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Abstract

Broadly, the subjects of this thesis are differential geometry and mathematical gauge the-
ory as they relate to physics. Motivated by the formulation of Maxwell’s equations using
differential forms, we build and use tools like connections, curvature, and characteristic
classes in differential geometry to study spaces of self dual solutions to the nonabelian ana-
logue of Maxwell’s equations, namely the Yang-Mills equations. We also examine spaces
of these self dual solutions, called instantons, modulo gauge transformations. These spaces
are called moduli spaces. Finally, we introduce concepts like Clifford bundles, Dirac oper-
ators, and the Atiyah—Singer index theorem to prove the Atiyah—Hitchin—Singer theorem
regarding the dimensionality of moduli spaces of SU(2)-instantons on the 4-sphere.
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Introduction

Differential geometry in physics

Differential geometry is the the framework we use to describe and study geometry of spaces
with smooth structure, like differentiable manifolds. In physics, differential geometry is a
powerful tool to describe the geometry of spacetime, the structures of gauge theories, and
the mathematical underpinnings of symmetries and conservation laws. The most popular
application of differential geometry to physics in in general relativity, where colloquially,
people say ”spacetime curvature is equivalent to gravity”. This equivalence is made precise
in the Einstein field equations,

Guu + Agw/ = K'T/wa
where G, is the Einstein tensor, A is the cosmological constant, g, is the metric tensor,
k is the Einstein gravitational constant, and 7}, is the stress-energy tensor. Although it
is not important for the purpose of this thesis to know exactly what these terms mean,
it is important to note the following interpretation of the Einstein equations. The left
hand side of the above equation is geometric — it uses ideas from differential geometry
including the spacetime metric and its curvature. The right hand side of the equation is
physical — it describes the physics of the gravitational field using the stress-energy ten-
sor. Thus, Einstein’s equations explicate an equivalence between differential geometric
ideas like spacetime curvature and physical ideas like the strength of the gravitational field.

This equivalence between curvature and field strength is not unique to gravity. In fact, this
equivalence is present in the equations of motion that describe the other three fundamental
forces, namely the weak, strong, and electromagnetic forces. The Yang—Mills equations
describe the free-field weak and strong interactions. The electromagnetic interaction is
described by Maxwell’s equations, which are an Abelian instance of the Yang—Mills equa-
tions in the free-field case. Let us briefly examine the use of differential geometry in the
construction of Maxwell’s equations,

V-B=0, 0B +V x E =0,
E:p, 6XB’—8¢E_:=J_:

where E is the electric field, B is the magnetic field, p is the electric charge density, and
J is the electric current density.



A geometric construction of Maxwell’s equations

We usually think of the electric and magnetic fields as vectors in R®. However, to tease
out the geometric aspects of Maxwell’s equations, we will express the electric and mag-
netic fields in terms of differential forms.

In the static case, the top two Maxwell’s equations above take the form V-B =0
and V x E = 0. In the language of differential forms, the divergence becomes an exterior
derivative on 2-forms on R? and the curl becomes an exterior derivative on 1-forms on R3.
So, we will treat the magnetic field as a 2-form on R?® and the electric field as a 1-form on
R3. We write

B = B,dy Ndz + Bydz N\ dv + B.dx N\ dy,
E = FE,dv+ E,dy + E.dz.

Then, the top two Maxwell’s equations become
dB=0 and dFE =0,
where d is the exterior derivative on p-forms in R3.

Generalizing to the time-dependent case, our electric and magnetic fields lie on 4-dimensional
Minkowski spacetime R3>™! with metric signature (+,—,—,—) and usual coordinates
(20 2 2%, 23) = (t,z,y,2). Then, we similarly define the electric field 1-form E and
the magnetic field 2-form B on R? as

B = B,dy Ndz + Bydz N dv + B.dx N\ dy,
E =FE,dx+ E,dy + E.dz.

We then construct a 2-form F' = E A dt + B, called the electromagnetic field strength.
Motivated by the Bianchi identity, let us set dF' = 0. Then,

0=dF =dB+d(EAdt) = dB + dE Adt,

where in the last equality we have used the fact that d?t = 0. For a differential form
w = ardz’ on R3, we may split dw into the spatial and temporal derivatives by

dw = Oywrdx! N de! = dyw + dyardt A da?,
where d,w = dja;dx! A dxt. Thus, dF = dB + dE A dt = 0 yields
dsB+dt NO,B+ (dsE+ dt NOE) ANdt = dsB + (0;B + dsE) A dt = 0.

Thus,
dF =0 = dsB =0 and ;B + d;E = 0,



which correspond to V - B=0and ,B+V x E = 0, respectively. These are precisely
the top two Maxwell’s equations. The other two Maxwell’s equations, namely V - ' = p
and V x B — 0,FE = J, are given by

xdx F = J,

where * is the Hodge star operator and the current density .J is a 1-form on R*, given
byJ = pdt — (Jydx + Jydy + J.dz). Thus, Maxwell’s equations take the form

dFF =0and *xdx*x F = J.

Thus, the use of differential forms yields a compact expression of the fundamental equa-
tions of electromagnetism. To see the connection to geometry, observe that since dF = 0,
we may write F' = dA for a complex-valued 1-form A. This is possible because R3**! is
contractible and, by the Poincaré lemma (see Ch. 4.3 in [1]), all closed forms are exact on
contractible spaces. A is called an electromagnetic gauge potential, gauge field, or vector
potential. In language that will be introduced later, the vector potential A is a connection
1-form on a U(1)-principal bundle over R*™! and F' = dA is the curvature 2-form of this
connection.

We can motivate this terminology of connection 1-forms and curvature 2-forms using a
heuristic picture of derivatives in calculus. Suppose we have a function f : R — R. Then,
it’s derivative f’(z) is the slope of f at the point x € R. So, f'(z) defines a direction, a
vector in the plane on which the graph of f, 1-dimensional manifold, lies. The span of this
tangent vector defines the tangent space to the graph at (x, f(x)). This tangent space is
isomorphic to the cotangent space of differential 1-forms at (x, f(x)). This is analogous
to viewing the vector potential 1-form A as a connection, or covariant derivative, at a
point in the manifold R*. Differentiating f’(x), we get f”(x) — the curvature of f. We
call it the curvature because the sign of f”(z) tells us whether a function is concave up,
concave down, or an inflection point. Similarly, the exterior derivative of the connection
is its curvature.

Thus, using differential equations to write Maxwell’s equations as dF = 0 and xdx F = J
explicates an equivalence between the geometry of electromagnetic fields and the under-
lying physics of electric currents.

A primer on gauge theory

To understand the role of geometry in particle physics beyond electromagnetism, we in-
troduce another mathematical tool that describes the symmetries enjoyed by physical
systems of particle fields: gauge theory.

Note that the electromagnetic field strength F' is invariant under the transformation
A A+ d¢, where ¢ is a smooth, purely imaginary function on R*. So, any physical
information about the field strength we derive from A can also be derived from A + d¢.



We call this property of F' gauge invariance and the transformation A — A + d¢ a gauge
transformation. The study of quantities and properties left invariant under gauge trans-
formations is the primary goal of gauge theory.

There is another way to write this gauge transformation that makes its useful group-
theoretic structure more apparent. With some foresight that A is a U(1)-gauge field,
suppose we transform A under the Abelian unitary group U(1) as follows: For each
AeU(l), A acts on A as

ATA = AT AN+ A

Since A € U(1), we can write A = e?, where ¢ : R* — iR is a purely imaginary smooth
function. Then,
AN 1A =e?Ae? + e %dpe? = A + do,

where the last equality follows from U(1) being Abelian. This is precisely the gauge trans-
formation we started with. Hence, we say electromagnetism is a U(1)-gauge theory.

The implications of gauge theory are widespread not only in electromagnetism, but in par-
ticle physics as a whole. In particular, Yang—-Mills gauge theories generalize the Abelian
U(1)-gauge group in electromagnetism to nonabelian gauge groups. The electroweak
interaction is described by an SU(2) x U(1) Yang—Mills gauge theory, and the strong in-
teraction is described by an SU(3) Yang-Mills gauge theory. Hence, the standard model
of particle physics is described by an SU(3) x SU(2) x U(1) Yang-Mills gauge theory.

Outline and expectations of this thesis

Although much of the motivation in this introduction is based in physics, this thesis is
an exposition on the mathematical foundation for gauge-theoretic physics. In particular,
this thesis is divided into two chapters dedicated to differential geometry and Yang—Mills
gauge theory.

The first chapter covers topics in differential geometry like connections, curvature, and
characteristic classes. In particular, we examine connections and curvature on two kinds
of fiber bundles — vector bundles and principal bundles — both of which will be impor-
tant when describing solutions to the Yang—Mills equations, i.e. the nonabelian analogue
of Maxwell’s equations. In chapter 1, we also introduce gauge transformations and return
to electromagnetism as an example of a U(1)-gauge theory.

In the second chapter, we apply the geometric tools developed in Chapter 1 to study
Yang-Mills gauge theory. We examine spaces of self dual connections, called instantons,
that minimize the Euclidean Yang—Mills action functional. Instantons are widely studied
in quantum field theory, condensed matter physics, geometry, and gauge theory. In this
thesis, we focus on a geometric and gauge-theoretic examination of instantons by study-
ing spaces of instantons modulo gauge transformations. These spaces are called moduli
spaces. The final theorem we prove in this thesis is the Atiyah—Hitchin—Singer theorem.



Theorem (Atiyah—Hitchin—Singer Theorem). The dimension of the moduli space of in-
stantons on a principal SU(2)-bundle over S*, with Pontryagin index k > 0 is 8k — 3.

Prior to the statement and proof of this theorem, the known self dual solutions (in-
stantons) of the SU(2) Yang-Mills equations on S*, called the t'Hooft solutions, were
constructed using 5k + 4 parameters. However, the Atiyah—Hitchin—Singer theorem im-
plies the existence of new instanton solutions, which turn out to be deformations of the
t"Hooft solutions themselves. To prove this theorem, we develop additional mathematical
framework on index theory, Clifford bundles, and Dirac operators in Chapter 2.

Since this thesis extensively employs ideas from differential geometry, it requires knowl-
edge of differential geometry as taught at the undergraduate level. Familiarity with elec-
tromagnetism and quantum field theory would be helpful, but is not strictly necessary.
One goal of this thesis is to elucidate the potency of differential geometry in our un-
derstanding of Yang-Mills theories in particle physics. Conversely, another goal is to
demonstrate how Yang—Mills gauge theories inspire the study of geometry, especially as
it relates to moduli spaces of instantons.

10



Chapter 1

Connections, Curvature, and Gauge
Transformations

1.1 Connections and Curvature on Vector Bundles

We embark on our quest to study Yang-Mills gauge theory with an introduction to some
fundamental concepts in differential geometry: (vector and principal) bundles, connec-
tions, and curvature. We will observe that the electromagnetic gauge field may be thought
of as a principal connection on the principal U(1)-bundle with field strength as its curva-
ture.

1.1.1 Fiber and Vector Bundles

Definition 1.1.1. A smooth fiber bundle is a structure (F, X, F, 1), where the total
space E is a smooth manifold equipped with a smooth projection map 7 € C*°(E, X) to
a base manifold X, with a fiber manifold F', that satisfies the following conditions:

e Surjectivity: T is surjective

e Local triviality: For any x € X, there is an open neighbourhood U of x for which
there is a diffeomorphism Ty : 71 (U) — U x F, and proj; o Ty = 7 on 7~ +(U).
Here, proj, : U x F' — U is projection onto the first coordinate.

We call U a trivializing open subset of the fiber bundle. We will sometimes abuse
notation and refer to the total space E or the map 7 : E — X as a fiber bundle, with an
implicit understanding of the other components of the fiber bundle structure (E, X, F, 7).

Since we will only work with smooth bundles, maps, and forms in this document, we we
will suppress the word smooth.

Example 1.1.1 (Trivial Bundle). The total space E' = X X F' equipped with m; = proj; :
E — X is trivially a fiber bundle over X. So, we call it a trivial bundle.

11



Definition 1.1.2. A local section of a fiber bundle F on an open subset U C X is a
map s : U — E such that
m(s(z)) =«

If U = X, then s is a global section (or simply a section). We denote the space of
smooth sections of a fiber bundle E as C*(E).

Definition 1.1.3. If the fibers of a fiber bundle F are vector spaces, then we call E a
vector bundle.

Example 1.1.2. The tangent bundle TX (and cotangent bundle 7* X)) of a manifold X
are vector bundles over X with tangent (and cotangent) spaces as fibers.

1.1.2 Connections and Curvature

Let X be a smooth manifold, F be the space of all smooth functions on X, and E be a
vector bundle on X. Denote the space of smooth sections of £ by C*°(F). For tangent
bundle TX on X, C*°(TX) are the vector fields on X.

Definition 1.1.4. A covariant derivative operator V on F is a linear map
V:C®TX)x C®(E)— C™®(E)

assigning to each vector field X and section s of F a new section Vxs such that for all

ferF:
o Vixs= fVxs (F-linearity on X)
o Vx(fs) = fVxs+ (df)(X)s

Remark 1.1.1. We call the second condition above the Leibniz rule. Suppressing X, we
may rewrite it as V(fs) = fVs+df - s. This allows us to think of a covariant derivative
operator V as a map C*(F) — C®°(T*X ® F) such that

V(fs)=fVs+df ®@s

for all f € C>*(X) and s € C*°(F). Thus, a covariant derivative operator may be defined
by a a connection d,4 (or more simply A), a first-order differential operator

dy: C®°(E® A% — C®(FE @ A'),
where AP denotes the bundle of exterior p-forms on X.

Remark 1.1.2. We will often refer to the connection d4 and the covariant derivative
operator interchangeably as A.

Definition 1.1.5. Let V be a covariant derivative on a vector bundle £. The curvature
of V is a multilinear map R : C*°(TX) x C®(TX) x C*®(E) — C*(F) such that

R(X, Y)S = vays — VYVXS — V[X’Y]S

12



Since R is F-linear in all three arguments, it is defined pointwise, i.e. at a point x € X,
R(X,Y)s depends only on the values of X, Y and s at m, and not on their values at
nearby points. Thus, R is induced by a vector bundle map TX ® TX — End(FE), where
End(FE) is the set of endomorphisms of E. We call this map the curvature tensor of V.

Furthermore, since R(X,Y) is antisymmetric and bilinear in X and Y, we may regard it
as an End(F)-valued 2-form on X. This 2-form may be computed locally, as we will see
in the next section.

Before we do that, it is worth noting an equivalent definition of curvature using the
connection in remark 1.1.1.

Definition 1.1.6. There is a natural way to extend the connection d4 : C*°(E @ A°) —
C>(E ® A') to a map

dy: C®(E® AP) — O®(E @ AP
da(s @ a) = (das) Na+ s ® da.

Then, there is an End(FE)-valued 2-form Fl, also called the curvature of the connection
A, such that for any
Fy=d%.

One should read this as follows: For any w € C*(E®AP), d4(w) = FaAw, where the right
hand side is a combination of the wedge product and the contraction End(E) ® F — E.

1.1.3 Connections and Curvature as Differential Forms

Understanding the local behavior of connections and curvature necessitates a local con-
ceptualization of sections of vector bundles. We do this using frames.

Definition 1.1.7. A frame for a vector bundle F with fiber dimension r over an open
set U is a collection of sections ey, ..., e, of E over U such that at each point p € U, the
elements e;(p), ..., e,(p) form a basis for the fiber F' at p.

Suppose U C X is a trivializing open set for vector bundle E over a manifold X. Let
€1, ...,e, be a frame for F over U. Let X € C®(TU) be a C* vector field on U. As a
section of I over U, V xe; is a linear combination of the e;’s with coefficients w;- depending
on X:

Vxe; = w;(X)ei

where we implicitly sum over repeated indices. On U, any section s € C®(U, E) is a
linear combination s = a’e;. If desired, the section Vxs can be computed from Vxe; by
linearity and the Leibniz rule.

Definition 1.1.8. The F-linearity of Vxe; in X implies that w? is F-linear in X. So, w}
is a 1-form on U (see Corollary 7.27 in [2]). The 1-forms wj- are called the connection
forms of the connection V relative to the frame ey, ...,e, on U.

13



A similar computation establishes that curvature may be represented as a 2-form.

Definition 1.1.9. For vector fields X,Y € C°(TU), the section R(X,Y )e; is a linear
combination

R(X, Y)ej = Q;(X, Y)@l

with alternating and F-bilinear coefficients Q; The Qé»’s are 2-forms, called the curva-
ture forms of the connection V relative to the frame ey, ...,e, on U.

Theorem 1.1.1 (Second Structural Equation). Let V be a connection on a vector bundle
E over a manifold X with fiber dimension r. Relative to a frame ey, ..., e, over a trivializing
open subset U C X, the connection forms and curvature forms are related by

k_ gk kon i
QF = dw; +w Aw;.

Proof. Let X, Y € C*(TU) be arbitrary vector fields. Then,

= Xw;-“(Y)ek + wh(Y)Vxer (Leibniz rule)
= Xw;-“(Y)ek + wf(Y)wi(X)ei
)

= Xw;-“(Y er + wf(X)w;.(Y)ek (relabeling indices)

VyVxe; = Ywi (X)ep, + wf (YV)w)(X)ex

J

Vixyies = Wi ([X, Y])ex
Thus,

R(X, Y)ej = Vvaej — VyVXej — V[X,y}ej
= (X} (V) = Ywi(X) = wi([X, Y]))ex + (wf (X)aj(Y) — wi (V)wj(X))ex
= (dcuéC + Wk A w;'-)(X, Y)ey

Since R(X,Y)e; = Qe
QF =dwf + WP AWl O

Suppressing the indices, we write the curvature 2-form of the connection w as
Q=dw+wAw.

Thinking of w as an End(E)-valued 1-form, it will instead be useful to write 2 as
Q=dw+ %[w,w},

where [, ] is the Lie bracket.

14



We note that the form of €2 above looks similar to the form of the electromagnetic field
strength F'. In particular, F' = dA, where A is the electromagnetic gauge potential 1-form,
and Q = dw + 3[w,w|, where w is a matrix of connection 1-forms. In fact, in the next
section, we will think of the gauge potential as a connection on a principal G-bundle, a
fiber bundle with additional group structure. Doing so will allow us to identify the field
strength as the curvature of the gauge potential.

1.1.4 Complex vector bundles

At this point, it is important for us to distinguish between real and complex vector bun-
dles. This is because, in the subsection that follows, we will define some useful topological
notions on vector bundles called characteristic classes. The definitions and properties of
these characteristic classes differ between real and complex vector bundles.

Definition 1.1.10. Suppose FE is a vector bundle over a manifold X, with fiber dimension
k. We call E a real vector bundle if its fibers are real vector spaces. So, the projection
map 7 : £ — X is locally of the form U x R¥ — U. On the other hand, we call £ a
complex vector bundle if its fibers are complex vector spaces. So, the projection map
7 E — X is locally of the form U x CF — U.

Complex vector bundles admit a complex structure that allows us to promote real vector
bundles to complex ones.

Definition 1.1.11. Suppose E is a real vector bundle on a manifold X. We call an
automorphism J : £ — E a complex structure on F if at each fiber E, at z € X,
J: : B, — E, has the property that

J? = —id.

If F is a real vector bundle with complex structure J, then we can promote E to a complex
vector bundle by defining complex multiplication on vectors in each fiber E, by

(a +ib)v = av + J(bv),

for all a,b € R and all v € E,. On the other hand, if £ — X is a complex vector bundle,
then we can define a complex structure J : £ — E by identifying J, : £, — E,, at each
fiber E,, with scalar multiplication by 1.

To investigate this idea of complex structure on complex vector bundles further, we restrict
to examining complexifications of real vector bundles. Recall that the complexification of
a real vector space V is the tensor product Vo = V ®g C between V and C, where we
view C as a two-dimensional real vector space. We make Vi a complex vector space by
defining complex multiplication on V¢ by

z(v@w) =v® 2w,

forallv eV, z,w e C.

15



Definition 1.1.12. The complexification of a real vector bundle E over X is the

complex vector bundle
Ec=E®C

over X, whose fibers over each = € X is F, ®g C.

E¢ has a complex structure J : Ec — FE¢, which sends the real subbundle £ C E¢ to
JE. Since J? = —id, E N JE is the submanifold of E¢ consisting of all the zero vectors
and £+ JE = E¢. So, E® JF is canonically isomorphic to E¢.

Furthermore, since J is a bundle automorphism, the restriction J|g : E — JE is a
bundle isomorphism. Thus, E & F is isomorphic to E¢ by the isomorphism

o E®FE— Ec, ola,p)=a+JS.

Since F @ F is isomorphic to E¢, a complex vector bundle, one might ask what complex
structure on E' & E would make it a complex vector bundle — we give it the complex
structure J: E® E — E@® F on E® E such that on each fiber (E @ E),,

Jo (FE@QE), > (E®E),, J.(v,w)=(-w,v).
It is easy to see that J2 = —id.

Definition 1.1.13. For a complex vector bundle F with complex structure J : £ — F,
define the conjugate bundle E to be the bundle E with complex structure —.J. In other
words, E has the same base and fibers as E, but we define complex multiplication on each
fiber E, by setting

(a +ib)v = av — J(bv),

for all a,b € R and v € E,. Hence, scalar multiplication by C on each fiber of E acts
through complex conjugation.

Proposition 1.1.1. If E is a real vector bundle, then E¢ is isomorphic to Ec.

Proof. E¢ has complex structure J : Ec — FE¢. Define amap ¢ : E® E — E¢ by

5(04;5) =a-— JB

¢ is an isomorphism in the same way as ¢ : £ E — FE¢ is an isomorphism above. Since
compositions preserve isomorphisms, ¢ o ¢! : Ec — Eg is an isomorphism. Thus, E¢
and E¢ are isomorphic. O]

Definition 1.1.14. Suppose FE is a complex vector bundle. Define the underlying real
vector bundle EFy to be the vector bundle E with fibers treated as vector spaces over
R, as opposed to over C.

Proposition 1.1.2. Suppose E is a complex vector bundle over X. Then, the com-

plexification (Er)c = Er ® C of its underlying real vector bundle Fy is isomorphic to
ES®E.

16



Proof. Suppose J : Fr ® C — Ex ® C is the complex structure on Fr ® C, that acts as
multiplication by ¢ on vectors within each fiber. Let x € X be arbitrary, and consider the
fiberwise map

¢: (Er®C)y > E, ®FE,, ¢v®l+w®i)=(v+iw,v—iw),
where v, w € E,. We note that

iR 1+w®1i)) =d(—w+vR1i)
= (—w+iv,—w — )
=i(v +iw,v — iw)
=ip(v®1+w®i),

where in the penultimate line, we use the fact that C acts on E, through complex conju-
gation. Thus, ¢ is C-linear and induces an isomorphism between Fr ® C and E® E. [

The purpose of these definitions and propositions will become clear in the following sub-

section about characteristic classes of real and complex vector bundles.

1.1.5 Characteristic Classes

Recall that a primary goal of gauge theory is to study quantities that are invariant under
“gauge transformations”. In the spirit of understanding such invariants in future sections,
we introduce the notion of characteristic classes. These are topological invariants that
will prove useful when we examine the relationship between topological and analytic data
of operators on manifolds in the next chapter.

Definition 1.1.15. Let X be an k x k matrix with entries X7. A polynomial P(X) on
gl.(R) = R** is a polynomial in the entries of X. A polynomial P(X) on gl,(R) is said
to be ad GLg(R)-invariant or simply invariant if for all A € GL.(R),

P(AT'XA) = P(X).
Example 1.1.3. det(X) and tr(X) are invariant polynomials on gl (R).

Example 1.1.4. Let X be a k x k matrix of indeterminates and let A be another inde-
terminate. The coefficients f;(X) of A¥=! in

det(M + X) = N+ fL(X)N + .+ f(X)

are polynomials on gl (R). Each f;(X) is an invariant polynomial because for all A €
GLi(R) and any k x k matrix X of real numbers,

det(M + AP XA) =det(\ + X) = fi(AXA) = fi(X),

for all A € GLL(R), X € gl (R).
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Proposition 1.1.3. Suppose E is a real vector bundle over a manifold X, with fibers
whose dimension is k. Let A be a connection on E with associated covariant derivative V
and curvature matrix {2 relative to any frame on E. If P(X) is a homogeneous invariant
polynomial of degree p on gl (R), then P(€2) defines a closed global 2p-form on X, whose
cohomology class [P(Q)] € H?’(X) is independent of the connection.

Proof. This is proved as Theorem 23.3 in [2]. O

Definition 1.1.16. The cohomology class [P(2)] is called the characteristic class as-
sociated to P of the real vector bundle E.

Definition 1.1.17. With the polynomials fy(X) defined as in Example 1.1.4, we define
the I-th Pontryagin class p;(E) of a real vector bundle E over X with fiber dimension
k to be

n(B) = [fu(5-9)] € H(X)

For odd I, pi(E) are all 0 (see theorem 24.3 in [2]). So, we can expand det (Al + ;=) as

: k , k
g _ ¢ k=l _ . k—2i
det ()\I+ 2WQ) - ?Oj fi <2WQ) A ;Oj pi(E)AF2

where k = 1£].

Definition 1.1.18. Define the total Pontryagin class p(E) of E to be the expression
we get when we set A = 1 in the equation above, i.e.

p(E) := det (I + %Q) =1+p+..+pg

Many times, it is useful to work with complex vector bundles. The analogue of Pontryagin
classes on complex vector bundles are Chern classes. If P(X) is a complex polynomial on
gl,(C) that is invariant under conjugation by elements of GL;(C), then P(2) defines a
closed global form on X, whose cohomology class [P(2)] is independent of the connection.

Definition 1.1.19. Setting P(Q) = det (I 4+ 5=), we obtain the Chern classes ¢;(E)
of a complex vector bundle E from the total Chern class

c(E) := det <I + %Q) =1+c(E)+..+c(E)

in the same way as we obtained the Pontryagin classes of real vector bundles above.

Both the Pontryagin and Chern classes satisfy the Witney product formula: Given
complex vector bundles £/ and F',

c(E®F)=c(E)(F),
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and if £ and F are real vector bundles, then p(E & F') = p(E)p(F). See Theorem 24.6 in
2] for a proof. Furthermore, if F is a complex vector bundle, then

&i(B) = (—1)i¢;(E).

See Lemma 1.4 in [3] for a proof. We will use this statement and the Whitney product
formula to deduce the relationship between Chern classes of complex vector bundles and
Pontryagin classes of their underlying real vector bundles.

Lemma 1.1.2. If ' is a real vector bundle, then ¢;(E¢) = ¢;(E ® C) = 0 for all odd 1.
Proof. Since E¢ is isomorphic as a complex vector bundle to F,

ci(Ec) = ci(Ec) = (—1)'ei(Ee) = —ei(Ec),
for odd i. Thus, 2¢;(E¢) = 0. O

From this Lemma, we deduce that Pontryagin classes of a real vector bundle E over X
arise as the even-indexed Chern classes of the complexification Fc = F ® C. That is, for
a real vector bundle F,

pi(E) = (—1) eai( Ee).

We won'’t prove this fact here, but will use it to prove the following theorem.

Theorem 1.1.3. Let E be a complex vector bundle with underlying real vector bundle
ER. Then,

1—pi(Er)+ ...+ (=1)"pu(Er) = (1 4+ c1(E)+ ... + cn(E) (I — 1 (E) 4+ ... + (=1)"cn(E)).
Proof. Since pi(Egr) = (—1)'cai((Er)c) = (—1)'cai(Er ® C),

L—pi(Er)+ ... + (=1)"pu(Er) =14+ c2(Er @ C) + ... + con(Er ® C)
= C(E]R ® C)v

where in the last equality we have used the fact that ¢;(Eg ® C') = 0 for odd i (Lemma
1.1.2). By proposition 1.1.2 Eg ® C is isomorphic to E @& E. So,

o(Fr®C)=c(E®E)
=c(E)c(E) (Whitney product formula)
=(1+ci(BE)+ ... +cn(E) 1+ c(E)+ ...+ cu(E))
=14+ c(E)+ ... +c(E)(1=ci(E)+ ...+ (=1)"c,(E)),

where in the last equality we have used the fact that ¢;(E) = (—1)%c;(E). Thus,
1—pi(Er)+ ...+ (=1)"pu(Er) = (1 +c1(E)+ ... +cn(E)(I — 1 (E) 4+ ... + (=1)"cn(E)).

O
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Example 1.1.5. Suppose E is a complex vector bundle of complex rank 2 with underlying
real vector bundle Eg. Then, (1+c¢,(E)+co(E))(1—ci(E)+c2(E)) = 1—c1(E)?+2c3(E).
Thus, p1(Er) = Cl(E)2 — 20c3(E).

Remark 1.1.3. There is a rational polynomial in the Chern classes of vector bundles E
with fiber dimension k called the Chern character, beginning with

h(E) = k+c1(E) + %(cl(E)Q — 9%, (E)) + é(cl(E)?’ _ 31 (E)es(E) + 3e5(E)) + ...

with the following properties

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

for vector bundles E and F over X.
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1.2 Connections, and Curvature on Principal G-Bundles

In this section, we will add some additional structure to fiber bundles. Connections on
these fiber bundles that are, in some way, compatible with this structure become especially
important. For example, general relativity concerns the study of tangent bundles over
a spacetime endowed with a metric. The connections of import — called Riemannian
connections — are those that are compatible with the metric (see Ch. 6.3 in [2]). In
Yang—Mills theory, we examine fiber bundles with additional group structure — we call
these principal G-bundles, where G is the structure group of the theory.

1.2.1 Principal G-Bundles

Definition 1.2.1. Let P equipped with a map 7 : P — X be a fiber bundle over a
manifold X. Let F' = 7~ !(z) be an arbitrary fiber of x € X. Additionally, let G be a Lie
group that acts on P by a smooth right action R : P x G — P. We call P a principal
G-bundle (G-bundle for short) with structure group G if R is:

o [ber-preserving: RyF C F
o Free: If g1,90 € Gand p-g; = p- go for some p € F, then g; = go
e Transitive: For all p,q € F, there exists a g € G such that g =p - g.

With the definition above, we recognize a principal bundle P with structural group G over
a smooth manifold X as a locally trivial fiber bundle whose fiber is G itself considered as
a right G-space. Thus, G acts smoothly on P by right multiplication on each fiber and
X = P/G.

Example 1.2.1 (Hopf bundle). The group S' of unit complex numbers acts on the
complex vector space C"*! by left multiplication. This induces an action of S* on the
unit sphere S?**! in C"*1. We may define the complex projective space CP" as the orbit
space of S?"*1 by S'. The natural projection S?**! — CP" with fiber S* is a principal S*-
bundle. When n = 1, S — CP! with fiber S' is called the Hopf bundle. Interestingly,
the Hopf bundle appears in the mathematical study of quantum computing — the Hopf
bundle explains how one can represent 2-level quantum states (qubit states) on a 2-sphere,
called the Bloch sphere (see Ch. 8.2 in [4]).

Example 1.2.2 (Frame Bundle). Let E be a vector bundle with fiber dimension k.
Consider the space Fr(E) whose fiber over a point x € E is the collection of all frames in
the fiber £, of F over x. Intuitively, one may act on an element in Fr(F), a frame, by an
invertible linear transformation (in GL(k)) to yield another frame in E,. So, Fr(FE) is a

principal GL(k)-bundle.

1.2.2 G-Equivariance

We aim to define a connection on principal G-bundles that are, in some way, compatible
with the group structure. The compatiblity we are interested in is called G-equivariance.
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Let us make this more precise.

Definition 1.2.2 (G-equivariance). A manifold M equipped with a Lie group G that
acts on M on the right (left) is called a right (left) G-manifold. We say that a map
f M — N between two right G-manifolds is right G-equivariant if for all x € M and
g€G,

fl@-g)=[f(x)-g
We say that a map f : M — N between two left G-manifolds is left G-equivariant if
for all x € M and g € G,

flg-z)=g- f(z)
If M is a right G-manifold and N is a left G-manifold, then a map f : M — N is
G-equivariant if for all z € M and g € G,

flx-g)=9g7" f(x)

Definition 1.2.3. Let conj(g) : G — G be a right group action on G given by conjugation
f-g:= coni(g)(f) = gfg™"
The differential of conj(g) evaluated at the identity e € G gives the adjoint action
ad(g) = conj,(g)(e) : T.G — T.G.

We may identify g with 7.G and invoke the chain rule to show that ad(g;) o ad(gz) =
ad(g1g2). This gives us a homomorphism

ad(g) : G — GL(g)
called the adjoint representation.
Example 1.2.3. If G is a subgroup of GL(k,R), then ad(g)(£) = gég~*.

Suppose G is a Lie group with associated Lie algebra g. Also suppose G acts smoothly
on a manifold P on the right. To every element A € g we can associate a vector field A
on P called the fundamental vector field on P associated to A as follows: For z € P,

define
d

=0 Ut o
A, may be understood as the initial direction of the curve ¢, : t — x - e at a point
r € P:

z-ett e TP

A, = ¢,(0)

Proposition 1.2.1 (G-equivariance of Fundamental Vector Fields). Suppose G is a Lie
group with associated Lie algebra g. Suppose G acts smoothly on a manifold P by right-
action R, : x — x-g. Then, for A € g, the associated fundamental vector field A satisfies
the following G-equivariance property:



Proof. We need to show that for all z € P, R,.(A4,) = ad(¢g”)A

Z‘g‘

For z € P, define a map j, : G — P by j.(g9) = = - g. The differential of j, using the

curve c(t) = et is

For q € G,

(Ry0342)(q) = 2q9 = 29999 = jzg(97"q9) = (Jug © ¢g-1)(q)
Thus,

Rgi(A,) = RyeJus(A) = JugeCo1:(A) = jage(ad(g™)A) =ad(g DA~ O

g

1.2.3 Horizontal and Vertical Tangent Bundles

Let P be a principal G-bundle. Let g denote the Lie algebra associated with the Lie group
G.

Definition 1.2.4. If we differentiate the G-action, we can associate each element u of
g with a G-invariant vector field X, on P, called the Killing field corresponding to wu.
The Killing fields span a subbundle V P of T'P, which is equal to the kernel of the map
7 : T'P — TX. Thus, each fiber of V P is canonically identified with g. We call V' P the
subbundle of vertical tangent vectors to P.

By the local triviality of a principal bundle, at every point z € P, the differential 7, , :
T, P — Ty X of the projection is surjective. The vertical tangent subspace V, P C T, P
is ker(m, ;). This is precisely a short exact sequence of vector spaces

Tk,

0= VP =T, P —TrnX =0

The differential 7, : TP — TX of 7 : P — X induces a bundle map 7, : TP — 7*TX
over P, given by 7, »(X;) = (x, 7., X,). This is represented in the diagram

TP = »TX
\ l
TX

T, is surjective because it maps the fiber T, P onto the fiber (7*TX), = Tr()X . Its kernel
is V' P by the short exact sequence above. Thus, there is a short exact sequence of vector

bundles over P i
0=>VP—>TP o*TX =0

If v € VP, we say that v is vertical.
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Proposition 1.2.2. For all A € g, the fundamental vector field A is vertical at all points
x € P.

Proof. For x € P, define j, : G — P by j.(9) =z - g. Then,
(10 J2)(9) = m(z - g) = m(x)
Since A, = j«(A) (by proof of Proposition 1.2.1), and 7 o j, is a constant map,
Tra(Ay) = (e © Jax)(A) = (Mo © Ja)«(A) = 0
Thus, A, € ker(m, ) and A is vertical at all z € P. O

Remark 1.2.1. Conversely, we can also identify every vertical tangent vector with a
fundamental vector field of some element in g. More precisely, for x € P, the differential
at e € G of the map j, : G — P is an isomorphism of g onto the vertical tangent space:
(jz)*,e g = V,P.

Definition 1.2.5. Let P be a principal G-bundle with projection map © : P — X
and vertical subbundle V' P of the tangent bundle TP. We call a subbundle HP of TP
a bundle of horizontal tangent vectors (or horizontal tangent subbundle) on P if
TP =VP® FP as vector bundles, i.e. for all z € P,

T.P=V,P+H,Pand V,;PNH,P=0

1.2.4 Connections and Curvature on Principal G-Bundles

Suppose H P is a horizontal tangent subbundle of a principal G-bundle P equipped with
projection 7 : P — X. For x € P, define a map j, : G — P by j.(g) = z-¢g. This induces
an isomorphism j,. : g — VP (see Prop. 27.18 in [2]), allowing us to canonically iden-
tify the vertical tangent space V, P with the Lie algebra g associated with the Lie group G.

Let v, : T,P = V,P ® H,P — V_.P be the projection onto the vertical tangent space
at the point x € P. Note that this projection depends on the choice of horizontal tangent
subbundle H P. Finally, define the map

—1
wy = jptov, 1 T,P 5 V,P ™5 g
With this definition, w is a smooth g-valued 1-form on P.

Theorem 1.2.1. Let HP be a right-invariant horizontal tangent subbundle associated
with a principal G-bundle P. Then, the associated g-valued 1-form as defined above
satisfies the following conditions:

1. For all A € g and = € P, we have w,(4,) = A4;

2. (G-equivariance) For all g € G, Rjw = ad(g™")w
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Proof. For 1, Since A, is already vertical by Proposition 1.2.2, v,(4,) = A,. So,
wo(Ay) = Jow (V2(4,)) = jp (4,) = A
For 2, let x € P and X, € T, P be arbitrary. Then, we need to show that
ad(g™ wa(Xy) = Ryws (Xz) = wag(Rg(Xy))

It suffices to show this for both the vertical and horizontal components of X, since both
sides of the above equation are R-linear in X, and X, is the sum of its horizontal and
vertical components. Let Vx be the vertical component of X, and Hx be the horizontal
component of X,.

By remark 1.2.1, Vx = A_ for some A € g. Then,
Wag(Rge(Vx)) = wyg(Rys(4,)) = wxg(ad(g’I)Axg) (Proposition 1.2.1)
=ad(g~")A (by condition 1)
= ad(g Hw,(4,) (by condition 1)
= ad(g " ws(Vx)

Since the horizontal tangent subbundle H P is right-invariant, R4, Hx is horizontal. Thus,
by definition of w,,
Wag(Rge(Hx)) = 0= ad(g™" )wa(Hx)
O

Definition 1.2.6. A connection on a principal G-bundle is a g-valued smooth 1-form
on P satisfying the conditions in Theorem 1.2.1.

A g-valued 1-form is a map a : TP — g. The Lie group G acts on TP on the
right by the differentials of right translations and G acts on g on the left by the adjoint
representation. By Definition 1.2.2, « is G-equivariant if and only if

(X, 9) =g a(X,)
forall z € P, X, € T,P and g € G. Equivalently,
a(Rg.X,) = (ad(g™)) - a(X,)

So, a : TP — g is G-equivariant if and only if Rja = ad(g~")a. Thus, condition 2 of a
connection w on a principal G-bundle says that w : TP — g is a G-equivariant map.

Definition 1.2.7. Let w be a connection on a principal G-bundle P over X with values
in g. Then, the curvature of w is the g-valued 2-form

1
F, =dw+ §[w,w].

It turns out that the space of connections on a principal G-bundle is an affine space. To
understand what this affine space is modeled on, we first introduce the concept of the
adjoint bundle.
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1.2.5 The Adjoint Bundle

Definition 1.2.8. Let P be a principal G-bundle over X. We can construct a vector
bundle over X as follows: Let p : G — GL(F) be a representation of G on a vector space
F. Then G operates on P x F' by

(p. f) 9= (pg~", p(9)f).

The quotient space P x, F' of P x F' by the group action of G is a vector bundle over
X with fibers isomorphic to F'. P x, F' is the vector bundle associated to P by the
representation p.

Example 1.2.4. ad(P) := P X,q ¢ is the vector bundle associated to P by the adjoint
representation, simply called the adjoint bundle of P.

Theorem 1.2.2. For any principal G-bundle P over X, the space of all connections A(P)
is an affine space modeled on Q!(X;ad(P)).

Although we will not prove this theorem here, its consequences are three-fold:
1. A(P) is nonempty
2. if V, V' € A(P) are connections, then V —V’ is a 1-form on X with values in ad(P)

3. If V € A(P) is a connection and a € Q'(ad(P)), then V + a defined by
(V+a)s=Vs+as

1S a connection.

Example 1.2.5. Let P = Fr(E) be the principal GL(k)-bundle of frames on a vector
bundle E (see Example 1.2.2 for definition). Then ad(P) = End(F) and the connections
on P are gl,(R)-valued 1-forms on E.

The adjoint bundle is also useful in understanding the curvature of principal connections.
The curvature Fy of a connection V on a principal G-bundle over X descends to X as a
smooth section of ad(P) @ AZ?.
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1.3 Gauge Transformations

1.3.1 Gauge Transformations

Definition 1.3.1. Let P be a principal G-bundle with projection 7 : P — X. Denote
the set of automorphisms of P by G(P):

GP)={\:P—= P|mol=mand \(gp) = gA\(p) for all p € P,g € G}

G(P) is called the gauge group of P and its elements are called gauge transformations.
When necessary, we will specify the association of the gauge group G to the structure group
G by referring to gauge transformations in G as G-gauge transformations.

Proposition 1.3.1. Let G act on G by conjugation. Then, G(P) is in bijection with the
set of G-equivariant maps P — G.

Proof. Let u: P — G be a G-equivariant map, i.e. u(pg~') = gu(p)g~'. This defines an
automorphism A, : P — P by A,(p) = pu(p). Note that

1 1

Ma(pg™") = pg " ulpg™") = pg~gulp)g™" = pulp)g™ = Xu(p)g "

Now, let A : P — P be an automorphism. Since A preserves the base point of p, we may
write A(p) = pu(p) for some u : P — G. Since A is an automorphism, A(pg~') = A(p)g~*.
So,

pg tulpg™") = Apg ™) = A(p)g~" = pulp)g".

Thus, g u(pg™) = u(p)g™t = ulpg™') = gu(p)g~' — so u is G-equivariant. O
Let P X¢onj G be the fiber bundle associated to P where G acts on G by conjugation.
Then for all p € P and h € G, g € G acts on (p,h) € P x G by
(p.h)-g = (pg~" ghg™).

Sections of P Xnj G are precisely the G-equivariant maps P — G. In other words, we
can identify each section of P Xconj G with a map u : P — G such that

u(pg™') = gu(p)g™

(see Ch. 13.4 in [5]). Thus, Proposition 1.3.1 yields bijective descriptions of the gauge

group:
G(P) = C°°(P Xconj G).

Example 1.3.1. The principal G = GLg(R)-frame bundle Fr(E) of a vector bundle E
over X has gauge group

G(Fr(E)) ={\ € C*(End(E)) | Mz) € GL(E,) for all z € X}
So, we can identify G(Fr(FE)) with GL(E).
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Locally, a gauge transformation A € G(P) may be represented by a G-valued function on
X and a connection A may be represented as a g-valued 1-form. Then, the action of A
on A is locally given by

ATA=AtdA Fad( A (A) = A A+ A TTAN
Under a gauge transformation, the curvature F4 transforms to
F\-1y = ATEAN.

Definition 1.3.2. Two connections are called gauge equivalent if there is a gauge
transformation that transforms one of the connections into the other one.

In addition to gauge equivalence, some quantities demonstrate gauge invariance, i.e. they
are unchanged under gauge transformations. This idea is quite important in physics —
physical observables are gauge invariant. For example, the electromagnetic field strength
composed of the electric and magnetic fields is gauge invariant under U(1)-gauge trans-
formations. We will see this in the following section.

1.3.2 Electromagnetism From Principal U(1)-Bundles

So far, we have constructed a general framework of connections and curvature as they
relate to principal G-bundles. This framework can be applied to quickly demonstrate
what we initially observed in the introduction of this thesis.

Let £ = X x C be a trivial complex line bundle over X. In other words, we assume
E = X x C, so that the fiber F,, over any point x € X equals C. A connection V on
E can be identified with its connection matrix A, which is an End(FE)-valued 1-form. We
call A a vector potential.

Since End(C) is canonically isomorphic to C, A is a complex-valued 1-form. E becomes
a U(1)-bundle if we think of its standard fiber, C, as the fundamental representation of
the group U(1). In this case, the entries of A must live in u(1) = {iz | x € R}.

Now suppose we apply a gauge transformation A to the vector potential A. Then, A
will transform as

A= ATTA=ATTANE AT = A+ A,

where the last equality follows from U(1) being abelian. If we can write A = ¢? for some
imaginary function ¢, then

Ald) = do.

In this case, a gauge transformation amounts to adding an exact form d¢ to A:

A = A+ do.
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This is precisely the gauge transform we observed in the introduction. Furthermore, the
curvature Fy associated with this vector potential is invariant under U(1)-gauge trans-

formations:
Fao = XA1Fu\ = Fy.

This is also precisely what we observed in the introduction. This compact demonstration
is our bridge into the geometric study of particle physics using gauge theory. Electromag-
netism is the simplest gauge theory, a U(1) abelian gauge theory. In the next chapter, we
will examine nonabelian gauge theories that describe physics beyond electromagnetism.
They will exhibit much richer properties of geometry and physics for us to study.
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Chapter 2

Yang—Mills Gauge Theory

In this chapter, we will examine a spaces of solutions to the Yang—Mills equations, called
instantons. We will concern ourselves with the spaces of such solutions modulo gauge
equivalence, called moduli spaces. Finally, we will use the Atiyah—Singer theorem to prove
the Atiyah—Hitchin—Singer theorem, a theorem about the dimension of moduli spaces of
instantons in SU(2)-Yang-Mills theories.

2.1 Yang—Mills Instantons

2.1.1 Self-Dual Connections

Recall that on a principal G-bundle P over X, a connection A is defined by a g-valued
1-form, where g is the Lie algebra associated with GG. The curvature F4 of the connection
is the g-valued 2-form

Fy=dA+ %[A,A}.

This descends to X as a smooth section of ad(P) ® A?, where ad(P) := P Xaq ¢ is the
vector bundle associated to P by the adjoint representation.

Recall from Remark 1.1.1 that on a vector bundle E over X, a connection d (or just A)
is a linear map

dy: C*(E®A) — C¥(E®AY).

This extends to a map

dy: C*(E®@A') — C(E® A%
dale®@a) =VeAha+e®dao,

where e € C*°(F ® A°) and @ € A'. The curvature of the connection is

Fo=d4.
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Definition 2.1.1. Let X be an (even) 2n-dimensional oriented manifold and let A? denote
the bundle of p-forms on X with inner product (-, -). The Hodge star operator * : A? —
AP maps p-forms 3 to *3 defined by

a A x8 = (a, f)vol
where o € AP and vol € A?" is the volume form on X.

It is worth noting that when p = n, **> = (=1)". So, for n = 2, i.e. X is a 4-dimensional
manifold, **> = 1. In this case, the bundle A? is graded by * into a direct sum

2 2 2
A=A DAL
where Ay are the +1-eigenspaces of *.

Definition 2.1.2. On a 4-manifold X, a connection A is said to be self dual if its
curvature Fy is in C®(ad(P) ® A1) (Le. *F4 = F4) and anti self dual if Fj is in
C>(ad(P) @ A2) (i.e. xFy = —Fy).

Using the Hodge star operator we can decompose F4 into self dual and anti self dual
components as

Fy=F;+F;
where *F'f = Ff and *Fy = —F. So,
«Fy=F; —Fj.

Proposition 2.1.1. Foy AxFy = F{ AxF{ + F ANxF.
Proof.

FaAN*Fy= (Ff+F)N(Ff—F))
=F{ANFf—F{ANF;—F,NFf—F,NF;
=F{NFf—F,NF;
= F{ ANxF{+ F; N*Fy.

2.1.2 The Yang—Mills Equations

Let E be a Hermitian vector bundle over X with connection A whose curvature is Fj.
We define the Yang—Mills functional on E by the integral

yM(A) FA/\*FA——/ FA,FA>V01

8 Q2

We are interested in studying Yang-Mills functionals because they are the action of
massless bosons in physics. Yang—Mills functionals are crucial to our description of the
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standard model of particle physics — in particular the electromagnetic, electroweak, and
strong interactions.

Motivated by the principle of least action in physics, we devote our attention to con-
nections that extremize the Yang—Mills functional. The critical points of Y M on the
space of connections A(E) are called Yang—Mills connections.

Definition 2.1.3. Let A be a connection on a vector bundle E with associated exterior
derivative dy : C®(E @ AP) — C°(E ® AP*!). We define the formal adjoint d% :
C>(E ® AP) — C=(E ® AP~!) as the operator that satisfies

(e, B) = (o, daP).
One can write d% explicitly as d% = + * da*.
Proposition 2.1.2. Every Yang—Mills connection A satisfies the Yang—Mills equations
daxFa=0

Proof. Recall from Theorem 1.2.2 A(E) is an affine space modeled on the vector space
QY(End(E)) of g-valued 1-forms on End(E). Given a small perturbation A+ ta about A,
where t € RT and a € Q'(End(F)), the curvature is modified as

1
Faria =da(A+ ta) + —[(A +ta), (A + ta)]
At [A Al + tdaa + ;t 4, d]

1
= Fy +tdaa + 575 [a,a].

We extremize Y M by setting 4| Y M(A+ ta) = 0.
=0

d 1, 1,
2| yma+ia) = 2] 0/ (Fat tdaa+ 52la,al, Fa + tdaa + 52la,al)vol
d
= — Ful? +t(Fa,d 1
oo [ OFAP + tFs daavo
(higher order terms vanish at t = 0)
= / <FA,dACL>V01
/ (%, Fa, a)vol
=0
Since a # 0, dFy = £ xdy*x F4 = 0. Thus, dy x F4y = 0. n
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2.1.3 Instantons

We note that if A is a self dual connection, then xF'y = F4 and da* Fy = dyF4 = 0. The
last equality is the Bianchi identity. Hence, the Yang—Mills equations are automatically
satisfied for self dual connections. This warrants naming the self dual connections — we
call them Yang—Mills instantons (or more simply just instantons).

Since an instanton A is self dual, F; = 0. So,
FaN*Fy=Ff NxF{ + Fy ANxF; = F{ ANxF}.
This results in the following proposition.

Proposition 2.1.3. Instantons give absolute minima for the Yang-Mills functional on a
vector bundle E over X.

Proof. To prove this proposition, we compare the Yang—Mills functional to the first Pon-
tryagin class of E, a topological invariant. Given a connection A on E, the first Pontryagin
class of F is

1 1 _ _
pi(E) = s Xtr(Fj) = 4—7r2/X(FX/\*Fj+FA A*FY).

Comparing the Yang-Mills functional to p;(E), we get

1 1 _ _
yM(A):@/XWAF_ QA(FXA*FX‘FFA A*E)

~8m?

1 _ _ 1
ey X(FX N*F§ = Fy NxFy) = 5]91(3)-
Since p;(E) is a topological invariant, Y M/(A) is minimized if and only if |F; |*> = 0, i.e.

when A is an instanton. When A is an instanton, YM(A) = ip(E). O

2.1.4 Moduli Spaces of Instantons

The Yang—Mills functional exhibits a particularly interesting property — it is invariant
under gauge transformations, i.e.

yM()\ . A) = L/ ()\_1FA)\) A *()\_1FA>\) = L/ FA N *FA = yM(A),
812 [ 872 Jx
where )\ is a gauge transformation acting on connections. Gauge invariance of Y M is
incredibly important in physics because it implies that physical observables are the same
under different gauges — physicists call this gauge symmetry. Gauge invariance of the
Yang—Mills functional is interesting to mathematicians because it allows them to study
spaces of instantons modulo gauge transformations, called moduli spaces.

Definition 2.1.4. Let P be a principal G-bundle over X. The moduli space of instan-
tons on P is the space of instantons on P modulo gauge transformations.
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If H C G is a subgroup, then any self dual H-connection defines a self dual G-connection
so that the moduli space of G-instantons contains H-instantons for all H C G. So, it
makes more sense to consider the moduli space of G-instantons for which the instantons
do not reduce to any proper closed subgroup H C G. We say that such instantons are
irreducible. Denoting the space of irreducible instantons on P as A" (P), the moduli
space of irreducible instantons on P is

M(P) := A*(P)/G(P).

Remark 2.1.1. A rather surprising fact about moduli spaces of irreducible instantons is
that, under fairly certain conditions, they are finite-dimensional (Hausdorff) manifolds.
Without restricting to irreducible instantons, moduli spaces are not smooth manifolds.

A more surprising claim about moduli spaces of irreducible instantons is that when they
are finite dimensional manifolds, we can calculate their dimensionality. The following the-
orem (called the Atiyah—Hitchin-Singer theorem) on moduli spaces of irreducible SU(2)-
instantons on S* is an example. It will be the final focus of this document.

Theorem 2.1.1 (Atiyah-Hitchin—Singer Theorem). The dimension of the moduli space
of instantons on a principal SU(2)-bundle over S, with Pontryagin index k& > 0 is 8k — 3.

Before we prove this theorem, we first need to introduce a powerful tool called the Atiyah—
Singer index theorem, which will help us prove the Atiyah—Hitchin—Singer theorem.
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2.2 An Introduction to Index Theory

The Atiyah—Singer theorem is one of the most powerful theorems in mathematical physics.
It has applications in the study of moduli spaces in mathematics and quantum field
theories in physics. It equates (local) topological data about the characteristic classes of
elliptic operators to their (global) analytic data about the number of linearly independent
solutions to the operator’s homogeneous differential equation. The data being equated
here is something we call the index of the operator.

2.2.1 Fredholm Operators and The Index

Let H be a (separable) complex Hilbert space, and let B denote the Banach algebra of
bounded linear operators T': H — H with finite operator norm. The norm of the operator
T is defined by

Tl = sup{|[Tul] | [|Ju]] <1} < oo

Definition 2.2.1. An operator T" € B is called a Fredholm operator if it has finite
dimensional kernel and cokernel. Recall that

ker(T) ={u € H | Tu = 0} and coker(T") = H/im(T)

So, for a Fredholm operator 7', T'u = 0 has finitely many linearly independent solutions.
Additionally, to solve Tu = v, it is sufficient that v satisfy a finite number of linear
conditions.

Definition 2.2.2. We define the index of a Fredholm operator 7' by
index(7T") = dim(ker(7")) — dim(coker(T"))

Example 2.2.1. Let L?(Z, ) be the (Hilbert) space of sequences ¢ = (cy, ¢y, ...) of complex
numbers with square-summable absolute values, i.e.

o0
Z len]? < o0
n=0

Define the shift* : L?(Z,) — L?*(Z,) operators by
shift™ (co, c1, ca, ...) = (0, ¢, ¢1, €2, ...) and shift ™ (co, 1, ¢a,...) = (c1, €2, ...)

It is easy to see that ker(shift*) = 0 and the cokernel is 1-dimensional. So, dim(ker(shift™)) =
0 and dim(coker(shift™)) = 1 Thus, shift™ is Fredholm with

index(shift™) =0 —1=—1
Similarly, one can show that shift™ is Fredholm with

index(shift7 ) =1-0=1
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Proposition 2.2.1. For finite dimensional vector spaces H, H', a linear transformation
T :H — H'is Fredholm with index(7") = dim(H) — dim(H’).

Proof. Let H, H' be finite dimensional and T': H — H’ be linear. Then, we have vector
space isomorphisms
H/ker(T) — im(T) — H'/coker(T)

So, dim(H ) — dim(ker(7")) = dim(H’) — dim(coker(7")). Thus,
index(T") = dim(ker(T)) — dim(coker(7)) = dim(H) — dim(H') O

Remark 2.2.1. The index of a Fredholm operator generalizes to the Euler characteristic
x(C) of a complex C"

T, T Ty Ty —
R A A

of vector spaces and linear maps such that T o T, ; = 0 with finite Betti numbers
by := dim(ker(Ty)/im(Ty41)).

We call ker(7},)/im(T}, 1) the k-th cohomology space H*(C'). If all the Betti numbers
of a complex are finite and the number of nonzero betti numbers are finite, then we define
the Euler characteristic of the complex as

X(C) == (=1)* .

%

The index of a Fredholm operator T': H — H is then given by the Euler characteristic
of the complex

0%H5H—>O.

We will be concerned with studying the indices of Dirac operators, which act on sections
of Clifford bundles. In the next section, we make these terms clearer.

2.2.2 Clifford Bundles and Dirac Operators

We being our discussion of Dirac operators with a look at Laplacians in some of the
most important equations in physics, like the Schrodinger equation and Klein-Gordon
equation. The Schrédinger equation is derived by “quantizing” the energy equation E =
T+V = % + V. Heuristically, this amounts to transforming functions (observables)
into operators: E +— i0;, p — —iV (the spatial Laplacian), V' — V (whose operation is
multiplication by V). Each of these operators act on a quantum state ¢. Then, we get
the Schrodinger equation

2
1
E=L yveidw=(——V2+V)
2m 2m
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This equation, however, is inconsistent with special relativity. The energy equation from
special relativity is (—E?+p*)+m? = 0. Quantizing in the same way, where operators act
on “spinor fields” 1, we get the Klein-Gordon equation that is satisfied by all components
of free quantum fields.

(—E? +p*) +m? =0 (0> + m*)¢ = 0, where 0> = 9,0" = 9? — V

We note that the Klein-Gordon equation is second-order in time, whereas the Schrodinger
equation is of first-order in time. This gives the Schrodinger equation a particular ad-
vantage: time evolution. Knowledge of i) at one given time allows you to determine 1)
to any other point in time. This is not true of the Klein-Gordon equation, precisely due
to the absence of first order derivatives in time. One might ask if there is a first-order
linear differential equation describing quantum fields. There is one: it is called the Dirac
equation.
(i@ —m)y =0

where @ = v*9, is a Dirac operator for matrices v* defined so that (i + m)(if — m) =
— (0% +m?), i.e. multiplying the Dirac equation by the operator (i@ +m) yields the Klein-
Gordon equation. Loosely, the Dirac equation is a factorization of the Klein-Gordon
equation whose Dirac operator squares to the Laplacian. The matrices v* are elements
of a Clifford algebra, a concept made more precise below.

Definition 2.2.3. Let V' be a vector space equipped with a symmetric bilinear form (-, -).
A Clifford algebra for V' is defined to be a unital algebra A which is equipped with a map
¢V — A such that

1. ¢(v)? = —(v,v)1

2. If ¢ : V — A’ is another map such that ¢'(v)?> = —(v,v)1, then the following
diagram commutes:

VLA

N
A

Exercise 2.2.1. The second condition implies that the Clifford algebra for V' (denoted
C¢(V')) is unique up to isomorphism.

Example 2.2.2. If V is equipped with a bilinear form that is identically 0, then the
associated Clifford algebra is the exterior algebra A®V.

Definition 2.2.4. Let V be a real inner product space with orthonormal basis ey, ..., e,,.
Let S be a vector space which is also a left module over C¢(V') and let C*°(V;S) denote
the smooth S-valued functions on V. Each basis element e; corresponds to a differential
operator 0; on C*(V;.S). Define an operator D on C*>(V;S) by

Ds = Z e;(0;s)

%
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Then,
D?*s = Z e;0i(e;0;8) = Zeiej@ﬁjs = — 28128
i\j i i
This is the Euclidean Laplacian. We call D the Dirac operator on C*(V;.S).

We may extend this flat-space construction of the Dirac operator to a Riemannian mani-
fold using Clifford bundles. If M is a Riemannian manifold, then T'M is a bundle whose
fibers are inner product spaces, so we may form the bundle of Clifford algebras C¢(T'M).
Let S be a bundle of Clifford modules, i.e. the fiber S,, at m € M is a left module
over CU(T,,M) ® C. The sections of S play the role of S-valued functions in the above
flat-spaced construction. To differentiate these sections, we need to define a connection
on S that is compatible with the metric on M. Here’s how we define compatibility:

Definition 2.2.5. Let S be a bundle of Clifford modules over a Riemannian manifold
M. S is a Clifford bundle if it is equipped with a Hermitian metric and compatible
connection V such that

1. The Clifford action of each v € T,,, M on S,, is skew-adjoint, i.e. (v-sy,82) + (s1,v -
SQ) = 0.
2. The connection on S is compatible with the Levi-Civita connection on M, i.e.

Vx(Ys)=(VxY)s+ YVxs for all vector fields X, Y and sections s € C*(S).

Definition 2.2.6. The Dirac operator D of a Clifford bundle S is the first order dif-
ferential operator on C*°(S) defined by the following composition:

t :
C®(M;S) 5 C®(T*M @ S) L C°(TM @ S) = C=(M; S).
The first arrow is given by the connection. The second arrow is given by the metric,
identifying TM with T*M (in language more familiar to physicists, the metric maps
covariant vectors to contravariant vectors). The third arrow is given by the Clifford
action.

Thus, we may write D in terms of a local orthonormal basis e; of sections of T'M as
Ds = GigijVjS = eivis,

where ¢¥ is the metric identifying TM and T*M, ¢! = e;¢g", and we implicitly sum over
repeated indices. We may now calculate D?. Choose an orthonormal frame e; which is
synchronous at some point x € M, meaning at x, V,e; = 0 and the Lie bracket of e; and
e; vanishes at #. Thus at z,

D%s = e'Ve’V;s

= €'e!V,;V;s (Leibniz rule)
= V’st + Z eiej (V,Vj - VjVi)s

j<i
=V'V;s+ Z c'e’ K (e;, e;)s,

j<i
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where K(e;,e;) = V;V; — V,;V, is the curvature of the connection on S, and is an
endomorphism of S. We call the term ). _;e'e/ K(e;, ¢;)s the Clifford contraction K
of the curvature applied to s. Additionally, we may write ViV, as V*V, where V* is
the formal adjoint of V when we think of V as a map C*(S) — C>®(T*M ® S). Here,
the space of sections are equipped with the natural inner products associated with the
metrics on their respective bundles. Thus,

D?s = V*Vs + Ks

This is called the Weitzenbock formula.

For the following discussion, it is worth describing additional structure called grading

on Clifford bundles.

Definition 2.2.7. A module W over a Clifford algebra C¢(V') is graded if it is provided
with a decomposition W = W, & W_ such that Clifford multiplication by any v € V
interchanges the summands W, and W_. A Clifford bundle S on Riemannian manifolds
M is graded if it is provided with a decomposition S = S, & S_ that respects the metric
and connection and makes each fiber S,, a graded Clifford module over C¢(T,,M).

The Dirac operator of a graded Clifford bundle anticommutes with the grading operator.
So, it maps sections of Sy to sections of S3. We thus have maps

C®(Sy) —25s O%(S_) —2= C>(S.)

where D, is the restriction of D to sections of S, and its adjoint D} = D_ is the
restriction of D to sections of S_.

Definition 2.2.8. The index of a graded Dirac operator D is
index (D) = dim(ker(D,)) — dim(ker(D_))

Example 2.2.3. Consider the de Rham operator D = d + d* with the grading operator
defined by € = (—1)? on Q4(M). Then, Hodge theory tells us that index(D) is the Euler
characteristic x(M) of M in the topological sense.

2.2.3 Elliptic Operators

An important property of Dirac operators is that they are elliptic. In this section, we
explain what that means and why it’s important.

Definition 2.2.9. A linear differential operator D : C*(E) — C*°(E) of order n on
sections of vector bundles E over X is a map that can be written in local coordinates on

X as
Ds(z) = Z co(T)Ds

laj<n
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where @ = (ay,...,a,) € (Z>0)" is a multiindex with |a] = Y1 | a;, for each o, cq(z) :
E — FE is a bundle homomorphism, and

olel

DY = ————.
Ozt ...0zon
Example 2.2.4. The Laplacian 0 = — " | 97 is a differential operator.

Definition 2.2.10. We may construct a polynomial pp by replacing each D* with £ :=
.9 where € = &dat € T*X is a covector field, as follows:

po(€) =) cal@)E”,
la|<n
The highest homogeneous component of pp,
op(€) == calw)E?,
la|=n
is called the principal symbol of D.
Example 2.2.5. The principal symbol of the Laplacian is pgz(£) = — (£ + ... + £2).

Definition 2.2.11. We say that an operator D is elliptic if for each nonzero £ € T* X,
the principal symbol op () is invertible. Equivalently, D is elliptic if the symbol is nonzero
whenever £ is nonzero.

Example 2.2.6. The Laplacian is elliptic. Dirac operators are also elliptic because they
square to Laplacians.

We may extend the idea of ellipticity from differential operators to differential com-
plexes using the concept of exact sequences.

Definition 2.2.12. A sequence
Vo v s Iy,
of vector spaces and linear maps is exact if ker(7},) = im(7T;).
Definition 2.2.13. Suppose we have a complex
C™(Ey) 25 C(Ey) 2 .. 2 0=(E,,)

of differential operators on sections of vector bundles F; such that D; 1 o D; = 0. A
differential complex with first order operators is elliptic if the sequences of symbols

gp gD ODm
0> T FEy —5 m*F] —2 ... 22 7*F,,

is exact outside the zero section. Here, 7 : T X — X is the projection map and 7* is the
pullback of a vector bundle.

Remark 2.2.2. Although we will not prove it here, it is worth noting that elliptic com-
plexes have finite dimensional cohomology spaces. This is proved in Theorem 5.2 in [6].
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2.3 The Atiyah—Hitchin—Singer Theorem

We are now ready to prove the Atiyah—Hitchin—Singer theorem.

Theorem 2.3.1 (Atiyah-Hitchin—Singer Theorem). The dimension of the moduli space
of instantons on a principal SU(2)-bundle over S, with Pontryagin index k > 0 is 8k — 3.

Unexpectedly, we will find it easier to prove this theorem in greater generality first, in
what I am calling the generalized Atiyah—Hitchin—Singer theorem.

Theorem 2.3.2 (Generalized Atiyah-Hitchin-Singer Theorem). The dimension of the
moduli space of instantons on a principal SU(2)-bundle P over S*, with Pontryagin
class p1(ad(P)r) > 0 of the underlying real vector bundle of the adjoint bundle of P, is

p1(ad(P)r) — 3.

Following the proof of this theorem in [7] and theorem 6.1 in [8], one can prove this
theorem in three steps:

1. Infinitesimal: Calculate the dimension of the space of infinitesimal deformations of
an instanton.

2. Local: Integrate the local deformations to obtain a local moduli space.

3. Global: Show that the local moduli spaces give local coordinates on the global
moduli space.

In our proof of the Atiyah-Hitchin—Singer theorem, we will need to use some results from
applying the Atiyah—Singer index theorem to principal SU(2)-bundles on the 4-sphere.

Theorem 2.3.3 (Atiyah—Singer index theorem). Let E be a vector bundle over X, a
compact oriented even-dimensional manifold and let S be a canonically graded Clifford
bundle over X with associated Dirac operator D : C®(S; ® E) — C*(S_- ® E). Then,

~

index(D) = ch(E)A(X)[X],
where ch(E) is the Chern character of E and A(X) is what we call the A-genus of X.

Proof. For brevity, we omit the proof of this theorem. However, there are multiple ways
to prove it and multiple textbooks dedicated to doing so. For example, Roe’s Elliptic
Operators, Topology, and Asymptotic Methods [9] proves the Atiyah—Singer theorem using
the heat equation and an asymptotic expansion of the heat kernel. Bleecker and Boof3-
Bavnek’s Index Theory with Applications to Mathematics and Physics [10] proves it using
tools from topological K-theory. ]

Example 2.3.1. Since we only need the Atiyah—Singer theorem to prove the Atiyah—
Hitchin-Singer theorem, we will only be concerned with X = S* and G = SU(2). On a
4-manifold, A(X) =1 — p1(X). On S*, p(S*) = 0. So,

A(SYH =1
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We will use the Atiyah—Singer index theorem to achieve the first step in 2 sub-steps
detailed below. Since our focus is on the application of the Atiyah—Singer index theorem
to prove this theorem, we will forgo a rigorous proof of the second and third steps (which
do not require the use of the Atiyah—Singer index theorem). I will instead give a brief
explanation for how one might achieve them.

2.3.1 Step 1.1: Tangent Moduli Spaces

Let g = su(2). To simplify notation, we denote the space of sections of ad(P) ® A? as
OP(ad(P)), where ad(P) = P Xaq g is the adjoint bundle of P. Assume there is at least
one instanton A € AT (P), where A" (P) is the set of self dual connections on P. Suppose
A’ is another connection. Since A, A" : Q°(ad(P)) — Q*(ad(P)), by Theorem 1.2.2,

Ti=A — A€ Q' ad(P)).

The difference in curvature is Far— Fy = daT+3[7, 7], where d4 : Q' (ad(P)) — Q?(ad(P))
is the exterior derivative associated with A.

Now, let A; be a family of instantons on P parametrized by ¢, with Ag = A and
7 := Ay — Ap. Then,

1
FAt — FA = dATt -+ 5[7},7}].

Since A and A’ are self dual connections, xFy = F4 and *xFy4, = Fja,. So,

1 1
* (dATt + 5[7},7}]) = *(FAt — FA) = FAt — FA = dATt + 5[7},7}].

So, given the projection map

p_ A% — A%
1
p(a) = (a — xa)

onto anti self dual 2-forms,
j (dATt + %[Tt, Tt]) =0.
Differentiating this in ¢ and setting ¢t = 0 yields
p_(dat) =0€ Q2

where 7 = 9% r—o- The derivative of §[r, 7] vanishes when t = 0 because [r;, 7] is

quadratic in ¢t. We see this by noticing that
=0 = 7 =tg(t) = [, ] = tz[g(t),g(t)]

for some g(t) € Q'(ad(P)). If the family of instantons is generated by gauge transforma-
tions, i.e. Ay = f;'- A, then
T = dA.fa
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where f € Q%ad(P)). Thus, 7 defines an element
[7] € ker(p_da)/im(dy).

The space ker(p_d4)/im(d,) is well-defined because im(da) € ker(p_ds). This results
from p_da(da) = p_(d%) = p_(F4) = 0 (since A is self dual). Thus, [7] is an element of
the first cohomology group H(ad(P)) of the complex

0 — Q°(ad(P)) % Q'(ad(P)) 22 02 (ad(P)).

This complex is elliptic and so its cohomology groups are finite dimensional by Remark
2.2.2. We also note that since 7 is an infinitesimal deformation of A, it represents a vector
in the space tangent to M(P). So,

TgM(P) = H(ad(P))

for [A] € M(P) = A*(P)/G(P). Thus, our goal is to calculate the dimension of
H(ad(P)). We appeal to the index theorem to do this.

2.3.2 Step 1.2: A Dirac Operator and the Index Theorem

Before we apply the index theorem, we need to replace this complex by a Dirac operator,
namely the elliptic operator

p_da+di : Q' (ad(P)) — Q% (ad(P)) @ Q°(ad(P)),

where d% is the formal adjoint of d4. We can do this because ker(p_da + d%) =
ker(p_da)/im(d4). We see this by noting that ker(d%) = im(d4)*. Additionally,
coker(p_ds + d%) = 0. This is not so obvious, even though coker(p_ds) = 0 (due to
positive scalar curvature of S*) and coker(d%) = 0 (due to irreducibility of A) individu-
ally. Thus,

dim(ker(p_da)/im(da)) = dim(ker(p_da + d7)) = index(p_da + d7).

So,
index(p_da + d%y) = h'.

In fact, p_da + d% is a Dirac operator and can be written in terms of the Dirac operator
associated to the Riemannian metric on X:

D:C0>®(S,®S5_®ad(P)) — C®°(S_ ®S_ ®ad(P)),
for associated graded Clifford bundles S. Here, S, ® S_ = Al and S_ ® S_ = A2 @ A,

Remark 2.3.1. It is worth noting that S_ is an SU(2)-bundle with fiber dimension 2.
It has first Chern number ¢;(S-) = 0. In fact, if £ is an SU(n)-bundle, ¢;(E) = 0. This
has to do with the fact that the determinant bundle det(F) is canonically trivialized for
an SU(n)-bundle E and Chern classes obey ¢;(F) = ci(det(E)).
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Taking £ = S_ ® ad(P), we have
D:C*(S;, ®FE)— C®S_®E).
Before we compute the index for D, we will first compute the index for
Dg, : C=(S4) = C=(52),

the Dirac operator associated with p_ds + d% : Q'(ad(P)) — Q2 (ad(P)) ® Q°(ad(P))
without twisting by E. This computation will be useful when we compute the index of
D with twisting by E. Using Betti numbers, Hodge theory gives us

index(Dg,) =b; — b~ — 1,

where by is the kernel dimension (harmonic 1-forms) and b~ 4 1 is the cokernel dimension
(anti self dual 2-forms and functions). From Remark 2.2.1, we know that the Euler
characteristic is

(S =by — by 4+ by —by+by=1—by +by— b +1=2—2b; + by,

where we have used b; = by_; resulting from Poincaré duality (see Theorem 2.5 and
Corollary 2.6 in [6]). Using by = b" + b™, we can write the signature 7 of S* as

7(SY) =bt — b =by —2b".
Thus,
index(Dg,) =by —b" —1= —%(X(S4) —7(9Y) = —%(2 —-0)=-1.
Now, we compute index(D). Using the Atiyah—Singer index theorem 2.3.3,
index(D) = ch(E).A(S*)[S"] (Atiyah—Singer index theorem)
= ch(ad(P))ch(S_)[S"] ( Remark 1.1.3 and Example 2.3.1)
- (dim(SU(Q)) + %pl(ad(P)R)x> (2 + index(Dg+)as> 54,
where in the last equality we used the Chern character formula from Remark 1.1.3

ch(E) = rank(E) + c1(E) + 5(c1(E)” — 2e2(E),

and the facts that ¢;(ad(P)) = 0 (Remark 2.3.1) and p;(Eg) = ¢;(E)?* — 2¢o(E) (Exam-
ple 1.1.5). Recall that for a complex vector bundle E, Er denotes the underlying real
vector bundle of E. Additionally, = here is a generator of H*(S*), for which z[S*] = 1.
Continuing our computation, we get

index(D) = (2 dim(SU(2)) + (p1(ad(P)g) + dim(SU(Q))index(Ds+))x) 154
= p1(ad(P)r) 4+ dim(SU(2))index(Dsg, ) (since z[SY] = 1)
= pi(ad(P)r) + (3)(—1)

Therefore,

h' = index(D) = p;(ad(P)g) — 3|

This concludes step 1.
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2.3.3 Steps 2 and 3: Local and Global Moduli Spaces

One can achieve step 2 using Banach space inverse and implicit function theorems to
integrate the infinitesimal deformations of instantons and show that every element in
H(ad(P)) is defined by a 1-parameter family of instantons. So, we obtain local moduli
spaces. In step 3, one must show that the local moduli spaces give local coordinates on the
global moduli space. More detailed proofs for steps 2 and 3 can be found in section 6 of [8].

Thus, the dimension of the moduli space of instantons on a principal SU(2)-bundle P
over S is py(ad(P)g) — 3.

Remark 2.3.2. The Atiyah—Hitchin—Singer theorem generalizes further to general com-
pact semi-simple Lie groups G (see Theorem 6.1 in [8]). More precisely, the dimension
of the moduli space of instantons on a principal G-bundle P over a compact self dual
Riemannian 4-manifold X with positive scalar curvature is

pr(ad(P)e) — 5 dim(G)(x — 7).

where p;(ad(P)) is the first Pontryagin class of the adjoint bundle of P, y is the Euler
characteristic of X, and 7 is the signature of X.

2.3.4 Restricting to the Atiyah—Hitchin—Singer theorem

In the special case where G = SU(2) and X = S, the general Atiyah—Hitchin-Singer
theorem restricts to the Atiyah—Hitchin—Singer theorem. In particular, the moduli space
of instantons on a principal SU(2)-bundle P over S* has dimension 8k — 3, where k is
the Pontryagin indexr of P. Let’s unpack what the Pontryagin index is and how this
statement arises. Observe that

ch(ad(P)) = dim(SU(2)) + %pl(ad(P)R) = pi(ad(P)r) = 2(ch(ad(P)) — 3).

In [8], Atiyah, Hitchin, and Singer identify ad(P) with the second symmetric power bundle
S?E of some rank-2 complex vector bundle £. The Pontryagin index of P is k :=
—c3(F) and ¢;(E) = 0. They then state that ch(ad(P)) = ch(S?E) = ch(FE)? —ch(1). We

know

ch(F) =rank(E) 4+ ¢, (F) +

= rank(E) — c2(F)
=2+k

(c1(E)* = 2e5(E))

DO | —

Keeping terms to first order in k (really in the generator z of H*(S%)), ch(ad(P)) =
4k +4 — 1 =4k + 3. Thus,

pi(ad(P)g) = 2(4k + 3 — 3) = 8k.
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Therefore, by Theorem 2.3.2, the moduli space of instantons on a principal SU(2)-bundle

P over S* has dimension
pi(ad(P)g) — 3 = 8k — 3.

Note that we didn’t show that such instantons and moduli spaces exist. Section 7 of [§]
demonstrates their existence, called the t’Hooft solutions. However, the construction of
the t’Hooft solutions depends on 5k +4 parameters, which for £ > 2 is less than the 8k —3
parameters mentioned in the Atiyah—Hitchin—Singer theorem. Thus, the Atiyah—Hitchin—
Singer theorem suggests the existence of new SU(2)-instantons via deformations of the
t"Hooft solutions.
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