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The Atiyah—Bott—Shapiro Orientation in Bordism and Field Theory

Abstract

The Atiyah—Bott—Shapiro orientation is a bridge between Spin bordism and K-theory, pro-
viding a stable K-theoretic orientation of Spin vector bundles. There are also versions of the
orientation for Spin and K-theory over the complex numbers and quaternions. In this thesis,
we develop these orientations using Clifford algebras and their modules.

This orientation has a multitude of applications. In stable homotopy theory, this orien-
tation is the foundation for the Anderson—Brown—Peterson splitting. These splittings are
maps from the Thom spectra representing Spin bordism (and its variants) to a wedge sum
of Eilenberg-MacLane spectra and connective covers of the spectra representing K-theory.
After localizing at the prime 2, these maps become equivalences, allowing us to determine
the Spin bordism groups. We sketch the construction and proof of these splittings.

Spin bordism (and its variants) also finds applications in physics, where it is closely related
to certain types of topological quantum field theories. We will briefly introduce topological
quantum field theories and their symmetry types. Then, we proceed by discussing invertible
and extended topological quantum field theories, motivating the relationship between these
types of theories and Spin bordism.
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Chapter 1

Introduction

Symmetry is a transformation of an object that leaves certain properties unchanged, and it
is a rich subject at the heart of mathematics and physics. Common examples of symmetries
are translations, rotations, and reflections in the plane. These are familiar to us, as they are
quite common in art, architecture, and everyday objects (see Figure . But symmetry
often manifests in more subtle, abstract, and fundamental ways, with profound consequences.

In physics, special relativity states that the laws of physics must be unchanged under
certain symmetry transformations of our coordinate system for space and time. This is
a powerful tool—using this strong requirement as well as unitarity, a basic property that
all quantum mechanical systems must satisfy, Wigner was able to completely classify the
different species of particles that could exist |[BW48] in a quantum universe compatible
with special relativity. Symmetry, or its absence, also has a strong effect on the properties of
matter. For example, solids, like crystals and metals, tend to have many discrete symmetries
like translations and reflections, making them useful for applications like semiconductors,
while liquids and gases tend to be very asymmetric.

In mathematics, symmetry is just as omnipresent, although typically in a more abstract
form. Instead of limiting ourselves to symmetries of concrete geometric objects, one is often
led to consider symmetries of other mathematical objects like higher-dimensional spaces,
algebraic structures, and complex systems. The abstract notion of symmetry is captured by
algebraic objects known as groups, which encode the result of performing one symmetry
transformation after another. The idea of a group can be enriched further by considering its
interaction with topology, which allows us to see how symmetries can be applied contin-
uously or smoothly. By studying how mathematical objects interact with groups, we can
learn more about both groups and the objects in consideration.

Rotations are a universal form of symmetry and aspect of geometry that we all grapple
with in our day to day lives, whether we think about it consciously or not. Whenever we
rotate an object with our hands, make a turn while driving a car, or roll a ball, we are using
our intuitive understanding of rotations. However familiar and intuitive rotations may seem,



(a) The sides of this building exhibit a trans- (b) This bottle cap has rotational and reflec-
lational symmetry. tional symmetries.

Figure 1.1: Examples of everyday symmetries.

there are aspects of the nature of rotations that are both truly surprising and have great
consequences.

The fact that we will be concerned with is that there are essentially two distinct ways
to make any rotation. You can see this by holding an object upright in your hand — for
example, a glass of water. If you rotate it 360 degrees while keeping it upright by passing
it under your elbow, you can make a full rotation of the glass. However, your arm will now
be twisted with your elbow pointing up. You can do another full rotation of the glass by
rotating your elbow, and now your arm will be in its original state. So, we see that there are
essentially two different “ways” of doing a full rotation of an object. This process is depicted
in Figure [1.2]

To make sense of this mathematically, we can form the Lie group of rotations, which
keeps track of how rotations can performed one after the other as well as what it means
to rotate smoothly. Then we can talk about the fundamental group of the group of
rotations, which is an abstract group that measures the different ways one can gradually
do a full rotation. By describing this fundamental group, we will see that this captures the
phenomenon of these two distinct ways to do a full rotation.

We can continue even further by introducting Spin groups. These are also examples of
Lie groups, and they are closely related to groups of rotations, but in some sense they keep
track of the way one makes a rotation. These groups are of great importance in topology and



Figure 1.2: One full rotation of the glass returns it to its original state, but leaves the arm
in a different configuration. Doing another full rotation of the glass returns both the glass
and the arm to their original states.



physics. In topology, we can introduce the notions of Spin bundles and Spin bordism,
which allow us to study the different ways one can form shapes and spaces with Spin data. In
physics, Spin groups allow us to describe the quantum mechanical behavior of electrons when
we perform rotations, explaining important phenomena like the Pauli exclusion principle.
We can also consider physical theories with “internal symmetries” described by Spin groups,
which relate to so-called topological phases. This topic is intimately connected with Spin
bordism.

In this thesis, we will begin by introducing topological field theories, including those of
the invertible and extended varieties, and those with a symmetry type described by the Spin
groups, touching on the results of [FH21|. After this informal discussion of topological field
theories, we will go over the construction of the Spin groups from Clifford algebras, as well as
related groups known as the complex and quaternionic Spin groups. We will then continue
to discuss the Atiyah-Bott—Shapiro orientation, introduced in [ABS64], which is a crucial
relationship between topological K-theory and Spin bordism. We will use this as a starting
point to develop the theory of Spin bordism, summarizing the results of |[ABP67], which ties
into the computational aspects of the topological field theory discussion.

Our approach will be to discuss these topics in as much generality as possible with
respect to the algebra we are working over (real, complex, or quaternionic), only working
with individual cases when it is necessary. We do this so that we can highlight and exploit
the similarities and relationships between these different variants, and so we can give a more
streamlined and conceptual exposition of this subject.

1.1 Outline

We begin with an informal discussion of topological quantum field theories. This will start
with the introduction of Wick rotation and the definition of a Wick-rotated topological field
theory as a symmetric monoidal functor from a bordism category. Then we will explain the
notion of topological field theories involving tangential structures on manifolds. Finally, we
will define invertible and extended theories, and following [FH21], highlight the importance
of Thom (Madsen-Tillman) spectra in the theory and use the results of the calculations from
the Anderson—-Brown—Peterson splitting to classify deformation classes of field theories with
tangential structure defined by the Spin groups (and their variants).

After discussing the applications to physics as motivation, we will then dive into the
mathematics that allows us to understand Spin bordism and the calculations we used. To
understand where Spin groups come from and their broader context, we introduce Clifford
algebras, their modules, and the Spin groups that sit inside them. Our treatment will include
a systematic discussion of the isomorphism type of these algebras and a classification of the
modules they can support, as well as their relationships under tensor product.

Next, we will define the Atiyah—Bott—Shapiro orientation. This is a connection between



many subjects: K-theory, bordism/Thom spectra, and Clifford algebras, so we summarize
the facts of these topics that we need, including the difference bundle in K-theory, which
is the main tool used by |ABS64| to build the requisite K-theory classes. Then we will use
these tools to construct the Atiyah—Bott—Shapiro orientation and discuss its properties, with
an emphasis on its stability and spectrum form.

Lastly, we will use the use the Atiyah—Bott—Shapiro orientation to construct the
Anderson—Brown—Peterson splitting, an important result that allows for a complete deter-
mination of the Spin bordism groups. This splitting requires some intensive calculations
involving the Steenrod algebra, so we will merely summarize the main points of the con-
struction and provide references to where the long calculations are performed.

We will assume and make use of basic definitions and results from Lie theory and homo-
topy theory, including stable homotopy theory and characteristic classes, throughout. Our
use of the stable homotopy category will be mostly formal, in that the specific model for
stable homotopy theory we use does not appear, although we will need a model to discuss
the definition of Thom spectra and the maps implementing the Atiyah—Bott—Shapiro ori-
entation. For this, we will use the stable homotopy category of Adams |Ada74] due to its
simplicity for our purpose.

We will make use of a small amount of nonstandard notation throughout in order to treat
the real, complex, and quaternionic cases on the most even footing possible. Here is a table
giving the correspondence between our notation and the standard notation:

Sping(n) | Spin(n) || KR KO O(1) | Ng
Sping(n) | Spin®(n) || KC | K (KU) | U(1) | N¢
Sping(n) | Spin”(n) || KH | KSp Sp(1) | Ny




Chapter 2

Spin Bordism and Topological
Quantum Field Theories

To motivate a detailed discussion of Clifford algebras, Spin groups, the Atiyah—Bott—Shapiro
orientation, and Spin bordism, we will informally discuss topological field theories, their
properties, and their relation to Spin bordism.

2.1 Topological Field Theories

We follow [CR18| to develop the general notions of topological field theory. Typically, in
quantum field theories on Minkowski space, one works with the path integral to compute
quantities. The most basic thing that one can compute using a path integral is the partition

function:
Z = /ngeis[ﬂﬂ.

This is the integral of the phase e**l?! over the space of all possible fields ¢ on spacetime.
The fields ¢ could be a scalar field, vector field, tensor field, combinations of these, etc. The
functional S[¢] is called the action of the theory. In many cases, this action is defined from
a Lagrangian density L of the fields and their derivatives:

S[é] = / d'zL.

From the path integral, we can also calculate correlation functions: If O,,..., 0, are
observables, i.e. functions of the field ¢ and its derivatives, then their correlation function
is

(0)...0,) = /ng@l O,



Most of the predictions of quantum field theory, i.e. scattering amplitudes and particle con-
tent, are then extracted by studying these correlation functions. In practice, the computation
of these correlation functions involves two techniques. The first is perturbation theory,
which involves partially expanding the exponential €*°[?! into a Taylor series, truncating at
some finite order, and computing the integral of each term that appears.

The second technique, often employed in conjunction with perturbation theory, is Wick
rotation. This involves extending the time coordinate from a real to a complex number.
Then, the Minkowski metric, which has the signature (n,1) (or (1,n), depending on your
metric convention) for real time, becomes a metric of signature (n,0) (or (0,n)) when we
restrict the time coordinate to lie on the imaginary axis. Now, there are Wick-rotated
versions of the correlation functions and actions, which can be computed as

(O1...0,) = / DO, ... O]

and

Selo) = [ d'aLe.

Here L is a Wick-rotated form of the Lagrangian density. These correlation functions ana-
lytically continue the correlation functions on Minkowski space with respect to the complex
time variable. And often computing the correlation functions is much easier in the Euclidean
setting, since many of them amount to computing variants of Gaussian integrals. There are
additional subtleties to Wick rotation, such as singularities of these functions, but from now
on, we will take the Wick-rotated path integral as our foundation. So we will drop the
subscript ‘E’ indicating the Euclidean signature.

Now, in topological field theory, we would like to consider a much more general kind of
field theory. In particular, we would like interesting topology of spacetime to play a role.
So to begin, instead of theories on Euclidean space R", we would like to instead consider
theories on a Riemannian manifold M with metric g. There should be no dependence on
the metric in a topological field theory, but for now we include it so that we can integrate a
Lagrangian density. And while we're at it, we can let the fields ¢ be general maps to other
manifolds. So the correlation functions still have the same formal expression

(0,...0,) = / DoO; ... 0,5

but now ¢ represents a collection of smooth maps from M to other manifolds. Of course,
letting these target manifolds be R™, we recover the usual notion of a scalar, vector, tensor
field, etc. The action is now gotten by integrating the Lagrangian density against the density
induced by ¢, which is |d"z|/det g in local coordinates. We say that a field theory on M is
a topological field theory if the correlation functions do not depend on the metric g.



Now we introduce the functorial picture of topological field theories. In this interpretation
of field theory, suppose N is a closed (n — 1)-dimensional manifold. Then our topological
field theory should assign a topological vector space of states Z(N) to N. Given a compact
n-dimensional manifold with boundary M and a diffeomorphism N; [[ No — OM, we should
get a map Z(M) : Z(N;) — Z(N,) encoding the evolution of states on N; into states on
Ny along M. If M is the cylinder N x I, this should induce the identity map on states
Z(N) — Z(N) due to topological invariance of the theory. One can think of the cylinder as
encoding the imaginary-time evolution of the field theory, but since the length of the cylinder
does not matter, evolution over any arbitrarly small amount of imaginary time will give the
same result. Finally, composing evolution among multiple n-manifolds should be associative.
So, in the language of category theory, a topological field theory determines the data of a
functor from the bordism category Bord, ,—1) to some category of topological vector spaces.

In the language of the path integral, we can think of a state on N as being a functional
on the fields ¢. This is in analogy to the wave function of a quantum mechanical particle
being a function of the particle’s configuration. The collection of all these functionals is some
topological vector space Z(N). Given a manifold M with OM = N, viewed as a bordism
from @ to IV, we should obtain an element of Z(NV), since @ can only support one state and
therefore Z(@) = C. This is given by taking a field configuration ¢ on N to the number

Z(M)(¢) = /w | :¢D¢6_5M.

Here 1 ranges over the fields on M that restrict to ¢ on N. More generally, suppose we have
(n — 1)-manifolds N; and Ny and an n-manifold M with OM = N [[Ny. If ® € Z(N;) is a
functional of the fields on Ny, then we obtain a functional on the fields of Ny given by

Z(M)(®) () = / Dy |y, ).

YNy, =02

However, there is critical aspect of quantum mechanics that we have yet to mention:
entanglement. From quantum mechanics, we know that when we put two independent
systems together, the resulting system has a Hilbert space that is the tensor product of
the two Hilbert spaces of the independent systems. The fact that not all states in the
tensor product factorize gives rise to entanglement. So, when we take the disjoint union
of two (n — 1)-manifolds N; and N, the resulting space of states Z(N; ][ N2) should be
the tensor product of Z(N;) and Z(N3), with an appropriate topology. Of course, when the
systems evolve separately, the evolution should be given by the tensor product of the separate
evolution maps. Therefore we take a topological field theory to be a symmetric monoidal
functor from Bord,,—1y (where the monoidal product is disjoint union) to a category of
topological vector spaces (where the monoidal product is a tensor product with some suitable

topology).
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To make this definition as general as we would like, there are a few additional things that
we should consider. First, there are additional topological structures on our manifold like
orientations, or as we shall see, Spin structures, that we would like to play a role in our field
theory. The general treatment of this uses tangential structures:

2.1.1 Tangential structures

Definition 2.1.1. An n-dimensional tangential structure is a fibration w, : y, —
BGLg(n). A m,-structure on an n-manifold M is a homotopy class of maps M — x,
lifting the map M — BGLg(n) classifying the tangent bundle of M.

In this context, a homotopy is understood to be a homotopy through such lifts. We will
often abuse notation by using y,, to refer to m, when the mapm, is obvious from the context.

Example 2.1.2. An orientation on M is the same thing as a BSLg(n)-structure, where 7,
is the map BSLg(n) — BGLg(n) induced by the inclusion SLg(n) — GLg(n).

Example 2.1.3. A Sping-structure on M is a m,-structure, where 7, is BSping(n) —
BGLg(n). Here Spin(n) is the nontrivial double cover of SO(n). For F = R, C, H, Sping(n)
is the quotient of Spin(n) x Ny by the Z/2Z generated by (—1,—1), where Ny C H is the
group of unit elements under multiplication.

In general, if G is a Lie group equipped with a representation G — GLg(n), a G-
structure on M is a principal G-bundle P and an isomorphism from P x5 R"™ to FM, the
frame bundle of T'M. Here P xg R™ is the balanced product, which is the quotient of
P x R™ under the equivalence relation identifying (pg, v) with (p, gv) for g € G.

By considering (n — 1)-manifolds N with m,-structures on N x (—1,1) one can obtain
a bordism category of m,-manifolds, denoted Bordy, ,—1)(7,), where, loosely speaking, the
objects are closed (n — 1)-manifolds N with a m,-structure on N x (—1,1) and a morphism
from N; to N, is an equivalence class of compact n-manifolds with m,-structure giving a
bordism from N; to N; compatible with the m,-structure. In this way, we can consider
topological field theories defined for manifolds with 7,-structures as symmetric monoidal
functors from Bord,,_1)(m,) (again with the monoidal structure being given by disjoint
union) to a category of topological vector spaces.

The next generalization is to allow the target of the functor defining a topological field
theory to be a generic symmetric monoidal category C. There is nothing profound about
this, but it is occasionally useful in more abstract settings. And in the case of extended field
theories, it is not always obvious what the n- or (oo, n)-categorical analogue of our category
of topological vector spaces should be.

Definition 2.1.4. Let C be a symmetric monoidal category and let 7, be an n-dimensional
tangential structure. An n-dimensional topological field theory with values in C is a
symmetric monoidal functor Z : Bord, ,—1y(m,) — C.
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From here, we can define morphisms of topological field theories, which are symmetric
monoidal natural transformations between symmetric monoidal functors. These satisfy the
following important property:

Lemma 2.1.5. All morphisms of topological field theories are isomorphisms.

Proof. See [CR18, Lemma 2.13] and [CR18, A.2]. O

This follows from the fact that every object in Bordy, ,—1)(7,) is dualizable, and that
a symmetric monoidal natural transformation always gives an isomorphism for dualizable
objects.

2.1.2 Invertible Field Theories

So, we have a category of topological field theories. This category admits a symmetric
monoidal structure given by applying the monoidal product of C pointwise. The unit of this
structure is the functor Bordy, ,—1)(m,) — C taking everything to the unit object of C and
its identity map. This allows us to make the following definition:

Definition 2.1.6. An invertible topological field theory is a topological field theory
that has an inverse with respect to the monoidal product on the category of topological field
theories.

If a field theory is invertible, then clearly its value is invertible in C for every (n — 1)-
manifold. In particular, if our field theory takes values in vector spaces, then an invertible
field theory associates a line to each (n— 1)-manifold. Also, an invertible field theory assigns
invertible maps to all bordisms. The tensor product of two invertible field theories is again
invertible, so isomorphism classes of invertible field theories form a group. Or, from a more
categorical perspective, invertible field theories and natural isomorphisms between them form
a Picard groupoid.

Some commentary on this definition is in order. Since quantum systems are projective,
an invertible field theory assigns only a single physical state to each (n — 1)-manifold, and
therefore the evolution maps are trivial. So how could invertible field theories possibly be
interesting?

On the side of physics, a reason one might be interested in invertible field theories is that
an invertible field theory might be the low-energy limit of another quantum system. Then
the linear data of the morphisms between the lines associated to each (n — 1)-manifold may
have significance in the context of the non-invertible theory.

On the side of mathematics, invertible field theories are examples of bordism invariants
for manifolds with a given tangential structure, since they assign invertible morphisms to
every bordism. If we have an extended field theory (defined below), this means that the
invariant is local in some sense. This is very interesting because bordism invariants are
typically thought of as global, so local descriptions can be quite interesting.

12



2.1.3 Extended Field Theories

The final notion that we must introduce is that of an extended field theory. The formal
definition of an extended theory is far too complex for the scope of this thesis, since it
involves n-categories (or (oo, n)-categories). Using complete Segal spaces as a model for
(00, n)-categories, these ideas are developed with much more detail and rigor in [Lur(09].

Anyway, we can imagine that there are n- or (oo, n)-categories Bord, ,—1,..1,0) (), where
the objects are closed 0-manifolds, the morphisms are compact 1-manifolds with bound-
ary, morphisms between morphisms are compact 2-manifolds with corners, and so on, un-
til we reach compact n-manifolds with corners, all equipped with the relevant notion of
a my-structure. If we are using n-categories, then these are identified by diffeomorphisms
preserving all relevant structure, whereas if we use (0o, n)-categories, the entire space of
diffeomorphisms is remembered. With the disjoint union again playing the role of the
monoidal product, this category admits a symmetric monoidal structure. We then define a
extended topological field theory with values in C to be a symmetric monoidal functor
Bordy,.. o) (m,) — C, where C is a symmetric monoidal n- or (oco,n)-category, whichever
matches our choice for Bord,, . o) (7).

Extended field theories admit the strongest notion of locality. This is an extremely strong
condition. The cobordism hypothesis, [Lur09, Theorem 2.4.6], states that for the tangential
structure given by framing (trivializations of the tangent bundle), an extended topological
field theory is determined by its value on a single point. For other tangential structures,
there is a similar result (|[Lur09, Theorem 2.4.18]).

Yet again, morphisms between extended field theories are invertible and we can tensor
extended field theories, so the above discussion about invertible field theories applies equally
well to extended invertible field theories.

2.2 The Theories Classified by Spin Bordism

Now that we have the general notion of a topological field theory, we can begin to discuss
notation.

Now, following [FH21, Section 5.3], suppose we have an invertible field theory
Bord,,(m,) — C. Then this map factors through the maximal groupoid C* C C of invertible
objects. If we take the classifying spaces of the domain and target of this functor, we get
a map of infinite loop spaces BBord, (m,) — BC*. According to a version of the theorem
of Madsen—Galatius—Tillmann—Weiss [Gal4+-09] adapted for higher bordism categories (see
[Lur09, Section 2.5]), the classifying space BBord,(m,) is equivalent to Q>*°¥"MTm,, the
infinite loop space of the n-fold suspended Madsen-Tillmann spectrum MT, of the vector
bundle on Yy, classified by m,. The Madsen-Tillmann spectrum is the Thom spectrum of a
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vector bundle on y,, pulled back from the orthogonal complement of the classifying bundle
on BO(n).

Taking C to be an n- or (co,n)-categorical version of the category of complex vector
spaces and passing to spectra, we can define an invertible field theory to be a map of spectra
MTm, — IC*, where IC* is the Anderson dualizing spectrum of C*. The reason we
pass to spectra is that the symmetric monoidal structure on these categories and the fact
that topological field theories are symmetric monoidal functors implies that the map of
classifying spaces is a morphism of infinite loop spaces. This is motivated by our previous
definition and the homotopy types of the classifying spaces, but it is not (yet) known to
be equivalent. We make this definition since the IC* is characterized by the natural map
[X, IC*] — Hom(myX,C*) being an isomorphism for all spectra X.

Now, to compute groups of deformation classes of invertible field theories, i.e. identifying
theories that are connected by a path in the space of theories, it is not appropriate to use the
discrete topology of C*. Following [FH21, Definition 5.22], we say that two maps «g, o :
MTr, — IC* belong to the same deformation class if there is an element ¢ € HCOM T,
that maps to a; — ay under the map HC — IC* induced by the exponential map C — C*.

Using the fiber sequence IZ — HC — IC* (here we are identifying Z with Zi C C,
the kernel of exp), which induces a fiber sequence HC — IC* — XIZ, we can identify
the group of deformation classes of invertible field theories with the torsion subgroup of
[MT,,X17), since this group is the cokernel of the map [MTm,, HC| — [MTr,, IC*]. To
actually compute these groups, one can use the short exact sequences

0 — BExt'(m,X,Z) —— [X,%1Z] —— Hom(m,;1X,Z) — 0

for arbitrary spectra X. These sequences split, but not naturally.

Now we turn to Spin structures. Under Wick rotation, the identity component of the
Lorentz group corresponds to SO(n). So, we can think of a topological field theory of
manifolds with a Sping-structure being a theory of fields with an internal symmetry group
isomorphic to the group of elements of unit norm of F. These arise as symmetry types of
relativistic field theories with an internal symmetry group of Ng, the group of unit elements
of F. We can think of such a theory as being the Wick-rotated analogue of an extended
invertible field theory that is relativistic with the fields having an internal (i.e. not moving
any points of spacetime) action by the group Np, under which the physics is symmetric.

Using the homotopy groups of MSpiny = MTSping listed in Table and the exact
sequence above, we calculate the following table of deformation class groups of fully extended
topological field theories of dimension n: These computations appear in [FH21, Section 9.3].

14



n | TP,(Spin) | TP,(Sping) | T'P,(Sping)
0 0 0 0

1 727 Z 0

2 727 0 0

3 Z 7 7272
4 0 0 0

3 0 7?2 7?

6 0 0 Z272
7 72 Z4 74

8 0 0 0

9| Z/277 VA 727

Table 2.1: Groups of deformation classes of invertible field theories under tensor product.
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Chapter 3

Clifford Algebras and Spin Groups

The first characters that we must introduce in our story are the Spin groups and their
relatives. The Spin groups are the nontrivial double covers of the special orthogonal groups,
and they can be constructed abstractly in this way, but we will construct them using Clifford
algebras, since this will give us a deeper understanding of their structure as well as provide
the foundation for the Atiyah—Bott—Shapiro map. The definitions we are using, as well as
the main theorems we prove, are adapted from [ABS64, Part 1]. For the quaternionic case,
our definitions are those of [Hu22].

3.1 The Clifford Algebra Construction

In this section, all vector spaces will real and finite-dimensional unless otherwise stated.

Definition 3.1.1. Let V be a vector space equipped with a quadratic form (). The Clifford
algebra of V', denoted CI(V'), is the quotient of the tensor algebra generated by V by the
two-sided ideal generated by the relations v? = Q(v) for all v € V.

Associated to @) is the symmetric bilinear form

(v.0) = 5(Q +w) ~ Q) ~ Q(w)).

Applying the defining relations of the Clifford algebra to v, w, and v + w, we find that the
relations
vw 4+ wu = 2(v, w)

hold in CI(V) for any v,w € V. So the Clifford algebra encodes the geometry of the inner
product on V into algebraic relations. This construction can be made functorial, as a map
T :V — W between inner product spaces such that (T'vy, Tvy) = (v, v9) for all v, vy € V
defines a map ClL(V) — CI(W) induced by the map of tensor algebras.
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Example 3.1.2. Let V =R", let e1,...,e, € V be the standard basis vectors, and suppose
the quadratic form is induced by the symmetric bilinear form given by (e;, e;) = a;0;; for
some nonzero a; € R. Then C1(V) is defined by the relations e;e; + eje; = 2a;0;;, so € = a.
Then CI(V') has a basis given by the monomials e, ...e;,, where i1 < ... <. In particular,
the dimension of C1(V) is 24™m(V) This can be seen by using the anticommutation relations
to reduce a general product of basis vectors in the tensor algebra to linear combinations of
these monomials.

If V is a real vector space with a quadratic form, we can form more algebras from CI(V)
by extending our scalars. Let Clg(V) = Cl(V) ®g C and Clg(V) = CI(V) ®g H. These are
the complex and quaternionic Clifford algebras of V. As a notational device, we let
Clg(V) = CI(V), so that we can discuss Clg(V') generally for F = R, C, H.

The algebra C1(V') can be equipped with an automorphism « : C1(V)) — CI(V), induced
by the negation map V' — V taking v to —v. Let C1(V)° C CI(V') be the subspace generated
by the images of monomials with an even number of factors, and let C1(V)! C CI(V) be the
subspace generated by the images of monomials with an odd number of factors. Alternatively,
CI(V)? is the eigenspace with eigenvalue 1 with respect to a and C1(V)! is the eigenspace
with —1. If we choose a basis of V' and examine the basis monomials, it is clear that Cl1(V') =
CL(V)°@C1(V)!. The subspaces C1(V)°? and C1(V)! make C1(V) into a Z/2Z-graded algebra,
also known as a superalgebra. The automorphism « naturally induces automorphisms « :
Clp(V) — Clg(V) making Clg(V) into a Z/2Z-graded algebra. If 2z € Clp(V') is homogeneous
(i.e. belongs to Clp(V)? or Clg(V)!) and nonzero, then we let |z| denote its grading, so
lz| =0 if x € Clp(V)? and |z| = 1 if z € Clp(V)L. If |x] = 0, we say the z is even-graded,
and if |z| = 1, we say that x is odd-graded.

Proposition 3.1.3. Suppose Vi and V5 are vector spaces with quadratic forms Q1 and Q).
Let Q be the quadratic form on'V = V) @ V, given by Q(vy + v9) = Q1(v1) + Q2(v2), where
vy € Vi and vy € V. Then there is an isomorphism of Z/2Z-graded algebras CL(Vy) ®z,2z,
Cl(Va) — CI(V) taking v1 ® vy to vivs.

Note the ®z/27, which denotes the tensor product of Z /2Z-graded R-algebras. So

(CL(V1) ®z/22 CL(V2))" = (CL(W1)" @ CL(V2)°) & (CL(V3)" @ CL(Va)"),
(CL(V1) ®z/22 CL(V2))" = (CI(W1)" @ CL(Va)") & (CL(V1)" @ CL(V3)°),

and the multiplication for homogeneous elements is given by

(11 ® 22) (41 ® y2) = (= 1)) (2191) @ (w202).

This is the Koszul sign rule.
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Proof. To see that there is indeed a map of algebras Cl(V}) ®z/2z Cl(V2) — CIL(V), notice
that we get maps of Z/2Z-graded algebras Cl(V}) — CI(V) and C1(V5) — CL(V) induced by
the inclusions V; — V and V5 — V. So we get a linear map Cl(V;) ® Cl(V3) — CI(V) given
by tensoring these two maps and multiplying in CI(V'). By counting the number of factors
of a monomial, we see that this is clearly a map of Z/2Z-graded vector spaces. So we just
need to check that it is a map of algebras. This follows because

(€iy .. €y @ejy...€)(ery .- Cr D€ ...€0,)
be
=(—1)"€; ... € €k ..k D€j ...C5€E,-..€p
be
= (=1)"€i, ... € Chy - - CLEjy .. €50 ... €

= (€ .. €in€j, .- €j,) (Ey ... €p €0 ... Cp).

d

This is because the e;,, . . ., ¢;, all anticommute with the ey, , ..., e, , and commutinge;, ... ¢j,
past ey, ... e, requires bc transpositions, hence the sign factor (—1)“. So we get a map of
Z/2Z-graded algebras Cl(V1) ®@z/2z C1(V2) — CI(V). Clearly it is surjective, because V' in
C1(V) is generated by the vectors of V; and V5, and all of these vectors are in the image. Using
the formula for the dimension of a tensor product, it follows that this is an isomorphism. []

There are similar isomorphisms Clg (V1) ®z/2z Cle(Va2) = Cle(Vi @ V), where the tensor
product is over C, and Clg(V1) ®z/2z Clu(V2) = Clg(Vi @ V3), where the tensor product is
over R.

The algebra Cl(V') also has an antiautomorphism (linear isomorphism reversing multi-
plication while preserving the Z/2Z-grading) induced by the automorphism of the tensor
algebra of V' taking v1vs ... v to vkvg_1...v;. This indeed defines a map Cl(V) — CI(V),
which we denote by z + z' and refer to as the transpose, since v* — Q(v) maps to itself
under the antiautomorphism of the tensor algebra. This operation can be extended to the
algebras Clg(V'), but we must take care, especially when F = H, since the quaternions do not
commute. So, we extend (—)' to Clg(V) by tensoring with the map a +— @ on scalars, which
is an antiautomorphism of F. We can combine « and (—)* to form another antiautomorphism
of Clg(V), denoted T = a(2') = a(x)’. Finally, we can define a function N on Clg(V) by
setting N(x) = 2Z. Note that N(x) = N(z). This function takes values in Clg(V'), but can
be thought of as a sort of norm.

Using the classification of inner products on finite-dimensional real vector spaces, we see
that there is essentially no loss of generality in choosing a standard model for the vector space
generating a Clifford algebra for each dimension (for negative-definite quadratic forms, which
will be the ones we are interested in). So, we equip R™ with the quadratic form induced
by the negative of the Euclidean inner product, and define Clg(n) = Clp(R™). There are
inclusions Clp(n) — Clg(n+ 1) induced by the maps R™ — R™! given by inserting a zero at
the end of the tuple. Note that these maps are not canonical, because our choice of inclusion
R" — R™"! was not canonical. However, any two maps Clg(n) — Clg(n + 1) induced by an
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inclusion R" — R differ by an automorphism of Clg(n + 1) induced by an automorphism
of R+,

3.2 Clifford Modules

The main way we will understand Clifford algebras is by identifying the modules they sup-
port. We will only be interested in left modules, so if all modules will be left modules if
unspecified. To do this, we can identify the algebras Clp(n) with matrix algebras. While
this discards the structure of the Z/2Z-grading, we will see that this can be circumvented.
To do this, we introduce the algebras C1*(n), which are defined as CI(R"), but here R™ has
the positive definite quadratic form induced by the Euclidean inner product.

Lemma 3.2.1. There are isomorphisms
Cl(n) ®g CIT(2) =2 C1* (n + 2), (3.1)
Cl* (n) ®g C1(2) = Cl(n + 2).

Proof. Define a map ¢ : R**2 — C1"(n) ®@g C1(2) by

N 1®€2 i€{1,2},
¢(ez) o {6,‘ X ejeq ) ¢ {1,2}

This extends to an algebra homomorphism ¢ : Cl(n+2) — C1*(n)®gC1(2), since ¢(e;)d(e;)+
d(ej)d(e;) = —26;5. We see that the image of ¢ contains all the generators of Cl(n)®gC1"(2),
since we have e; ® 1 = ¢(e;)p(e2)d(e1) . So ¢ is surjective, and by comparing the dimension
of C1"(n + 2) and Cl(n) ®g C17(2), we see that it must be an isomorphism.

For the other isomorphism, we can define a map ¢+ : R"*2 — Cl(n) ®g CI*(2) by

+(,) .— 1®€1 Z€{172}7
¢ (el) T {ei X e1eq 1 ¢ {1,2}

As in the previous case, this extends to an algebra homomorphism ¢* : Cl™(n + 2) —
Cl(n) ®g C17(2), and it is an isomorphism for the same reasons. O

So if we can compute the isomorphism type of Cl(n) and Cl*(n) for n = 1,2, then we
can extrapolate the isomorphism type of Clg(n) for all n. Let F(n) denote the algebra of
n X n matrices over FF.

Lemma 3.2.2. We have the following identifications:

Cl(1) = C,
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)

) 2 H,
2) = R(2).

)

Proof. For Cl(1), we have €2 = —1, so Cl(1) 2 C. For CI"(1), we have €2 = 1, so we can
identify C17(1) = R?, where the two factors are generated by 1(1+ ;) and 3(1 — e;). For
C1(2), we can identify this algebra with the quaternions H, with e; — i and ey — j. Finally,

CI*(2) can be identified with R(2), where e; [(1) _OJ and ey — [(1) (1)] -

Then to compute the isomorphism classes of Clgp(n), we can use the following common
identities:
Lemma 3.2.3. There are isomorphisms of algebras
R(n) ©x F = F(n),
R(n) ®r R(m) = R(nm),

C®r C=C?

H &g C = C(2),

H ®r H = R(4).

Applying these isomorphisms and using our computations of Cl(n) and Cl*(n) for n =
1,2, we get the following determination of Clg(n):

Theorem 3.2.4. The algebras Clg(n) are isomorphic to the following algebras:

n | Cl(n) | C17(n) | Cle(n) | Clg(n)
0 R R C H

1| C R? c? C(2)

2| H R(2) | C(2) | R(4)

3| H? C(2) | C(2)* | R(4)
7 H@) | HE) | C@) | RE)

5| C(4) | H(2)? | C4)? | C(8)

6| R(S) | H@) | C®) | H{)

71 R(8)*| C(8) | C(8)* | H(’)*
§ | R(16) | R(16) | C(16) | H(16)

Moreover, there exist isomorphisms

Cl(n + 8) = Cl(n) @ R(16),
Cle(n + 2) = Cle(n) ®¢ C(2),
Clis(n + 8) = Cly(n) ®g H(16),
Clu(n + 4) = Cl(n) @r R(8).
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Proof. The table can be filled out routinely using the lemmas above. The “periodicity”
isomorphisms follow by calculating the relevant tensor products of C1(2), C1*(2), and F. [

Already, we can see the manifestation of Bott periodicity. Real and quaternionic Clifford
algebras exhibit a periodicity of period eight, and complex Clifford algebras have period two.
Moreover, the quaternionic Clifford algebras are related to the real Clifford algebras with a
shift of degree four.

The isomorphisms above give us a way to completely classify ungraded modules. The
graded structure appears to be completely opaque in the matrix algebras. However, we have
a trick to extract graded modules from ungraded ones.

Lemma 3.2.5. There are isomorphisms of algebras Clg(n + 1) = Clg(n).

Proof. Define a linear map ¢ : R” — Clg(n + 1)° by setting ¢(e;) = e;eny1. Then one
can quickly verify ¢(e;)¢p(e;) + ¢(ej)p(e;) = —26;;, so ¢ extends to a map of algebras ¢ :
Clp(n) — Clg(n + 1)°. Then all monomials in the basis for Clg(n + 1)? induced by the basis
€1,...,eny1 € R™ can be produced by forming products of the ¢(e;) = e;e,1. Comparing
the dimension of Clg(n) and Clg(n + 1)°, we see that this must be an isomorphism. O

Lemma 3.2.6. IfV is not trivial, then the category of graded left Clg(V')-modules is equiv-
alent to the category of left Clp(V)"-modules.

Proof. Let C be the category of graded left Clg(V)-modules and let C° be the category of
left Clg(V)%-modules. We have a functor F' : C — C° that takes a graded Clg(V)-module
M to M°. And we let G : C° — C be the functor that takes a left Clp(V)°-module N to
G(N) = Clg(V) ®cig(vyo N, where the grading on G(V) is induced by the grading on Clg(V').
There is a natural isomorphism from FG to the identity functor of C°, since the O-graded
piece of Clg(V) ®@ci(vyp N is Cle(V)°? ®cip(vyo N = N. The natural isomorphism GF to the
identity functor of C is given by sending z ® m in Clg(V) Qcy(vyo M° to am € M. This
is an isomorphism because we have an inverse map M — GF(M) given by m — 1 ® m if

m € M°, and m ﬁv ® vm if m € M*, where v € V is some fixed nonzero vector. [

It is easy to classify left Clp(n)-modules, since Clg(n) is isomorphic to a product of
matrix algebras, and finitely generated modules over F(n) are direct sums of F” (see |[Lan02|
Theorem XVIL.5.5]). So we can easily identify the 0-graded part of the graded modules over

In particular, for values of n such that Cl(n — 1) is isomorphic to a matrix algebra,
there is just one irreducible graded Cl(n)-module. But if Cl(n — 1) is a product of two
matrix algebras, then there are two irreducible graded Cl(n)-modules. In the case where
there are two, we can understand the relationship between these modules quite well. Graded
Clp(V)-modules, as do graded modules over any Z/27Z-graded algebra, admit an operation
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(endofunctor) denoted (—)., where M! = M**'. Clearly this operation is an equivalence,
and it is its own inverse. This is the grading involution.

Since our general computational device with graded Clifford modules over Clg(n) is to
pass to ungraded modules over Clg(n — 1), we should examine what this involution does for
these modules.

Lemma 3.2.7. Under the equivalence of graded left Clg(n)-modules and left Clp(n — 1)-
modules, the involution (—). corresponds to the action of the automorphism o of Clp(n —1).

Proof. First, consider the inner automorphism of Clg(n) induced by e,,. Then this automor-
phism induces (—), on graded left Clg(n)-modules, since if we let iy, : M, — M., (M., is
M considered with the action induced by the inner automorphism given by e,) be the map
given by ¢y;(m) = e,m, this is a natural isomorphism. So, taking the zero graded part,
we see that (—), corresponds to the action of the automorphism induced by e, on the left
Clp(n)%-modules.

Under the isomorphism ¢ : Clg(n) — Clp(n + 1)°; the automorphism induced by e, on
Clp(n +1)° corresponds to the automorphism « of Clg(n), since ¢(e;) = e;e,,, which goes to
eneiene,t = ene; = —eje, = ¢(—e;) under the automorphism. O

Now, we are able to see what happens to the irreducible modules.

Proposition 3.2.8. Suppose that Clg(n) is such that Clg(n — 1) is a product of two matriz
algebras. Then the operation (—). exchanges the isomorphism classes of the two distinct
irreducible graded Cly(n)-modules.

Proof. Using the previous lemma, it instead suffices to consider irreducible Clg(n — 1)-
modules and how they behave with respect to the automorphism a of Clg(n — 1). Now,
for any Fy, the only two-sided ideals of Fy(k) are 0 and Fy(k) by [Lan02, Theorem XVII.5.2].
So, Clp(n—1) 2 Fy(n1) X Fo(ns) has only two two-sided ideals that are not zero or the whole
algebra: the two summands.

We claim that the automorphism « interchanges these two summands. By Theorem
3.2.4] we see that n =4dm if F =R, H and n =2m if F = C.

o If F =R, H and n = 4m, let w := ejes...€4,-1. This commutes with all the e;, since if

we multiply on the left, we do i—1 anticommutations until we can apply e = —1, and if
we multiply on the right we do 4m—1—i anticommutations until we can apply e? = —1,
and so we get the same sign. Hence w is a central element. We also compute w? = 1,
since w? is e2e3...e2 | = —1 up to a sign factor of (4m —2)+ (4m —3)+...+1=1

(mod 2).

IHere, and in the rest of this thesis, the subscript i in F; is merely an index, so F; is still assumed to take
one of the values R, C, H, and not denote a finite field.
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o If F =C and n = 2m, let w := 1"ejey...6€9,—1. This is central for the same reasons
as above. And w? = 1, since w? is *"e?e3... €3, ; = (—1)""! up to a sign factor of

2m—-2)+2m—-3)+...+1=m—1 (mod 2).

In any case, let I, = (1 £w)Clp(n —1). This is clearly a two-sided ideal because 1 and w
are central. Obviously these are not trivial, and they are not the entire algebra either, since
if 1 = (1+w)a for some a, then we can multiply by w to get w = (w£1)a = £(1£w)a = £1,
a contradiction. And these ideals are distinct, because if we had 1 + w = (1 — w)a for some

a, then multiplying by w would give us w4+ 1 = (w — 1)a = —1 — w, and therefore w = —1,
again a contradiction. So these two ideals must be the two matrix algebra summands of
Clp(n —1). And (1) =1 and a(w) = —w, so the automorphism « swaps these ideals.

Now we can easily see that the action of « interchanges the two irreducible Clg(n — 1)-
modules, since the irreducible modules are F;* with the action given by projection onto
[F;(n;) and the matrix on vector action. Since a swaps these two factors of Clg(n — 1), it
swaps the irreducible modules. O

Much of the interesting structure of Clifford modules is the way they can be tensored
together.

Definition 3.2.9. A triple of fields (Fy,Fs, F) is compatible if it is one of the following:
(R,R,R), (C,C,C), or (R, H, H).

Loosely, if (Fy,Fy,F) is a compatible triple, then we can tensor something over Iy
and something over Fy to get something over F. For example, we have an isomorphism
Clg, (n1) ®z/2z Clg,(n2) = Clg(n1 4+ ng) induced by R™ @ R"> = R™*"2 (here the graded
tensor product is taken over Fy).

Note that we could also consider (R, C,C) or even (H, H,R) to be compatible, but these
are not needed.

So, if M; is a graded Clg,(n;)-module for i = 1,2, then we get a graded Clg, (n1) ®z/2z
Clg, (n2)-module My ®z/97 M. As with algebras, the grading is given by

(M) ®@z/2z My)® = (M} @ M) & (M} @ My),
(M @792 Ma)' := (M} ® My) & (M{ @ M)

and the multiplication again is defined using the Koszul sign rule:
(1 ®@ z2) (Mg @ my) := (—1)|x2||m1|(:v1m1) ® (xems).
Tensor products interact nicely with the grading involution:

Lemma 3.2.10. If M; is a graded Clg,(n;)-module, then there are natural isomorphisms
(My ®z)22 M), = (My)s ®zj0z, My = My 7,97 (M)
of graded Clg(n; + ny) = Clg, (n1) ®z/2z Clg, (n2)-modules.
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These products are also associative in a certain sense. Suppose we have a “compatible
quadruple” (IFy,Fy, F3, F), which is equal to (R,R,R,R), (C,C,C,C), or (R, R, H, H). We
need to specify how we identify R* @ R® with R***. We use the map R* @ R? — R*** sending
e; € R to e; € R and e; € R to e,p; € R4, Then the diagram

(R @ R™) @ R™ > R @ (R™ @ R™)
Rnl—l—ng o) R™ R™ &) Rm-ﬁ-m
Rm—l—ng—l-ng

commutes, where the horizontal arrow is the standard associator and all others are induced
by our choice of identification. It is then easily seen that the corresponding diagram of tensor
products of the Clifford algebras Cly,(n;) and isomorphisms commutes. From this, we see if
M; is a graded Clg, (n;)-module, then there is a natural isomorphism (M ®z/27M2)®7,/22M35 =
M, ®z/27, (Ma ®z/27, M3) of graded Clg(n; + ng + ns)-modules.

The remaining properties of Clifford modules that we need to discuss is their behavior
under restriction along the maps Clg(n) — Clp(n+1). However, these results are best stated
in the formalism of K-theory, and so we defer it until the next chapter.

3.3 Spin Groups

We can now go ahead and define Spin groups using these Clifford algebras. The idea is to
isolate a subgroup of the group of units in C1(V') that we can naturally map to the special
orthogonal group of V. So, we begin by defining the Clifford group I'r(V') of Clg(V) to
be the set of invertible elements z € Clp(V') such that a(x)vz™ € V for all v € V, where
« is the grading operator that acts by the identity on CI(V)° and by negation on C1(V).
This group naturally has a representation acting on V', where x € T'r(V) acts on v € V by

v = alz)ve™L.

Lemma 3.3.1. The Clifford group T'r(V') has the following properties:
1. Tr(V) is a Lie group.
2. The operations x — a(x), x — (), and x — T preserve T'p(V).

3. If x € Tp(V) acts trivially on V', then x € F*.
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4. If v € Tp(V), then N(x) € R*.
5. The map N : T'p(V) — R* is a homomorphism.
6. The representation of T'r(V') on V' acts by orthogonal transformations.

Proof. 1. Let n be the dimension of V. Since Clg(V) is a finite-dimensional R-algebra of
dimension k = dim(F) - 2", we equip it with the standard smooth structure of R* and
then its group of units is a Lie group that is an open submanifold of Clg(V). Then
we have a map f : Clp(V)* — V ®g (Clp(V)/V) given by choosing a basis ey, ..., e,
for V and sending x € Clp(V)* to e; ® a(z)erz™ + ... + e, @ a(z)e,x~t. Clearly
(V) = f710), so T'r(V) C Clp(V)* is a closed subgroup. By the closed subgroup
theorem (see |[Leel3, Theorem 20.12]), we see that I'r(V') is a Lie group.

2. The operation = +— «a(z) is an automorphism of Clg(V') that restricts to an automor-
phism of V. Note that a? is the identity. So if z € 'r(V) and v € V, then a~(v) € V,
so a(r)a~t(v)z™! € V| and therefore a(a(z))va(z™) = a(a(z))va(x)™! € V, which
implies a(x) € I'r(V). The operations x — (x)" and x +— T are antiautomorphisms of
Clp(V) that restrict to automorphisms of V' and commute with a. Let 8 denote one of
these operations. Then 7157 (v)a(z) € V, so f(a(z))vB(zt) = a(B(z))vB(x)~! €
V', and therefore f(x) € Tr(V).

3. Suppose = € I'r(V) acts trivially on V. Choose an orthogonal basis ey, ..., e, for V.
Then using the monomial basis for Clg(V') that this orthogonal basis determines, for
each i € {1,...,n}, we can write x = a; o + a;1 + b; pe; + b; 1e; where a; ; and b; ;, with
aij,bij € Clg(V)?, do not contain any factors of e; when expressed in the monomial
basis. Since a(x)e;x! = e;, we have

2 2
a;0€; — ;€ — bipges + b;1e; = e;a; 0+ e;a;1 + e;bipe; + e;biqe;
2 2
= Q;06; — A;,1€; + bi7062~ — bivlei.
It follows that b;o = b;1 = 0, so that x does not have any monomials containing e;.
Hence x € F. But z is a unit, so x € F*.

4. Suppose x € Tr(V). Then a(z') € Tr(V) so if v € V, we have zlva(z)™! € V.
Because v = v for v € V, we have zlva(z")™! = (a(z") vz = a(z)tvz. So
v = a(z)riva(z’)z7t But a(z)riva(zt) "tz = a(za(a?))v(za(x?)) ™! so za(zt) =
2T = N(z) € F*. But since N(z) = N(z), N(z) € R*.

5. Suppose z,y € I'r(V). Then

N(zy) = vyzy
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So x preserves the quadratic form () and therefore the inner product of V. O
Definition 3.3.2. Ping(V) is the kernel of N : I'g(V) — R*.

Clearly Ping(V) is a closed Lie subgroup of I'r(V'). Now we assume that ) is a definite
quadratic form.

Proposition 3.3.3. Let Np C F* be the subgroup of elements of unit norm. The map
Ping(V) — O(V) sits in a short exact sequence

1 > N > Ping(V) —— O(V) —— 1

Proof. As we saw previously, the kernel of I'r(V') — O(V) is F*, and the intersection of F*
with Ping(V') is Ng. So we just need to show that Ping(V') — O(V) is surjective. This is true
because O(V) is generated by reflections. A reflection through the hyperplane orthogonal
to a unit vector w € V is given by the linear map v — v — 2Q(w)(w,v)w. If we let x = w,
then N(w) = —Q(w) = £1 and

Oé(w)vw_1 ( w)o(Q(w)w)
—Qw)(2(w,v) — vw)w
= v —2Q(w)(w, v)w.

So all the reflections are in the image, and therefore the map is surjective. O]

Finally, we are in a position to define the Spin groups.

Definition 3.3.4. The group Sping (V') is the preimage of SO(V') under the map Ping(V) —
O(V).
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Clearly Sping(V) is an open Lie subgroup of Ping(V'). By the above proposition, there
is a short exact sequence

1 > Np > Sping(V) —— SO(V) —— 1

Theorem 3.3.5. There are isomorphisms Sping(V) = (Spin(V') x Ny)/(Z/27Z), where
7,/27 C Spin(V') x Ny is identified as the subgroup whose non-identity element is (—1,—1).

Proof. There is a map ¢ : Spin(V) x Ngp — Sping(V) given by ¢(x,a) = za. Clearly
(—1,—1) is in the kernel of this map, and it is easy to see that this must be the entire kernel
by examining the Clifford algebras. So we have an injective map (Spin(V') x Ny)/(Z/27Z) —
Sping(V). To see that it is surjective, suppose x € Sping(V'). Let T € SO(V') be the its
image under the map Sping(V) — SO(V). Then there is a y € Spin(V) that maps to T
as well, and if we view y € Spin(V) as an element of Sping(V'), then by the short exact
sequence above, it follows that © = ya for some a € Np. So x is in the image of the map
(Spin(V') x Ng)/(Z/27Z) — Sping(V'), and therefore we have an isomorphism. O

Theorem 3.3.6. The map Spin(V') — SO(V') is a double cover. For anyF and V', Sping(V)
is a compact Lie group, and if dim(V') > 2, then Sping(V') is a connected Lie group.

Proof. The short exact sequence implies that Spin(V) — SO(V) is a double cover. Since
SO(V) is a compact Lie group, this implies Spin(V') is too, and since Np is compact, the
isomorphisms above imply that Sping(V) is as well.

So we just need to show that Sping(V') is connected, provided that dim(V) > 2. And
since Ny is connected if F # R, we just need to show that Spin(V') is connected. And to do
this, since the kernel of the map Spin(V') — SO(V) is {£1} and SO(V') is connected, we can
just show that there exists a path connecting 1 to —1 in Spin(V'). Let us assume that @ is
negative definite; the positive definite case is similar. So, let ey, ..., e, be an orthonormal
basis for V' and set

~(t) := cos(mt) + eyeq sin(nt)

for t € [0,1]. Clearly this is a path in CI(V') from 1 to —1, so we just need to show it lies
in Spin(V'). The element ~(¢) has inverse cos(nt) — ejeq sin(nt), and if v = ae; + agzes + w,
where w is in the orthogonal complement of the subspace of V' generated by e; and es, we
have a(y(t))vy(t)™' € V. One way to see this is to note that v(¢t) € CI(V)? and when
n =2, a(y(t))vy(t)~' € CI(V)! = V. When n > 2, this still applies for the a;e; + azes part
of v, and a(v(t)) = v(t) simply commutes past w. Since a(y(t)) = v(¢) and v(¢)" = ~v(t)7!,
we see N(y(t)) = 1. Finally, to see that () acts by an element of SO(V'), we only need to
worry about e; and es, since y(t) acts by the identity on es,...,e,. A simple computation
reveals that

a(y(t))ery(t) ™t = (cos?(mt) — sin?(7t))e; + 2sin(7t) cos(7t)es,
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a(y(t))eyy(t) ™t = —2sin(nt) cos(nt)e; + (cos?(mt) — sin®(7t))es.
In matrix form, this is

cos?(mt) — sin®(wt) —2sin(t) cos(rt)
2sin(nt) cos(mt)  cos?(mt) — sin’(nt)|

It is then easy to see that this is in SO(R?). O

Corollary 3.3.7. If the dimension of V is at least 2, Spin(V') is the universal cover of
SO(V).

One important property of Sping(V') is its relation to the grading.

Proposition 3.3.8. For any V, Sping(V) C Clg(V)°. The non-identity component of
Ping (V) belongs to Clg(V)! if dim(V) > 2.

Proof. Suppose = € Pinp(V'). Then its image in O(V') is a composition of reflections, so we
can write this as vy ...v,a for vy, ...,v, € V nonzero and a € Ny, where n is the number of
reflections. Clearly the image is in SO(V) if and only if n is even. O]

If dim(V') = 1, then Pin(V') has three non-identity components. One belongs to Spin(V),
while the other two do not.

Now we discuss the relationship between these groups. A map V' — W preserving the
quadratic form induces a map Sping(V) — Sping(W) coming from the map of Clifford
algebras. Similarly, if F; C Iy, then we get a map Sping, (V) — Sping, (V') again induced by
the map of Clifford algebras.

Now as we did before for Clifford algebras, we fix a model for Spin groups in each
dimension by setting Sping(n) = Sping(R"™), where R" has the quadratic form v — —v - v.
So the maps R™ — R"™! induce maps Sping(n) — Sping(n + 1).

The tensor product of Clifford algebras/direct sum of vector spaces also induces pairings
of Spin groups. Let (Fy,F3,[F) be a compatible triple.

Proposition 3.3.9. There is a group homomorphism Sping (n1) x Sping, (n2) — Sping(n; +
ng) gwen by (r1,x2) — 2122 (using the standard isomorphism Clg, (n1) ®z,/27 Sping, (ng) =
Sping(ny + ng) ). This map is such that the diagram

Sping, (n1) X Sping, (ng) —— Sping(ny + n2)

SO(n1) x SO(ny) ——— SO(ny + ny)

commutes.
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Here the bottom arrow is induced by our standard identification R™ ¢ R"2 = R™ "2

Proof. To see the map (z1,x2) +— x122 is a group homomorphism, first notice that it is
multiplicative at the level of Clifford algebras since all the relevant groups sit inside the
even-graded piece of their Clifford algebra, so z122y1y2 = (z191)(22y2). So we just need to
check that xyzy € Sping(ng + ng). First, if v = v1 + vy € R™ ™2 we have

-1 —1, 1
T1220(2129) " = x1x2(V1 + Vo) Ty T

—1, 1 P

= T1V1X2To X1 + ToU2Ty X114

= 2,01 2] "+ Tovpwy T € R,
So x1x5 is in the Clifford group. We calculate the norm as

N(x129) = z1700((2129)")
= z1z90(xht)
= 1129257
= 21N (z2)2t
= N(z1)N(z2)
=1.

Finally, since x1x5 acts on v = v; + vy by taking it to xllefl + az'gvgm;l, we see that it
acts on R™ ™2 as the direct sum of the action of z; on R™ and the action of x5 on R, so
x1x9 € Sping(n; + ng) and the diagram commutes. O

These maps satisfy the same associativity law that the isomorphisms of tensor products
of Clifford algebras satisfy. There are also suitable compatibility maps for exchanging the
two factors compatible with the maps for the special orthogonal groups.

Finally, it will be important to define “stable groups”, which are infinite-dimensional
colimits of Sping(n). We let Spiny (along with the inclusions Sping(n) — Sping) be the
colimit of the diagram

Sping(0) —— Sping(l) —— Sping(2) —— Sping(3) —— ...

in the category of topological spaces. The space Spinp has the union topology of all the
Sping(n), and therefore the group structures on Sping(n) induce a topological group structure
on Sping in a unique way such that the inclusions Sping(n) — Spiny are homomorphisms.

These groups satisfy properties analagous to their finite counterparts. There are maps
Sping — Sping and Sping — Sping, as well as maps Spingy — SO (where SO is formed from
the SO(n) in the same way) sitting in exact sequences

1 > Ny > Sping » SO

~
—_
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There are also isomorphisms
Sping & (Sping x Uy)/(Z/27).

These all follow from the finite-dimensional isomorphisms and their compatibility with the
inclusions Sping(n) — Sping(n + 1).
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Chapter 4

The Atiyah—Bott—Shapiro Orientation

The Atiyah—Bott—Shapiro orientation is a fundamental relationship between Spin bordism
and K-theory. Its construction, however, does not make a mention of bordism. Instead
the construction is geometric and involves Thom spaces, and the relationship with bordism
enters through the Pontryagin-Thom isomorphism. Our goal in this section is to define and
explain basic properties of this relationship.

4.1 K-Theory

As we know from homotopy theory, a generalized cohomology can be defined as a contravari-
ant functor from the homotopy category of spaces to the category of graded abelian groups
that satisfies some specific axioms. It is well known from the theory of vector bundles that
the pullbacks of a vector bundle along homotopic maps are isomorphic. Moreover, we have
the operation of Whitney sum on vector bundles, which is associative and commutative and
has an identity up to coherent isomorphisms. So isomorphism classes of vector bundles and
pulling them back gets us close to such a functor, but the problem is that we do not have
inverses under the Whitney sum. The Grothendieck construction remedies this by formally
introducing inverses.

Definition 4.1.1. Let X be a set equipped with a binary operation + that is commutative
and associative, i.e. a semigroup. Then its group completion or Grothendieck group
is the abelian group K (X), defined as the free abelian group generated by the elements of
X quotiented by the all the relations [z] + [y] — [z + y] for z,y € X (here [z] denotes the
generator of the free group associated to x).

The important thing about K (X) is not the specific way it is constructed, but rather its
universal property. Note that there is a canonical map i : X — K(X) taking x € X to [z],
and the relations in K (X ) ensure that this map is a homomorphism (f(z +y) = f(z)+ f(y)
for all x,y € X).
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Proposition 4.1.2. Suppose that A is an abelian group and f : X — A is a homomorphism.
Then there is a unique homomorphism f : K(X) — A such that f = fi.

In particular, a homomorphism X — Y induces a homomorphism of groups K(X) —
K(Y); this is functorial.

In the presence of multiplicative structure on X, K (X) inherits a compatible multiplica-
tion. It will convenient for us to state this in full generality.

Proposition 4.1.3. If X, Y, and Z are semigroups and m : X XY — Z is a bilinear map,
then there is a unique map m : K(X)® K(Y) — K(Z) such that m([x] ® [y]) = [m(x,y)]

Proof. For each x € X, the map y — m(x,y) is a homomorphism of semigroups ¥ — Z
by bilinearity, and thus determines a map K(Y) — K(Z) with [y] — [m(z,y)]. Then the
map taking x € X to the left multiplication map K(Y) — K(Z) is also a homomorphism
by bilinearity, and so we get a homomorphism K (X) — Hom(K (YY), K(Z)). This is adjoint
tom: K(X)® K(Y) = K(Z), which takes [z] ® [y] to [m(x,y)]. Uniqueness is clear. [

If X =Y = Z is a semiring, then this makes K (X) into a ring.
We will now discuss K-theory in the context of (graded) Clifford modules, and then return
to the motivating example of topological K-theory.

4.1.1 The K-Theory of Clifford Modules

As mentioned above in our study of Clifford algebras and their modules, K-theory will provide
the best setting for us to understand the way in which Clifford modules over different Clifford
algebras are related. So, let Mg(n) be the Grothendieck group of isomorphism classes of
finitely-generated graded left Clp(n)-modules under direct sum. Now, there are restriction
homomorphisms g, : Mr(n + 1) — Mg(n) induced by the inclusion Clg(n) — Clg(n + 1).
Define Agr(n) to be the cokernel of this map. Using Theorem and the fact that graded
left Clg(n + 1)-modules are equivalent to left Clg(n)-modules, we can describe the groups
AF(W,)

Theorem 4.1.4. The groups Ar(n) are isomorphic to the following groups:

n | Ar(n) | Ac(n) | Ag(n)
0 Z Z Z
11 ZP2Z | 0 0
2 ZRZ | Z 0
3 0 0 0
i Z Z Z
510 0 | Z/2Z
61 0 Z | Z/2Z
7 0 0 0
8 Z Z Z
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And there are isomorphisms

Proof. Since the finitely-generated modules over Fy(n) are all direct sums of Fj, we can
easily determine the R-dimension of the even-graded part of each generator of Mg(n + 1)
by finding the product of matrix algebras that Clg(n) is isomorphic to. Then by comparing
dimensions, it is easy to see what i, does to the generators of Mg(n + 1) except when
F=R Handn=4,8,...or F=C and n = 2,4,6,8, .. ..

To fill in these missing entries in the table, we can use the grading involution (—),.
Since this involution commutes with direct sums, it induces automorphisms (—), : Mp(n) —
Mg(n). Moreover, these automorphisms clearly commute with the restriction maps ip,.
Now, since there is only one irreducible graded Clg(n)-module for F = R H and n # 4,8
(mod 8) and for F = C and n # 2 (mod 2), the grading involution takes this generator to
itself, and therefore it acts by the identity on Mg(n) for these choices of F and n. And then
as we saw in Proposition when Mp(n) = Z & 7Z, (—). exchanges these two summands.
So if the codomain of i, is Z? and the domain is Z, then Ap(n) = Z, and if the codomain
is Z and the domain is Z?, then Ap(n) = 0, by examing the R-dimension of the irreducible
modules. O

To make full use of these groups, we will need to bring over the multiplicative structure in-
duced by the tensor product. Form (Z-)graded abelian groups by setting My = &, <, Mr(n)
and Af = @, -, Ar(n). Then from our discussion of tensor products of Clifford modules,
we see that if F = R, C, then M} has a product operation that is associative and distributes
over addition. Moreover, the module F (concentrated in degree zero) over Clg(0) = F is the
unit for the Z/27Z-graded tensor product of F-vector spaces, and so M is a graded ring.
In the case that F = H, we have an action of My that is associative and distributive, and
therefore My has the structure of a graded module over M.

This multiplicative structure carries over to Ay. To see this in the case [F is commutative,
we need to show that the image of all the iy, is an ideal. So, suppose a; € My' and
as € Mﬂffﬁl. We want to show that ayi p,(a2) = iFn, 4, (a1a2). It will suffice to do this for
a; and as represented by graded Clifford modules M; and Ms over Clg(ny) and Clg(ny +
1), respectively. The graded F-vector space structure on ayipn,,(as) and i, n,(@102) is
identical, so we just need to compare the actions of Clg(n; + ng). If i < ny, then e; €
Clr(ny + n2) acts by e; ® 1 for both, and if ny < i < ny + ng, then e; acts by 1 ® e;_,,, with
the same sign rule for both modules. Hence ayip n,(a2) = i, 1n,(a1a2), and therefore the
subgroup generated by the image of all the ir, is an ideal. So the ring structure on My
induces ring structure on Aj.
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In the case that F = H, we need to show that the image of all the 7y, is a submodule,
and that this submodule is closed under the action of the image of ig . This is true for the
exact same reason as above. So Aj; has the structure of a module over Aj.

Theorem 4.1.5. There are isomorphisms of graded rings

Ar 2 Z[E, pa, As) (260, €, 13 — 4g),
A(C = Z[/Lg]

As a module over Agr, Ay is isomorphic to Ag but shifted down by four degrees and truncated
to be zero below degree zero.

Note that the degrees of the generators are denoted by the subscripts. For Ay, we let
the generator in degree zero be denoted g, while the generators of degrees four and five are
denote A4 and &;.

Proof. For Ag, note that multiplication by a generator of Ag(8) induces an isomorphism
of abelian groups, since the the dimension of the even part of an irreducible graded CI(8)-
module is 8, and the isomorphism Cl(n+8) = Cl(n) ®z/2z C1(8) = Cl(n) ®z,/22,R(16) ensures
that the dimension of the even pieces of irreducible graded Cl(n + 8)-modules are 16 times
the dimension of the even-graded parts of irreducible graded Cl(n)-modules. If &; is the
generator of Ar(1) = Z/27Z, then clearly 2§, = 0 and & = 0. To see that & # 0, we only
need to see that the dimension of §; as an irreducible graded Cl(1)-module is two, and the
dimension of an irreducible graded Cl(2)-module is four. Finally, letting 4 be the generator
of Ag(4), represented by an irreducible graded Cl(4)-module, we see that this has dimension
eight, and therefore its square has dimension 64, so it is ax; + bxo, where a+b =4, a,b > 0,
and x; and z, are the generators for the two summands of Mg(8).

To see that either a = 0 or b = 0, we must return to the Clifford algebras. Recall that
Cl(4n — 1) is always isomorphic a direct sum of two identical matrix algebras, and that
the summands can be identified as (1 & w)Cl(4n — 1), where w = ejes...e4,—1. Using the
isomorphism Cl(4n — 1) = Cl(4n)?, we see that w corresponds to wy, = €1€s... €4 _1€4n.
So wy, acts on each irreducible Cl(4n)%module as +1. When we form the tensor product
Cl(4n) ®z/2z Cl(4n) = C1(8n), it is easy to see that wy, ® wy, corresponds to ws, under the
usual isomorphism. So the tensor product of two irreducible graded Cl(4n)-modules where
wa, acts by +1 on the zero-graded piece is such that wg, acts by 4+1 on the zero-graded piece.
In particular, we see that @ = 0 or b = 0. Then we can choose our generator g € Ag(8)
such that p3 = 4)s.

Using the same dimension counting and grading involution arguments, it is clear that
when F = C, multiplication by a generator of A¢(2) is an isomorphism, and hence we can
immediately deduce the result.

For F = H, the same arguments as the real case apply. O
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4.1.2 Topological K-Theory and The Difference Bundle

Now, we return to the motivating example of K-theory, the K-theory of a topological space.
We define this by forming the group completion of the set of isomorphism classes of vector
bundles under direct sum:

Definition 4.1.6. If X is a compact CW complex, then KF~"(X) for n > 0 is the
Grothendieck group K (Y,,), where Y, is the set of isomorphism classes of F-vector bundles
on X" X equipped with the operation of Whitney sum.

Then KTF~" is a contravariant functor from the homotopy category of compact CW-
complexes to abelian groups. For compact CW-complexes, there are long exact sequences
to the left for cofiber sequences (see [Ati67]). So we are close to a cohomology theory, but
it is only defined in nonpositive degrees and for compact CW complexes. To get an actual
cohomology theory, we use the following results:

Theorem 4.1.7. The functor KF® is represented by the (pointed) space 7 x BGLg, i.e.
there is a natural isomorphism

KF°(—) 2 [—,Z x BGLg],.
Theorem 4.1.8 (Bott Periodicity). There are the following equivalences:

O®BGLg = Z x BGLg,
O’BGL¢ 2 Z x BGLg,
O®*BGLy = Z x BGLy,
Q'BGLy = Z x BGLg.

Note that these imply Q*BGLr = Z x BGLy. So, we can now define K-theory in all
degrees and for all spaces by letting

KF*(X) = [X, Q" BGLy],

where k, € {1,...,pr} is equal to —n modulo pg, where pp is the period of BGLy (i.e.
pr = pu = 8, pc = 2). This is representable K-theory, and it is a generalized cohomology
theory. For compact CW complexes, and nonpositive degrees, it is equivalent to what we
defined above, but for different kinds of spaces KIF° need not be the Grothendieck group of
vector bundles.

These cohomology theories can be represented by spectra K whose nth space is
0% BGLg. At the level of spectra, Bott periodicity manifests as equivalences

KR = KR,
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O’KC = KC,
O*KH =~ KH,
O'KH =~ KR.

Now, the spectra KR and KC admit extra structure as commutative ring spectra. These are
induced by the tensor product of vector bundles, which is encoded by maps BGLy A BGLr —
BGLy. For H, we cannot get a quaternionic vector space by tensoring two quaternionic vector
spaces, so there is no analagous ring structure. However, we can tensor a real vector space
and a quaternionic vector space to get another quaternionic vector spaces, so adapting this
to vector bundles, we get a map BGLr A BGLy — BGLy. And at the spectrum level, this
gives KH the structure of a KR-module.

So in particular, the homotopy groups m, KT for F = R, C admit the structure of graded-
commutative rings, while 7, K'H has the structure of a module over 7, KR.

Theorem 4.1.9. The homotopy groups m,KF have the following ring/module structures:

W*KR = Z[Th, Ty, U87U§1]/<2771777:137 ThTy, l’i - 41}8)7
7. KC = Zlxy, 5.

As a module over KR*, KH* is isomorphic to KIR* but with a shift by four degrees.

So for m, KH, we have generators xg, vy, and n;.

Proof. See [Kar78, Theorem III.5.19]. O

For complex K-theory, the class 2, € KC2(x) = K CO(SQ) is given by the reduced
canonical bundle over CP' 2 S2. For real K-theory, the generators of this ring have the
following description: 7, € KR™!(x) = KR’(S) is given by the reduction of the canonical
bundle over RP' 2 S'. The class vg goes to 3 under complexification. The Bott periodicity
equivalences are induced by multiplication with vg for R and H and multiplication by x5 for
C.

In order to produce the K-theory classes necessary to build the orientation, we will need
a special construction, known as the difference bundle construction. Suppose that we
have a CW complex X and a subcomplex Y C X. Then we can form a space A = X [[,, X
with subspaces Xy, X7 € A homeomorphic to X given by each of the summands. There are
retractions m; : A — X, given by the identity on X; and given by folding the other copy of
X over onto X;. Then the long exact sequence of a pair gives us an exact sequence

KF"1(X;) —— KF"(4, X;) —— KF"(4) —— KF"(X,)
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But the arrow on the right is a split surjection because of the retraction 7;, and therefore
we have split short exact sequences

0 —— KF"(A, X;) —— KF*(A) —“— KF"(X;) —— 0

We know that the map KF"(A, X;) — KF"(A) is injective by the surjectivity of KF"~1(A) —
KF"1(X;) and the long exact sequence. By excision, the map ¢; : KF"(A, X;) —
KTF"(X;41,Y) induced by the inclusion (X;,1,Y) — (A4, X;) is an isomorphism.

Let C'(X,Y) denote the collection of tuples & = (&,&,0), where the & are vector
bundles on X and o : &|y — &ly is an isomorphism of vector bundles on Y. Then for
¢ € CYHX,Y), we can define a vector bundle ¢ on A such that §\X >~ & and that the
isomorphism &[4 — &|a obtained by combining these isomorphisms is o.

Definition 4.1.10. The difference bundle y(£) € KF°(X,Y) is defined to be the unique
class satisfying the equation

prdvg X (§) = € — mi&L.

Note that y is additive in . That is, if we have & ; and o; : &1 5|y — &oj]y isomorphisms,
then we can let §; = P, &; and 0 : §ly — &ily be 0 = P, 05, then § = P, §; as bundles

on A, and so
= ZX(&})?
J

where £ = (&,&,0) and &; = (&4, €04, 0;). This construction is also natural under pullbacks
along maps of pairs (X' Y’) — (X,Y).

This construction also has nice properties when it comes to tensor products, but it a
little more subtle.

Proposition 4.1.11. Suppose & = (&1, o, 0) cmd f’ = (&,&,0) are in C(X,Y), and that all
of these bundles have metrics. Define " = (&/,&),0") by setting

(= (®&) @ (6 e8),
0= (lo®&) @6 ®8),

o ided o®id
T lo*®id —id® o™

Then x(£") = x(§)x(£').

The columns of the matrix above are , ® & and & ® £ and the rows are { ® & and
& ® & in that order. The maps o* and ¢’ are the adjoint maps to o and o', respectively.
Here £ and & can be over different fields, so long as they have a compatible tensor product,
i.e. it is not true that F = F = H.
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Proof. First, we should check that £” is well-defined. We need to show that ¢” is an isomor-
phism. Using elementary row operations (i.e. composing with some isomorphisms), we see
that ¢” is similar to the map given by the matrix
id ® id o®o !
0 1o to®o !

from (§o® &) B (&1 ®@E)) to (&) B (& ®E). Soif T = (id® d'o™) + (00" ®id) is an
automorphism of &, ® &, then ¢” will be an isomorphism. Now, by the spectral theorem
(which holds over the quaternions, see [FP03|), since oo* and 0’0’ are Hermitian, they are
therefore diagonalized by some orthonormal bases in each fiber. Moreover, all the eigenvalues
are positive real numbers. So 7' is diagonalizable in each fiber with all positive eigenvalues,

and therefore T is invertible in each fiber.
We want to show that

Py (X(©)x (&) = & — miel.

Note that the maps p;, ¢;, and ¢; are all multiplicative in the appropriate sense. So

p1og  (X(©)x(€)) = (p19g ' X(€))(prg " x(£))
= (£ —m&) (¢ —7m1&)
= &6+ (m1&)(m1€)) — (m161)E — E(mi€).
Hence we just need to show the equation
€8 + (m&)(m1&) + miel = & + (m160)E + E(mi€)
is true. We can do this by exhibiting an isomorphism of vector bundles
Code@maeng) ey 2 e (rael)e i)
on A. To do this, we restrict these bundles to each X; with an isomorphism to bundles we

understand, and then examine the isomorphism of the two bundles when restricted to A.
This completely determines these bundles up to isomorphism. We find

(€8 ® (16 @me) B riE)x = (GO ® (L O6) ® (&) © (6 &)
(Eod)o (e omne) ontlx 2 (G 0@ o) o EeE) o o),
(@@ maod)eant)l=EoaoE e oG es)eEas)
(emasd)eEemd)x = (@)oo e Eed)eE@ed).

The isomorphisms from the restrictions to X; to the restrictions to Xg for each bundle on

Y are given by the matrices
/

0 0 o®o O
0 O 0 id
id 0 0 0
0 id 0 0
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for (£ &) @ (w6 @ m€) @ mie)) and

d®oe o®id 0 0
oc*®id —id® o™ 0 0
0 0 o ®id 0
0 0 0 id ® o’

for (¢" & (176 @ &) & (€ @ 7i€)). Here the columns are { ® &, & ® &), & @ &), & ® & and
the rows are § ® &), &1 ® &1, &R &, & ® &) in that order. We then get an isomorphism from
(€@ (6 Q&) B (EQRTE) to (E®E) @ (i€, @ e} @ mr€Y) in terms of the restrictions
above given by the identity of (§,® &) B (&1 ®E) B (& RE]) B (&1 ®E) on X and the matrix

0 0 o ®id 0

0 0 0 id® o’
cl®id id®o ! 0 0
oc*®id —-1d® o™ 0 0

on X;. This is a well-defined map because

ideo o®id 0 0
c*®id —id® o™ 0 0
0 0 o ®id 0
0 0 0 id ® o’
0 0 o®d 0 0 0 o ®id 0
10 0 0 id 0 0 0 id®d
S lid 0 0 0] |c'®id dde®dt 0 0
0 id 0 0 c*®id —id® o™ 0 0
This map is invertible as ¢” is invertible. O

The tensor product rule also takes a similar form for “external” products. If & =

(&1,&5,0") is instead an element of C(X',Y”’), then we can define " = (&,&,0") €

C(X x X', X xY'UY x X') as before, but anywhere ¢ and & occur in the “internal”
definition, we replace them by the bundles gotten by pulling back along the projections
p: X xX — Xandp : X x X’ — X'. Then we get the equation

X(€") = (r"x(©)(P"x(£)) = x(p"Ex("E).
Finally, we give a condition for the difference bundle to vanish:

Lemma 4.1.12. Suppose & is such that the isomorphism o can be extended to all of X.
Then x (&) = 0.
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Proof. Choosing an extension x of £ to all of X, we see that x(§) is the pullback of x(£x)
along (X,Y) — (X, X). But x(£x) € KFY(X, X) 0. O

In |[ABS64], this construction is explored in much greater depth. There, sequences of
n + 1 vector bundles on X with an exact sequence of maps on Y are considered, forming
a category C"(X,Y). By imposing an equivalence relation on these sequences analagous to
stable isomorphism for vector bundles, one obtains a commutative semigroup. It is shown
that these semigroups are isomorphic for all lengths. Then, they consider the notion of an
Euler characteristic, which is a natural transformation from this semigroup to KTF(X,Y)
such that when Y = &, it is the alternating sum of the vector bundles in the sequence.
They go on to show that such an Euler characteristic must be an isomorphism, and in
the case n = 1, the difference bundle is such an Euler characteristic. Finally, a product
operation on these sequences is introduced, and it is shown that the Euler characteristics are
multiplicative in a compatible way. This is how the multiplicative property of the difference
bundle is proven.

However, these results are reliant on X being a finite CW complex, or at least finite-
dimensional. For the formulation of the Atiyah—Bott—Shapiro orientation in spectra, we will
need everything to be valid over classifying spaces, which are generally not finite-dimensional,
and we do not need sequences of greater length for our treatment of the splitting.

4.2 Orientations and Clifford Bundles

The idea of orientation is ubiquitous and has many different incarnations. In homotopy
theory, the concept of orientation is generalized and abstracted quite a bit, so that it we can
discuss it for any multiplicative generalized cohomology theory.

Definition 4.2.1. Let X be a space with a vector bundle £ : £ — X equipped with a
metric. The unit disk bundle D(¢) and unit sphere bundle S(§) of £ are defined by

D) ={ve E||v] <1}

and
S ={vekFE||lv=1}
Then the Thom space of £ is T¢ := D(£)/S(§).

Note that the Thom space is naturally equipped with a base point oo, which is the point
that S(§) is collapsed to.

Definition 4.2.2. Let F be a ring spectrum and let £ be a vector bundle on a space
X. Then an E-orientation of £ is an element w € E*T¢ such that for any x € X, if
iy D(€)/S (&), — TE is the map induced by the inclusion of the unit disk above z into the
unit disk bundle, then itw € E*(D(€),, S(&:)) is a generator.
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The key takeaway of [ABS64] is that, stably, Sping-bundles can be KTF-oriented. For
F = R, C, this is true in the sense of an orientation as defined above, but for F = H, this
is more subtle. What we get for F = H is not an orientation, but rather a class in KH*T€.
And in this case, multiplying by classes in KR*X does not even give us an isomorphism of
KR*-modules in general (although in some sense it is close, see [Hu22|).

To define such an orientation, we need to consider more Clifford-algebraic structures
varying over a space beyond Spin bundles. We would like to form bundles of Clifford algebras
and modules.

4.2.1 K-Theory Classes from Clifford Bundles

Definition 4.2.3. Suppose € is a vector bundle equipped with a metric on a space X. Then
the Clifford algebra bundle of ¢ is the bundle CI(£) over X whose fiber over z € X is

Cl(&a)-

Note that we use the Clifford algebra of the negative of the quadratic form induced by
the metric on &, where we assume the metric on £ is positive-definite.

To specify the topology of this bundle, we use the typical method of patching together
the bundle using trivializations over small neighborhoods and continuous transition maps.
It is clear that the algebra structure is compatible with the topology, giving us continuous
unit 1 : X — Cl(¢) and multiplication m : C1(§) ® Cl(§) — Cl(§) maps. Of course, we can
go on to construct the algebra bundles Clg(¢) = C1(§) ® F, which also admit continuous unit
and multiplication maps. Moreover, the automorphism « and the antiautomorphisms (—)*
and (—) define bundle maps Clg(¢) — Clgp(€). Using a, we see that the grading of a Clifford
algebra extends to a grading of Clg(£), given by Clg(§) = Clp(£)? & Clg(€).

Similarly, we can talk about module bundles over the Clifford algebra bundle.

Definition 4.2.4. If £ is a vector bundle with metric, then a graded Clifford module
bundle p over Clg(€) is a vector bundle y = p°® @ pu' along with a map of vector bundles
Clp(§) ® M — M that defines a graded module over the algebra in each fiber.

Similar to our discussion of the K-theory of Clifford modules, we can define analagous
groups Ap(n), defined in terms of graded Clifford module bundles over Clg(§). So, proceeding
as we did before, let Mp(§) be the Grothendieck group of graded Clifford module bundles
over Clp(§). Now, let £ @ 1 be given a metric such that the trivial summand is orthogonal
to & Then we have a map of vector bundles Clg(§) — Clg(£ @ 1) that is a map of Clifford
algebras in each fiber, and therefore induces a restriction map Myp({ @ 1) — Mg(€). We
define Ag(&) to be the cokernel of this map.

For the next step of the orientation, suppose that £ is a vector bundle with metric on X.
Suppose that u is a graded module over Clp(§). Let m: D(§) — X be the projection of the
unit disk bundle of £. Then g pulls back to a bundle 7*p on D(§), and it is given by the
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direct sum of the pullbacks of the graded parts of u. Now, we have maps of vector bundles
oy : T — 7 given by multiplying m in the fiber of 7*u over v € D(&) by v € Clg(§).
Note that since v is in the odd-graded part of Clg(¢), o+ maps 7*u° to 7*u! and vice versa.

Note that on S(€), the maps o4 are inverses. This is because croxm = —v*m = |v|*m =
m. So, we have an exact sequence

0 —— mput N 7 u’ —— 0

on S(£). Hence &, = (m*u', 7 o, o) € CH(D(E), S(£)) and we can form the difference bundle
>0
x(&u) € KF(D(€),S(§)) = KF (T€).
To understand the multiplicative properties of this construction, we can use the formula
for the product of difference bundles. However, this requires us to place a metric on the
bundle 7*u and then analyze the adjoint of o_. There is a particularly convenient choice:

Lemma 4.2.5. If p is a graded module over Clp(§), then there is a metric on p that is
invariant under the action of Ping(§). Under this metric, o_ and o, are adjoint.

Proof. First, consider the restriction of all these bundles to a neighborhood on which & and p
are trivial. Then using the fact that for any (smooth) representation of a compact Lie group,
a metric can be chosen that is invariant under the action of the group by integrating with
respect to the Haar measure, we can find a metric on the restriction of x to this neighborhood
where the action of Ping(§) leaves the metric invariant. Then, using a partition of unity
subordinate to this covering by neighborhoods where ¢ and p are trivial, we can sum up
these metrics to get a metric on all of p invariant under the action of Ping(&).

For the adjoint of o_, notice that % is in Ping(&) for v € £, provided v # 0. If v = 0,

[v]

then o+ = 0 on this fiber and therefore they are adjoint. If v # 0, then

(c_m,m’) = (—vm, m’)

v v ,
==l ()
= —|v| (m,—im')

v

= (m,vm’)
= (m,oym’). O

By the additivity and naturality of y and the construction above, it follows that this
defines a homomorphism Mg(€) — K IFO(Tg). This induces a map from Ap(§):

Proposition 4.2.6. Composing the maps My({ & 1) — Mgp(€) and Mp(§) — K~]FO(T§)

results in the zero map Mp(§ & 1) — K~IFO(T§), and therefore there is an induced map
= 0

Ar(§) = KF (T¢).
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Proof. We want to show that o_ extends to all of D(§). By the construction above, o_
extends to S(E @& 1). Let S (€@ 1) C S(£ @ 1) be the subspace consisting of those vectors
with nonnegative component in the trivial summand of £ @& 1. Now, projecting & & 1 onto
¢ maps 54 (£ @ 1) homeomorphically onto D(&), while preserving S(§). Then o_|g() can
be extended to an isomorphism 7*u! — 7*u° on D(€) by mapping D(£) homeomorphically
to S.(§ @ 1) (since o_ is defined on the pullbacks of u to D(§) and D( @ 1) along the
projections down to X, we map the bundle on D(£) to the bundle on S, ({ @ 1) using the
identity for individual vector spaces in the same fiber, which preserves the bundle on S(¢)).
Hence x(§,) = 0 in this case. O

These classes have good multiplicative properties. First, recall that the Thom space of
the external Whitney sum of two vector bundles is homeomorphic to the smash product of
the Thom spaces of the summands: T'(§; @© &) = T& A Té. In this equation and what
follows, we are making the pullbacks along the projections implicit so as to not clutter
notation. For ~(IE?l,IE?‘Q,IE?‘) compatible for multiplication, this gives us a multiplication map
KF\(T6) @ KF5(T¢) — KF(T(& & &),

There is also a map My, (&) ® My, (&) — Mp(& @ &), given by taking a module p; over
Clr, (&) and a module o over Clg,(§2) and forming their external (graded) tensor product,
which is a module over Clg, (&) ®z/2z Clr, (§2) = Clp(& @ &2). For the same reasons as we
saw for the Clifford modules over Clifford algebras, this induces a map Ap, (§1) ® Ap, (&) —
Ar(&1 @ &2).

Proposition 4.2.7. The diagram

Ap, (61) ® Ap, (§2) ———— Ar(&1 © &)

l l

commutes.

Proof. Let puy and ps be graded Clg, (&1)- and Cly,(&)-modules, respectively. We assume
that they are given metrics invariant under their respective Pin bundles. If we first go to
K-theory and then multiply, we get x(«), where o« = (o, o, o) and

ar = (1"} @ T pp) @ (17 iy @ T pay),
ap = () @ Tp3) @ (7 py @ T ),
d®Ro_. o0_®id

7= o, ®id —id® oy,
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These are bundles defined on X = D(&;) x D(&) with o being defined on Y = D(&) %
S(&) U S(&) x D(&). Letting o = a4 (i.e. defining a graded bundle o with graded pieces
o and o), we see that o is just 7 (u1 ®z/9z p12). At a point of (v,w) € Y, o is given by

S CEE MO Ees

v®1 —1®w 0 1| |v®l —-1®w|’
o [leow vl : .
Now the matrix [v 21 —1®w gives the action of v ® w € Clg, (1) ®z/2z Clr,(&2) on
T* (11 ®z,/2z o) (note the sign rule, giving the negative sign in the bottom right corner). So
1 0
7=1y _1| 7

Let Dy(& @ &) denote the disk bundle of radius two, and let L(&; @ &;) be the bundle of
closed shells of inner radius one and outer radius two. Then the inclusions

i (D(& @ &), S(6 D E&)) = (D& @ &), L6 @ &),
J 1 (D(&) x D(&2), D(&1) x S(&2) US(&1) x D(&2)) = (D261 @ &2), L(&1 @ &2))

are homotopy equivalences of pairs. Now, x((§1 © §2)ui@y/0mm.) 15 Pulled back along i to

the difference bundle construction applied to (7*(pu1 @ p2)t, 7 (py ® p2)?,0-) on (Do(&; @
&), L(& & &)). However,

X &) 7 © s 0) = x (7 © ) o) [ 2] o)

on (Dy(& & &), L(& @ &)) because there is an isomorphism of vector bundles appearing
in the difference bundle construction given by multiplication by —1 on 7*(g; @ p2)°. Then,
pulling back along j gives us x(«). And so the diagram commutes. ]

4.2.2 Clifford Bundles from Spin Bundles

The orientation class is a K-theory class on the Thom space, and we just saw how to form such
classes using Clifford bundles. So now we need to form Clifford bundles from Spin bundles.
One way to do this is to take a graded module over Clp(n) and “twist” it by a principal
Sping(n)-bundle on X. If P is a principal Sping(n)-bundle on X, then let £ = P Xgpin, () R"
be the associated vector bundle (with metric inherited from R™). If M is a Clg(n)-module,
then we can similarly form a vector bundle y = P Xgpin,(n) M, where Sping(n) acts on the
left on M by the inclusion Sping(n) — Clg(n).

Lemma 4.2.8. Let P be a principal Sping(n)-bundle on X and let M be a graded Clg(n)-
module. Then if we let £ = P Xgpin,(n) R" and p = P Xgping(n) M, then p can be given the
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structure of a graded Clifford module bundle over Clg(§), where the multiplication is induced

by
[z,v] - [x,m] = [z,vm].

Proof. Suppose U C X is an open set and we have a trivialization ¢ : P — U x Sping(n).
Then on U, this multiplication is induced by

((z.9),0) - (@, h),m) = ((x, 9),vg™ " hm).

It is easy to see that this respects the equivalence relation for the balanced product P Xgpin,(n)
M, but for the first factor, it is important to understand that the way Sping(n) acts on R"
and M are distinct and we are intertwining these different actions. For clarity, we denote
the action of Sping(n) on R" by % and recall that a x v = ava™' € Clg(v). Then

((z,9a),v) - ((x, h),m) = ((z, ga),va" g~ hm)
= ((z,9), ava™"g" hm),

((z,9),a%v) - ((z,h),m) = ((x,9), (axv)g~ hm)
= ((z,9),ava” g~ hm)

So the multiplication respects the equivalence relation of the balanced product P Xgpin.(n) R™
as well. It is easy to see that these multiplications agree on the intersections for various
trivializing neighborhoods U and thus define a map of vector bundles ¢ ® u — p. This
then clearly extends to a map Clp(£) ® p — p which makes p into a graded Clifford module
bundle. O

Combining the two constructions above, we see that if £ is a principal Sping(n)-bundle

then we can take any Cl(n)p-module and map it to a class in K~IE'0(T§). This is where the
orientation will come from; if we can choose a Cl(n)p-module such that this construction ap-
plied to a bundle over a point always gives a generator of K. ]FO(S”) (or something appropriate
when F = H), then we can define the orientation class to be its image in K IFO(TQ*).

Clearly this construction defines a homomorphism of abelian groups Mg(n) — K. IFO(T €)
factoring through Mp(£). This factors through Ag(n), since if M is a graded Clg(n + 1)-
bundle, then we can define a module p over Clp(§ @ 1) that restricts to the right module
over Clg(€) by using the action of Sping(n) on R*™ = R" @ R that is given by the standard
representation on R™ and the trivial representation on R, and then using the multiplication
[z,v] - [x,m] = [z,um]. Then P Xgpin () R"™ = ¢ @ 1 and we get the desired Clg(§ & 1)-
module bundle p = P Xgpin,(n) M. Let Bp : Ap(n) — Ap(§) denote the map taking the class
of M to the class of P Xgpin,(ny M, and let ap : Ap(n) — K~FO(T§) denote the composite
map.
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However, the maps Ag(n) — K IFO(T ¢) admit even more structure in the form of multi-
plication. If we have a Sping (ni)-bundle P, and a Sping, (n2)-bundle P, we can obtain a
Sping(ny + ng)-bundle P by forming the balanced product

P = (Pl X P2) XSpin[Fl(m)XSpin]FQ(m) SpinF(nl —+ n2)_

Here the left action of Sping, (n;)xSping, (n2) on Sping(n;+ny) is given by the homomorphism
Sping, (n1) x Sping, (ng) — Sping(n; + ng).

Proposition 4.2.9. If My and M, are Clg, (ny)- and Clg,(ny)-modules, respectively, then

Bp(My ®z/97 M) = Bp(Mi)Bp(Ms).

Proof. We show that the representing Clifford module bundles are isomorphic. An isomor-
phism from the bundle representing 5p(M;)Bp(M,) to the bundle representing Sp(M; ®z,27
MQ) is

[p1, mu] ® [pa, mo] = [[(p1, p2), 1], M1 ® mo).
It is easy to see that this is well-defined and defines an isomorphism of vector bundles. And
it is a homomorphism of module bundles, since

([p1; v1] @ [p2, va])([p1, 7] @ [p2, ma])

(_1)|m1|[P1>Ulm1] ® [p2, vams)]

= [[(p1,p2), 1], (=)™ vymy @ vamy]

= [[(p1,p2), 1], (v1 @ v2) (M1 ® My)]

[[(p1,p2), 1], 01 ® vo] - [[(p1, p2), 1], m1 ® ma]. O

It then follows that ap(My ®z/0z Ma) = ap(Mi)ap(Ms). If we consider the unique
Sping(n)-bundles over a point, this gives a multiplicative homomorphism from Aj to

KF°(S*) =~ r,KF.

Proposition 4.2.10. The maps oy : Ay — 7. KF are ring homomorphisms in the case
F = C,H and a homomorphism of Ax-modules when F = H.

Proof. For n =0 and F = R, C in particular, the unit [F] =1 € A maps to 1 € K~IFS, since
the corresponding module (bundle) is p, where ! = 0 and p° = F, and in KFO(x ][] *), we
have é u — T given by the bundle that is I on the point indexed by 0 and 0 on the point
indexed by 1 (which is the oo of the Thom space). So the only element of KTF(x[]*,%*;)
that would map to this is the unit 1 € KF?(x ][ *,*,), and therefore the difference bundle
must be the unit of KF?. Therefore the maps ay : Ay — 7, KTF are ring homomorphisms for
F =R, C and a module homomorphism for F = H. O
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Now let us discuss the correct choice of the module that generates the K-theory of the
sphere.

Theorem 4.2.11. The maps ay : Ay — m>oKF are isomorphisms.

Proof. For the cases F = R, C, we know that these two rings are abstractly isomorphic, so it
will suffice to show that ap sends generators to corresponding generators. Let’s being with
F = C. If we consider the difference bundle construction, we see that ac(u2) corresponds to
the reduction of a bundle on S? given by two trivial bundles (of C-dimension 1) on D? glued
together along S* using the action of —v on sy, where v € S is considered as an element of
Clc(2). So pg, the generator of A%, maps to z9, the reduced canonical bundle over CP*.

Now we consider the real case. Under complexification, vg goes to z3, so we see that
ar(Ag) must go to the class of 23 under complexification, as the complexification of Ag is
ps € Kg® Therefore it must be the case that ag(\g) = vs. For py € A}, we see that
ar(ps)? = 4vs. And so ag(py) = +x4, since no other elements go to 4vg after being squared.
Finally, for & € Ak, we use the fact that n; € KR™!(x) is represented by the canonical bundle
on RP' = S'. Since CI(1) = C, and therefore ¢; is represented by the irreducible module C.
The unit sphere in R is +e;, and multiplication by these corresponds to multiplication by
+i. So if we glue two copies of the unit disk [—1, 1] together along the unit sphere, with a
one-dimensional trivial vector bundle on one copy given by R C C and Ri C C on the other,
with the on the unit sphere given by multiplication by +:, we see that the resulting bundle
is the M6bius bundle, which is the canonical bundle on CP!.

For the quaternionic case, we need to show that the generators of Aj; in degrees zero and

four go to generators of K] HSO(*) in degrees zero and —4. For degree 0, the proof of this is
analagous to the proof that ap(1l) = 1 for F = R, C. For degrees 44, this follows from the
fact that the diagram

A~ KF.°

*

|

AL~ KR

commutes, where the vertical maps are restriction along R — H. The bottom arrow is an
isomorphism as we saw above, and the rightmost map is an isomorphism [Bot59, p. 3.14].
The left arrow is also an isomorphism, and this can be seen by comparing the dimension
over R of modules representing generators of Aj; and A%. So ag must be an isomorphism
for these degrees as well. This argument is due to [Hu22|. O

Theorem 4.2.12. Any Sping(8n)-bundle is KR-orientable, and any Sping(2n)-bundle is
KC-orientable.
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Proof. For R, we the orientation is given by agr(vg), and for C, it is given by ac(u2). O

For H, we see that for a Sping(8n)-bundle &, there is an “orientation class” ag(pp) in

KW’ (T€). This class is notably not a generator of K] HO(S 87 for each fiber (unless we invert
2).

4.3 Stabilization

The orientations and the maps used to define them enjoy many properties such as naturality
and some multiplicative relations. A natural expectation is that there should be a “universal
orientation” that captures all of these phenomena, and any orientation should factor through
it. Clearly this should be related to the classifying spaces BSping(n), which support the
universal Sping(n)-bundles that all other bundles are pulled back from. It should also involve
the Thom spaces of the universal bundles, since that is where the orientations live.

Using the maps Sping(n) — Sping(n + 1) which fit into diagrams

Sping(n) —— Sping(n + 1)

|

SO(n) — SO(n+1)
that commute, we get commutative diagrams

BSping(n) —— BSping(n + 1)

| |

BSO(n) —— BSO(n + 1)

So any principal Sping(n)-bundle can be made into a principal Sping(n + 1)-bundle, and
taking the induced vector bundles induces adding a trivial summand. If g, is the vector
bundle on the classifying space BSping(n), then this implies that yg,, @1 is pulled back from
Yrnt1. Taking Thom spaces, this induces a map T'(yr,, & 1) = T, — Vo1

Definition 4.3.1. The Thom spectrum M Sping is defined to be the spectrum with nth
space Ty, and structure maps X7Tr,, — T n41 as above.

We can loosely think of this as the “universal Spiny Thom space”, but we are now in the
world of stable homotopy theory. For any Sping(n)-bundle, we can form the Thom spectrum
ME¢ of the associated vector bundle ¢ with kth space given by ¥ "T¢ (thought of as the
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Thom space of £ ® (k—n)). The classifying map of the bundle then induces a map of Thom
spectra ME& — M Sping.

These spectra have additional multiplicative structure derived from Sping-structures on
direct sums. For compatible fields, the pairings of Sping groups in Proposition [3.3.9| give us
commutative diagrams

BSping, (n1) x BSping,(ng) —— BSping(n; + ns)

l l

BSO(ny) x BSO(ny) ——— BSO(n; + no)

These maps are associative and commutative (for R, C) in a way that commutes with the
associativity and commutativity data for BSO(n). Taking Thom spaces, this gives us maps
Ty AN TPy ny — TV ny+ny- Putting all of these maps together at the level of spectra
gives MSpinp and M Sping the structure of commutative ring spectra, while M Sping has
the structure of a module spectrum over M Sping.

Now the universal Atiyah-Bott—Shapiro orientations should be maps M Spiny — KF. To
define such a map, consider the orientation for the universal bundle on BSping(n), which
is classified by a map Tyr, — BGLp. Using the loops-suspension adjunction, we can use
this to define the orientation map for levels less than or equal to n in M Sping and KF. So
we can define arbitrarily large finite pieces of the orientation map. To get the entire map,
we need to show that these finite pieces agree. We need to show that the orientations for
Yrn and g, @ Pr agree after applying Bott periodicity. However, this is true because the
orientation class on T'(Vp,, ® Pr) = X T, is given by multiplying the orientation class
on T, by the orientation class for the unique Sping(Pr)-bundle over a point. But this
class is the Bott class, which gives the Bott periodicity isomorphism by multiplication. So
by choosing appropriate homotopies, we indeed get maps M Spiny — KTF. Moreover, these
maps are multiplicative in the sense appropriate for F, due to Proposition [4.2.9]

Theorem 4.3.2. There are maps pp : MSping — KT with the following properties:
o For F =R,C, pp is a map of ring spectra.
e The map ¢y is a map of MSpin-module spectra.

e [f¢ is a Spin(8n)-bundle, then the composite map ME — MSpin — KR classifies the
orientation class defined earlier.

e [f € is a Sping(2n)-bundle, then the composite ME — MSping — KC classifies the
orientation class of TE.
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o [f ¢ is a Sping(8n)-bundle, then the composition ME& — MSping — KH classifies the
“orientation class” we defined in KNHO(TQ.

These maps of spectra have even nicer properties that we will not discuss in detail. One
of these features is that the Thom spectra M Sping and the K-theory spectra KF both admit
higher homotopical coherences for their ring/module structures in the form of E-structures.
Then, one can show that the Atiyah—Bott—Shapiro orientation preserves this structure for
F =R, C (see |[Joa04]). For F = H, the author believes this to be true, but do not know of
a proof yet.
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Chapter 5

The Anderson—Brown—Peterson
Splitting

Using the Atiyah—Bott—Shapiro orientations together with standard tools of homotopy the-
ory, it is possible to completely determine the structure of the Sping bordism groups. To do
this, we completely determine M Sping in terms of simpler spectra, whose homotopy groups
are known, 2-locally. Then, using the fact that the homotopy groups of M Spiny do not con-
tain any odd torsion, we can easily determine the homotopy groups of M Sping, and therefore
the Sping bordism groups, up to isomorphism.

5.1 Spin Bordism and Thom Spectra

The structure of a Spin bundle is particularly applicable to manifolds. For technical reasons,
instead of treating manifolds with a Spin structure on their tangent bundle, it is customary
in bordism theory to treat manifolds with Spin structures on their stable normal bundle.

Theorem 5.1.1 (Hirsch). If M is a manifold (with or without boundary), then for k suf-
ficiently large, any two embeddings M — RF are regularly homotopic (homotopic through
immersions, with the homotopy inducing a homotopy of maps between tangent bundles).
Moreover, the homotopy is unique up to a homotopy of homotopies fixing the endpoints.

Proof. See [Hirb9]. O

So, choose an embedding M — R*. If v, : M — BO(n — k) is the map classifying the
normal bundle of this embedding, then we get a map v : M — BO by composing with
BO(n — k) — BO. By the theorem above, for any other embedding M — R¥', if we form
the map v/ : M — BO using the same procedure, then we can find a homotopy from v to /.
Moreover, these homotopies compose up to a homotopy of homotopies fixing the endpoints.
The map v will be referred to as the stable normal bundle.
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From now on, we will assume that the map BSpiny — BO is a Serre fibration. Since we
can always replace any map by a fibration up to homotopy, there is no loss of generality in
doing this.

Definition 5.1.2. Let M be a manifold. Then a normal Sping-structure on M is a
homotopy class of maps M — BSping lifting v.

Specifically, we require that the maps M — BSping lift v in the category of topological
spaces and continuous maps, and that the homotopies are homotopies through such lifts.

For now, a Sping-structure will refer to a normal Sping-structure, and a Sping-manifold
is a manifold together with a normal Sping-structure.

Since the map BSpiny — BO is a fibration, if v/ : M — BO is another map homotopic
to v and f : M — BSping represents a normal Sping-structure on M, then we can use the
homotopy from v to v/ and the homotopy lifting property of the map BSpiny — BO to find
amap f': M — BSping that lifts /.

If N is a Sping-manifold with boundary, then trivializing the normal bundle of ON C N
so that the constant section at 1 of the trivialized normal bundle 0N x R consists of inward-
pointing normal vectors, then using the Sping-structure on N and the homotopy lifting
procedure above, we get an induced Sping-structure on dN. This is done by embedding
N in R¥*! such that ON embeds in R*, with a collar neighborhood U of ON meeting R*
orthogonally at ON. This embedding is such that the trivializing section of normal vectors
of ON in N all have positive first coordinate in R¥' =2 R x R*.

In particular, if M is a manifold without boundary equipped with a Sping-structure, then
we get a Sping-structure on M X I using the projection M x I — M that is a homotopy
equivalence. Then, by considering the inclusion M — M x {1}, we get another Sping-
structure on M, denoted — M.

Definition 5.1.3. Let M, and M; be closed Spingp-manifolds. Then a bordism from M, to
M is a compact manifold N and a Sping-structure preserving diffeomorphism M, [[ —M; —
N.

We say that two manifolds are bordant if there exists a bordism between them.
Lemma 5.1.4. Bordism is an equivalence relation on closed Sping-manifolds.
Proof. See [Sto68, p. 5]. O

Proposition 5.1.5. The disjoint union of Sping-manifolds gives Q™ the structure of a
graded abelian group. For F =R, C, the product of Sping-manifolds makes these groups into
graded rings. And for F = H, the product of Sping- and Sping-manifolds makes QP into
a module over QP
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Proof. The abelian group structure on bordism groups is automatic for any bordism theory.
The products are induced by the maps BSping(n) x BSping(m) — BSping(n + m) for
F = R,C and BSping(n) x BSping(m) — BSping(n + m) for H. As we saw previously in
our discussion of the products for the Thom spectra M Sping, these maps commute with the
products BO(n) x BO(m) — BO(n + m). Again, referencing [Sto68, p. 24-25], we see that
this induces ring/module structures. ]

The reason it is possible to calculate the structure of these bordism groups, and even
some of the ring structure, is due to the Pontryagin—Thom isomorphism:

Theorem 5.1.6. There are isomorphisms of graded abelian groups

QSPine o 1 M Sping. (5.1)
IfF =R, C, then this is an isomorphism of graded rings. For F =H, then this (along with
the isomorphism for F =R) gives an isomorphism of Q"™ -modules.

Proof. The general Pontryagin-Thom isomorphism (see [Sto68, p. 18]) gives the result. [J

5.2 Cohomology of Classifying Spaces and Thom Spec-
tra

So, to understand the 2-local structure of M Sping, it will sufffice to understand their Z/27Z-
cohomology, as they have finitely generated homotopy groups. And to determine this struc-
ture, we will make heavy use of the mod 2 Steenrod algebra A. Unless otherwise stated, all
cohomology in this section will be taken with Z/27Z coefficients. Also, we will be working in
the stable homotopy class, so a “map” will mean a homotopy class of morphisms of spectra.
To begin with, we discuss the cohomology of the relevant classifying spaces.

Proposition 5.2.1. There are isomorphisms
H*BSpin = Z,/2Z[w; | i > 2,i # 2" + 1 for k > 0],
H*BSping = Z/2Zw; | i > 2,i # 25 41 for k > 0],
H*BSping = Z/2Z[w; | i > 2,i # 2" + 1 for k > 0].

Here w; denotes the ith Stiefel-Whitney class of the stable vector bundle on BSpin®
classified by the map BSpiny — BSO.

Proof. Recall that there are homotopy fiber sequences BNy — BSpiny — BSO. If we
apply the Serre spectral sequence to this fibration, we get a cohomologically graded spectral
sequence with Ey page

EPY =~ HP(BSO; H'BNy)
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converging to H*BSping. One can compute the transgression of this spectral sequence, and,
using the fact that the transgression commutes with the action of the Steenrod algebra,
completely determine the result that it converges to. O]

Using this result, we can also determine the cohomology of the Thom spectrum M Sping
with the Thom isomorphism. We have:

H*MSpin = Z/27[w; | i > 2,i # 2" 4+ 1 for k > 0]U,
H*MSping = Z/2Z[w; | i > 2,i # 2" + 1 for k > 0]U¢,
H*MSping = Z/2Z[w; | i > 2,i # 2" + 1 for k > 0|Up.

The action of the Steenrod algebra is determined by the Thom isomorphism as well, using
the Cartan formula and the rule Sq'Ur = w;Ur, where Uy is the Thom class. Now we have a
complete description of the cohomology of M Sping, including its Steenrod module structure,
which is the first step to determining the 2-local structure. From here, it is possible to
determine the homotopy groups of M Spiny using the Adams spectral sequence. However,
we can do much more by showing that MSpiny decomposes into a wedge sum of simpler
spectra once we localize at 2. To do this, we will need to understand the cohomology of these
summands as well. Luckily these are quite a bit simpler in terms of the Steenrod algebra.

One construction of stable homotopy that we need to understand the spectra in the
splitting is the connective cover construction. We briefly recall it here.

Proposition 5.2.2. Let X be a spectrum. Then for any n € Z, there exists a spectrum X (n)
called the n-connective cover of X together with a map X (n) — X, such that ;X (n) =0
if k <mn, and the map X (n) — X induces isomorphisms on my for k > n.

Additionally, X (n) has the universal property that if Y is a spectrum with mY is trivial
for k < n, then for any map f:Y — X, there is a unique map f:Y — X (n) such that the
diagram

X{n)

L

commautes.

For some spectra, such as the K-theory spectra, it is customary to denote the O-connective
cover by making the symbol we use to denote the spectrum lowercase, i.e. KF(0) = kFF. Note
that a similar construction exists for spaces and their homotopy groups as well.

Proposition 5.2.3. We have the following isomorphisms of Steenrod modules:

H*HZ)27 = A,
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I

H*kR(8k) = 5% A/(ASq" + ASq?),
H*ER(8K + 2) = ¥35+2 4/ AS¢?,

)
)
H*kC(2k) = %2 A/(ASq" 4+ ASq?),
)
)

1R

I

H*kH(8K) = 2% A/(ASq" + ASq),
H*KH(SE + 4) =2 2%+ 4 /(ASq* + AS?).

Proof. By the Yoneda lemma and the fact that HZ/27Z represents cohomology, we have
H*H7/27 = A. For H*kR(n) and H*kC(n), the main results of [Sto63| describe the
cohomology of the level spaces that make up these spectra in low degrees, and the cohomology
of the spectra can be found by taking a suitable colimit. The cohomology of kH(n) can be
found from the cohomology of kR(n) and using the isomorphisms Y*kH(n) = kR(n + 4),
which are induced by the isomorphism Y4KH =~ KR. O

We will also need to know what the Atiyah-Bott—Shapiro maps do in cohomology. It is
quite simple:

Lemma 5.2.4. The map ¢r : MSping — kT is such that the nonzero class x € HkF goes
to the Thom class Ur € H° M Sping.

Proof. Using the fact that all closed zero-manifolds are disjoint unions of points and compact
one-manifolds are disjoint unions of line segments and circles, it follows that 7wy M Sping =
Z, with a generator being a point with one of two Sping-structures. So if a generator of
moM Sping maps to a generator of mokF = 7Z, then we will get an isomorphism in degree zero
(integral) homology by the Hurewicz theorem, which then gives an isomorphism in degree
zero (Z/27) cohomology.

To see that this statement about 7 is true, we can take the map S — M Spiny classifying
such a generator, which is the map M{ — M Sping, where £ is a Sping(0)-vector bundle over
a point. We can take the relevant Clg(0)-module x4 to be Clg(0) = F (all even-graded). Then

as we saw in Proposition |4.2.10} the difference bundle construction gives us [F] € K. FO(*). O

For F = R, C, this can also be shown more formally using the fact that p is a map of
ring spectra. Since the cohomology of these spectra have coalgebra structures induced by
the ring structure, the fact that they are zero in negative degrees and only have one nonzero
class in degree zero implies that the counit maps must take this class to 1 and all other
homogeneous classes go to zero. Then since the map in cohomology induced by r preserves
the counit, the result follows.

There is one additional spectrum that we must introduce for the splitting of M Sping.
This spectrum plays the role of kH(8k 4 4), but removes a factor of two that appears in the
homotopy groups in order to ensure a 2-local equivalence.
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Definition 5.2.5. The spectrum F' is defined to be the homotopy fiber of the map kR —
HZ/2Z that classifies the generator of H*kR.

The homotopy groups and cohomology of this spectrum are readily computable:

Proposition 5.2.6. The homotopy groups of F' are trivial in negative degrees, and if k > 0,
then
7 k=0,4 (mod 8),
m = S Z/2Z k=1,2 (mod 8),

0 otherwise.

The cohomology of F' is given by
H*F = Y71 ASq' + ASq?).

Proof. The map kR — HZ/27 gives the surjective map Z — 7Z/27 after applying 7 using
the Hurewicz theorem. Then 7 F' for all degrees follows immediately from the long exact
sequence of the fibration F' — ko — HZ/2Z. Similarly, we get a long exact sequence in
cohomology from this (co)fibration, and the map kR — HZ/27Z induces the quotient map
A — A/(ASq' + ASq?), so H*F is given by shifting the kernel of this map down by one
degree. O

We denote the generator of H°F by ey and the generator of H'F by e;.

5.3 Construction of the Splitting

So now we have all the pieces of the splitting, and we need to show that they can be arranged
together to form the desired result. What this means is building maps from M Sping to our
summands, and then showing that we get an isomorphism in cohomology once we add these
maps up. The Atiyah-Bott-Shapiro orientation, along with the cohomology of M Sping, are
the key ingredients that allow us to synthesize all of these maps.

The point of the Atiyah-Bott—Shapiro orientation in this discussion is that, by viewing
it as a K-theory class on M Sping, we can multiply with it to transfer K-theory classes on
BSping to MSping. As we saw, when F = R, C, this is an isomorphism. For F = H, this
is not quite an isomorphism, and it maps real vector bundles to quaternionic ones, but this
is sufficient for our purposes. So, let us begin by introducing the K-theory classes on the
classifying spaces that we want to transfer over:

Proposition 5.3.1. Suppose X is a space and & : X — BSO. Then there exist KR-
Pontryagin classes ©° € KRY(X), which are characterized uniquely by the following
properties:
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1. © depends on & only up to homotopy.
2. 7 is natural in & (it commutes with pulling back KR-classes and maps to BSO).
3. If & is induced by a complex line bundle (with its canonical orientation), then

N [ i=0,i>2,
W(S)_{g—Q i=1.

4. [f€17§2 X — BSO, then

Zﬂi(fl &) = Z (&) (€)'
i=0 i.j=0
Proof. See |[ABP66]. O
For a multi-index I = (iy,...,i,), let 7/ (£) = 7 (£) ... 7™ (£). For such a multi-index, we

let |I] = > 7_,4; be its sum. These classes satisfy additional nice properties in cohomology:

Proposition 5.3.2. Let I be a multi-index. If|I| is even, then ! (€) admits a lift to KR(4|I|),
and if the Pontryagin class pr = pi, (€) ... p;, (&) is nonzero in the rational cohomology of X,
then the map X — kR(4|I|) can be chosen so that the generator of HZER(4|I|) maps
to pr + 6Sq°Sq ey, where § is the Bockstein homomorphism and o is a polynomial in the
Stiefel- Whitney classes.

If |1| is odd, then w!(€) lifts to kR{4|I| —2). If p; is not divisible by two in the image of
HZ*X — HQ*X, then the lift can be taken so that Sq*zyr—o € HUER(4|I] — 2) maps to
the reduction of p; modulo 2 in H*X .

The complexification ' (&)c lifts to kC(4|I|). Assuming the conditions above are satisfied
for &, then the lift can be chosen such that the generator of HZ*WEC(4|I|) maps to p;.

Proof. See [Sto68, p. 303]. ]

So, by letting I range over all partitions, we can generate a bunch of kR-classes on BSping
by applying 7! to the bundle on BSping classified by the map BSping — BSO. If F = C,
then we complexify them. Then these classes admit lifts to connective covers of kR and £C
with the cohomology properties described in the proposition above. To see that the requisite
properties of the Pontryagin classes p; are satisfied, one uses the property that all torsion in
the integral cohomology of BSpiny has order two.

Now that we have the K-theory classes on the classifying spaces BSping, we can use the
Atiyah-Bott-Shapiro orientation to transfer them to the spectra M Sping. This is done using
the Thom diagonal map M Spiny — (BSping) A MSping. If we have a
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then we can form a class apyp by forming the composition
MSping —— (BSping); A MSping LN kFo(n) A kF(m) —— EF(n + m)

Here the leftmost map is the Thom diagonal, and the rightmost map is the map induced by
multiplication.

To move on to the proof of the splitting, we need to know what these maps do in
cohomology. This can be done by computing the induced map in cohomology for all of
the maps above and composing them. It is well-known what the Thom diagonal map does,
because it induces the Thom isomorphism. And the map in the middle is easy to understand
because we know what the maps o and ¢r do in cohomology. So the only unknown is what
the multiplication map kFo(n) A kF(m) — kF(n + m) does.

Lemma 5.3.3. For the maps kR(8n) A kR — kER(8n), kR(8n + 2) A kR — kR (8n + 2),
kC(n) NkC — kC(n), and kR(8n) ANkH — kH(8n), the nontrivial cohomology class of lowest
degree of the codomain maps to the tensor product of the nontrivial cohomology classes of
lowest degree for the factors of the smash product in the domain.

The map kR(8n + 2) A kH — kH(8n + 4) factors through the map Y84 — kH(8n + 4).
The lift KR(8n + 2) A kH — 28"+ can be chosen such that eg — Sq*Tgrio @ To and e; +—
T2 @ Sq°xy.

The maps above fall into two distinct classes. The first is where the lowest nontrivial
homotopy group of the domain and codomain is isomorphic to Z. So this class includes
ER(8n) A kR — kR(8n), kC(n) A kC — kC(n), and kR(8n) A kH — kH(8n). The proof
is simple in this case, since we can use the known ring/module structure of the homotopy
groups of KR and KH and the Hurewicz theorem.

The proof for the other class, which includes the maps of the form kR(8n + 2) A kR —
kR(8n + 2) and kR(8n + 2) A kH — kH(8n + 2), involves a few steps. First, one lowers n
as much as possible (while keeping it nonnegative) using the fact that X®* KR = KR and
KR = ¥*KR as KR-modules. This reduces the problem to only finitely many cases that we
need to study. It is important that these are isomorphisms of modules, because this ensures
that when we take higher connective covers by suspending, we recover the multiplication
maps for the higher connective covers. In the quaternionic case, we can trade KH with
Y1ER(4), so we only need to consider the map kR(2) A kR(4) — kR(8).

Then, one computes the action in integral cohomology in low degrees for the zeroth
spaces of these spectra. One way to do this is to use the Chern character. Since we have real
bundles, we must complexify them to use this. Since the Chern character is multiplicative for
tensor products [MS74, Problem 16-B], we can compute all of the low degree Chern classes
of the tensor product.

Finally, to see what happens for the spectra, we need to stabilize. By examining the
connectivity of these zeroth spaces and using the fact that they are zeroth spaces of {2-spectra,
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we can show that these unstable classes correspond to classes in the integral cohomology of
the spectra. For the case kR(2) A kR — kR(2), we can simply reduce modulo two to get
the result. For the case kR(2) A kR(4) — kR(8), one shows that the composite of this map
with the map kR(8) — X®HZ /27 classifying the lowest degree nontrivial cohomology class
is zero, and thus we get a lift to XF. Then, using some computations in cohomology and
obstruction theory, this lift can be chosen to get the desired result.

We summarize the results of this section in the following proposition, which captures
all the K-theory classes and cohomological data of this section. Note that for M Spin, we
exclude multi-indices containing 1 because ws = 0 in BSpin, and thus the Pontryagin class
pr vanishes if I contains 1.

Proposition 5.3.4. If I is a multi-index not containing 1 and |I| is even, then there is a
map MSpin — kR(4|1]) with z47 — (p1 + Sq4*Sq'a;)U for some ay € H*BSpin, and if |I|
is odd, then there is a map MSpin — kER(4|I| — 2) where xaj7—o — B;U, and Sq*B; = pr.
For MSping, for every I, there is a map MSping — kC(4[I|) such that x4 — pr.
For MSping and for every I, if |I| is even, then there is a map MSping — KkH(4|I|)
with xq7 — (pr + Sq*Sqta;)U for some ay € H*BSping, and if |I| is odd, there is a map
MSping — S E such that eg — prU and e — BrwsU for some B; € H* BSping.

5.4 An Isomorphism in Cohomology

Now that we have the maps, we just need to show that they induce an isomorphism in
cohomology after we sum them together. This is a daunting cohomology calculation. We will
only summarize the conceptually important ideas while minimizing the amount of explicit
Steenrod algebra calculations that we do. As we saw above, the structure of the Steenrod
modules involved in the splitting really only depends on a finite subalgebra of A. What
makes this calculation reasonable is that, in fact, an even smaller amount of data is enough
to show that the splitting is an equivalence.

In the subalgebra Aj;, the elements Qo := Sq' and Q; := Sq*Sq"' + Sq* satisfy Q? = 0.
So any module over A; becomes can be consider a chain complex with ; acting as the
differential.

Definition 5.4.1. If M is an A;-module, then Hy(M;Q;) denotes the homology of M with
respect to the differential ();. These are referred to as the Margolis homology groups of
M.

These groups (Z/2Z-vector spaces) have the following properties that we will need:

e For any collection of A4;-modules M;, there is a mnatural isomorphism

Hy, <@] Mj;Qi> =D, He(Mj; Q).
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e If M; and M, are A;-modules, then there is a natural isomorphism H,(M; ® Ms; Q);) =
H,.(My;Q;) ® Ho(Ms; Q;). Here the A;-module structure on M; ® M, is given by the
Cartan formula, and H,(M;;Q;) ® H.(Ms;Q;) is understood to be the graded tensor
product of two graded vector spaces.

While its use in our calculations will be relatively straightforward, these homology groups
have a deep theory developed in [Mar83]. Proofs for the above properties can also be found
in this book.

So, the strategy to prove the splitting is to sum together all the maps in Proposition
and show that when we take cohomology and then Margolis homology, we get isomorphisms.
Then, we carefully pick some cohomology classes such that when sum together the maps
of Proposition and maps X" HZ/2Z representing these cohomology classes, we get an
actual isomorphism in cohomology.

To show that the maps

MSpin — \/ EkR(@8k)v \/  kR(8k +2), (5.2)
IcPy(2k) IeP1(2k+1)

MSpine — \/ kC(4|1]), (5.3)
IeP

MSping — \/ KHEE)v \/ I%HF (5.4)
IeP(2k) IeP(2k+1)

give isomorphisms in Margolis homology, we compute the dimension of the Margolis ho-
mology for each degree of each side (noting that they are equal), and then we show that
the maps are surjective. Again, we will only summarize the key points involved in this and
not go into detail with these calculations. Let My = H*MSping and let @ be the map of
cohomology groups induced by the map of spectra above.

Proposition 5.4.2. The Margolis homology groups for the Thom spectra M Sping are:

H,(Mg; Qo) = Z/2Z[w;, for | k> 2,i> 2,0 #2'|U,

H,(Mg; Q1) = Z/2Z[w3;, gor o | 1> 2,0 # 28 — 1,k > 3]U,
H,(Mc; Qo) = Z/2L[w3;, for | i # 27U,

H,(Mg; Q1) = Z/2Zw};, gor 5 | i # 2% — 1,k > 2)U,

H,(My; Qo) = Z/27[w3;, for | k >2,i>3,i# 2" forr > 2]U,
H,(My; Q1) & Z)2Z[ws;, gar—s | i # 28 — 1,k > 3JwoU.

Here the elements f; and g; are certain cohomology classes of BSping with degree ¢. Their
exact value is not relevant outside the calculation above. They are constructed by acting
with certain elements of A on the Thom class U and using the Thom isomorphism to extract
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classes on BSping. The point of these classes is that they allow us to break up My into a
tensor product of polynomial algebras that are closed under the action of ;. One then
computes the ();-homology of these polynomial algebras, which is typically very easy, and
then uses the Kiinneth theorem to get the result. This calculation is carried out in [ABP67]
for F = R, [Sto68, p. 325] for F = C, and [BM23] for F = H.

Similarly, we can calculate the Margolis homology groups for the K-theory spectra.

Proposition 5.4.3. We have the following presentations for the QQ;-homology of various
relevant Steenrod modules:

H.(A/(ASq" + ASq?); Qo)
H.(A/(ASq" + ASq?); Q1)
H.(A]ASq*; Qo)
)
)
)

12

X(8a™) | k > 0),

X(SQ2A“+ +A%) | 1L >0 > ... >0 > 2>7
(
(

I

12

(
(
(x(Sq™)Sq” | k > 0),
(
(
(

H (AJASG; Q1) =2 (x(SPAIH+AUNG2 | 4y > iy > ... > i > 2),
H.(A/(ASq" + ASq’); Qo) = (ag | k > 0),
H (A/(ASq" + ASq®); Q1) = (by, | k= (2" —2) + (272 = 2) + ... + (2% — 2),

Qi >0g > ... >0 > 2),

x(Sa™) | k> 0),
A7,1+ +Alk)

1%

H,(A/(ASq" + ASq®); Q

H,(A/(ASq" + ASq°); Q
H.(ASq' + ASq?%; Qo
H.(ASq" + ASq*; Q1

I

{

(x(5q SA? | iy >y > ... > i > 2),

(x(Sa*)eo + x(Sa**)Sq'es | k > 0),

{x(
|

\_/\_/\_/\_/

I

X (it i) )(Sq eo +Sq'er)
11 > 19 > . >’lk22>

To calculate these, one can use the dual Steenrod algebra, which is developed quite
thoroughly in |[Mil58]. Here x denotes the antipode of A, and Ai denotes the sequence
Ai = (J1, 72,73, - - .) where ji = d;z. The Steenrod squares involving linear combinations of
the Ai are understood to be Milnor basis elements for A (see [Mil58]). The calculations for
A/(ASq" + ASq?), A/ASq?, and A/(ASq' + ASq?) are carried out using this method in
[ABP67] and [Sto68].

To get the results for A/(ASq" + ASq') and ASq" + ASq?, there is an exact sequence

0 —— Y3A/(ASq" + ASq?) y A > AJASq®? —— 0

where 1 € ¥23A4/(ASq" + ASq®) maps to Sq* € A, as well as an exact sequence
0 —— ASq' + ASq? » A » A/(ASq' + ASq®) —— 0

Using the explicit description of the connecting homomorphism for the long exact sequence
in homology as well as the results we have for the A/(ASq* + .4Sq*) and A/ASq®, one can
then compute the homology groups for these modules and the cycles that generate them.
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Lemma 5.4.4. The Q;-homology groups for the cohomology of each side of Maps
have the same dimension in each degree.

This is straightforward to prove using the combinatorics of partitions and polynomial
rings and the );-homology for all the Steenrod modules we calculated above.

Proposition 5.4.5. Maps O induces isomorphisms in (QQ;-homology.

One way to prove this is to first treat the case = C. For this, one can use the fact that
M Sping admits the structure of a ring spectrum, and so its cohomology Mc = H*M Sping
has an induced coalgebra structure. The Steenrod module A/(ASq" + ASq®) also has the
structure of a coalgebra, and the map A/(ASq" + ASq®) — Mc is a map of coalgebras
since the map MSpine — kC is a map of ring spectra. The ();-homology groups of these
coalgebras have an induced coalgebra structure as well, and so we can show that every
generator of H(Mc;@;) is in the image of the maps induced by Map by applying the
comultiplication repeatedly and analyzing the result to see that it must be the case for every
generator to be in the image. So we get a surjection, and using the lemma above, we see
that the map induces isomorphisms.

Then, for the other two cases, we can use the fact that we have maps MSpin —
MSpine — MSping such that in cohomology, Thom classes pull back to Thom classes
and Stiefel-Whitney classes pull back to the corresponding Stiefel-Whitney classes. For the
real case, there are maps A/(ASq" +.4Sq¢*) — A/(ASq"' +.A4Sq?) and ¥2A4/(ASq" +.ASq*) —
A/ASq®. Using these maps, we can form a non-commuting diagram

D, op A/ (ASq' + AS?) > Mc
IepP

| |

@Iepl(%) YA/ (ASq! + ASq®) © @16731(2k+1) SHF2AJASG —— My

However, when we apply the functors H,(—; @;), the resulting diagrams do commute. This
can be shown by checking by hand the image of each generator of @, ., L*71A/(ASq"'+.4Sq?)
along both paths. The top map goes to isomorphisms, and the right map goes to surjections,
so the bottom map must become a surjection as well. Then, since the dimensions in each
degree are equal, the bottom map induces isomorphisms.

For the quaternionic case, there are maps A/(ASq' + Sq°) — A/(ASq' + Sq*) and
ASq' + ASq® — A/(ASq' + ASq?). Using some basic Q-homology calculations, it can be
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shown that these induce injections for );-homology. Then the diagram

Dieron SFA/(ASq + ASQ) © Dierr D (ASq! + ASq®) —— My

l

D, cp 1A/ (ASq' + AS?) sy Mc
rep

does not commute, but the diagrams we get by applying the functors H.(—;@Q;) do. The
leftmost arrow induces injections, and the bottom arrow goes to isomorphisms, so the top
arrow must be injective after we apply H.(—;@Q;). And then by the dimension argument, we
see that the top arrow must induce isomorphisms.

Now that we know the maps induce isomorphisms of ();-homology, we want to locate
some ordinary cohomology classes such that adding in the maps M Spingy — X"HZ /27 gives
an actual isomorphism in cohomology. First, we show how these classes are chosen.

Let A, C A be the submodule generated by the elements of positive degree. Then
A, My C My is a submodule, and so we can form the composite map gg o Or, where qr -
My — My/ A, Mg is the quotient map. Let cgp : Myp/ A, My — Rp be the cokernel of this
composite. Choose a set Zr C My of homogeneous elements such that (cpoqr)(Zr) is a basis
for Rp. These cohomology classes are classified by maps MSping — X"HZ /27, so we can
form maps

Ap: MSpin — \/ kR@k)V \/ kR@k+2)v \/ ZFHZ/2Z,

IeP1(2k) IeP1(2k+1) 2EZR

Ac : MSping — \/ kC@[I|y v \/ SFHZ/2Z
Iep 2€2¢

Ay : MSping — \/ kH@K)v \/ I¥Mrv \/ 2FHZ/22
IeP(2k) IeP(2k+1) 2€ 7

Let Or be the map in cohomology induced by these maps. We want to show that 0 is an
isomorphism. It is immediate from the definition of Zp that 6y is surjective, so we only need
to show that it is injective.

Let Nr denote the domain of f#g. The idea is to filter Ny and My in such a way that we
can prove show that we have an isomorphism for each step in the filtration. By construction,
Nr is a direct sum of many Steenrod modules (i.e. the cohomology of each wedge summand

in the codomain of Ag). Let NHL"] C Np be the direct sum of all summands that are nonzero
in degrees less than or equal to n, and let M]%"} C Mp be H]F(NE[P}). Then 6 induces a family
of maps Ay : NF/NI[FH_” — M]F/ME[‘n_H. The module NF/NHLR_” is canonically isomorphic to
the sum of all the summands of Ny that are trivial in degrees less than n, and Nlén] /NI[Fn_l]
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is isomorphic to the sum of all the summands trivial in degrees less than n and nontrivial
in degree n. Now, every summand is isomorphic to M4 := A ®4, M for some A;-module
M, where A; C A is the sub- Hopf algebra generated by Sq' and Sq?®. We define Fr, C
N /NI 1o be the sub Aj-module @ X, where X ranges over the A;-modules such that
M = X 4, M being one of our summands decomposing N]én] /Nlén_”.

A routine application of the five lemma and the long exact sequence in homology implies
that if O restricts to an isomorphism NI[anl] — MH[?n*”, then A% induces isomorphisms in
Q;-homology. This is where we use that 6 induces isomorphisms in Q;-homology. Since
H.(A;Q;) = 0, we have that 6 induces isomorphisms in ();-homology as well. This then
implies that the restriction of A\ to Fr, is injective. One proves this by considering the
possible elements of Py, in terms of direct sums of A;-modules, and showing that if the
image of this were zero, then we could find a cycle in H,(Mp /M]lgn_l]; @;) that is not in the

image the map induced by Ag, a contradiction.

From this, it is possible to show that Aj is injective when restricted to Nlﬁ /N]B[‘n_”.

Since N]én] /NE[‘WH is generated as an A-module by Fy,, we can write a general element of

NN in terms of elements of Pe,. Then, by carefully rewriting this element in a
certain form and using the coalgebra (or comodule over M) structure of My, one can show

its image cannot be zero. So A% is injective when restricted to NI /N1,

Finally, by applying the four lemma to the diagrams

0 — NI > N[ s NN
0 — M s M s MM/l

we see that the map Op is injective when restricted to N%n], provided it restricts to an
isomorphism from NHL"_I] to MHL"_I]. But since 6y is surjective, this implies it gives an
isomorphism N%n] — MEL"]. By induction on n, it follows that O restricts to isomorphisms

Nlén} — MI[Fn] for all n. And since Ny and My are the union of N%n] and M%n], respectively, it
follows that fp is an isomorphism.
Putting everything together, we get the following theorem:

Theorem 5.4.6. There are sets of homogeneous elements Zy C H*MSping such that the
maps

Ap:MSpin— \/ kR@K)V \/ kR@k+2)v \/ ¢ HZ/2Z,

IeP1(2k) IeP1(2k+1) 2€ZR
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Ac : MSping — \/ kC@[1)) v \/ SFHZ/2Z

IeP 2€Z¢
Ay MSping — \/ kH@k)v \/ S¥MFv \/ £FHZ/27
IeP(2k) IeP(2k+1) 2€Zy

are 2-local equivalences.

Note 5.4.7. Technically we have only shown enough to prove that these maps induce 2-
complete equivalences. To deduce 2-local equivalences, it is necessary to show that the
homotopy groups of all these Thom spectra are finitely generated in each degree. However,
we show this in the following section where we discuss the bordism groups.

5.5 Determination of Bordism Groups

With the splitting in place, one can completely determine the bordism groups associated
to Spin®. This is due to the following fact which implies the 2-local homotopy groups are
enough to piece together the ordinary homotopy groups:

Proposition 5.5.1. The homotopy groups of MSping are finitely generated and do not
contain torsion of odd order.

Proof. The homotopy groups are finitely generated because Spiny is a compact Lie group. For
odd torsion, recall the fiber sequences BZ /27 — BSpin x BUp — BSping. When we invert
two, then these become equivalences BSO x BUy — BSping. These induce equivalences
MSO A (BUgp), — MSping after inverting two. So the homotopy groups of M Sping and
MSO,BUg are isomorphic after inverting two. In the case F = R, BUr = % when two is
inverted, and since Q59 has no odd torsion (see [Sto68, p. 180]), neither does 7, M Spin. For
F = C,H, one can use the Atiyah-Hirzebruch spectral sequence to show that there is no
torsion. For an example of this method (applied to Spin xz/.7z U(2)), see [Deb21]. O

We know how the K-theory summands contribute to the homotopy groups of MSpin®
and can easily determine how many there are, but we don’t have an explicit determination
of where the H7 /27 and H7 summands occur. However, this is quite easy to do computa-
tionally.

Definition 5.5.2. If M is a Steenrod module, then the Poincaré polynomial P(M) of M
is the polynomial whose coefficient in degree k is the dimension of M*.

By taking Poincaré polynomials of each Steenrod module in the isomorphisms given by
the Anderson-Brown—Peterson splitting, we get an equation:

P(H*MSpin®) = P(A)X + P(A/ASq )Y + Z.
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Here Z is the Poincaré polynomial of the K-theory summands, X is the polynomial whose
degree k coefficient is the number of ©*HZ/2Z summands of MSpin®, and Y is the poly-
nomial whose degree k coefficient is the number of ¥* HZ summands of MSpin®. We know
from above that either X or Y is zero, so we can solve for the nonzero polynomial using
polynomial division. By working out the details of this, one can compute the location of
the Eilenberg-MacLane summands to achieve a complete description of the Spin® bordism
groups that can be computed algorithmically. A computer program implementing this com-
putation is available at [Buc23]. The bordism groups, in low degrees, are shown in the tables
below:

n | m,MSpin || n | 7, MSping || n | 7, MSpinyg
0 Z 0 Z 0 Z

1 7./27 1 0 1 0

2 7./27 2 Z 2 0

3 0 3 0 3 0

4 Z 4 7?2 4 77

5 0 5 0 5 7./277
6 0 6 7?2 6 7277
7 0 7 0 7 0

8 7? 8 VA 8 74

9 | z/2z* [ 9 0 9| Z/2Z
10| z/27° || 10 | Z*®Z/2Z || 10 7.)27.

Table 5.1: Homotopy groups of the Thom spectra associated to Sping, which are isomorphic
to the Spiny bordism groups.
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