < y and thus A*(VOW)
has basis elements of the form (v, ,0)A...A(vp,,0)A(0,wg, )A...A(0,w,,) where
i+j=k, and p, < py & g, < ¢y for z < y, and @iﬂ:k A" (V)® A?(W) has

basis elements of the form (0, ..., v, AL AV, @Wo AL AW, ...y 0).
Clearly if A* maps each basis element (v, ,0)A...A(Vp,,0)A(0,w 4, )A..A(0,Wy,)
to the basis element (0, ..., vy, A... AV, @W g, Ao AW, ..., 0), then each A* must

be an isomorphism as only (0,0)A...A(0,0) can map to (0, ..., 0) and, as we will
demonstrate, the domain and codomain are vector spaces of the same dimension.
dim(V) = n and dim(W) = m so dim(V®&W) = n+m and

dim(AF(V & W) = (” z m>

@ w0 0w =3 (1),

i+j=k 1=0

n+m b n m
d =
g ( -2 062
which is a relabelling of the Chu-Vandermonde identity.
However, we have not yet described an exponential functor as A*(VBW) is

not isomorphic to A¥(V) @ A¥(W).
Instead let us consider the functor F: Vect — Vect defined as follows:

V) = Arv)
k=0
F (V) is finite dimensional as A*(V) = 0 for k& > dim(V).
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We must show that for any vector spaces V and W we have a natural iso-
morphism ¢v,w F(VOW) — F(V)QF(W).

F(V)® F(W) = é A(V)® é A (W
i=0 j=0

= é AY(V) @ M (W)
k=0 i+j=k

= @ A¥(V @ W), by the isomorphisms \*
k=0
=F(VaWw)

7.2.3 Modification to the Direct Sum of Exterior Powers

Consider the functor G: Vect — Vect defined as follows for some fixed d:

o0

@ ®k®Ak )

k=0

Again, we can show that for any two vector spaces V and W, there is a natural
isomorphism v w: G(VOW) — G(V)@G(W)

G(V)®GW) = (é(cd)@”’ ® ANV é CH®7 @ A (W))
0 7=0

T (CHZ @ AY(V) @ (CHP @ A(W)
0

EYp

s
I
=)

J

(CHEE) @ AY(V) @ A (W)
k

P

=~
I
=3

i+j

CH* e P A(V)® A (W)
i+j=k

P

£
I
=

(CH®k @ A¥(V @ W), by the isomorphisms \*

P

I
Qf
o

(Vaw)
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7.3 The Effect of Exponential Functors on Vector Bundles

Let p: E — X be a vector bundle with fibre V and let F': ¥g — % be an
exponential functor between the categories €q, and ¢’ as described previously.

Let us write B€g = |N(¢¢)| and B€g = |[N(€w)|, then [X, B ], the
set of homotopy classes of maps from X to B%g is in bijection with the set
of isomorphism classes of vector bundles over X, and similarly, [X, B¢ g] is in
bijection with the set of isomorphism classes of rank d™ vector bundles over X
for some n and fixed d € N.

Since the nerve and geometric realisation act functorially, ' induces a map
BF: B€g — B%g which in turn induces a map BFo -: [X, B€g| — |X, B€g|
and thus for any vector bundle over X we can construct another vector bundle
over X by means of any exponential functor. Essentially, for any vector bundle
p: E — X, this map sends each fibre p*(z) for z € X, to F(p!(z)). Let us see
how the total space F is transformed by this map.

Let the vector bundle p: E — X have fibre V. For each z € X, 3 an open
neighbourhood U C X of z such that 3 a homeomorphism ¢: E|y — U x V
such that:

E|U—>U><V

Let I be an indexing subset of X so that the open neighbourhoods as described
above U, for 1 € I C X form a cover of X, let ¢; be the corresponding homeo-
morphism for each 1.

The map 7 below is a clear trivial vector bundle which can clearly be trans-
formed by the exponential functor F':

W:H(UiXV)%HUi

i€l el

There are also equivalence relations to compare 7 with p:

HieI(Ui x V) —E B

a p

[Lie,Ui —x— X

where, for (i, 2), (i, 9) € [L,e; Us, (i @) ~x (G y) iff & = y, and for (i, @, v),
(j, Y, W) € Hie](Ui X V), (i= Z, V) ~E (]u Y, W) iff z =y and (¢jo¢i_1)(w7 V)
= (z, w).

pjop;t: (U; N U;) x V— (U; N Uj) x V is a homeomorphism such that
(pj00: ) (z, v) = (2, ¢si(z)v) where ¢ji: U; N U; — U(V). Tt is clear that this
homeomorphism can be written in this form as the ¢ homeomorphisms take our
point (z, v) into and out of the fibre over z and both must respect projection
to the first component. In addition, since this is a homeomorphism, there is
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a unitary matrix based on z, ¢j;(z) that under this homeomorphism, linearly
transforms the fibre V.

It is clear that ~ x is an equivalence relation since equality of the first entries
is an equivalence relation. However, we must check that ~g is an equivalence
relation too.

Reflexivity: (i, z, v) ~g (i, 7, v) iff z = z and (¢;00;1)(z, v) = (7, V).
These conditions hold as ¢; is a homeomorphism and thus composing with it’s
inverse is equal to the appropriate identity. We have ¢i; = L gk (v)-

Transitivity: if (4, z, v) ~g (J, y, w) and (j, y, w) ~g (k, 2, u) then (i, z, v)
~g (k, 2, ), true iff z = 2z and (¢prog;)(z, v) = (z u).

We know that £ = y and y = 2z so x = z since equality is an equivalence
relation. We also know that (¢jo¢;)(z, v) = (y, w) and (¢00; ) (y, w) = (2,
u) so (¢od; ) ((¢500i")(2, v)) = (2 u) thus (¢rod; o0 ")(z, v) = (2 u)
and since ¢; is a homeomorphism we have (¢zo¢;!)(z, v) = (2 u) as required.
We have ¢p;0; = dpi.

Symmetry: if (i, 2, v) ~g (j, y, w) then (j, y, w) ~g (4, z, v), true iff y =
2 and (¢,00,)(y. W) — (x. V).

Clearly if x = y then y = z since equality is an equivalence relation, the
second condition follows from reflexivity and transitivity. We would like to show

that (¢;00;)((piog;™)(z, v) = (z, v) and so:

(¢5 00 )(di 0 ¢ )(@,v)) = (95 0 ¢ ) (w0, pi5v)
= (x, i Pi5V)

by transitivity, we have ¢ji¢;; = ¢j; and by reflexivity ¢j; = Lgnr(v) and we
achieve the required result.

Let us finally apply our exponential functor F' and use this information to
construct a new total space for a vector bundle over X.

We can imediately apply F' to 7 to obtain a vector bundle

F(r): Wi x FV) = [ Us

icl el

Lets see if we can’t apply an equivalence relation on this vector bundle to
obtain a vector bundle over X we can call F(p).

For brevity, let us write ¢;; 1= F(¢4)

For (i, 2, v), (j, ¥, W) € [[;c;(Us x F(V)) we will construct an equivalence
relation ~ where (4, z, v) ~ (4, y, w) iff z = y and ¢ (z)v = w.

The functoriality of F' ensures that ~ is an equivalence relation:

Reflexivity: (i, @, v) ~ (4, @, v) as ¢ = z and ¢ (2)v = F(¢u)(z)v =
F(Hrank(V))V - Hrank(F(V))V = V.

Transitivity: if (4, 2, v) ~ (4, y, w) and (j, y, w) ~ (k, z,u) then z = y = 2
= 1z = z since equality is an equivalence relation and ¥4 (15 (7)v) = u and
Vi () (Vi (2)V) = (Y () 005i (2)) v = (F(¢wj (z))o F(ji(2))v = F(¢rj(x)00ji())v

= F(¢ri(2))v = ¢Ypi(z)v and so Yy (x)v = uso (i, z, v) ~ (k, 2, u) as required.
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Symmetry: if (i, 2, v) ~ (j, y, w) then (4, y, w) ~ (i, 2, v) as z = y =
y = z and since ¥y (2)v = w, ¥;;(z)o)y(z)v = 9y (x)v by transitivity and
Vii(2)V = Ligpk(r(vy)v = V as required by reflexivity.

Then we have a vector bundle over X with fibre F(V) we can call F(p):

Fp): (JJ(W:x F(V)))/ ~ = X

i€l
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8 Segal’s Category and I'-spaces

The aim of this chapter is to ensure that we can construct cohomology theories
from strict symmetric monoidal categories. We need to enlist the help of a
strange but useful category introduced, unsurprisingly, by Segal in Categories
and Cohomology Theories [32].

Definition 40. Segal’s category is a category I', but for our purposes it
will be more beneficial to describe the opposite category I'°P whose objects are
pointed sets of the form [n]* = {0, 1, ..., n} for n € N where 0 is the basepoint
and morphisms are pointed maps f: [n]* — [m]* such that f(0) = 0.

A T-set is a covariant functor X: I'°P? — Set™* such that X ([0]*) is isomorphic
to [0]* and X ([n]*) is isomorphic to X ([1|*)", a I'-space is a covariant functor
Y: I'°? — Top* such that Y ([0]*) is homotopy equivalent to A® and Y (|n]*)
is homotopy equivalent to Y ([1]*)", and a I'-category is a covariant functor
Z: T°" — Cat* such that Z([0]*) is equivalent to [0] and Z([n]*) is equivalent
to Z([1]*)™.

In addition there is a contravariant functor A — I'°? that sends each object
[n] to [n]* as one would expect, and sends each order preserving map f: [n] —
[m], to the pointed map f*: [m|* — [n]* defined as follows:

iy {min{j el fG) =i, f7'@)#0
fr(i) =
0, else

f* is pointed as either f(0) = 0, in which case 0 € f(0) and must be the
minimum, or f(0) > 0, and thus f(i) > 0 since f is order preserving, and thus
171(0) = 0, therefore we must have f*(0) = 0 in both cases.

The morphisms of A are generated by the monomorphisms 6™ and the
epimorphisms ¢™?, we can easily describe the images of these morphisms by
our contravariant functor A — I'°P.

The monomorphisms §™%: |n-1] — [n] such that (™) (i) = 0 are sent to
pointed maps 4, ;: [n]* — [n-1]* given by:

s J<i
On,i(J) = {0, J=1
J=1 g>i

The epimorphisms o™ [n+1] — [n]| such that |[(¢™%)!(i)| = 2 are sent to
pointed maps o, ;: [n]* — [n+1]* given by:

n,t - . . .
’ j+1, >4

If X is an established I'-set, I'-space or I'-category, we will say the simplicial
set, space, or category X, to mean the functor X precomposed with this
functor A — T'°P.
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Lemma 51. If X is a -space, then the functors X, defined as X, (|m|*) =
X ([m]* v [n]*) and BX defined as BX ([n]*) = |X,,| are also I'-spaces.

Proof. It must be shown that X/, (|0]*) is homotopy equivalent to A® and X, ([m]*)
is homotopy equivalent to X, ([1]*)™ V n € N.

[n]* V [m]* = ([n]* x [m]|*)/~ where (i, 0) ~ (0, 0) ~ (0, j), for all ¢ € [n]*,
J € [m|* therefore [n|* V [m]* = [nm|*

For all n € N X, ([0]*) = X ([0]* V [n]*) = X ([0]*) ~ A" since X is a ['-space
thus the first requirement holds.

X;lg[m]*) = X([m]* V [n]*) = X ([mn]*) =~ X ([1]*)™" since X is a I'-space,
and X, ([1)™ = X(UP* v [nl)™ = X(n])™ = (X(1F)™)" = X([1p)™
therefore the second requlrement holds and thus X,, is a I'-space V n e N.

Now for BX. BX ([0]*) = \X0| where X, is the simplicial space X;. We must
first investigate the D-space X,. For n € N, X, ([n]*) = X ([n]* V [0]*) = X ([0]*)
~ AY. For any f: [n]* — [m]*, we have:
Xolf)

’

Xo([n]") === Xo([m]*)

1 o |

X(01") g X(101Y)

IR

1
b4

AO N AO
id o0

That is, each Xé(f) is homotopic to id o
As a simplicial space X, also sends each object [n] of A to X ([0]¥) ~ A°
and each morphism f: [n] — [m] to a map homotopic to ido

X, = HXO ) x AY)/
gﬂX )X A/ ~

~ (H A% x A%/
i=0
~ A% x A°
=~ A°
Thus BX ([0]*) = |X | ~ A° as required
BX ([n]*) = | X,,| where X, is the simplicial space X, we would like to show

that this space is homotopy equivalent to BX ([1]*)™ = |X 1| where X is the
simplicial space X; [13] A
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8.1 Constructing a I'-category from a Strict Symmetric
Monoidal Category

Definition 41. Based on notes by Freed [13], if € is a strict symmetric monoidal
category, let us construct a covariant functor €7: T'°P? — Cat*, where € (|n|*)
is defined to be the category with objects (¢, p) where ¢: P([n]*)* — ob¥ is an
assignment to an object of ¢ for every pointed subset of [n|* and p is a natural
transformation with components that are isomorphisms pp g: ¢(P) ® ¢(Q) —
c¢(PV Q) for P, @ C [n]* such that P N @ = {0}, and morphisms f: (¢, p) —
(¢’, p’) are a set of morphisms {f g € Hom¢ (c(R), ¢’(R)) | R C [n]*} such that
for P N @ = {0} the following diagram commutes:

o(P) @ c(Q) 2% ¢(PV Q)

fP®fQJ/ O lvaQ
d(P)®d(Q) TQ) d(PVQ)

we further require that for all objects (¢, p) of any of the categories €™ ([n]*):
e ¢({0}) = I, the unit object of ¥,

e the isomorphism pyoy p: ¢({0}) ® ¢(P) — ¢({0} vV P) must be equal to
id.(py for all pointed subsets P C [n]*

e for P, @, R C [n]* such that P N @ N R = {0}, the following diagrams

must commute:

o(P) @ ¢(Q) P (@) ® e(P)
c(PVQ)
(P) @ c(Q) ® (B 2ES P v Q) @ o(R)
idc(P)@PQ,RJ/ 0O lvaQ‘R
co(P)®c(QVR) o c(PVQVR)

If Home (I, I) is not a group under composition of morphisms, then we further
need to require that for all morphisms f in any of the categories €' ([n]*), f {0}
= id;. If Home (I, I) is a group under composition of morphisms, then this
condition is met automatically since we require ff%% = froy © foy = f{oy and
if f{0y is an isomorphism then we have:

froy o froy f{?ﬁ = fioy © f{Bl}
Jroy =idg
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The identity morphism of an object (¢, p) in €*([n]*) is the morphism id(,,,) =
{id¢(py € Home (c(P), c(P)) | P C [n]*} where every component is the identity
on it’s respecive object.

Composition of morphisms is defined piecewise on components. If f €
Homer (,,1+) (¢, p), (¢’ p7)) and g € Homer g+ (¢’ p7), (7, p7)) then g o
= {gp o fpi e(P) > (P)| P C [n]*}.

Since ¥ is a category, composing with an identity morphism on either side
yields the morphism we started with, composing several morphisms with the
relevant appropriate morphisms at once will behave exactly the same way. For
any morphism f: (¢, p) = (¢’,p"), f o id(c, py = f = id(w ) o f as fp o id.(p)=
fp =ide(py o fp for each P C [n]*.

Similarly, appropriate composition of morphisms in % is associative so si-
multaneously composing morphisms piecewise is also associative. For any f: (¢,
p) = (¢ p), g: (¢, p’) = (¢, p"), and h: (7, p7) — (77, p7), (hog)of =
ho(gof)as(hpogp)ofp=~hpo(gpofp)forall PC [n]*

Ensuring that this structure does in fact define a I'-category will be tanta-
mount in proving that strict symmetric monoidal categories induce cohomology
theories.

The following theorem is a fleshing out of the work by Freed [13]

Theorem 52. If ¥ is a strict symmetric monoidal category, then €T is a I'-
category and |N(%1)| is a I-space.

Thus we may construct a reduced cohomology theory hZ, with a sequence of
functors h%: Top* — AbGrp defined as follows since €1 ([1]*) = ¢

K [X, QUM VBN, k<0
he(X) =
{[X7 BW®|N(%)]], k>0
Proof. To show that 6" is a I-category, we need to show that ¢ ([0]*) = [0],
and to show that the reduced cohomology is as we say it is, we need to show
that €T ([1]*) = €.

To show either equivalence, we must first investigate the objects and mor-
phisms in the categories €1 ([0]*) and € ([1]*).

Objects in €1 (|0]*) are pairs (¢, p) where c: P([0]*)* — ob¥ is required to
satisfy ¢({0}) = I, and p is a natural transformation with only one component
since there is only one pair P, @ C [0]* with P N @ = {0} and we require
pio}.{0} = ide(foy) = 1dr.

Thus since there are no other pointed subsets of [0]*, ¢ is required to be the
map to the unit object, and p must have a single component that is required to
be the identity, the category € ([0]*) has only one object (cz, pid, )-

Since there is only one object, we only need to examine one collection of
morphisms Homer o+ ((¢1, pia;), (cr, pia,)). Morphisms in €T ([0]*) are de-
fined to be sets of morphisms {f r € Hom¢ (cr(R), cr(R)) | R C [0]*} such that
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the following diagram commutes for P N @ = {0}:

c1(P) @ ¢1(Q) 2% ¢f(PV Q)
fP®fQJ/ (] J{fP\/Q
c1(P)®cr(Q) 455 cr(PVQ)

and since there is only one pointed subset of [0]*, the morphisms f € Homer (%) ((er,
pid;); (c1, pid;)) are sets containing one morphism f oy, € Home (7, I) such that:

Il 24,1

f{o}®f{o}l 0 lf{o}
idy

By hook (if every morphism in Home (I, I) is an isomorphism) or by crook
(forcing it through the definition) foy = id; for any morphism, so the category
%" (|0]*) has only a single morphism id(c;, pia,) Where id(c,, piq ), {0y = idr.

Since both €' (|0]*) and [0] are cateogries with only one object and only one
morphism, any functor one could construct between them must be full, faithful,
and essentially surjective on objects, and thus ¢ (|0]*) = [0].

Now to examine €T ([1]*). Again objects are pairs (¢, p) where ¢: P([1]*)*
— ob% and p is a natural transformation, but now we have a bit more freedom.
c({0}) is still required to be I but we now have another pointed subset of [1]*
and we can let ¢({0, 1}) be any object we like in €, p however is still fixed as
we require proy,10} = idr, and pgoy.f0,1) = P{o.1}.{0} = ide({o,1})- Let (cx, pia)
denote the object where ¢({0, 1}) = X, we can see that the objects of €T ([1]*)
are all of the form (cx, piq) for X € ob¥.

Morphisms f € Homgr (41« ((cx, pia); (cy, pia)) must consist of a pair of
morphisms (f 1oy, f{0,13) Where foy € Home (I, I), and f1; € Homeg (X, Y)
such that the following diagrams all commute:

Il 40,1 I®X 4 x X®l -2 x
f{o}@f{o}l 0 lf{o} f{o}@f{o,nl O lf{ﬁ,l} f{o,1}®f(o}l 0 lf{o‘u
I®IT>I I®Y?>Y Y®IT>Y
ar 1dy 1dy

As we have already seen, either the commutativity of the first diagram or an ad-
ditional requirement ensures that for every morphism f in the category € ([1]*),
f{oy = id;. Since € is a strict symmetric monoidal category, the unitors are
identities and so id; ® ¢ = ¢ ® id; = ¢ for any morphism ¢ in the cate-
gory €. For any morphism ¢ € Homg (X, V), let (¢) denote the morphism in
Homer 11+ ((cx, pia); (cy, pia)) where (¢){0,1} = ¢. Again, we can see that
all morphisms in ¢ ([1]*) are of the form (¢) for some morphism ¢ in €. To
ensure that ¢ ([1]*) is a category, the identities are given by id(¢,, ) = (idx)
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and the composition law is given by g o f = (9103 © f{0}, 90,1} © f{0,1}) = (idr,
90,1} © f{o13) = (970,13 © f{o,1})

To show the equivalence € ([1]*) & % we need to construct a functor that
is full, faithful, and essentially surjective on objects. This is not very difficult
as we can use the following functor:

E:¢ (1) =<
(¢, p) = c({0,1})
= fron

Clearly, for any object X € ob%’, the object (cx, pia) € ob®™ ([1]*) is such that
E((c¢x, pia)) = X so E is essentially surjective on objects.

Now to show that the map E*: Homer 14 ((c, p), (¢, p’)) = Home (E((c,
p)), E((¢’, p’))) is injective and surjective for all objects (¢, p), (¢’, p’) €
ob(E([1]¥)).

Surjectivity is easy. For any morphism ¢ € Home(c({0,1}), ¢’({0,1})),
clearly the morphism (¢) € Homer 34 ((¢c, p), (¢’ p7)) is such that E((¢))
= ¢ as E((¢)) = ()03 = ¢. Since the objects were arbitrary, this map is
surjective for any objects and our functor is full.

For injectivity we need to show that if F(f) = E(g) then f = ¢g. If E(f) =
E(g) then fro1y = gg0,1} = % let’s say, then f = (id;, ¢) = g, thus our map is
injective and thus our functor is faithful.

Therefore €T ([1]*) = €.

To show that ¢! is a [-category, all that is left to show is that €1 ([n]*) =
(€T ([1]*))™ = €™ for each n.

Objects (¢, p) of the category € ([n]*) can be determined up to isomorphism
by the images under ¢ of the pointed subsets {0, 1}, ..., {0, n} C [n]*. The
coherence conditions ensure that, for any two objects (¢, p), (¢’, p’) are such
that ¢({0, i}) = ({0, i}) Vi € {1, ..., n}, if P = {0, p1, ..., px} C [n]|*, we
have:

c(P) = c({0,p1}) @ ... @ ..c({0, pr})
= C/({O,pl}) R...RQ ...Cl({o,pk})
= ¢(P)

A morphism f € Homgr 1+ ((c, p), (¢’, p")) is a set {fr: ¢(R) = ¢'(R) | R C
[n]*}, and due to the required coherence conditions, unlike objects, f is uniquely
determined by the maps fo1}, ..., f{o,n} as for P = {0, p1, ..., pr}, fp will
have to be the morphism in % such that the following diagram commutes:

o

c({0,p1}) @ ... @ c({0,pr}) —— c(P)
f{o,p1}®~-®f{o,pk}l O fe
d({0,p1}) ® ... @ ({0, pr}) —=— ¢'(P)

105



Let us construct a functor:

E:€"(n]*) = ¢"
(¢, p) = (c({0,1}), ... ({0, n}))
= (froys - flony)

It’s easy to show that E is full and faithful. Let (¢, p) and (¢’, p’) be any two
objects in €1 ([n]*). We need to show that the map E*: Homer (,,+) (¢, p),
(¢, p)) = Homen (E((c, p)), E((c¢’, p’))) is both injective and surjective.

If f, g € Homer (g, (¢, p), (¢’ p)) are such that E(f) = E(g), then (f{o,13,
oy fromy) = (9{0.13» s 9{0,n}), therefore fro 3 = gg0,4y for all i € {1, ..., n},
and since we have seen that a morphism is uniquely determined by exactly these
maps, f = g and thus the map FE* is injective and the functor E is faithful.

Surjectivity is even easier, if (¢1, ..., ¢,) € Homen (E((c, p)), E((¢, p'))),
then ¢; € Home (c({0, i}), ¢’({0, i})) for each 4, and so there exists a morphism
¢ € Hom%r([n]*)((c, p), (¢’, p’)) where ¢o,3 = ¢; for each i and we see that
E(¢) = (¢1, ..., ¢n), thus E* is surjective and F is full.

Finally we can easily show that F is essentailly surjective on objects. For any
object (X1, ..., X,,) € ob(€™), let (¢, p) be any object in € ([n]*) where ¢({0,
i}) = X; for each 4, then E((c, p)) = (X1, ..., X,) and thus E is, better than
essentially, exactly surjective on objects. Notice that (¢, p) is not necessarily
unique, this is a good example of an equivalence where the mapping of objects
is not injective.

Since F is full, faithful, and essentially surjective on objects, we have an
equivalence €1 ([n]*) =2 €™ = ¢V ([1]%)".

Finally we need to show that €T: I'°? — Cat* is a covariant functor, we
already have an appropriate mapping of objects, we just need to construct a
functor between appropriate cateogries for each morphism in I'°P.

A morphism in I'°P is a pointed map between pointed sets f: [n]* — [m]*,
that is a map of sets with no conditions but for one: that f(0) = 0.

Let us define a mapping of objects and morphisms 4 (f) and then prove
that it defines a functor:

CH(f) € ([n]") — €T (Im]")
(c,p) = (€7 (£)e, €  (f)p)
¢ € (f)o

Let us define a mapping of power sets:

[T P (™)™ = P([n]")”
P {ien]" | f(i) € P\{0}} U{0}

By definition, for all pointed subsets P C [m]*, 0 € f*(P) C [n]* and thus this
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map is well defined. Then for any pointed sets P, @ C [m]|* we define:

C(fe: P(m]")* > €
P o(f7(P))

C(fprq = Pr(P).1+(@)
T (fop = dp-(p)

It is not too difficult show that if (¢, p) is an object of € ([n]*) then (€T (f)ec,
€ (f)p) is an object of €T ([m|*).

F*({0}) = {0} so €7 (f)c({0}) = c({0}) = I

For any pointed subsets P, @ C [n]* with P N @ = {0}, pp,g an isomorphism
and pyoy,p = id.(p), so if we can show that for any pointed subsets R, S C [m]*
with R N S = {0}, that f*(R) N f*(S) = {0}, then necessarily, €% (f)pr.s
= pge(Rr),f(s) is well defined and is is an isomorphism and %F(f)p{o}ﬂ =
PF=({0)).£*(R) = P{o}.f=(R) = ide(r(r))-

Let R, S C [m]* with RN S = {0}. f*(R) = {i € [n]*| f(i) € R\{0}} U
{0}. Since R\{0} N S\{0} =0, {i € [n]* | f(:) € R\{O}} N {i € [n]* | f(i)
€ S\{0}} = 0 since f is a mapping of sets, no i € [n|* exists such that f(i) €
R\{0} and f(i) € S\{0}, thus since we add 0 into both, f*(R) N f*(S) = {0}
as required.

Since (¢, p) is an object of €1 ([n]*), the coherence diagrams will commute
for any pointed subsets of [n]*, so since for any pointed subset P C [m]*, f*(P)
is a pointed subset of [n]*, for any pointed subsets P, @, R C [m]* with P N @
N R = {0}, the following diagrams are required to commute:

c(f*(P)) ® e(f*(Q)) Get oy ety @ (F7(Q)) ® e f*(P)
f’f*(fm = (%f*u’)
d(F(P)V £*(Q))

c(f*(P)) @ c(f*(Q)) @ c(f*(R)) oo s (@B ) c(f*(P)V f*(Q)) @ c(f*(R))
lidcu*(m)@Pf*(Q),f*(R) O pf*(P)Vf*(Q),f*(mJ/

(f*(P) ® (f(Q)V F*(R) —m e e (P)V @)V *(R))

Since €1 (f)c(P) = c(f*(P)) and €"(f)ppr.o = ps+(p),f+(q) for any pointed
subsets P, @ C [m]* with P N @ = {0}, these are almost exactly the diagrams
we need to commute, once we show that €1 (f)c(P VvV Q) = ¢(f*(P) V f*(Q))
for any pointed subsets P, @ C [m]* with P N @ = {0} we will be done.
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CH(f)e(P Vv Q) = c(f*(PV Q). Since P N Q = {0},
Pv@Q=P\{0}u\{0}U{0}
= [H(PVQ) = f(P\{0} UR\{0} U{0})
={ien]"| f(i) € PA{0} U Q\{0}} U {0}
={ien]" | f(1) e PO} Ui € [n]" | f(i) € @\{0}} U{0}
=/ (P)Vv i@
since PN @ = {0} = f*(P)n f*(Q) = {0}.
Therefore (€1 (f)c, €T (f)p) is indeed an object in €T ([m]*).
We need to also check that we have a valid mapping of morphisms. If ¢: (¢,
p) — (¢’, p’) is a morphism in €T ([n]*) we need to show that €1 (f)¢: (€ (f)ec,
L (f)p) — (€1 (f)c’, €V (f)p’) is a morphism in € (|m]*) for any morphism f:
[n]* — [m]* in T°P.
¢ = {pp: c(P) — c'(P) | P C [n|*} such that ¢;oy = id; and for pointed
subsets P, @ C [n]* with P N @ = {0}:

o(P)® c(Q) £2%s (P V Q)

¢P®¢Ql O laﬁpv(g
d(P)®d(Q) T(; d(PVQ)

G (f)op = by (py 50 €V (f)op: c(f*(P)) = ’(f*(P)) and since € (f)c(P)
is defined to be c(f*(P)), therefore €T (f)pp: €T (f)c(P) — €T (f)c’'(P) as
required and we can see that the following diagram commutes:

c(f*(P)) @ e(f*(Q)) “LS%(f(P) v £4(Q))

d’f*(P)@‘z’f*(Q)J( O J{d’f*(P)vf*(Q)
d(fr(P)® C’(f*(Q)p)}*m(QC)’(f*(P) vV (Q))

We have already checked that f*(P) V f*(Q) = f*(P V Q) so the diagram we
require does in fact commute. Since we have also checked that f*({0}) = {0},
E(f)dr0y = dpoy = idr, € (f)¢ is indeed a valid functor in € ([m]*).

The identity morphisms of 4" (|n]*) are the morphisms id. ) where id(,,,)p
= idc(p). Cgr(f)id(c’pLP = id(cyp)_’f*(P) = idc(f*(P)) = id(gF(f)C(P) for any pointed
subset P C [m]* therefore € (f) preserves identities.

Finally we must show that if ¢ € Homgrj,»)((c1, p1), (c2, p2)) and ¢ €

Homer (1 ((c2, p2), (c3, p3)), then €T (f) (¥ o ¢) = €1 (f)y o €T (f)¢. For
every pointed subset P C [n|* and @ C [m]*

(Yoo)p=1podp
()W od)e= (o)
= 1VQ) © 95 (@)
=" (Vs 0 € (Hor )
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Therefore €' (f) preserves composition, and is thus a functor as expected.

To ensure €7 is a functor, we need to check that the mapping ¢*: TP —
Cat* also preserves identities and composition.

The morphism idj,«: [n]* — [n]* sends each element of [n|* to itself, we
need to show that € (idj,j«) is the identity functor on the category €™ ([n*).

To do so we need to show that for any object (¢, p) and any morphism ¢
in €T ([n]*), € (idp<) (e, p) = (¢, p) and €* (id},*)d = ¢, most of the work
is done already, we simply need to show that for any pointed subset P C [n]*,
id{+*(P) = P.

idfy- (P) = {i € [n]" [ idp)- (4) € P\{0}} U {0}

={ie[n]" [ie P\{0}} U{0}
=P\{o}u{0}="P

Therefore €' preserves identities.

Finally, if f: [m]* — [n]* and g¢: [n]* — [g]* we want to show the functors
€T(g o f) and €% (g) o €V (f) are equal. Therefore we need to show that for
any object (¢, p) and any morphism ¢ in € ([m|*), €' (g o f)(¢c, p) = (€*(9)
o €Y (f))(c, p) and € (g o f)p = (€' (g) o €V (f))¢. Similarly to with the
identities, this boils down to checking that for any pointed subset P C [g]*, (g

o [)*(P) = (f* o g*)(P).

(o f)"(P)={ie[m]" [ (g0 f)(i) € P\{0}} U {0}
= {iem]" | g(f(?)) € P\{0}} U{0}
(f7eg")(P) = ["(g"(P))
= f*({i € [n]" | g(i) € P\{0}} U{0})
={elm]" [ f() e {ien]" | gi) € P\{0}}} U{0}
= {iem]" | g(f(?)) € P\{0}} U{0}

Therefore €T is a covariant functor and therefore we have checked everything
to ensure that ¢ is indeed a I'-category.

We want to check that [N (%1)] is a I-space. Since the nerve and geometric
realisation are both functors, constructing a I'-space from a I'-category is easy
simply by passing each cateogry through these two functors.

We need to show that:

IN(E)|([0]7) = A°
and [N (€1)|([n]") = (IN(€)|([1]")"

1
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The equivalences we have shown make short work of this:

A

8.2 Cohomology Theories Constructed from Strict Sym-
metric Monoidal Categories

We have seen that the categories €y and %y are strict symmetric monoidal

categories. We shall now determine the nature of the cohomology theories one

may construct from them.

Let us denote by hg := h%@ the reduced cohomology theory constructed
from € and h§, = h%@ the reduced cohomology theory constructed from %.

B () = { POQCEDBING), k<0
? X, BOIN@G)], k>0

Since B|N¢}| ~ B(BU x Z), h, is very similar to K-theory

K (X) = [X,BU xZ|, ne?2Z
X, U, nel+27

Since Q(BU x Z) = Q(BU) ~ U, Q®)(BU) ~ BU x Z, and Q®(U) ~ U by
Bott periodicity, we have:

KR X), k<0
Ho(X) = {[X,B(k)(BU xZ)], k>0

We must also investigate the nature of B®*)(BU x Z).

One way is to notice the effects of the classifying space construction on
homotopy groups.

From Bott periodicity and the fact that BU is a connected space, we know
that:

Z, 1€2Z,i>0

, else
Z, 1€2Z+1,i>0
0, else



For a topological group X it is easy to see that:

m(BX) =[S, BX]
=[S"1,QBX]
_ [Si_l,X]
= mi—1(X)

and thus we see that:

7, i€2Z+ki>k

m:(B®(BU x 7)) =
0, else

In particular, this shows us that B(BU x Z) ~ U, so additionally and critically
hi(X) = K1(X).

Since the spaces in this spectrum are the same as in K-theory but for in-
creasingly many trivial homotopy groups, this cohomology theory is often called
connective K-theory and is sometimes denoted cK* :

K*(X), k<1

ch(X) = hl@%(X) = {[X,B(k_l)U]a E>1

The cohomology theory hg is much more exotic. For starters it is entirely
dependent on the integer d so really we have a family of related categories and
cohomology theories with context informing us which incarnation of €z we are
dealing with. In all cases, by our definition, we have:

ST XL BN, k>0
We can at least examine the case when d = 1. In the category %g there are

no morphisms between _different objects and otherwise we see that we have
Homg, (i, i) = U((C*)®%) = U((C)®*) = U(1) in the case d = 1.

Lemma 53. Let .4 be the category with a set of objects ob(.#") = N and just
the identity morphisms from each object to itself, and let % (1) be the category
with one object and morphisms Homg, (1)(, *) = U(1) as a topological group.

Then, when d = 1, @ is equivalent to the product category A4 x % (1) as
strict symmetric monoidal categories.

Proof. First we need to describe the monoidal structure on A" x %(1).
Q: (AN XUD) X (N xUQ)) = N xU(1)
((n, %), (m, %)) = (n +m, %)
((idp, ), (idm, v)) = (idptm, uv)

The unit object is (0, *), the unitors are identities since 0 is the additive identity
of the abelian monoid N, and the associator is an identity since U(1) is a group.
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We can also introduce a braiding that must be symmetric since U(1) is an
abelian group.

To show we have an equivalence of cateogries, we must describe a functor F":
N X U (1) = €g that is full, faithful, and essentially surjective on objects. Let
us consider the following functor and then show that it satisfies these properties:

F: N x%(1)— 6
(n,*) —n
(id,,u) = u € Homg, (n,n)

More than just essentially surjective on objects, F' is a bijection of objects! For
each object n € ob%g we can see that the object (n, *) € ob(A x % (1)) is
such that F'((n, x)) = n, an equality instead of merely an isomorphism.

Now we need to examine the morphisms of the category .4 x % (1). Since
there are no morphisms between different objects in .4 we see that:

HomwX@/(l)((na %), (m, *)) = Hom_4 (n,m) x Hom%(l)(*7 *)

_J{(dyw) [ueU@)}, n=m
0. 0 m

To show that F' is both full and faithful, we need to show that the following
map is both injective and surjective for all pairs of of objects (n, x), (m, *):

F: Hom(/qu/(l)((n, %), (m, x)) = Home, (F'((n, %)), F((m, *)))
¢ = F(o)

From our morphism investigation, it is clear that we need to check two cases:
when the two objects are the same, and when the two objects are different.

Let’s deal with the case where the objects are different first. Let n # m,
then:

1%

Homﬂx%(l)((nv *), (m,*)) =0
Home,, (F'((n,*)), F((m,*))) = Homg, (n, m)
0

1%

and since any map from the empty set to itself is necessarily a bijection, our
map certainly is in this case.
Now for the case when the objects are the same:

1%

U(1)
Home,, (n,n)
~ (1)
F : Hom_y w9 1)((n, %), (n, %)) — Home, (n,n)
(idp, u) — u

Hom(ﬂx%(l)((nv *)7 (77,7 *))
Homeg,, (F'((n, %)), F'((n,*)))

1%
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Now we will show that this map is injective and surjective.
We need to show that if F((id,, u)) = F((id,, v)) then (id,, v) = (id,, v).

F((idy,v)) = F((idy,v))
—— U=
= (id,, u) = (id,,v)

Thus the map F is injective in this case and thus the functor F' is faithful.

Finally we need to show that for all morphisms u € Hom, (n, n) there is a
morphism ¢ € Hom 4 4 1)((n, *), (n, ¥)) such that F'(¢) = u. Clearly F((idy,
u)) = u and thus the map F is surjective in this case and thus the functor F' is
full.

Since the functor F' is full, faithful, and essentially surjective on objects, €
and A x % (1) are equivalent as categories.

To show that the categories are equivalent as strict symmetric monoidal
categories we need to show that the monoidal product and the braiding both
commute with the functor F. Let’s look at the monoidal product first and show
that the following diagram commutes in Cat:

(N xUQ)) x (N xU1)) =25 ¥ xU(1)

| 0 e

%@ X (g® %@

®

We will consider two general objects (n, x), (m, x) and two general morphisms
(idy, ), (idy, v) in the category A" x % (1), now to investigate the commuta-
tivity of the diagram:

F(®((n, ), (m, ))) = F((n,*) ® (m, *))
= F((n+m,x))
=n-4+m
®(F((n, %)), F((m,*)))

=nxXm

((F x F)((n, %), (m, +)))

=n+m
F(®((idy, u), (idm,v))) = F((idy, u) @ (idy,v))
= F((idn+4m, uv))
= uv € Home, (n +m,n +m)
S((F x F)((idn, w), (idpm, v))) = @(F((idn, w)), F((idm, v)))
= (u € Homg, (n,n)) ® (v € Homeg, (m,m))

= uv € Home, (n +m,n +m)

Thus we have shown the commutativity on objects and morphisms and thus the
two categories are equivalent as monoidal categories.
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To show that the braiding is also preserved, we need to show that for any
two objects (n, ), (m, *) € ob(A x % (1)) the following diagram commutes in
%@I

F((n, %) ® (m, %)) —— F((n, %)) ® F((m,*))
F(Bm,*),(m,*))l O J{ﬂF((n,*)),F((rn,*))
F((m,*) ® (n,x)) ——= F((m,*)) @ F((n, ))
That is, since all four of these objects are the object n + m in g, we want
to show that as morphisms in Home, (n + m, n + m), F(B(n ) (m,) and

BE((n.)),F((m,+)) are equal. Let (id,, u) and (id,,, v) be two morphisms in .4
x U (1):

E(Bns),(m))(F((idn, w) @ (idm, v))) = F((idm, v) © (idn, u))
= F((idpmtn,vu))
= vu € Home, (m +n,m +n)
BE((n)),F((ms)) (F((dn, w) @ (idm, v))) = Bp,m (F((idn, u)) @ F((idm, v)))
= Bn,m((u € Homeg, (n,n)) ® (v € Homeg, (m,m)))
= (v € Homg, (m,m)) ® (u € Homg, (n,n))
= vu € Home, (m +n,m +n)

Thus the braiding is preserved and we achieve the result that when d = 1, €
and A4 x 7% (1) are equivalent as strict symmetric monoidal categories. A

This equivalence allows us to see that:

IN(o)| = IN(A x%(1))]
=[N x [N(Z (1)
=N x BU(1)

= QOB|N(%¢g)|~BU(1) xZ

Definition 42. An Eilenberg-MacLane space, introduced by Eilenberg and
MacLane [9], is a topological space K(G i) for a given discrete group G and
integer i € Z, such that for any topological space X,

[Xa K(G, Z)] = Hi(XQ G)

Lemma 54. If A is an abelian group equipped with the discrete topology,
then clearly A ~ K(A, 0), the Eilenberg-MacLane space in degree 0 with A
coefficients.

Additionally, and not trivially, the classifying spaces B™A all exist, are
abelian monoids, and B"A4 ~ K(4, n).

Using this Eilenberg-MacLane space lemma and how well the classifying
space construction works with products ensures that the strict symmetric monoidal
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category 6» when d = 1 generates a surprisingly well behaved cohomology the-
ory:

hE(X) = H*(X;Z) x H*?(X;7)
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8.3 Functors between Strict Symmetric Monoidal Cate-
gories

There are many ways to define functors between strict symmetric monoidal
categories but not all of them will induce natural transformations of cohomology
theories. Following Baez’s definition [3]

Definition 43. If ¥ and 2 are strict symmetric monoidal categories and a
functor F: ¥ — 2 together with a natural transformation ¢: ®¢ o (F, F') —
F o ®¢ and a morphism ¢: I — F(I¢) is a monoidal functor, then we call F'
together with ¢ and ¥ a symmetric monoidal functor if for all objects A, B
€ ob(%¥) the following diagram commutes:

FAogy FB Y22 F(Aoy B)
B?A,Fal O lF(ﬁEiB)
¢B,A

A symmetric monoidal functor is called a strong symmetric monoidal func-
tor if the components of ¢ and ¥ are all isomorphisms.

Theorem 55. A monoidal functor induces a natural transformation of coho-
mology theories 7p: hi, — hy, if it is a strong symmetric monoidal functor.

Proof. Let F: € — 2 together with a natural isomorphism ¢: ®¢ o (F, F) — F
o ®¢ and an isomorphism ¢: 4 — F(I4) be a symmetric monoidal functor. To
show that a natural transformation of cohomology theories is induced we must
first show that this data induces a morphism in the category of I'-cateogries.

We would like to construct a sequence of functors F*: € ([n]*) — 2% (|n]*)
that are induced by our strong symmetric monoidal functor.

To construct the functors Fjj and F}* we don’t even need our strong monoidal
functor to be symmetric.

Since €1(|0]*) and 2% (|0]*) are both categories with a single object con-
sisting of a map that sends the pointed subset of [0]* to their respective unit
objects and a natural transformation whose only component is the identity on
their respective unit objects, and a single morphism which also consists of only
a single morphism that is the identity on their respective unit object, if (¢, p)
is our object in € ([0]*), we need F§((c, p)) to be our object and Fg (id(., ,))
to be our morphism in 2% (|0]*). Let us construct our functor:

Fy =€ ([0]") » 2" ([0]")
(c,p) = (W™1 o F)(c), (™" 0 F)(p))
fer (o F)(f)
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(=1 0-): 2 — P here denotes a partially defined mapping of categories where:

W lo=): 29
X = 7H(X)
feytofoy
This mapping is only defined on the object F(I4) in 2 and ¢~ 1(F(I)). Since

1) is an isomorphism, the mapping of morphisms is defined as the morphism in
Homgy (I, I) that ensures the following diagram commutes:

F(le¢) 42— I
f O l(wflo—)(f)
F(I¢) ? Iy

Since ¢({0}) = I¢, p{o},f0y = idr,, and fyoy = id;,, we see that, when 7,
and 7, are projections onto the first and second entry of an object respectively:

Fy((e,p) =
= me(Fy5((¢,0))({0}) =

3 (¢ 0)))0y.{0} = (" o F)(po} {0}

“loy =idp,
and B () = (6" o F)(/)

— W o B)(f) oy = 6 o F)(frop)

= (¢~ o F)(idy,)

=1idy, as above

—~ ~

Thus Fg: €Y([0]*) — 2V (J0]*) is indeed a functor as the identity and com-
position conditions automatically hold since these are cateogries with only one
object and one morphism.

On the next level our cateogries are no longer as simple as a single object
and a single morphism. We have seen that all objects of €T ([1]*) and 2% ([1]*)
consist of pairs (¢, p) where ¢({0}) is required to be the relevant unit object and
all the components of p are required to be the relevant identities; to construct
a functor Fy: €1 ([1]*) — 2" ([1]*) induced by our strong monoidal functor, we
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will have to check that all of this is maintained.
Fgh (7)) — 20 (1))
(c;p) = (Fic, F'p)
= Frf

We need to describe these mappings only in terms of our strong monoidal functor
so let us do exactly that, let P, Q) be pointed subsets of [1]* with P N @ = {0}:

Fre: P(A])* — ob2

. {(uﬂ o F)(e(P)), P={0}
F(c(P)), else

(¥~ toF)(prq), P=Q={0}

FY =
1P {F(ppr), else

v _ J@WTtoF)(fp), P={0}
o=

We have already seen that (=1 o F)(I) = Iy and (¢~ o F)(id;,) = idy,,
and we can also easily see that Fy(id(0,13) = F(ide0,1})) = idr(c(fo,1})) since
F is a functor, therefore for any object (¢, p) of €T ([1]*), F((c, p)) is an object
in 20 ([1]*).

These facts also show that Fy(id(, ,)) = idpr((c, p)) and together with the
fact that F is a functor ensures that composition of morphisms is preserved, we
can say that Fy: €1 ([1]*) — 2V ([1]*) is indeed a functor that is induced by
our strong monoidal functor.

On higher levels, again we have more to concern ourselves with. For objects
(¢, p) of a category €T ([n]*) for n > 2, it will not be true in general that all
the components of p are the relevant identities. We would like the following to
be a functor:

Er 6" ([n]*) — 2" (In]")
(c,p) = (Fre, Fyp)
fe= By f

We will describe these mappings and then show that F)' is indeed a functor.
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Let P and @ be pointed subsets of [n]* with P N Q = {0}:
Eyc:P([n]")" — ob2
. {(zw o F)(e(P)), P={0}

F(c(P)), else
(@™o F)(pra), P ={0} and @ = {0}
Faprq = Flora), P = {0} or @ = {0}

F(pr,q) © Or(c(p)),F(e(@), €lse

vp _ J@WTtoF)(fp), P ={0}
Enle = {F(fp), else

First, we need to show that for any object (¢, p) in € ([n]*), EX((c, p)) is in
fact an object in 21 (|n[*).

Since, as we have already seen, (¢! o F)(I4) = I and (¢! o F)(idy,)
—idr,. Fye({0}) = (0L o F)(I¢) = Iy and F} pjoyq0y — (1 o F)(idy,,)
= idy,, as required.

For any pointed subset P C [n]* where P # {0}, since F is a functor, F}
p{O},P = F(p{O},P) = F(idc(p)) = idF(c(P)) = idF;c(P) also as required.

We also require that F); pp o is an isomorphism for any pointed subsets P,
Q € [n]* with P N @ = {0}. If either P or @ is identically {0}, then we have
already checked that this component is the identity, and thus an isomorphism
but if neither P nor @ are {0} then F; ppg = F(pp,q) © @r(c(P)),F(c(qQ))- Since
p is a natural isomorphism and F is a functor, F(pp ) is an isomorphism and
since our monoidal functor is strong, ¢p ¢ is also an isomorphism, therefore F}¥
p is a natural isomorphism.

There are also several diagrams that must be shown to commute. Notice
that in a strict symmetric monoidal category, since the unitors are identities,
the components of the braiding where at least one of the indices are the unit
must be equal to the identity on the other index, i.e. 8; x = Bx,; = idx for
any object X in a strict symmetric monoidal category with unit object I and
braiding .

For any pair of pointed subsets P, @ C [n|* with P N @ = {0}, we need to
show that the following diagram commutes:

2
BF;;C(P),F;{C(Q)

Frce(P)@g Fye(Q) Frye(Q) @9 Fye(P)
Fyopq Fopq,p

Frce(PVQ)

There are three different cases we need to examine.

If P=Q = {0}, then PV @ = {0} and since Fic({0}) =19, I ®gp Iy =
L9, F} pioy,f0y = idy,,, and Bi@@,[@ = idy,, as we have seen, our diagram simply
becomes a triangle with I4 at each vertex, and id;,, on each edge which clearly
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commutes:
idy,,
e - 7 5] 9

a0
1y

The next case is when exactly one of P or @ is equal to {0}. Since Bxy ©
By,x = idx g y in any strict symmetric monoidal category, without loss of
generality, we can assume that P # {0} and @ = {0}. Then P V Q = P,
and since Frc({0}) = Ig, I9 @9 X = X @9 Iy = X, and 57, « = 8%,
= idx our diagram simplifies, and since pp 0y = pfo},p = idep) and F is
a functor, F(id.p)) = idpe(p)) = idps¢(p) and so Fyy pp oy = Flppo)) =
F(idepy) = idprepy and Fy proy.p = F(pgoy.p) = F(ide(p)) = idp:¢(p) and
again our diagram is a triangle with the same object at each vertex and the
identity morphism of that object on each edge, again this clearly commutes:

F(c(P)) ey F(c(P))
idp(cm - Acw))
F(c(P))

Finally we have the case when neither P nor @ are equal to {0}. F}c(R) =
F(c(R)) for all pointed subsets R C [n|* with R # {0}. Since (¢, p) is an object
in €Y' (|n|*) and F is a functor, the following diagram necessarily commutes in

€
F(B(py,e(@)

F(c(P) ®¢ c(Q)) F(c(Q) ®% c(P))

O
Fm AP)

F(e(PVQ))

Since our monoidal functor is a symmetric monoidal functor, we also have for
any objects X, Y € ob%":

P(X) 89 PV "2 p(v) @5 P(X)

¢X,Yl O l@/‘x

F(Bx,y)

Combining these two diagrams in the case where X = ¢(P) and Y = ¢(Q) we
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see that the following diagram commutes:

F(e(P)) 8 F(e(Q) —— 2@ pi(Q)) @y F(e(P))

¢C(P),C(Q)J( _ n : lfﬁc(@),c(m
F(e(P) ¢ c(Q)) S F(e(Q) @ ¢(P))

O
Fm (/F(/)QP)

(PVQ))

and therefore:

BR(e(ry e
F(c(P)) ®g F(c( R ) ®g F(c(P))

D /
F(pp, Q)W%(% F(pQ,P)odc(q),c(P)

c(PVv Q)

and since F; ppqo = F(pp,q) © dc(p),c(q) When neither P nor @ are {0}, this
is the required diagram and thus in all cases, this diagram commutes.

We also need to show for any pointed subsets P, @, R C [n]*, with P N Q
N R = {0} that the following diagram commutes:

Frpp,Q®@gidpx

Fie(P) ®g Fre(Q) @9 Fre(R) ———""5"Fre(P v Q) ®9 Fic(R)
idFT’{cP@)@F:pQ,Rl O lFSPP\/Q,R

Fre(P) @9 Fie(QV R) Fre(PVQVR)

EFrpp.ovRr

Again there are several cases we need to examine.

When P = Q = R = {0}, since F;c({0}) = I, F;; pio},501 = id1,, 19 ®9
Iy = I9 and id;, ®9 id;, = ids,, the diagram boils down to a square with
I at each vertex and id;,, on each edge which clearly commutes:

idr,
I@ *} I@

idl@J{ 0 J{‘dfg

Iy T Iy

If exactly two of P, @, and R are equal to {0}, then a similar situation arises.
Since Fyc(S) = F(c(S)), and F; proy.s = Fy ps,qoy = iSp(c(s)) for any pointed
subset S C [n|* with S # {0}, X ®9 [ = I9 ®4 X = X for any object X of
2 and id;, ®g9 £ = £ ®g g = £ for any morphism £ of 2, the three different
cases all end up boiling down to a diagram consisting of a square with the same
object at each vertex and the relevant identity morphism on each edge, all of
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which clearly commute:

FeP) D FeP)  Fe@) W FQ)  Fle(R) N F(r)
idF(c(P))J/ O lide(P))idF(c(Q))l a lide(Q))idF(c(R))l O deu(R))
F(P)) s Fe(P)  F@)— Fe@)  F(elR) s F(e(R)

The next set of cases is when exactly one of P, @, or R is {0}, again the unit
object of Z and it’s identity morphism occur in each diagram but the result is
subtly different depending on which of P, @, or R is {0}.

We also use the fact that pg 10y = poy,s = id¢(s) and that F' is a functor to
achieve the following diagrams which all clearly commute:

Frppq

ifR:{O} F;C(P) Rag F:;C(Q) ——— F’c (P\/Q)
idFT’ch(P)®@idF;:c(Q)J/ 0O lidF;{c(P\/Q)

Fie(P) 5 Fol@Q) —p—— Fie(PVQ)

n

id *C(P)®jldp*%_&)

if @ = {0} Frc(P)®g Fre(R} —— P)®g F}c(R)
idF;ta(P)@@idF;:c(R)J/ O J{F;ppyn
EFrc(P)®qg Ffc(R) » Ec(PV R)
nPP,R
B N N id *L(Q>®@1dF*ﬁ) .
if P={0} Fre(Q) ®@g Fro(R) ———"Fc(Q) ®g Fc(R)
F;:PQ,RJ a J{F;PQ‘R
Fre(QV R) ) Frc(QV R)
idpxcQvR)

Finally, we need tackle the case when none of P, @, or R are {0}.
Since (¢, p) is an object in €T (|n|*) and F is a functor we know that:

F(e(P) ®% c(Q) @4 c(Rf 25U P v Q) @4 o(R))

F(idc(P)®%PQ,R)J( O J{F(PPVQ,R)
F(c(P) ®¢ c(QV R)) Forovn) F(e(PVQVR))

Since Z is a strict monoidal category, the associator is the identity and since
F together with ¢ and % is a monoidal functor the following diagram also
commutes:

F(e(P) ®5 F(e(Q)) @9 F(AR)T 22D H(EP) 06 ¢(Q)) @0 F(c(R))
idF(c(P>)®@¢c<Q>,c<R>l O l(bC(P)@(gC(Q),C(R)

F(c(P)) ®9 F(c(Q) @% ¢(R)) ———— F(c(P) @¢ ¢(Q) @¢ ¢(R))

c(P),c(Q)®c(R)
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Recalling the diagram that we want to show is a commutative diagram and the
fact that F; ps 1 = F(ps,r) © de(s),o(r) for any pair of pointed subsets S, T C
[n]* with S N T = {0} and S # {0} # T, if we can show that all the squares
in the following diagram commute then we are done:

F(e(P)) ® F(e(Q)) ©0 FIART S BB 04 ¢(Q)) 90 FAHE HEAPY Q) 00 F(e(R))

idp<c<p>)®_@¢c(9),c(ml O l‘bC(P)@ch(Q) e(R) lﬂﬁc(f’v@) o(R)
L, Q®«¢ide(R))
F(e(P) @2 F(e(Q) @ () —> F(e(P) @ (@) @ olBSf S PV Q) e ()
idp(P))®2F(pq, R)l F(ide(py®@%pQ, R)l O lF(PP\/Q,R)
F(c (P))®@F(C(QVR))¢m)F( c(P) ®¢ c(Q V R)) Foraus F(c(PVQVR))

Since ¢: ®g o (F, F) = F o ®¢ is a natural transformation, for any morphisms
f: X = Yand g: X’ = Y’ the following diagram commutes:

F(X) 99 F(XN 22598 v) 0, P(Y7)

¢X,X’J/ D J}ﬁy Y/

F(X X)) — F(Y Y’

X @e X) Sigery TV @)

The top right square and bottom left square in our diagram are both this com-
mutative diagram for the morphisms pp g and id.(g), and id.(py and pg,r re-
spectively. Thus all four squares in the diagram commute and we achieve the
desired commutative diagram:

Fn Rgpidp*,.
Fre(P) ©g Fie(Q) 99 Fie(R| "5 Ere(Pv Q) 09 Fie(R)
idFﬁcP@@F‘:PQ.RJ/ O lF;PP\/Q,R
Fe(P) @0 Fe(QV ) ————— F3(PVQV R)

Since we have now shown that all the desired conditions are preserved, we know
that if (¢, p) is an object in €T ([n]*), then F*((c, p)) is an object in 2 ([n]*).

Now to show that if f: (¢, p) — (¢, p’) is a morphism in €' (|n|*), then
Frf: FX((c, p)) — FX((c¢, p))) is a morphism in 2% ([n]*).

1oy is required to be id;,, for any morphism in €' ([n]*). We need to show
that F)foy is the identity on I. Since Fyifroy = (¢! o F)(id,) clearly
Fifroy: 19 — Ig as Fj;(I¢) = I, additionally the following diagram must
commute:

’¢'71
F(lg) — Iy

idhgl O lFif{O}

F(I(f) F’ Iy

Therefore F;:f{o} = ¢_1 o id[% o ¢ = ¢_1 o ¢ = id19.
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For any other component of a morphism in €1 (|n]*), fp: ¢(P) — ¢'(P) for
P C [n]* with P # {0}, since Fc(P) = F(c(P)), Fifp: F(c(P)) = F(c'(P))
as required.

We need to check that the following diagram commutes for any P, @ C [n]*
with P 1 Q = {0}:

Fre(P) 99 Fre(Q) 2228 Fre(P) Vv Q)

FJfP®@FJfQJ( O J{F;vaQ
Fod(P) ®g Frd(Q) —— Frd(PVQ)
Forpq

For P = @ = {0}, clearly all of the vertices are I 5 and all of the edges are id;,,
S0 in this case the diagram clearly commutes. If only one of P and @ is equal
to {0}, since the unitors are identities, without loss of generality we can say @
= {0} and P # {0}, then this diagram instead has F,c(P) at each vertex and
idp-c(p) on each edge, another diagram that clearly commutes.

If neither P nor @ is equal to {0} then since F' is a functor we know the
following diagram commutes:

F(e(P) ®¢ ¢(Q) "% P(e(PV Q)

F(fp®cng)J( 0 JF(vaQ)
F(d(P)®¢ d(Q)) m) F(d(PVvQ))

and since F' together with ¢ and 1 is a monoidal functor, we have another
commutative diagram:

F(e(P)) ®9 F(e(Q)) “259 F(e(P) @ (Q)

F(fP)@@F(fQ)l O lF(fP@)?ZfQ)
P(P) @5 FE(Q) > F(E(P) 8¢ ¢(@Q)

Therefore:
E(pp.)obe(p),
F(e(P)) @g F(c(Qff *5 ER(P v Q)
F(fp)®@F(fQ)l 0 lF(vaQ)

F(e(P) @ F(e{@) —— F((PV Q)
PP,Q)0Pc! (P).e!(Q)
and since F}; pp g = F(pp,Q) © ¢c(p).c(0) and Ffp = F(fp) when neither P
nor @ is {0}, this is exactly the diagram we needed to commute.
Therefore F}¥ is a valid mapping of morphisms.
Finally it needs to be shown that F' preserves both the identities and com-
position.
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Ifid(., ;) = {idc(py | P C [n]*} then Fid(. ,) needs to be shown to be equal
to id(prc ). We have already seen that F}; froy = idy,, for any morphism in
€' (|n]*) and for an other pointed subset P C [n]*, F* fp = F(f(P)) so since
id(¢,p),p = ide(py and F' is a functor, Frid(p = {ids, } U {idF(C(p)) | P C [n]*,
P #{0}} = {idpzc(py | P C [n]*} as required.

Lastly, if f: (¢, p) = (¢, p’) and g: (¢, p’) — (¢”, p”) are morphisms in
€T ([n]*) then we need to show that F*(g o f) = F¥g o Ff.

Again this works component-wise, and since f {9y = g0y = idz,, is required,
Fr(g o f)oy = (Frgo Fyf)y = idr,. For every pointed subset P # {0}, we
simply have F(gp o fp) = F(gp) o F(fp) which holds since F is a functor.

Therefore, F*: €T ([n]*) — 2% ([n]*) is a functor for every n € N.

To achieve a I'-category homomorphism we need to show that one final
condition is satisfied.

For any morphism in T'°P, i.e. a pointed map &: [n]* — [m]*, we require the
following diagram to commute in Cat*:

¢ (1)) L& @ (m))

w | 0 |
2" (In]*) e 2" (Im]*)

Since we have shown that all of these maps are indeed functors, all that needs
to be shown is that the mapping of objects and morphisms agree.

Let (¢, p) be an object of €' ([n]*), then for pointed subsets P, Q C [m|*
with P N Q@ = {0}:

(Fy 0 €T (€))((c; ) = Fr (€T (€)((c, p))
= (Fp (€7 (&)e), Fr (€7 (€)p)

F;, (€7 (§)e)(P) = F},(c(€"(P)))
:{@, & (P) = {0}
F(e(§*(P))), else

Fr (€T (€)p)po = Fin(6"¢pq)
= F.(pe- (P& (@)
id,, £ (P)={0} and £*(Q) = {0}
= Flpe=(p).ex (@) €(P) = {0} or £(Q) = {0}
F(pe(P).e2(@)) © PF(c(e= (). Fle(er (@) €lse
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= (P (©)(Fyre), 7" (&) (Fyip)
(2" ()(F;e)(P) = Fyre(£*(P))
_ {1@, & (P) = {0}
F(c(§*(P))),  else

(2" (&)(Fp))pa = Frpe(p)e (@)
idy,,, £ (P)={0} and £"(Q) = {0}
= Fpe=(p).e= (@), £ (P)={0} or £*(Q) = {0}
F(per(P),e+(@)) © PF(e(e* (). Fle(e* (@), €lse

Thus the mapping of objects commutes and all that is left is to show the same
for morphisms. Let f: (¢, p) — (¢’, p’) be a morphism in € (|n]*), then for
any pointed subset P C [m]*:

(0 CH(€)) fp = Fp (7€) fp)

=F, fep)
_ idI@a f*(P) = {0}
F(fg*(P)), else

(DY (&) (F))fp = Fp fes ()
) {id@, e(P) = (0)
F(fg*(P)), else

Thus the mapping of morphisms also commutes and thus the diagram commutes
in Cat*.
Therefore F*: €7 — 2" is a I'-category homomorphism. A
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9 The Weyl Map

For any given exponential functor F: €5 — % we do not automatically achieve
a natural transformation of cohomology theories, but since every map involved
in defining the cohomology groups in each degree is functorial, we do achieve a
sequence of natural transformations with components:

FF o nk (X)) — hE(X)
[¢] = [F" o ¢]

where
. JOEMUBIN(E), k<0
| B®|N(F), k>0

Ultimately, it is this sequence of natural transformations that we would like to
better understand.

Since the other maps are simply multiple applications of either the loop func-
tor or classifying space construction to the map F*: B|N(%s)| — B|N(%s)|,
our focus will be on this map and it’s corresponding natural transformation
Fxl gL hé@

The inclusions SU(n) < SU(co) — U induce a class in K!'(SU(n)) =
h&(SU(n)), and we can postcompose these inclusions with the map F*: U
— B|N(%3g)| to induce a non-trivial class in hg (SU(n)).

Since we have already investigated the effect exponential functors have on
vector bundles, it will be much easier to determine the nature of these classes
if we are able to precompose the inclusions with a map that plays well with
the suspension isomorphism, so as to involve the Oth K-theory group whose
elements are all formal differences of vector bundles. At which point, since
F*! is a natural transformation, determining the nature of the corresponding
class in our exotic cohomology theory will hopefully be as easy as applying our
exponential functor to those vector bundles while turning the formal difference
into a formal quotient.

We will use a map known as the Weyl map, identically defined as in the
work by Becker, Murray, and Stevenson [4] that will hopefully help us achieve
this goal.

Definition 44. Consider the group SU(n). Diagonal matrices within this group
are of the form diag(z1, ...,z,) where |z, =1V ¢ and z1-....z, = 1. Since the
set of elements z € C such that |z| = 1 is isomorphic to S!, the set of diagonal
matrices in SU(n) is isomorphic to T™!, the product of n-1 copies of S!. We
call this subgroup the maximal torus of SU(n) and will denote it T. We can
form the quotient space SU(n)/T by the equivalence relation: g ~ h if ¢ = hZ
for some Z € T, and thus we can define the Weyl map as follows:

W :SU(n)/T x T — SU(n)
(9, 2) = gZg™"
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This map is well defined since for any other representative h of the class [g],
we have h = ¢T for some T € T and thus hZht = gTZT 9! = gZg! since
elements of T commute with each other. We would like to determine how the
map induced by the Weyl map in cohomology with rational coefficients behaves:

W= H*(SU(n); Q) — H*(SU(n)/T; Q) ® H*(T; Q)

We have seen that H*(SU(n); Q) = Aglzs, ..., 2n-1] where each z; is in degree
i, and since T is isomorphic to the product of n-1 copies of S, we can say that
H*(T; Q) = Ag[z™, ..., 2("V] where each 219 is in degree 1.

Lemma 56. The space SU(n)/T is homeomorphic to F,,(C™)

Proof. Let us consider general elements A € SU(n) and Z € T.
A = [vq]...|vy,] where v; L v; for i # j,
Z = diag(21, ..., Zn_1,71.--Zn_1) Where z; € S' CC Vi

The class of A, [A] € SU(n)/T is the set {AZ € SU(n) | Z € T}
Let us consider a map ¥: SU(n)/T — F,,(C") defined as follows:

U([vi]...]vn]) = (Span(vi) C Span(vi,va) C ... C Span(vy,...,vp—1) C C")

This map is well defined since all representatives of the class of [v1] ... | v,] are
of the form [21vy| ... | zn.1Vn1| ZiZn V] where each z; € St C C

We would like to show that ¥ is a homeomorphism. We therefore must show
that ¥ is a continuous bijection, that SU(n)/T is compact, and that F',,(C™) is
Hausdorft.

SU(n) /T is compact since quotients of compact spaces are compact and
SU(n) is compact.

F,,(C™) is Hausdorfl as it inherits the property as it is a subspace of the
Hausdorff space (CP"~ 1)1,

Let us consider two matrices A = [vq| ... |v,] and B = [wq| ... |w,]. We
would like to show that if ¥([A4]) = U([B]), then [4] = [B].

U([A]) = ¥([B])
(Span(v1) C ... C Span(vy,...,vp—1) C C") = (Span(wy) C ... C Span(w1, ..., w,_1) C C")
= Span(vy,...,v;) = Span(wy, ..., w;) Vi
Since v; L v; and w; L w; Vi # j,
= Span(v;) = Span(w;) V i
— w; = \;v; for some \; e CV i
Since |v;| =1 = |w;| Vi, = w; = zv; forsome z; € S' CC Vi
Therefore B = [z1v1]...|2nVn)
Since det(B) = 1, we must have z,, = Z1...2,—1 and so
B =AZ for some Z € T
Then [A] = [B]
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Therefore ¥ is injective.
Let us consider the map ®: F,,(C") — SU(n) defined in the following man-
ner:

OV C . C Vit C Vi = C") = [vy]...|va]

where v; is a vector in V; such that |v;| = land v; L wV w € V.
Necessarily, the class of [vq| ... |v,] in SU(n)/T will be mapped by ¥ to
the flag (V1 C ... € V,,.; C C™). Since this construction works for any flag in
F,,(C™), ¥ must be surjective, and thus bijective.
In order to show that ¥ is continuous, let us consider its composition with
the inclusion into (CP™1)™! and the following diagram:

SU(n) —=— (C™\{0})""

qll O l‘”

SU(n)/T —— (@

Where ¢; and ¢, are quotient maps and Z is defined as followed in order to
make the diagram commute:

= SU(n) — (C™\{0})" !
A (Ael, ceny Aen,]_)

where each e; is the 7" unit vector in C™. In essence, = maps an nxn matrix
to the n-1 tuple of its first n-1 columns.
The diagram commutes, as for a general matrix A = [vy] ... |v,] € SU(n):

(g2 0 E)([val--|va]) = q2((v1, -, V1))
= (Span(vy), ..., Span(v,_1))
(o Woq)([val-fvn]) = (Lo W)([[vi]...[va]])
= ((Span(vy) C ... C Span(vy,...,vu—1) C C"))
= (Span(vy), ..., Span(v,_1))

n-1

Let us finally consider an open set U € (CP™1) The quotient topology
dictates that a set in the quotient is open if and only if its preimage by the
quotient is open, therefore g2t (U) is open in (C™\{0})"!. = as a map is linear
as it is a series of matrix multiplications, therefore = is continuous and so since
g2 1 (U) is open, 271(g271(U)) is open in SU(n). Since ¢; is a quotient map
and Z71(g21(U)) is open, necessarily, ¢1(271(g271(U))) is open in SU(n)/T,
and since the diagram commutes, ¢1(27(¢27*(U))) = (¢ o ¥) (V).

Therefore U € (CP" )™ is open = (1 o W) (U) € SU(n)/T is open
and thus ¢ o ¥ is continuous. Since the inclusion is continuous, we therefore
know that ¥ must be continuous.

Since V¥ is a continuous bijection from a compact space to a Hausdorff space,
¥ is a homeomorphism and thus SU(n)/T = F,(C"). A
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Hence H*(SU(n)/T; Q) = H*(F,(C™); Q)

The group T has elements of the form diag(z1, ..., 2n-1, Z1---2n1). Let T;
be the subgroup of T whose elements are of the form diag(I;.1, 2z I,_;.1, Z) for
some z € S C C. There is a clear isomorphism from Ty x ...x T,.; — T given
by (Z1, ..., Zn1) = Z1...Z .1, and so we can write any Z € T as a product
Z1...0 1 where each Z; € T, C T.

Let W: SU(n)/T x T — SU(c0) be the composition of the Weyl map with
the the inclusion of SU(n) into SU(c0) and let Woo: SU(n)/T x T — SU(c0)
be given by:

Woo : ([9], Z1.o.Zn1) > diag(9Z1g™ "y ..., gZn_197 ", 1, ...)
Lemma 57. There exists a homotopy between the maps W and W

Proof. Let us define a matrix to assist us in our quest:

cos(tw/2)L,, —sin(tm/2)],

Rot(t) = sin(tr/2)L,  cos(tm/2)I,

Since each nxn block is a diagonal matrix, the blocks commute with one another
and so
det(Rot(t)) = det(cos(tn/2)1,, cos(tr/2)L, — (—sin(tn/2)L,)sin(tr/2)L,)

= det(cos®(tm/2)1,, + sin®(tm/2)],)

= det((cos® (t7r/2) + sin?(tm/2))1,,)

=det(1,) =

| cos(tn/2)L,,  sin(tr/2)L,| .

Rot(t)™" = [—sm(tw/Q)Hn cos(tm/2)L, | = Rot(?)

Thus Rot(¢) is an element of SU(2n) V t.
This matrix is useful as:

cos(0)I,, —sin(0)L, cos(mw/2)L,, —sin(r/2),
Rot(0) = [sin(())]ln cos(0)L,, ] Rot(1) = Lin(ﬂ'/mﬂn cos(m/2)ln

_ 0], o -1,
O S L0
Let Rot;(t) := diag(I(;—1)n, Rot(t), 1, ...) € SU(occ). Rot;(t) has inverse

Rot;l(t) = diag(I;—1yn, Rot(¢), 1, ...) We can now use these matrices to
construct the required homotopy:

H(lgl, Z,t) = {diag(gZ19™ ", ..., gZig ", 1,...)Rot;((n — 2)t —i + 1)
dlag(ﬂ(z 1)n7gZH-1g ! -~an—1gila 7~~-)R0t;1((n - 2)t —i+ ]-)a

-1
‘ <t< ‘ forl1<i<n-—2
n—2 n—2
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We can see that for ¢ = 0, we require ¢ = 1 and so
H([g], Z,0) = diag(gZ1g~*,1, ... )Rot1(0)diag(gZ2g™"...9Zn_19"", 1, ...)Rot] * (0)
= diag(gZ197",1,...)diag(Rot(0), 1, ...)diag(9Z29™ " ...9Zn 1971, 1, ...)diag(Rot(0) 1, 1, ...)
= diag(gZ19~ ", 1,...)diag(Iap, 1, ..)diag(gZ29™ ... Zn 19", 1, .. )diag(Ian, 1, ...)

= diag(gZ19~",1,..)diag(gZog ™ ...gZn_19" ", 1,...)

= diag(9Z19™" .9Zn-19"",1,...) = W([g], Z)
and for ¢t = 1, we require i = n - 2, so
H(lgl, Z,1) = diag(9Z1g™", ..., 9Zn_29" ", 1, . )Rot, 2 (1)diag(l(n—s3)n, 9Zn-19" % 1,..)Rot;, 1, (1)

= diag(9Z197", ..., 9Zn_29~ ", 1, ...)diag(I,,_3, Rot(1),1,...)

diag(ly_3,...,9Zn_19" " 1,...)diag(I,_3,Rot(1)71,1,...)

0 L]

= diag(gzlgila"'7an—29717]-a"')diag(]ln—& I 0 al,"')

. _ . 0o I,
diag(ly_3, ..., gZn_19" " 1,...)diag(I,_3, [—]I O] 1)

= diag(9Z19™", ..., §Zn_29" ", 1, .. )diag (L, _3, i E 1,...)

, 0 Zp_197"
dlag(]ln,?” [—H g Olg :| 717 )

n

1 0
= diag(gZ19™ ", ..., gZn_29" 1, 1, .. )diag(L,_3, | ” 0L
9(9Z19 9Zn-29 Jiagu-s: |5 7 " 1} )

= diag(9Z197", ... §Zn_29" 1, ) diag(Ty_2, 9Zn_19" ", 1,...)
= diag(9Z19™", ., 9Zn-19"",1,..) = Wa([g], 2)
Therefore W and W o are homotopic maps A

Thus the induced maps in cohomology are equal.

W =Wg : H*(SU(c0); Q) = H*(SU(n)/T; Q) © H*(T; Q)

And so the following diagram commutes:

H*(SU(o0); Q) = H*(SU(n)/T; Q) ® H*(T; Q)

9.1 Loop Spaces and Line Bundles

The Weyl map has been described earlier as the map:
W :SU(n)/T x T — SU(n)
(9], 2) = gZg™*
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We have also described the maps from n-1 copies of S* to T and from SU(n) to
SU(o0) (which can then be included into U), thus we can extend this to a map:

SU(n)/T x St < SU(n)/T x T — SU(n) — SU(c0) — U

where if the inclusion S < T is given by z — Z = diag(z, 1,2, Z), then we
have a map:
P:SUn)/TxS'—>U
(lg], 2) = diag(gZg™",1,...)
P factors through the following map:
P:S(SUn)/T)—TU
[lg], 1] = diag(9Zg™",1,...)
where Z = diag(exp(27mit), 1,,—2, exp(-2mit)) S: Top — Top is a covariant
functor called the suspension that maps objects X to SX := (X x [0, 1])/~
where (z, 0) ~ (z’, 0) and (z, 1) ~ (2’, 1), and maps morphisms f: X — Y to
morphisms Sf: SX — SY where we define Sf([z, t]) = [f(z), t]. Notice that
our map P is not a pointed map of topological spaces.
An adjunction isomorphism then gives us a map:
Q:SU(n)/T— QU
g = G:S' - U
2z diag(9Zg1,1,...)
To better understand this loop let us attempt to factor it through the loop space
of a space that is homeomorphic to U.
Let Gr be the space of Hermitian projections E: C* — C of finite positive

rank. i.e. E¥ = E = E? and rank(E) > 0
Let X, be the simplicial space defined as follows: X := (pt) and

X, = {(El, ,En) e Gr" | EiEJ =0 for 4 # ]}
with face maps:
dno(Er, ... En) = (Ea, ..., Ey)

dn,i(Ela ,En) = (El, 7Ez + Ei+1a ,En) for 1 < ) <n-— 1
dpn(E1, .. En) = (Ev, .., En_1)

and degeneracy maps:
Smi(Ela ceey En) = (Eh ~-~7Ei707 Ei+17 ceny En) for 0 < ) <n

It will be easier to describe the geometric realisation of this simplicial space if
the elements of the n-simplex are represented by an n-tuple as opposed to an
(n+1)-tuple as we have in the past.
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For (zq, ..., x,) € A", let ¢; = E?:Z zj, then an element of A™ can be
written as a n-tuple (¢1, ..., t,) where 1 > ¢; > ... > ¢, > 0.

In this context, the coface maps are the maps:

dn’o(tl, --~7tn—1) = (1,t1, --~7tn—1)
dn,i(th "'7tn—1) = (tla "'at’i—latiat’hti-‘rh ---7tn—1)
dn’n(tl, ...,tnfl) = (tl, ...,tn,hO)

The codegeneracy maps are the maps:
Sty ey ting1) = (F1y ooy tiy tig2eess trg)
There is a homeomorphism shown by Harris [16]

¢:|Xe] = U
((El, ceny En), (tl, ,tn)) — 6.’£p(27ri(t1E1 —+ ..o+ tnEn))

Consider (E, t) € X1 x Al C |X,], then:
O(E,t) = exp(2mitE)

where z = exp(2mit)

We would like to be able to describe a loop in | X 4| that will map to Q([g])
= (t — diag(gZg*, 1, ...)) € QU by 6.

Let E; be the projection diag(0;.1, 1, 0, ...) where 0,, is the nxn matrix
with every entry 0. Let us see if the following path does the job:

((9Eng™t gE1g71),(1—t,1)), 0<t<1/2
((9Erg™ " gEng™), (1,1 -1)), 1/2<t<1

H{([g), 1) ={

To begin, this path is continuous:

9gB197" + gE,g7 ', 1/2)

(9Brg™" 9Bng™"), (1/2,1/2))
= H([g],1/2) from above
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and in fact, the path is a loop through the base point of | X|:

2

gElg_la 1)
pt,pt) € Xo x A°

H([g],0) = ((9Eng~ ", gE19™"),(1,0))
~(9Eng™',1)
~ (pt,pt) € Xo x A°
and H([g],1) = ((9E1g~ ', gEng™ "), (1,0))
(
(

~

Now to see how ¢ transforms the loop, notice that F1 E,, = E, F; since both are
zero by definition, therefore V A, u € C, and g € SU(n)/T we have ezp(AgE1g™
+ pgEng?t) = exp(A\gE1g")eap(ngEng™):

¢(H([g],t)) = exp2mi(tgErg™" + (1 —t)gEug™ "))
= exp(2mitgB1g exp(2mi(1 — t)gE,g~ ")
= ¢(gErg™, t)p(gEng ™" 1 — 1)
={+gFig (2= 1))((I+ gE,g~*(Z— 1)) where z = exp(2mit)
=I+gEig Y (z2=1)+gE,g Y (Z—1)+gE1g (2 — 1)gE,g '(z - 1)
=glg™ +g((z = 1)B)g~ +9((Z = 1)Ep)g™" + (2 = 1)(Z — 1)gB1g~ 'gEng™"
=g(I+(z = DE1+ (Z = 1)Ep)g™" + (2 = 1)(Z — )gE1 Eng ™
= g(1 + diag(z — 1,0,...) + diag(0,,_1,Z — 1,0,...))g" "
= g(diag(z,1,_2,%,1,..))g "
= g(diag(Z,1,...))g~"
= diag(gZg~ ', 1,...)
Therefore this loop is indeed the correct choice as it maps to the loop we had
in QU.
H([g], t) is a loop wholly contained in the 2-skeleton of |X,|, it will be
advantageous for it to be homotopic to a loop wholly contained in the 1-skeleton
of | X,

(9Bt 1—2t), 0<t<1/2
Kl t) = {(gElgl,Qt— 1), 1/2<t<1
K(l[g],|t) is a continuous loop as K([g], 0) ~ K([g], 1/2) ~ K([g], 1) ~ (pt, pt)
€ | Xl
There is a homotopy from H([g], t) to K([g], t).

_ ((gEng_l,gElg_l),(l—t—St,t—St)), OStS 1/2
Wil o) = {«gElgl,gEngl), (t—s(—1)1—t—s(1-1), 1/2<t<1
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U([g], t, s) is continuous:

from below ¥([g],1/2,s) =

gElg +gEng ;

\If([ ],1/2, s) from above

U([g], t, s) is a homotopy from H (|g], t) to K(|g], t):
((9Eng™',9E1g7"), (1= t,1)), 0<t<1/2
((9Erg~ ", gEng™), (t,1-1), 1/2<t<1

W ((g),1,0) = E
(lg).)
(
(

gE?Lg gElgil)7(1_t_t7t_t))v 0§t§1/2

VAL ED =Y (gBrg gBg ), (= (1)1 —t— (1 =), 12<t<1

9Eng 1 1-2t), 0<t<1/2
gFig~h2t—1), 1/2<t<1

(lg, )

The 1-skeleton of QU is homeomorphic to the space BU. K([g], t) therefore
factors through BU = Gr. We will attempt to determine how this factorisation
works.

Let v: Gr — QU be the map sending a projection E to the loop exp(2mitE)
for0 <t <1.

The loop Q¢ o K([g],-) is the concatenation of two such loops:

Q¢o K([g],—) =(9Eng™ ") " *v(gE197")

2

Il
Nr—/H/—/H m/—’H

(
(
(
(

There are n-1 inclusions St — T given by z + diag(I;_1, 2 L,_;i_1, Z). We
have thoroughly examined the case when 7 = 1 but an identical method with an
identity matrix block shifted along the diagonal allows us to achieve the result
that these inclusions composed with the Weyl map and further included into U
are adjoint to maps that are homotopic to the concatenation of two loops and
for the i*® inclusion, this concatenation is given as v(gE,g~1)~' * v(gE;g™1).

We have BU(n) = {E € Gr | rank(E) = n} and since £ € Gr = FE is
an idempotent, we have rank(E) = tr(E).

As before, let E; = diag(0;.1, 1, 0, ...), then:

rank(gEig_l) = tr(gEig_l)
=tr(gg 'E;)
=1
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Thus the maps:
I;:SU(n)/T — QU
9] = (9 Big™")

must factor through BU(1) C Gr

SU(n)/T L QU
x O /
BU(1)

where g;(|g]) = gE.g!.

The homotopy class of g,: SU(n)/T — BU(1) corresponds to a line bundle
over SU(n)/T.

EU(1) :=={(F,v) € BU(1) x C* | v € Im(E)} is the total space of the uni-
versal line bundle over BU(1). The line bundle corresponding to the homotopy
class of ¢; is the pullback of EU(1) by ¢;:

ef(EU(1)) —— EU(1)

L

SU(n)/T —— BU(1)

Then ¢ (EU(1)) = {([g], E, v) € SU(n)/T x EU(1) | ¢;([]g]) = E} or equiva-
lently, £(EU(1)) — {([g], v) € SU(n)/T x C= | v € Im(gF.g)}

There are n natural projections 7;: T — S! given by 7;(Z) = z; where, as
usual Z = diag(z1, ..., 2,). For each 1 < ¢ < n, let us define the following space:
L; := SU(n) x5, C:= (SU(n) x C)/~ where ~ is the following equivalence
relation:

(9, mi(Z)A) ~ (9Z, A) for some Z € T.

The maps I;: L; — SU(n)/T given by I;([g, A]) = [g] are line bundles.

Lemma 58. The line bundle corresponding to the homotopy class of ¢; is [;.

Proof. Tt must be shown that there is an isomorphism E: L; — ¢f(EU(1)) and
that the following diagram commutes:

L; = eX(EU(1))

e

SU(n)/T

To ensure that the diagram commutes, we require that Z([g, A]) = ([g], v) for
some vector v € Im(gE;g). Let us test whether = is a well defined isomorphism
when v = Age;.
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First we must find some u € C* such that gE;g'u = Age; to ensure that
Age; € Im(gE;g).
Let u = \ge;

9Eig ' \ge; = \gE;g " ge;
= AgEie;
= Age;

Thus Age; € Im(gE;gt).
We must show that for any Z = diag(z1, ..., z,,) € T:

E([g, ziA]) = E([9Z, A])
E([g, ziA]) = (lg], ziAges)
E([9Z, N)) = ([92], \gZe;)
= ([g]; \gzie;)
({

Therefore = is well defined.
Since L; and ¢} (EU(1)) are the total spaces of line bundles, they necessarily
have the same rank = 1 and thus, we must only check that = is injective.
Since \ge; = 0 = A\ = 0, Z is injective, and thus an isomorphism. A

Lemma 59. The Chern classes of the line bundles I;: L; — SU(n)/T are
generators of the cohomology ring H*(SU(n)/T; Z)

Proof. We have seen that SU(n)/T is homeomorphic to F, (C™) via the map:

U :SU(n)/T — F,(C")
[Vil|.--|[va]] = (Span(vy) C ... C Span(vy,...,vp_1) C C")

Let the maps ~;: T'; — F,(C™) be the tautological line bundles over F,,(C"),
fe. T :={(V,v) e F,(C") x C" | veV,, vl wVweV,1} and v is the
projection to the flag component.

H*(F,(C™); Z) is generated by the elements ¢1(T;) for 1 < i < n, so the
pullback of these elements by ¥ will generate H*(SU(n)/T; Z). Since Chern
classes are compatible with pullbacks, we need to show that each map ~; is
pulled back onto a line bundle over SU(n)/T with total space homeomorphic to
L;.

|

SU(n)/T —5— Fu(C")
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Let us examine the space ¥*(T';):

(L) = A{(lg), (V,v)) € SUn)/T x I's | ¥([g]) =(V,v)}
;(V,v)) € SU(n)/T x I | ¥([g]) =V}

(V,v)) € SU(n)/T x I'; | Span(gei,...,ge;) =V;, 1 < j<n}
) € SU(n)/T x C"* | v € Span(ge, ..., ge;),v L w V¥V w € Span(ge1, ..., ge;—1)}
) € SU(n)/T x C" | v € Span(ge:)}

)
<

To show that this space is homeomorphic to L;, let us attempt to construct the
homeomorphism:

k:L; — \I/*<FZ)
g, Al = (lg], Agei)
To show that this map is well defined, let Z = diag(z1, ..., z,) be an element of

the maximal torus T C SU(n). We require that k([gZ, A]) = k([g, z:;A]) which
can be seen since:

k([9Z, N]) = ([9Z], Azigei)

([g]; ziAge:)
k([g, z:A]) = (lg], ziAge:)

Since L; and ¥*(T';) are the total spaces of line bundles over the same space,
thanks to work by Milnor and Stasheff [26], if we can show that k is continuous
and an isomorphism on each fibre, then we will know that k is a homeomorphism.

Considering W*(I';) as a subspace of SU(n)/T x C", if 7gy(y) T © ¢ © k and
mer o ¢ o k are both continuous, then & is continuous.

)/t © 1)([g]; Agei)

(msuny/T o Lo k)([g, A]) = (7s
H
(mcn 0 )([g], Agei)
Age

(wen 0 00 k)([g, N]) =

Since we have seen that k is well defined, and we know that quotient maps and
multiplication are continuous, both of these maps are necessarily continuous,
thus so is k.

To show that k is a fibre-wise isomorphism let us fix a point [g] € SU(n)/T
and examine the fibres over [G|:

{lg, Al € Li [ li([9,A) = [G]} ={[G, A] € Li}
=C

{(lgl;v) € W) | O*(7:)([g), v) = [G]} = {([G], v) € U*(T)}
= Span(Ge;) = C
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Since k([G, A]) = ([G], A\Ge;) € {(|G], v) € ¥*(I;)}, we can construct a re-

striction map:

kg {[G, A € Li} — {([G],v) € ¥*(T4)}
G, \] = ([G], A\Ge;)

Since Ge; is a non-zero vector in C", A\Ge; = 0 iff A = 0, therefore kg is
injective, and since both the domain and codomain of kg have the same rank,
it must be an isomorphism.

Since k is continuous and fibre-wise bijective, k is a homeomorphism and
thus each L; is homeomorphic to the space U*(T';), therefore the Chern classes
c1(L;) for 1 < 4 < n form a generating set of H*(SU(n)/T; Z). A

9.2 Differences of Line Bundles

Before we can get into how this all fits together, there is one more thing we
must check.

Let us consider the space [X, QU], the set of all homotopy classes of maps
from X to QU. We may equip this set with two binary operations.

Let us equip [X, QU] with the operation of concatenation of loops. For two
loops a,b: X — QU we have:

(axb)(z)(t) = {Z(x)(%), Ot=1/2
(z)(2t—1), 1/2<t<1

This operation has a unit [1.] € [X, QU]J, that is the class of maps homotopic
to the representative 1.: X — QU where 1.(z)(¢) =1 € U.

Each loop a has a concatenative inverse a, ! such that axa; !, a !
are all homotopic given by a;(z)(t) = a(x)(1-t)

We may also equip [X, QU] with the operation of multiplication in U. For
two loops a,b: X — QU we have:

(a-b)(2)(t) = a(z)(?) - b(x)(t)

This operation also has a unit [1.] € [X, QU]J, that is the class of maps homotopic
to the representative 1.: X — QU where 1.(z)(¢t) =1 € U.

Again each loop a has a multiplicative inverse a~! such that a-a™', a"'-a
and 1. are all homotopic given by a~!(z)(t) = (a(z)(¢))* € U.

If these operations satisfy the following identity, then by the Eckmann-Hilton
argument [8], the two operations are the same and more than that, they are
commutative and associative.

We must first show that for any loops a,b,c,d we have:

*a and 1,

(axb)-(cxd)=(a-c)x(b-d)
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Which can be seen to hold in this case as:

~Ja(x)(2t) - c(x)(2t), 0<t<1/2

((@xb)-(exd)@)(?) = {b(x)(2t 1)-dx)2t—1), 1/2<t<1
~Ja(x)(2t) - c(x)( t), 0<t<1/2

and ((a-¢)  (b- d))(@)(?) = {b(x)(2t 1)-dx)2t—1), 1/2<t<1

Since this identity holds on loops, it will certainly hold on homotopy classes of
loops, and thus on [X, QU] the operations of concatenation and multiplication
in U are the same operation which is commutative and associative. Therefore,
since we have defined inverses, [X, QU] is an abelian group under this operation,
hereby denoted with standard addition and subtraction notation.

Now we can begin.

We have a group [SU(n)/T, QU]. We would like to know how to describe
the map we had before Q: SU(n)/T — QU where Q(|g])(z) = diag(9Zg*, 1, ...)
where Z = diag(z, L2, Z, 1, ...) for z € S!, in terms of isomorphism classes of
principal bundles over SU( ) / T.

We considered a space

(Xo| = {((B1, ..., Bn), (t1, s t)) € [[ Gr™ x A™ | EiE; = 0 for i # j}
n=0

and a homeomorphism ¢: |X,| — U given by ¢((E1, ..., E,), (t1, ..., tn)) =
exp(2mi(E1t1 + ... + Enty)).

This gives us a clear map [Q¢ o -]: [SU(n)/T, Q|X.|]] = [SU(n)/T, QU]
which is a group isomorphism since ¢ is a homeomorphism.

We have a map H: SU(n)/T — Q|X .| given by

((gEng_lagElg_l)’ (1 —t, t))’ 0<t< 1/2

which we determined satisfied the property Q2¢ o H = @) therefore clearly after
taking homotopy classes, [Q¢ o -|([H]) = [Q].

H was determined to be homotopy equivalent to the map K: SU(n)/T —
Q| X,| given by

R - <t<
K (g = {(gEng_l,l 2t), 0<t<1/2
(gE1g~1,2t—1), 1/2<t<1

and it was shown that Q¢ o K = I',”! * I'; where I';: SU(n)/T — QU is the
loop given by T'([g])(t) = exp(2mitgFig™)

Since [H| = [K| necessarily, and [Q¢ o -] is a well defined group isomorphism,
it must be the case that [Q] = [T, ' * '] = [[,]"* + [[1] = [T1] - [T]-

Each T'; was shown to be the composition of a map ¢;: SU(n)/T — BU(1)
given by ¢;(|g]) = gEig' and the map v: BU — QU given by v(E)(t) =
exp(2mitE), permitted since BU(1) is a subspace of BU, T'; = v o &;.
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In turn, v is the composition of two maps, let w: BU — Q|X,| be given by
w(E) = (E, t) for 0 <t <1, then v = Q¢ o w. Clearly, w is injective so since
Q¢ is an isomorphism, « is also injective.

We now have a map [y|gy(1) o -|: [SU(n)/T, BU(1)] = [SU(n)/T, QU] that
is injective where [y|pu(1) o -|([e:]) = [Ti].

We have discussed the isomorphism ®: [X, BG] — Pg(X) which in the
case of X = SU(n)/T and G = U(1) translates into finding an appropriate
isomorphism class of line bundles over SU(n)/T for any homotopy class of maps
from SU(n)/T to BU(1). We discovered that ®([e;]) = [l;] where [;: SU(n) X,
C — SU(n)/T

Let ¥ = [y|gua) © -] o @1 ¥: Pya)(SU(n)/T) — [SU(n)/T, QU] is a
group homomorphism and we know that ¥ ([l;]) = [T].

And 50 [Q] — [T - [Tu] — W([L]) - ([1]) — W([h] - [1]):

Similarly, the other inclusions S' < T induce maps that are adjoint to maps
that are homotopic to the difference of line bundles [I;] - [I,,] for each 1 < i <
n-1

9.3 The Class of the Weyl Map in K-theory
The Weyl map is given by:
W :SU(n)/T x T — SU(n)
(lg). 2) = 924"
and by the inclusions of SU(n) into SU(c0) and SU(c0) into U, we have a map:
toW :SU(n)/TxT—TU
(l9), Z) = diag(9Zg~",1,...)

We can write elements of T in the form diag(z1, ..., 2n—1, Z1---2n—1), let us write
Z; = diag(L;_1, 2z;,1,—;-1,%;), we can construct another map

We :SUMN)/TxT —U
(lg], diag(z1, ...y 2n—1,21-2n-1)) — diag(9Z197", ..., gZn_19" " 1,...)

We have seen that W is homotopic to W .
There are n - 1 projections mgiiy: T — St given by 7gi) (diag(21, - Zn—1, 21 2n-1))
Let us then construct maps w; for 1 < i < n - 1:
w; : SU(n)/TxS* - U
([g]v Zz) = diag(ﬂn(i—l)a gZigilv 13 )

Now we may define W;: SU(n)/T x T — Uas W; := w; o (idsy(n),r X Tsi()-
Then W = W1 & ... & W,1.
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K'(X) = |X, U] so in K'(SU(n)/T) we have:

n—1

W] = [Wae = W1 @ oo @ Wy] = S [Wi]

i=1
Each map idgy(n),T X 7s1» induces a map
(idsy(n),T X g1 )*: KY(SU(n)/T x S') — K'(SU(n)/T x T)

and so (idgu(n) /1 X Tgr))*([ws]) = [W4]. We can use the Kiinneth formulaula
and the naturality of the isomorphisms to obtain a commutative diagram:

(idsu(n) /T Xmg1(s))"

K*(SU(n)/T x S)

%\L - =

K°(SU(n)/T) ® K'(S") ido®n K°(SU(n
f)

& K'(SU(n)/T) ® K°(S") ®idi® w4 @ K'(SU(n

and so we must determine the behaviour of the induced maps 7, ;): K k(S —
K*(T).

T is the maximal torus of SU(n) so in our case it is really T" !, the cartesian
product of n - 1 copies of St. K°(S!) =2 Z and K'(S') = Z so let us use the
Kiinneth formulaula to construct K°(T) and K'(T).

Lemma 60. In the category of groups, KO(T*) = 72" " and K!(Tk) = 72"

Proof. We will perform an induction argument.

The base case is known to hold; T' = S! and so K°(T') = K°(S') @ 7Z =
72" and KN (TY) = K1(S') = Z = 72° as required.

Let us assume KO(T*) 2 72" " and K(T*) 22 72", since T* is the cartesian
product of k copies of S', we have TF+! = T* x S! and so we may apply the
Kiinneth formulaula:

KO(TH) = KO(TF) @ K°(S") @ K°(TF) @ K°(S?)
~ sz—l ® 7 o sza ® 7
~ sz—l @ ZQk71
~ 72"
and K'(TH) = K%(T%) @ K'(S") @ K'(T*) @ K°(S')
~ Z2k71 ® 7 o Z2k—1 ® 7
g sz—l @ Z2k—1

~ 72"
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The copies of Z in K*(T™) can be efficiently labelled using the Kiinneth
formula, each one is isomorphic to the tensor product of a copy of either K°(S!)
or K1(S') for each of the component circles and so we may label them by an
n-tuple (i1, ..., i,) where each i; is 0 if the tensor product includes K°(S'(?))
or 1 if it includes Kl(Sl(j)), the K theory groups of the j* component circle.

Naturally,

) C KR i Y iy € b+ 22
j=1

1yeensln

Lemma 61. The restriction maps mgis): T — S! induce maps in K-theory
KO(7T51(71)) and Kl(ﬂ'sl(i)) such that Im(KO(Trgl(i))) = 2(07‘._,0) Q KO(T) and
Im(K' (7q19)) = Zo,_,,1,0,_,_,) S K*(T).

Proof. The restriction maps mgin: T — S' each have right inverses in the
inclusion maps ¢;: S' — T, so since K* is a functor we must have (g1 © 1;)*
=id K* (S For any other inclusion of a component circle into the torus, i.e. for
i # j, we have:

Ts1(i) O Lj :Sl — Sl
z—1

where 1 is the basepoint of the circle.

If ¢: S' — pt is the map collapsing a circle to a single point and j: pt — St
is the incluion of a point to the basepoint of the circle, we see that the following
diagram commutes:

Since additionally, ¢ o 5 = id,:, we must have that the following diagrams all
commute:

KO(m1¢sy0L; K (m 14y 0L
KO(sh) (75100 ©t5) KO(sh) Ki(st (g1(i) 0t5) K(SY)
K(j\ /Lc) K\ /
K'(pt)
Ko( ldKo(p,) ) Kl ldKl(pt) )

M\ /u) \ Aﬁ

Since K!(pt) = 0 and K'(S!) = Z, K'(j) must be the zero map and K!(c)
must be the inclusion of 0 into Z, therefore K*(mg1(:) o ¢;) must also be the zero
map.
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Since K°(pt) =2 Z and K°(S') = Z, K°(3) and K°(c) must be isomorphisms
since the only group homomorphisms p,q: Z — Z such that ¢ o p = idy are p
= ¢ = idz and p = ¢ = -idz. Since in either case p o ¢ = idz, K°(mg1) o ;)
must also be the identity.

Let us denote by X ; the following space:

n—i—1

i—1
Xi::hpthlx Hpt
k=1 k=1

Let us denote by 7;: X; — T the natural inclusions of each X; into T. Each y;
has a clear left inverse we will denote ¢;: T — X; that collapses all but the 3"
component circle of T to a point. Observe how these maps may be written:

i—1 n—i—1
gi=[]axidx ] s
k=1 k=1
i—1 n—i—1
ci = H c xid x H c
k=1 k=1

Clearly, each X; is homeopmorphic to S', let us denote the homeomorphism
that fits into the following commutative diagram p;: X,; — S':

Ts1(4)

T
X;

Necessarily, K°(p;) and K'(p;) will be isomorphisms.

Now to the question we actually asked, we would like to understand the
behaviour of K%(mgii)) and K'(mgii)), and so since the following diagrams
commute:

Sl

KO (7 K" (g1
KO(SY) 1) KO(T) KY(SY) Ts10) KY(T)
= - Acl) = - Acl)
KO(X;) K'(X;)

all we must do is investigate the bahviour of the maps K°(¢;) and K!(c;)
which, by the naturality of the Kiinneth formulaula isomorphisms, decompose
once more into the direct sum of the tensor product of a combination of only
four maps.

Helpfully, since K!(c) is the inclusion of 0 into Z, K°(c) is an isomorphism
and both of the other maps are identities, our maps K%(¢;) and K'(¢;) factor
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exclusively through isomorphisms and inclusions.

K°(ci)

K°(T)

{ - I

i1 KO(pt) @ KO(SY) @52y KO (pt) ——= Zqo,...,0)

1 .
KY(X,) e KY(T)

| . I

i—1 n—i—1
k=1 Ko(pt) ® Kl(Sl) k=1 K° (pt) ~ Z(Oi—15170n—i71)

Therefore the map K°(mgi(5)) is an isomorphism onto Zo,....0) € K°(T) and
K'(mg1») is an isomorphism onto Zo, 1,0, , ,) S K'(T). A

Lemma 62. The class of the Weyl map [W| € K'(SU(n)/T x T) has non
trivial components only in the subgroup:

n—1

KO(SU(TL)/T) ® @Z(Oi715170n7’i71) c Kl(SU(n)/T)

=1

Proof. We have seen that the class of the Weyl map can be decomposed in the
following manner:

1= Z_:[Wi] - i(idSUw)/T X i) ([wi])

and thanks to the previous lemma, we know that the maps (idsy(n)/1 X 7g105))™*:
K'(SU(n)/T x S') — K*(SU(n)/T x T) must first factor through a specific
space:

(idsu(n) /T X mg1(00))"

K'(SU(n)/T x S') K'(SU(n)/T x T)

]

KO(SU(TL)/T) ® Z(0¢71,1,0n7i71)
@ Kl(SU(n)/T) ® Z(Oi—uo,on—q‘,—l)

K°(SU(n)/T) ® K*(S")

0
—_—
® K'(SU(n)/T) @ K°(S") =

Therefore we must have:

n—1
[W} € KO(SU(TL)/T) ® @Z(Oifl7lyonfi—l)

i=1

® K'(SU(n)/T) ® Z,....0) € K'(SU(n)/T x T)
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We must determine the nature of the classes |w;] € K1(SU(n)/T x S').
Consider the space 4 := ({[1]} x S') U (SU(n)/T x {1}) c SU(n)/T x
S!. The inclusion ¢z A — SU(n)/T x S! is a cofibration, therefore the pair
(SU(n)/T x S', A) has the homotopy extension property with respect to all
spaces, particularly, with respect to the space U.
We need to determine the behaviour of w; on elements of A which are either
of the form (|g], 1) or (|L,,], 2) for [g] € SU(n)/T, 2z € St.

wl([Q]? 1) = diag(l[n(iflﬁ gﬂng_l’ 1, )
=1
wi([In], 2) = diag(]ln(i—l)v Ldiag(li—q1, 2,1, —i—1,2)1p, 1,...)
= diag(]l(n+1)(i_1), 2, i 1,2, 1, )

Let us define a homotopy f;: A x I — U in the following manner:

I (lg], 2) € SU(n)/T x {1} C A
fi(lgls 2,t) = { diag(L41)(i—1), exp(2mi(1 — t)s),
Ly—i—1,exp(—2mi(1 —t)s),1,...), (lg],2) € {[l]} xSt Cc A4
where z = exp(2mris) for some s € I
By design we have that f;([g], z 0) = w;([g], 2) for ([g], z) € A, so the

conditions of the homotopy extension property hold and we can construct a
homotopy F'; to fit into the commutative diagram:

Ax{O}cidA—X]>A><I

ind{o}\[ 0

idgyy () Txs1 XJ

Additionally, we have that f;([g], 2z, 1) = I, so F;1(|[g], 2) := Fi([g], » 1) =1
for ([g], z) € A, therefore F;1 necessarily factors through X(SU(n)/T). Let w;
be the map that makes the following diagram commute:

SU(n)/T x S* Fis U
\ 0 -
q wq
E(SU(n)/T)
In K-theory therefore, we have [w;| = [F;1] since w; and F;; are homotopic,

and thus [w;] = ¢*[w,].
So in order to better understand our class [W], now we must determine the
behaviour of ¢*: K'(2(SU(n)/T)) — K*(SU(n)/T x S').
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Since %(SU(n)/T) = (SU(n)/T x S')/A, let us consider the long exact
sequence induced by the pair (SU(n)/T x S!, A) where tx is the map induced
by the inclusion of (SU(n)/T x S!, @) into (SU(n)/T x S, A) and ¢4 is the
map induced by the inclusion of A into SU(n)/T x S!:

K'(SU(n)/T x S, A) = K*(SU(n)/T x S') -2~ K'(A)

T e

K'(%(SU(n)/T), pt) —z— K'(X(SU(n)/T))

Form this diagram we can see that Im(¢*) = Im(tx) = Ker(ct4). Notice addi-
tionally, that while ({[1]} x S') U (SU(n)/T x {1}) = A, we also have ({[1]} x
SY) N (SU(n)/T x {1}) = {pt} and so let us use a Mayer-Vietoris sequence:

KHA) Y2 g1y xS @ KL(SU(n)/T x {1}) 2% K1(pt)

l |

K2(pt) 4= K°({[1]} x 81) © K°(SU(n)/T x {1}) {—= K*(A)
L1t 1+J2
where 11, 1o are the inclusions of a point into S! and SU(n)/T respectively, and
91, 72 are the inclusions of {[1]} x S! and SU(n)/T x {1} into A respectively.
Since we know that K!(pt) = 0, K°(pt) = Z, and K'(S') = Z, we can
rewrite our sequence:

K1(4) S K (1)) x §1) @ KN (SU(m)/T x {1}) ———

l

Additionally, since ¢; is the inclusion of a point into the circle, K°(:;) is an
isomorphism, and so tj-t5: Z & K°(SU(n)/T x {1}) — Z is a surjection as
(¢3-13) (2, 0) = ¢5(2), so Im(c5-15) = Im(:}) = Z, and therefore the connecting
map into K!(A) is the zero map. Thus by exactness:

(71.23) : K'(A) = K'({[1]} x 8") & K*(SU(n)/T x {1})

0
% Z® K°(SU(n)/T x {1}) T K°(A)

is an isomorphism.

Now that we have products again, we can use the Kiinneth formulaula to
show that K!(A) is isomorphic to K°(pt) ® K'(S') @ K*(SU(n)/T) @ K°(pt).
Thus in order to find the kernel of ¢ 4, all we must do is determine the kernel of
the map naturally induced by the Kiinneth formulaula:

KY(SU(n)/T x S') —= K°(SU(n)/T) ® K'(S') @ K'(SU(n)/T) ® K°(S")
LAJ/ u J/(L;@’idgl)@(idéu(n)m@LT)

K'(A) ———— K%pt) ® KX(SY) & K'(SU(n)/T) ® K°(pt)
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The two identities and ¢} are all isomorphisms so all of their kernels are 0, let
us see how that affects the kernel:
Ker((1; ®idgi) @ (idgy(nyr @ 11)) = Ker(i; @ idg) © Ker(idgy (v @ ¢1)
= (Ker(13) ® KY(S") U K°(SU(n)/T) @ 0)
@ (0@ K°(SY) U K*(SU(n)/T) ®0)
= Ker(t5) @ K*(S"HYuo@0uU0
= Ker(13) @ K*(Sh)
= K°(SU(n)/T) @ K'(S")
since (3 is the inclusion of a point into SU(n)/T.
Therefore we must have that Ker(t4) = K°(SU(n)/T) ® K*(S!) as a subset

of K*(SU(n)/T x S'), and since Ker(ta) = Im(1x) = Im(q*) and [w;] € Im(q*),
we must have [w;] € K°(SU(n)/T) @ K'(S') which in turn ensures that:

n—1

[W] € RO(SU(R)/T) ® @ Z(01—17170n—i—1)
i=1
C KO(SU(n)/T) @ KX(T)
C K'(SU(n)/T x T)
A

Theorem 63. The class of the Weyl map in K'(SU(n)/T x T) is given by:

n—1

(W] =P (L] - [Ln)) @ 2

i=1
where ® is an isomorphism, and for each i, z; is a generator of K 1(Sl(i)), and
L; is the i*h tautological line bundle over SU(n)/T.
Proof. Earlier we have seen that, in unreduced K-theory, the class of the map

Py :S(SU(n)/T) = U
llg],t] = diag(9-Z1.97",1,...)

where Z; = diag(exp(2mit), I,,_o, exp(-2wit)), is equal to the difference of
the classes of two line bundles [L;] - [Ly] (after a fair few isomorphisms), and
without much further effort, we can see that the class of the map:

P;:S(SU(n)/T) - U
[[9],1] = diag(9-Zi-g™, 1, ...)
where Z; = diag(I;—1, exp(2mit), I,—;—1, exp(-2wit)), is in turn equal to the

difference of the classes of two line bundles [L;] - [Ly].

148



We could easily produce a homotopy, thus ensuring they represent the same
class in K'(S(SU(n)/T), between each map P; and a counterpart map:

p; : S(SU(n)/T) - U
(9], t] = diag(Lni—1), Pi(lg],t))

In the following diagram we have quotient maps q;, gs and ¢x, that together
with our original quotient map ¢, form the innermost square which commutes
as q o q; = ¢x o ¢s. Additionally, since the maps w; have been seen to
factor through S(SU(n)/T), the outermost square also commutes as w; o ¢
= p; o ¢s. Additionally, additionally, as we have already described, there is
a homotopy between w; and w; o ¢, thus by composition with ¢; there is a
homotopy between w; o ¢y and w; o g o ¢y, thus by using the commutative
squares there is a homotopy between p; o ¢s and w; o ¢x o qg, and thus there
is a homotopy between p; and w; o ¢x:

SU(n)/T x I —— SU(n)/T x S*

as | 0 o

S(SU(n)/T) —= S(SU(n)/T) A

A

Since SU(n)/T is a based CW-complex, gs is a homotopy equivalence and thus
induces isomorphisms ¢s*: K*(%(SU(n)/T)) — K*(S(SU(n)/T)).

The homotopy between p; and w; o g¢x ensures that [p;| = g¢s*|w;] €
K1(S(SU(n)/T)), which, since gs:* is an isomorphism, means that [@;] = ¢=*[p;]
€ KY(3(SU(n)/T)). Therefore, since |w;] = ¢*[@;] as we have seen, we must
have [w] — ¢*(gs " [pi]).

We know that [p;] = Z([L,] - [Ly]) therefore:

W)= D™ (B - (L)) @ 2

and since we only require information about the restriction of ¢* to the map
a*: {lwi] |1 <i<n1} = {|w;] | 1 <4 < n-1} which is an isomorphism of
sets, we achieve the result that

W)= D@ (L] - (L) =

and thus our theorem holds. A
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10 Finally Twisting K-Theory

10.1 The Tensor Chern Character

For each fixed integer d we have described a strict symmetric monoidal category
6% with objects N and morphism sets

Uu(CHem), n=m

H =
Om(f@ (n) m) {@7 else

Since 6 is a strict symmetric monoidal category, we were able to construct the
reduced cohomology theory hf: Top* — AbGrp defined as

B (X) = (X, QFDB(BU[A] x Z)], k<0
0 X, BW(BUY] x 2)], k>0
Theorem 64. There is a natural transformation logch: hg — H,,, that will be

called the tensor Chern character at it is analogous to the Chern character
ch: K* — H*  that we are already familiar with.

per
Proof. It can be seen that h% (X) C GL(1, K°(X) ® Z[%]).
W(X) = [X, QB(BUL] x Z)]
X, BU[%] « 7]

C (X, BUL5] x (]

= GL(1,K°(X) ® Z[%])

We will be able to make good use of this in order to construct logch.
ch: K%(X) — H?, . (X; Q) is the Chern character we are already familiar

per
with. We may tensor with the identity on Z[%] to achieve ch ® idg1): K°(X)®
Z|5] = H).,.(X; Q) ® Z[%] which can then be composed with the isomorphism

v HSET(X; Q) ® Z[é] — HSGT(X; Q) given by:
‘I’(Z ¢ ® z;) = Z Zii
i=0 i=0

possible because Z[1] is a subset of Q.

Since ch, idy g and ¥ are all ring homomorphisms, restricting to invertible
elements in the source space also restricts to invertible elements in the target
space and so we have:

GL(1,¥ o (ch ®idgy)) : GL(1, K°(X) ® Z[é]) — GL(1, H),.(X;Q))

150



and with a further restriction:

per

GL(L, ¥ o (ch @ idg1)))lng, (x) * hy (X) — GL(L, Hy,,, (X;Q))

Now to discuss the map from GL(1, H),,.(X; Q)) to Hp.,.(X; Q).

For X a CW-complex H*(X; Q) = 0 for ¢ > N where N is the dimension
of X and i < 0 and so Hy,,.(X; Q) is a graded commutative ring where for all
ij € 2N, HY(X; Q)—H/(X; Q) C H"(X; Q) and H*(X; Q) = 0 for n > M
where M € 2N is such that N - 1 < M < N where N is the dimension of X.

Elements of HSGT(X; Q) will be written as ¢g + ¢ + ... + ¢pr where each
¢; is a class in H(X; Q).

We must determine what elements of HC, (X; Q) are elements of GL(1,

HY,,(X; Q).

Lemma 65. If R is a graded commutative ring

R:@Rn

neN

with R;.R; € R;; and R,, = 0 for n > N for some N € N,
then GL(1, R) = {ro + ... + rnv € R| o € GL(1, Ry)}

Proof. Let 7 = rq + ... + rn be an invertible element of R. Then 3 s = s¢ +
... + sy € R such that r.s = 1.

rs=1

(ro+...+rn)(so+...+sy)=1

ro-80 + 70-(s —80) + (r —70).50 + (r —70).(s —80) = 1
S0 1.8 = 1

and ro.(s — so) + (r —19).50 + (r —ro).(s —s9) =0

Therefore, if » = rg + ... + ry is an invertible element of R, we require that
ro be an invertible element of Rg.

Now, let » = 79 + ... + rny be an element of R with rg an invertible element
of Ry. We would like to show that r is an invertible element of R.

Consider an element of R of the form 1 - z where z € R\ Ry. It is easy to
show that 1 - z is an invertible element of R.

(1-2).(1+2)=1-2?
(1-2z).(1+z).1+2*)=1-2

k—1
(1-a).JJa+2)=1-2* =1
=0
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since there will always be some k such that 2% > N, 2" € R\(@fioRi) for n >
N, and R, = 0 for n > N. Therefore 1 - z is an invertible element of R.

r =19+ ... + ry is an element of R where r( is an invertible element of
Ry.

rrgt = (ro+r—ro)rgt =1+ (r—rg)ryt

:1—1—(7".7‘51—1)
=1—(1—rryh)
k—1
rrgt H(l +(1- 7‘.7‘0_1)21) =1-(1- r.ro_l)Qk =1
i=0

Therefore if r¢ is an invertible element of Rg, r is an invertible element of R
and thus GL(1, R) = {ro + ... + v~ | 7o € GL(1, Ro)}. A

From this lemma, we can see that the elements of GL(1, ngr (X; Q)) are
those elements ¢g + ¢2 + ... + ¢ € Hp,,.(X; Q) such that ¢ is an invertible
element of H°(X; Q).

For X a path connecteded CW- complex H°(X; Q) = Qso GL(1, H),,.(X;
Q)) are those elements ¢g + ¢ + ... + ¢y € HY,,.(X; Q) such that ¢g # 0.

Finally we need to describe a map 7K: GL(1, H},,.(X; Q) = H)..(X; Q)
such that ZK(¢ — o) = K(¢) + K(¢)

The initial thought is that 2K should be the logarithm, we will use the Taylor
expansion:

2 23 2t
l09(1+$):x_§+§_ﬂ+'”
_ c- k—1%

- Z(_l) k!

however, let us apply the logarithm to an element of GL(1, HJ,,.(X; Q)) of
the form ¢g + ¢:

log(¢o + @) = log(do — (1 +¢ — ¢ 1))
= log(¢o >+log<1 +o— g

lOg ¢O +Z k 1 ¢ !¢0)

Since log(¢o + ¢) - log(dg) is a polynomial in elements of HY, (X; Q), it too

per

is an element of HJ, (X; Q). However, there is no guarantee that log(¢o) €
HSeT(X ; Q) so it cannot be that 2K = log as simply as that. Luckily, in order
to define logch we don’t require that 2K be defined on all of GL(1, HJ,,.(X;

Q)), just on the subset Im(GL(1, ¥ o (¢ch ® le[E]))|h?® x)) and it is only the
component in degree 0 that needs special attention.
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Since hd (X) C GL(1, K°(X) ® Z[3]), Im(GL(1, ¥ o (ch ® idz[é]mh%(X))
C Im(GL(1, ¥ o (ch @ idg1))). We will define a map using this slightly larger
space for ease of use.

We need to find a map

I : Im(GL(1, ¥ o (ch ® idy 1)) N H*(X;Q) — H,,,(X;Q)

% per

such that (¢ — ) = II(¢) + I(v)).
Then 2K (¢g + ¢):= (o) + log(do + ¢) - log(¢o) will behave as we require.
First we must determine the invertible elements of K°(X) ® Z[1].

For X path connected
GL(1, K°(X) @ Z|3]) = {|E| - |F] € K°(X) | dim(|E] - |F]) € GL(1, Z[3])}

GL(l,Z%]) ~ 7226 P7
pld

where p is prime.
The isomorphism is given as follows for d = pj*...pe":

©:7/20 P~ GL(LZ%D
pld

(u, b1, ..., bp) = - pll’l...pfl"

N N

GL(1,% o (ch® idZ[%]))(Z([Ei] —[F]) ® z) = Zzl - ch([E;] — [F)))
=0 i=0
. = sp(c([E] - [F
ch([E] — [F]) = dim([E] - [F]) + > w

k=1
Im(GL(1, ¥ o (ch ® idy)))) N H(X: Q) = GL(1, Z[3])
And so we need to define a map w: GL(1, Z[}]) — Q with w(zy) = w(z)
+ w(y) in order to define III.

Im(GL(1, W o (ch @idy1)))) N H(X;Q) —L 1, .(X;Q)

.| § =

GL(1,Z[%]) = Q

For d = p* for some prime p and some k € N this is easy. GL(1, Z[%]) =
{u @ p" | n € Z} = 7Z so we can construct the map w4 as follows:

)@

&) ny
U n
P

Wq - GL(l, Z
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and so we have

wa((u@p™) - (v&p™)) = wa((uv ®p"*™))
n-—+m

k
+

=3
=3

= wa(u®p"”) + wy(v®p™)

as required
Then the tensor Chern character can be given as:

logeh = K o GL(1, ¥ o (ch ® idyg1))|ng, (x) * h(X) — HY.,.(X;Q)
A
Since f[;e

rings i: k* — ﬁ;‘er will extend to a natural transformation n: k* — H .

- is a graded vector space over Q, any homomorphism of graded

We need to determine the nature of ﬁ’f@. And so we must evaluate hi (S%)

B (S) = [S°, QU B(BU[L] x Z)], n<0
TS, B™(BULL] x Z)], n>0
Z, n=>0
he(S°) =< Z[], ne2Zn(Z\N)
0, else

10.2 The Class of the Weyl Map in hj,

As we have seen, we must have a strong symmetric monoidal functor between
strict symmetric monoidal categories in order to produce a natural transforma-
tion of cohomology theories. Our focus is on exponential functors which are
only required to be monoidal functors, however there is a family of exponential
functors that are strong symmetric monoidal functors.

10.2.1 The Determinant and Powers Thereof

The exponential functors det™: 65 — g are strong symmetric monoidal func-
tors as det™(AB) = det™(A)det™(B) = det™(B)det™(A) = det™(BA) since
multiplication in the underlying field must be commutative. Therefore, each
of these exponential functors induces a natural transformations of cohomology
theories 7: hg — hg,.

Since det™(C) = C, we know that these instances of €y are when d = 1,
and we have already discussed the cohomology theory generated by this strict
symmetric monoidal category:

hE(X) = H*(X;Z) x H*(X;7)
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Now let us concern ourselves with the Weyl map again. We have seen that
the map W: SU(n)/T x T — SU(n) includes into U and therefore defines a
class [W] € K*(SU(n)/T x T). We have also seen that our cohomology theory
constructed from % is connective K-theory, so h{(X) = K'(X) and clearly
[W] is also a class in this cohomology theory.

Theorem 66. The natural transformation of cohomology theories generated

by the symmetric exponential functor det™ ensures we have a class 71(|W]) €
h%(SU(n)/T x T). This class is given by:

=Y merllta) ~ L) © =

Proof. hi,(SU(n)/T x T) = H'(SU(n)/T x T; Z) x H3(SU(n)/T x T; Z) but
we can show that the class 71(|W]) lies in the subset {0} x H3*(SU(n)/T x
7).

The functor det™: 65 — € induces a continuous map between topological
spaces |N(det)|: |N(%s)| — |N(%g)| which in turn induces a continuous map
on the classifying spaces B|N(det)|: B|N (%) — B|N(%%)|.

We have seen that B|N(%g)| ~ U, €5 = A x % (1), products commute
with the classifying space construction up to homotopy, and it is not too tricky
to see that |[N(.4)| ~ N since for any set X, if 2 is the category with X as a
collection of objects and only the required identity morphisms from each object
to itself, then |N(27)| ~ X.

Additionally, since B(N) ~ U(1), we would like to show that the following
diagrams commute up to homotopy:

BN (det™)]

B|N (%) BIN (%) B|N(€5)| —— BIN(A4)]
Ei yAN l’: 1l /\ lz
BIN(A )|, BIN(A)| x BIN(@ (1) U— Uy

where E: B|N(€g)| — B|N(4)| is the continuous map induced by the functor
& Cp — A that sends each object to itself (since both are labeled by N), and
each morphism to the appropriate identity morphism.

It is not too tricky to show that the first diagram commutes up to homotopy
as every map is induced by a functor and clearly the following diagram commutes
in Cat:

Cgﬂa det™ %®

gl O lg
N e N X U(L)

After applying a series of functors we achieve the diagram we want but it does
not commute on the nose since B|N (A x %(1))| ~ B|N(A)| x B|N(%(1))|
is only a homotopy equivalence.
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The second diagram is a question of showing that two maps are representa-
tives of the same class in [B|N(%¢%)|, U(1)] = H'(U; Z) since B|N(¢g)| ~ U,
and U(1) ~ K(Z, 1).

The universal coefficient theorem states that:

HY(U;z) = [H,(U),Z] @ Ext(Ho(U),Z)

and since Ho(X) is a free abelian group for any topological space and Ezt(A,
B) = 0 if A is a free group, we achieve H!(U; Z) = |H(U), Z]. furthermore,
since H1(X) = m1(X)ab, [G, A] = [Gab, A] for any group G and abelian group
A, and Z is abelian, [H1(U), Z] = [r1(U), Z]. Since also, m1(U(1)) & Z, then
[r1(U), Z] — [r1 (V). m (U(L)]:

The functor & 6z — A, as well as inducing the map Z: B|N(%g)| —
B|N(4)|, further induces a map QZ: QB|N(6g)| — QB|N(A)| which makes
the following diagram commute up to homotopy:

QB|N(%5)| —255 QB|N.Y)|

g |

BUXZ ———— L

Therefore, since BU is connected, the induced map m(QZE): mo(QB|N(€s)|) —
mo(QB|N(47)|) makes the following diagram commute:

7o(QBIN (%)) ™5 mo(QBIN.A)))

| S

Z m Z

Therefore since mo(Q2X) = 71(X) for any pointed topological space X by the
suspension loop adjunction, [m1(E)] = [idz] € [71(U), 71 (U(1))]

det: U — U(1) also induces a map 71 (det): 71(U) — 71 (U(1)). The following
map is a generator of 71 (U):

g:S' = U
z > diag(z,1)

and since clearly det o g = idg1, and idg: is a generator of 71 (U(1)), 71 (det) is
an isomorphism and [ (det)] = [idz].

Therefore the two maps are in the same class, and thus the diagram com-
mutes up to homotopy.

All this to say that, since the Weyl map factors through SU(oc0), and det™ (A)
=1 for any A € SU(00), w1 |B|N(det™)| o W] = [0] € H(SU(n)/T x T; Z).

We therefore know that the image of the Weyl map lies totally inside the
supspace {0} x H3(SU(n)/T x T; Z) C h}
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The strong symmetric exponential functor det™ induces a natural transfor-
mation of cohomology theories 7. Thus for any topological space X, we have
the following commutative diagram in the category of graded rings:

TX XT™

ht (X x T™) h (X x T)

. . =

Tx ®i

Since the class of the Weyl map lies in 2} (SU(n)/T x T), we only need to
concern ourselves with the following commutative diagram in the category of
abelian groups:

1
TSU(n)/TXT

hL(SU(n)/T x T) hL(SU(n)/T x T)

| . |

@)= ha ' (SUM)/T) ® M), ..., z,t;sg( ?®@fg} hy 7 (SU(R)/T) @ A} [21, ..., 2n1]

At this point we can further reduce the scope of our diagram. We have seen
that hjg (X) = K™ (X) for any topological space X and n < 1, and also we have
seen that KO(T") = AL*"[z1, ..., 2,], and K1(T") = A%[zq, ..., z,]. These
facts together show us that the left vertical map in our diagram must be the
Kiinneth formula isomorphism.

We described the class of the Weyl map as an element of a subset:

C K°%SU(n)/T) ® K'(T)

n—i—1

n—1
(W] e @K (SUMn)/T) @ Zo,_, 1.0

and here we find a natural identification, Zo, , 1.0, , , = AL[z;]. Our diagram
naturally simplifies to:

~1
TSU(n) /TXT

K'(SU(n)/T x T) hL(SU(n)/T x T)

L]\ O ]\L
K°(SU(n)/T) ® Aj[z1, s 2]y —— B3 (SU)/T) ® Affen, .o, 2]
TSU(n) /T

where 7% is the precomposition of 7% with the isomorphism K*(X) — h&(X)
for 1 < 1.

We have also seen that, in the case of powers of the determinant, h% (X)
~ H™"(X; Z) x H""2(X; Z), and that the class of the Weyl map is wholly
contained in a single copy of H3(SU(n)/T x T; Z) C h(SU(n)/T x T) so we
only need to concern ourselves with the elements of degree 3 on the right hand
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side of our diagram to achieve:

=1
TE3°TSU(n)/TXT

K'(SU(n)/T x T) H3(SU(n)/T x T;Z)

L]\ O ]\L
K°(SU(n)/T) @ ALz, ..., Z"TF,}J Omﬂ.gfd(SU(n)/T; Z) @ AL[z1, .y 2n—1]
and from this we can see that in order to determine where the class of the Weyl
map ends up in hg (SU(n)/T x T), the only thing we need to do is describe the
maps K°(SU(n)/T) — H?(SU(n)/T; Z) induced by powers of the determinant.
Recall that:

n—1

(W] = (L]~ [La)) @2 € K°(SU(n)/T)@Aj[21, ..., 2n-1] € K'(SU(n)/TxT)

i=1

where each L; is the total space of a tautological line bundle over SU(n)/T.
The exponential functor det™: €5 — G5 is built using maps:

det™ : U(n) — U(1)
A s (det(A)™

Since U = colim(U(0) < U(1) < ... = U(n) < ...), and each of the following
diagrams commute:

U(n) —<" U(1)

| o

Un+1) —= U(1)

det™

where ((4) = diag(A, 1), since det(A) = det(diag(A, 1)). We can easily define
a group homomorphism det™: U — U(1) since every element of U has a rep-
resentative of the form diag(4, 1, ...) for A € U(N) for some sufficiently large
N. Since this map is a group homomorphism, we can construct a map on the
classifying spaces B(det™): BU — BU(1).

Post composition with projection onto the BU component and this map
together with the isomorphism c;: [X, BU(1)] — H?(X; Z) that sends an
isomorphism class of complex line bundles to it’s first Chern class is exactly the
map we were after:

o

KO(SU(n)/T) = [SU(n)/T, BU x Z]"“%"1SU(n)/T, BU(1)] <% H2(SU(n)/T;Z)
Since the colimit and classifying space construction commute, we can investigate
the nature of the map B(det™)*: [SU(n)/T, BU x Z] — [SU(n)/T, BU(1)] by
investigating how each of the maps B(det™)*: [SU(n)/T, BU(i)] — [SU(n)/T,
BU(1)] behave.

Since the set of homotopy classes of maps from a space X into the classifying
space BU(i) is isomorphic to the set of isomorphism classes of i-dimensional
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complex vector bundles, let p: E — SU(n)/T be an i-dimensional vector bundle,
then the vector bundle det™p: det™E — SU(n)/T is the line bundle the makes
the following diagram commute:

E EU()
NS ~

det™E J EU(1)

det™p BU

(4)
B(det™
n) /’]I‘/ \BU(I)

The map &: E — det™FE sends each fibre of p, C F to the fibre (det™p), C
det™FE for each z € SU(n)/T and the restriction map is given by:

SU(

f‘pz PPz — (detmp)w
A (det(A)™

Again thanks to the colimit we are able to use these maps to define a group
homomorphism that sends any isomorphism class of vector bundles to the iso-
morpism class of it’s determinant bundle.

It can be shown fibrewise that if p: E — SU(n)/T and p: E’ — SU(n)/T
are representatives of two isomorphism classes of vector bundles over SU(n)/T
then det™(E) = det(E)®™, and det™(E @ E’) = det™(E) ® det™(E’) and so
c1(det™(E & E’)) = c1(det™(E)) + c1(det™(E’)) = m(c1(det(E)) - c1(det(E”)))
once we take Chern classes. Therefore we have our map:

(det™)* : K°(SU(n)/T) — H*(SU(n)/T;Z)
[E] — [F] = m(c1(det(E)) — c1(det(F)))
Additionally, if a vector bundle p: E — SU(n)/T can be written as a direct

sum of line bundles, i.e. £ = L; & ... & Ly and p = pr, ® ... & pr, where
each pr,: L; — SU(n)/T is a complex line bundle, then:

c1(det™(E)) = c1(det™(Ly & ... ® Ly))
=cy(det(Ly ® ... ® Ly)®™)
=m.ci(det(L1 @ ... ® Ly))
=m.ci(det(L1) ® ... ® det(Ly))
=m.c;(l1 ®...® Lg)
=m.(c1(L1) + ... + c1(Ly))
=m.c1(E)
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So since the class of the Weyl map only has information concerning classes of
line bundles which are clearly isomorphic to a direct sum of line bundles, we
finally achieve the result that the map:

W :SU(n)/T x T — SU(n)
(9], 2) = gZg™*
when passed through a series of maps, including one induced by the expoential
functor det™: €g — €g:

SUM)/T x T —2 SU(n) —— SU(c0) —— U “L BRU,[4]

gives us a class 7(|W]) € h,(SU(n)/T x T) and:

(W) = Y m(er(B) — er(E) & =

where each L; is the total space of the i*! tautological line bundle over SU(n)/T,
and each z; is a generator of H!(S!; Z), one for each natural inclusion of a circle
into the torus T. A

10.2.2 Non-Symmetric Exponential Functors

Not all exponential functors are created equally. It is not a necessary condition
that they must preserve the symmetry between the categories

Theorem 67. Let F: €5 — %% be an exponential functor that is not nec-
essarily a strong symmetric monoidal functor. If 7!: héa — hé} is the natural
transformation induced by F' between the first degree cohomology groups and
W is the Weyl map, then the class 7' (|W]) € hl (SU(n)/T x T) is given by:

(W) = QUFE) e @ FL) e 1)@ =
i=1 Jj=1

where ® is the binary operation of A% (SU(n)/T) ® A}|z1, ..., 2| given by:
(a®r)0 (b®y) =ab@r+y

Proof. Since F is not necessarily strong symmetric, we do not necessarily obtain
a natural transformation of cohomology theories induced by F, however we do
still clearly achieve a homomorphism of topological monoids |N(F)|: |N(%g)|
— |N(%g)| simply by performing the nerve and geometric realisation functors.
The monoid operation in each of these monoids is induced by the monoidal
product in each of their respective categories.

Since we have a monoid homomorphism, we can perform the classifying
space construction to achieve a continuous map of pointed topological spaces
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B|N(F)|: B|N(%g)| — B|N(¢y)] and it is post composition with this map that
induces a natural transformation 7': hl, — h.

Clearly, we can apply the loop functor to thlS map to achieve QB|N(F)|:
QB|N(¢s)| — QB|N(%g)| and similarly, post composition with this map in-
duces a natural transformation 7° h% — h%

Critically, these two natural transformations are identically equal to those
we can construct if we make an attempt at a full blown natural transformation
of cohomology theories using I'-categories.

Even though we don’t have a natural transformation of cohomology theories,
for any cohomology theory we do still have the isomorphism:

R (X x T™) 2 h*(X) ® AL[z1, ooy 2]

and as we have already seen, for the cohomology theory hf; this isomorphism of
graded rings restricted to the isomorphism of abelian groups in the first degree:

hL(X x T™) @hl X))@ Ab[z1, ... 2]

is identically the map given by the Kiinneth formula isomorphism:

o

hL (X x T™) KY(X x ")

«| 0 F

Pio bty (X)) @ Aylz1, 0 2] —— KNX) © KO(T") @ K°(X) @ K'(T")

We have also seen that the class of the Weyl map lies entirely within a subset
of KY(SU(n)/T x T)

@KO (SU(n)/T) ® Zo,_, 1.0,_,_, C K*(SU(n)/T x T)

and we have also already seen that this subset maps by the bottom isomorphism
in the diagram to h%(SU(n)/T) @ A}|z1, ..., Zn1]-

Therefore, since we do have the required natural transformation in the 0"
and 1% degrees, the following diagram commutes:

1
TSU(n)/TXT

hL(SU(n)/T x T) hL(SU(n)/T x T)

J 0 J

R (SU(n)/T) @ Aj[z1, ..., Zn—1], ﬁgo (SU(n)/T) @ ALlz1, ey 2n—1]
TSU(n)/TF 1

and to understand the class TslU(n) srxr([W]) we just need to investigate the

map Té’U(n)/,ﬂ..
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If F: €3 — %y is an expoential functor such that F(C) & C¢, then we have
seen that hl(X) C GL(1, K°(X) ® Z[%]).

The invertible elements of KY(X) under the tensor product are the formal
differences of vector bundles [E1] - [E2] such that |dim(E1) - dim(E2)| = 1 and
the tensor multiplicative unit of K°(X) is [X x C] = [X x C] - [X] (the - [X]
can be alighted since [X] is the additive identity of the monoid that we group
complete to achieve K°(X)).

Clearly, [X x C] @ 1 is the multiplicative unit of K°(X) ® Z[]] and since
the multiplication in this ring is given by extending the relation on simples ([F]
®p) - ([E2] @ q) = ([E1 ® E2| ® pqg), any element [X x C] ® p where p €
GL(1, Z[%]) is invertible.

X x C" = (X x C)®", and by the relation [E®"] @ p = |E| ® np for any
n € 7, we therefore know that

[X xCY®1=[X xC|]®de GL(1, K%(X) ® Z[1])

The Weyl map deals with the classes [L;] of the tautological line bundles
over SU(n)/T. We have seen that:

éLi > SU(n)/T x C"

Since F' is an exponential functor, in terms of vector bundles:

éF(L ~F éLz

F(SU(n)/T x C™)

= F((SU(n)/T x C)")
F(SU(n)/T x C)&"
= (SU(n)/T x C*)®"

Therefore, in the ring K°(X) ® Z[%] we have:

[lreney = (@FL e

[(éU(n)/T x C)®" @1
= ([SU(n)/T x CY ®1)"

€ GL(1, K°(SU(n)/T ® Z[%D

as it is the product of n copies of the invertible element [SU(n)/T x C¢] ® 1.
Therefore, since if a.b is invertible in a ring, then both a and b are also
invertible, for each 4, [F(L;)] ® 1 € GL(1, K°(SU(n)/T) ® Z[%])
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(FE)]ed)-( 1] (FE)e1)=(SUm)/T x C®1)"

([SU(n)/T x C] ® d)"
[SU(n)/T x C] ® d"

1

= (P o™ = ( [T (P ) (SU0/Txele )
= (I] (Fzie - (sue/mcle =)
- L@ P01 (SUm/TxCls =)
(@ Fe =

The map TgU(n) /T sends formal differences of vector bundles to a subgroup of

the invertible elements of K°(X) ® Z[4] but we only need to concern ourselves
with the image of the formal differences [L;] - [Ly].

Since we have already checked the invertibility, and by the nature of an
exponential functor, the addition in k& (SU(n)/T) becomes the multiplication
in h (SU(n)/T), we have:

8u(my1([Li] = [La]) = ([F(L)] @ 1) - (F(Ly)] © 1)~

= (P o) - (® FiL) @ 50)
— (L) e @ F(L)] @

j=1
We now fully understand every map in our diagram and we can see that:

n—1 n—1

iy mer(W]) = QUF(L) © @ F(L)] © 2) @ 2

i=1 j=1

where © is the binary operation that defines the group h% (SU(n)/T) ® A} |21,
ey Zn-1] Where:
(a®2)0(bRy)=ab@x+y
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10.2.3 The Tensor Chern Character in Action

Finally we can use the tensor Chern character, the natural transformation of

cohomology theories logch: hy — H,,.(-; Q) we previously constructed where:

logeh% : hy(X) — HY,,(X; Q)

per

([E1] = [E2]) @ p = log((ch(E1) — ch(E2))p)

where p € GL(1, Z[1]).
Since the tensor Chern character is a natural transformation of cohomology
theories, the following diagram commutes in the category of graded rings

logeh’y yn

hey(X x T) ———T 5 F» (X x T Q)

gJ{ O J{g
h%)(X) ® AE[Zh Tt anogch}@d]—[;er(X; Q) ® A%[Zla e Zn]
Since the class of the Weyl map is contained in just the first degree, and more
specifically, just the subgroup A2 (SU(n)/T) ® Aj|z1, ..., Zn-1], for our purposes
we can restrict this diagram to just this degree and use inclusions to restrict
again to the subgroup and achieve the following diagram in the category of
abelian groups:

lOgChéU(n)/'ﬂ‘xT 1

h(SU(n)/T x T) Hp.(SU(n)/T x T; Q)

T O ]

B(SUM)/T) ® Abfz1, o 2ny] > HO,(SUM)/T:Q) ® Ablzn, . 2]
OgChSU(n)/'][‘®l

And since we already understand the behaviour of the tensor Chern character
in the 0*" degree, we can easily see that if 7;([W]) is the class of the Weyl map
in h},(SU(n)/T x T) after application of a natural transformation induced by
an exponential functor F': €5 — g, then:

n—1 n—1

logeh' (! ([W]) = (logeh® @ id)(Q([F(qu) ©QF(Ly)] ® —) © 2)



Theorem 68. The result obtained using the tensor Chern character with the
exponential functors det™ is identical to the result previously obtained by un-
derstanding the cohomology theory hg for d = 1.

Proof. Since d™ = dim(F(SU(n)/T x C™)), ch(F(SU(n)/T x C")) = d™ and

h(F(L:)) ([T} hEL, o,
ch(F(SU(n)/T x C")) ’

szog< MBI ch(F (L))

logch Z log ()
) o
< h(F (@ L)) Z
)
(
i)

Q

el (BT (R (L))
;“’g( @, F(Lx))

)®Zi

(P hFL))
=Xl )

=1

o, ch(F(Ly))
— ;log(ch(F(Ln))) ® 2

n—1

=Y (log(ch(F(L:))) — log(ch(F(Ln)))) @ 2

=1

The construction of a class in h} (SU(n)/T) as we have done for a general ex-
ponential functor together with an application of the tensor Chern character
can be shown to yield the same result as those we achieve using the natural
transformations of cohomology theories constructed from the exponential func-
tors det™: 6p — 6g. If T is the natural transformation of cohomology theories
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induced by det™ then:

logeh* (TH([W])) = i(log(ch(detm(Li))) — log(ch(det™(Ly,)))) ® 2
= E(zog(ch(det(m)@m)) —log(ch(det(L,)®™))) ® 2
- Tg(log(ch((Li)(gm)) —log(ch((Ly)®™))) ® 2
- E(log(ch(Li)m) —log(ch(L,)™)) ® 2
- i(m.log(ch(Li)) — m.log(ch(Ly,))) ® 2
= nzll m(log(exp(ci(Li))) — log(exp(ci(Ln)))) ® 2
= S m(ci1(L;) — e1(Ly)) @ 2

i=1

Which agrees exactly with our alternative method of applying the functor det™
to the line bundles directly. A
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