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Abstract

We investigate the geometric Berry phase interpretation of the intrinsic anomalous Hall
effect in a d-dimensional crystalline solid. It has three parts: (1) By the TKNN formula,
the contribution Ug) of the n-th band to the interband Hall conductivity is the integral
over the first Brillouin zone of frp(e(k))f (k), where fgp is the Fermi-Dirac distribution
and (™) can be interpreted as a local coordinate representation of the curvature of
a connection on a principal U(1)-bundle over the d-dimensional torus 7¢. (2) This
connection gives rise to a notion of parallel transport on the bundle which reflects the
physical time evolution of the system in the adiabatic limit. (3) In two dimensions at
low temperatures, it follows that UQ(EZ) is a universal constant multiplied by a geometric
phase acquired by the system when the wave vector traverses a loop in the Brillouin
zone. A classification theorem for connections on principal G-bundles in terms of their
pullbacks along local sections is proved, in order to be able to construct the connection
on the U(1)-bundle over 7. Finally, the Rashba model for ferromagnetism is discussed
to demonstrate the necessity of time reversal symmetry breaking and spin-orbit coupling
in the anomalous Hall effect.
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Chapter

Introduction

In 1879, American physicist Edwin Hall discovered that when a current-carrying conductor is placed in
a perpendicular magnetic field, its electrons are pressed to one side by the Lorentz force. This induces
a voltage perpendicular to both the charge current and the magnetic field, a phenomenon now known
as the Hall effect [1]. Tt can be summarized by saying that the material’s conductivity matrix o, which
measures the linear response to an applied electric field E of the current density j, is not diagonal when
B is nonzero. An elementary computation in the Drude model shows that if B = Bz, the inverse
conductivity p = o1 (also called the resistivity) satisfies

Pzy = E = RoB,
ne
with n the charge carrier density and Ry := 1/(ne) the Hall coefficient [2, Section 3.1.2]. Tt is difficult to
overstate the importance of the discovery of the Hall effect. To this day, efforts are being made by both
experimental and theoretical physicists to precisely characterize the effect in different materials and to
better understand the theory behind it. It has practical applications as well: Hall sensors use the effect
to measure magnetic field strengths and charge carrier densities, and are common in many industrial
and consumer devices.

Only one year after his initial discovery, Edwin Hall also stumbled upon what came to be known as the
anomalous Hall effect: in ferromagnetic materials, induced voltages can get up to ten times as large as in
non-magnetic conductors [3]. In addition, the linear relation between Hall resistivity p,, and magnetic
field strength B breaks down: pg, initially increases steeply with B, but the curve flattens out and
“saturates” after a while. It was quickly discovered that both observations can be accounted for by
factoring in the magnetization M, i.e. the density of magnetic dipole moments in the material. Around
1930, the empirical relation
Pxy = RoB + RsM

was established, with a second term representing the anomalous Hall contribution [4]. The precise
physical origin of this second term and the nature of Rs, the anomalous Hall coefficient, were studied
extensively for the next 70 years or so. Besides an intrinsic contribution depending only on the elec-
tronic band structure, two distinct disorder related microscopic scattering mechanisms were identified
as potential influencing factors: side jumps and skew-scattering. For a long time, it remained unclear
which should dominate [5].

The discussion shifted with the discovery of the integer quantum Hall effect in the ’80s: in a two-
dimensional conductor at low temperatures in the presence of a strong magnetic field, the Hall con-
ductivity o, is always (approximately) an integer multiple of the universal constant e?/h [6]. This



8 Introduction

1 o

Figure 1.1: In topology, a torus T2 is just a rectangle with opposite edges identified.

phenomenon turned out to have deep geometric and topological roots. To understand why, recall that
the potential energy function of an electron in a crystalline solid is periodic with the lattice A describing
the crystal structure. Bloch’s theorem then tells us that the eigenstates of the one-electron Hamiltonian
H take the form )
Y x(r) = ﬁe“"run,k(r)

with NV the number of unit cells making up the system and u, x a lattice periodic Bloch function. The
integer n is known as the band index, and the wave vector k can always be chosen within the first Brillouin
zone, a unit cell of the reciprocal lattice A*. For any k in the first Brillouin zone, the corresponding
Bloch functions u,, x are precisely the normalized eigenstates of the operator H (k) := e~ T HelkT acting
on the space of lattice periodic functions, so the wave vector can be interpreted as a sort of parameter of
the system. Opposite edges of the Brillouin zone can be identified, meaning that for a two-dimensional

conductor, the parameter space takes the shape of a torus 772.

Fixing n and assuming the Hamiltonian to be (sufficiently) nondegenerate, we thus have for each point k
on T2 a one-dimensional complex eigenspace of H(k), namely the one spanned by wu, k. The physically
relevant eigenstates are those of norm 1, giving us a copy of the circle U(1) := {z € C : |z] = 1}.
Gluing to the torus at each of its points the corresponding copy of U(1), we get what is known as a
principal U(1)-bundle over T?: a bundle of fibers, one for each point in T2, which are all circles. Locally,
it looks like the Cartesian product T2 x U(1), but globally, it might be “twisted” to some extent. A
lower-dimensional analog of this is the Mobius strip, shown in Figure 1.2, which is just the circle U(1)
with a line segment glued to every point. If we consider only the endpoints of each such line segment,
we get a principal Ca-bundle over U(1), because each fiber looks like the discrete group of two elements,
C5. Pick a point z in the fiber of 1 € U(1), then the loop t — exp(2mit), ¢t € [0,1] in U(1) has a unique
“lift” to the Mobius strip boundary which starts at . The endpoint of that lift is precisely the other
point in the fiber of 1, because the strip is twisted.

Something similar holds for our U(1)-bundle over the Brillouin zone: when you prepare an electron in
some state 1, x and have its wave vector k traverse a closed loop on the torus, the electron ends up in
the same copy of U(1) as it started in but perhaps not the same state; it might have acquired a nonzero

Figure 1.2: (Left) The Mdbius strip can be viewed as a circle U(1) with a line segment glued to every point.
(Right) The lift to the boundary of the Mébius strip starting at z of the loop t — exp(2mit) in U(1) has a different
endpoint.




phase. This phase shift is measured by the Berry connection on the bundle, which gives rise to notions
of parallel transport and path lifting. When “pulled back” along a local section of the bundle, which is
just a smooth choice of a phase for u, x for all k in some open subset of T2, this connection takes the
form of a vector valued function a(™ with components

(n) :—z/drunk 8k unk()

where the integral runs over a single unit cell of A. In general, a®) depends on the chosen section, but
F™ (k) = g,y (k) — 9, al™ (k)

does not, so f is a well-defined function on the whole T2. It is also the pullback along any section of the
curvature of the Berry connection, the so-called Berry curvature.

Now, Thouless et al. showed that when exactly M energy bands are filled, the Hall conductivity of a
two-dimensional conductor at zero temperature can be written as

Oy = hz dk f™ (k).

So, in words, 04, is a sum of integrals of local forms of the Berry curvature on principal U(1)-bundles
over the first Brillouin zone [7]. Algebraic topology dictates that any such integral must in fact be an
integer. Moreover, it is a topological invariant of the bundle, its so-called top Chern number, meaning
that slight perturbations of the Hamiltonian leave the conductivity invariant. This expression for oy,
was coined the TKNN formula, and it is applicable to the intrinsic anomalous Hall effect as well: the
two phenomena share the same topological roots.

The main purpose of this thesis is to explore this connection between topology and the anomalous Hall
effect. Most of what will be said can also be read elsewhere in the literature, but not in one place.
Texts which highlight the physical side of the story often leave out a lot of the mathematics, and vice
versa. This thesis is an attempt to gather in one place the essential ingredients — both physical and
mathematical — needed to understand the geometric interpretation of the intrinsic anomalous Hall effect,
and perhaps to provide a new viewpoint for some of them or fill in some gaps.

Chapter 2 starts with the discussion of Lie groups, of which the circle U(1) and the cyclic groups C,, are
examples. The reader is assumed to be familiar with basic concepts from differential geometry, including
but not limited to smooth manifolds, smooth maps, vector bundles, smooth flows, differential forms
and de Rham cohomology. Most prerequisite knowledge is covered in Leiden University’s Differentiable
Manifolds course and can be found in [8]; that which isn’t, is listed in Appendix A. In Chapter 3, we
move on to the definition of fiber bundles. Principal bundles, such as the U(1)-bundle over the first
Brillouin zone and the M&bius strip boundary discussed above, have some particularly nice properties
and deserve special attention. The theory of vector valued differential forms is developed in Chapter 4 and
immediately applied in Chapter 5, where we rigorously define connections and curvatures on principal
bundles and discuss a way to classify them by their pullbacks along smooth local sections. In Chapter 6,
we derive the TKNN formula along with the Kubo formula for conductivity that it is based on. For this,
we assume basic knowledge of quantum statistical mechanics and solid state physics; terms such such as
statistical ensembles, density operators, Bloch’s theorem and Brillouin zones should all sound at least
somewhat familiar. Some important concepts from second quantization that the derivation relies on are
listed in Appendix B. Finally, everything comes together in Chapter 7, where we examine the geometric
Berry phase interpretation of the TKNN formula and discuss its implications in the Rashba model for
ferromagnetism.
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Conventions

Listed here are some of the conventions that are used throughout this thesis, so as to prevent confusion
and make sure all symbols are interpreted the same way by both mathematicians and physicists.

e Inner products are denoted by (-|-) and are assumed to be conjugate linear in the first coordinate.
e The symbol := means “is by definition equal to”, whereas = means “is identically equal to”.

e Quantum mechanical operators such as observables and creation and annihilation operators are
given a hat (") to distinguish them from other symbols.

e The complex conjugate of a complex number z € C is written as z and the adjoint (also known as
Hermitian conjugate) of a linear operator A as A*.

e Whenever an index variable appears twice in an expression, once as a subscript and once as a
superscript, summation over that index is implied. This is known as the Finstein summation
convention.

e If pis a function from a set X to a (multiplicatively written) group G, we will often use the notation
p~ ! for the function X — G, z + p(z)~!. This should not be confused with the inverse function
of p, which of course only exists when p is bijective.

10



Chapter

Lie groups

In this chapter we introduce Lie groups, which stand at the basis of the geometric interpretation of
the TKNN formula. A Lie group is a topological group endowed with a smooth structure making the
multiplication and inversion into smooth maps. A Lie group G can be studied via its tangent bundle T'G
as any other smooth manifold, but T'G is special for multiple reasons. One such reason is that the tangent
space T.G to G at the identity element e has a natural Lie algebra structure. Furthermore, information
about the Lie algebra T.G can be transferred back to G using the canonically defined exponential map,
which is quite a powerful tool.

Smooth group actions of Lie groups on other manifolds are crucial in many of their applications, including
principal bundles, which will be discussed in Chapter 3. If a Lie group G acts smoothly on a manifold M,
the exponential map induces a mapping from the Lie algebra of G to the space X(M) of smooth vector
fields on M, known as the infinitesimal generator of the action. Infinitesimal generators will play a
crucial role in the treatment of connections on principal bundles in Chapter 5.

2.1 Lie groups and Lie algebras

We start with the main definitions.

Definition 2.1. A Lie group is a group G (usually written multiplicatively) that is also a smooth
manifold, with the property that the multiplication map G x G — G, (g,h) — gh and the inversion
map G — G, g — g~ ! are smooth.

Lie groups are examples of topological groups, i.e. groups with a topology with respect to which the
multiplication and inversion are continuous.

Example 2.2. The relevant Lie groups for us are the following; see [8, Example 7.3] for details.

(1) The general linear group GL(n,R) of invertible n x n matrices over R is an open submanifold of
the R-vector space M(n,R) of all n x n matrices over R, and an n?-dimensional Lie group under
matrix multiplication.

(2) Similarly, the complex general linear group GL(n,C) is an open submanifold of M(n,C) and a
2n2-dimensional Lie group under matrix multiplication.

(3) The circle U(1) == {z € C: |z| = 1} is a 1-dimensional Lie group under complex multiplication.
(4) Any countable group with the discrete topology is a 0-dimensional Lie group. A

The natural structure-preserving maps between Lie groups are the smooth group homomorphisms.

11



12 Lie groups

Definition 2.3. A Lie group homomorphism is a smooth group homomorphism between Lie groups.

Any element g € G of a Lie group G defines smooth left and right multiplication maps Ly: G — G,
h = ghand R;: G — G, h — hg. These are diffeomorphisms, their inverses are L,-1 and Rg-1. The
pushforwards d(L,),d(Ry): TG — TG provide a way to “translate” tangent spaces to G along g. Of
particular importance are those vector fields on G which are invariant under any such translation.

Definition 2.4. Let G be a Lie group. A smooth vector field X € X(G) is called left-invariant if it
satisfies d(Lg)n(Xn) = Xgp for all g,h € G. The Lie algebra of G, denoted Lie(G), is the set of all
smooth left-invariant vector fields on G.

The differential d(Ly)n of Ly at h is linear for all g, h € G, which implies that Lie(G) is a linear subspace
of X(@G). The following lemma shows that more is true. Recall that the Lie bracket of two smooth vector
fields X, Y € X(M) on a smooth manifold M is the vector field [X,Y] € X(M) defined by

(X, Y]f = X(Y ) = Y(Xf) € CF(M)

for any f e C(M).

Lemma 2.5. Let G be a Lie group and X,Y € X(G) two left-invariant vector fields, then their Lie
bracket [X,Y] € X(G) is also left-invariant.

See [8, Proposition 8.33] for a proof. It follows that Lie(G) is a (non-associative) algebra over R, since
the Lie bracket is bilinear. The following definition is inspired by its other properties.

Definition 2.6. A Lie algebra is a real vector space g together with a binary operation g x g — g,
(X,Y) — [X,Y] satisfying the following properties for all X,Y,Z € g:

(i) bilinearity: for any a,b € R,

[aX +bY, Z] = a[X, Z] + b]Y, Z],
[X,aY +0Z] = a|X,Y] + b[X, Z];

(ii) antisymmetry:
[Xv Y] = 7[Y7X];

(iii) the Jacobi identity:
(X, Y. Z]| + [V, [Z, X]| + [Z,[X, Y]] = 0.

Example 2.7. Let G be a Lie group, then Lie(G) is a Lie algebra under the Lie bracket. A
As a vector space, Lie(G) is nothing more than the tangent space to G at the identity element e € G.
Lemma 2.8. Let G be a Lie group, then the evaluation map

e: Lie(G) — T.G

X— X,

s a vector space isomorphism.

A proof can be found in [8, Theorem 8.37]. The result of Lemma 2.8 still holds if we replace e by an
arbitrary group element g € G; in fact, the composition of € and the isomorphism d(L). is the evaluation
map Lie(G) — T,G which sends X € Lie(G) to X,.

Example 2.9. Set U := U(1)\ {1} and define §: U — (—x,7) by ¢?(*) = 2 for all z € U, then (U, 6) is
a smooth chart for U(1). The corresponding coordinate vector d/dé |1 € T1U(1) induces a left-invariant

vector field d/df = e~ '(d/df|,) on U(1). It constitutes a basis for Lie(U(1)) and is equal to the
coordinate vector field on any angle coordinate chart for U(1). A

12



2.2 Lie group actions 13

An important consequence of Lemma 2.8 is that any Lie group G admits a smooth global frame of left-
invariant vector fields, which implies that the space X(G) of all smooth vector fields on G is generated
as a C°°(G)-module by Lie(G). We refer to [8, Corollary 8.39] for a proof.

Lemma 2.10. Let G be a Lie group and X € X(G) a smooth vector field on G, then X can be written
as a C*°(G)-linear combination of smooth left-invariant vector fields on G.

The relevant maps between Lie algebras are those which respect both the vector space structure and the
bracket operation.

Definition 2.11. A Lie algebra homomorphism is a linear map A: g — b between Lie algebras g and §
such that for all X, Y € g, we have A[X,Y] = [AX, AY].

If F: G — H is a Lie group homomorphism, then via the canonical identifications T,G = Lie(G) and
T.H = Lie(H) from Lemma 2.8, the differential dF, can be interpreted as a linear map Lie(G) — Lie(H).
The following lemma, proved in [8, Proposition 8.44], states that it is even a Lie group homomorphism.

Lemma 2.12. Let G and H be Lie groups and F': G — H a Lie group homomorphism. For any smooth
left-invariant vector field X € Lie(G), there exists a unique Y € Lie(H) such that dFy(X,) = Yp(g) for
all g € G. WritingY = F. X, the map Fy: Lie(G) — Lie(H) so defined is a Lie algebra homomorphism.

We call F the induced Lie algebra homomorphism.
Lemma 2.13. Let G, H and K be Lie groups.
(1) (idg)« is the identity on Lie(G).
(2) Let Fi: G — H and Fy: H — K be Lie group homomorphisms, then (Fy o Fy), = (Fa)x 0 (F1)s

Lemma 2.13 follows directly from the properties of the differential and can be summarized by saying
that the assignments G — Lie(G), F — F, define a covariant functor from the category of Lie groups to
the category of Lie algebras. As a consequence, if F': G — H is a Lie group isomorphism, the induced
map F,: Lie(G) — Lie(H) is an isomorphism of Lie algebras.

2.2 Lie group actions

Many important applications of Lie groups involve actions of Lie groups on other smooth manifolds.

Definition 2.14. Let M be a smooth manifold and G a Lie group. A smooth left action of G on M is
a left action in the group theoretical sense that is smooth as a map G x M — M. A smooth right action
of G on M is defined analogously.

Example 2.15. Let M be a smooth manifold, then a smooth global flow on M is the same as a smooth
left action of R on M, where R is considered as a Lie group under addition. A

A smooth manifold M together with a smooth left action 6: G x M — M of a Lie group G on M is
known as a left G-manifold. We have:

e for any g € G a smooth left multiplication map 6,: M — M, p — gp;
e for any p € M a smooth orbit map %) : G — M, g — gp.

For all g € G, the map 6, is a diffeomorphism with inverse 0,-1. Right G-manifolds and the corresponding
orbit and right multiplication maps are defined analogously.

Definition 2.16. Let M and N be left G-manifolds and F': M — N a smooth map. F is said to be
G-equivariant if for all p € M and g € G, we have F(gp) = gF(p). G-equivariant maps between right
G-manifolds are defined analogously.

13



14 Lie groups

An important example is the action of a Lie group G on itself by conjugation: the map
ad: G x G — G
(9,h) — ghg™"

defines a smooth left action of G on itself. For all g € G, ad, is a Lie group automorphism of G, which
means that it induces a Lie algebra isomorphism

Ad, = (ady).: Lie(G) — Lie(G)
X — e H(d(adg)e(Xe)), (2.1)
see Lemmas 2.12 and 2.13. The map
Ad: G — GL(Lie(@))
g— Ad,

thus defined is often referred to as the adjoint representation. It is in fact a representation of G in the
group theoretical sense, and a smooth one if we consider GL(Lie(G)) as an open submanifold of the
vector space Endr(Lie(G)) of all linear maps from Lie(G) to itself.

Lemma 2.17. Let G be a Lie group, then Ad: G — GL(Lie(G)) is a Lie group homomorphism.

Proof. Let g,h € G, then ady, = adg oady, so Adg, = Ady o Ady, by functoriality, i.e. Lemma 2.13. For
smoothness, we refer to [8, Proposition 20.24]. O

Ad being a Lie group homomorphism means that it, too, induces a Lie algebra homomorphism. Under
some canonical identifications, this map Ad,: Lie(G) — Lie(GL(Lie(G))) is essentially just the Lie
bracket.

Lemma 2.18. Let G be a Lie group, g € G and Daq,: Endr(Lie(G)) — Taq, Endgr(Lie(G)) the iso-
morphism from Lemma A.3, then for all X,Y € Lie(G),

(Dia, ©dAdg)(X,)Y = Ady([X,Y]) € Lie(G),
where we interpret Ad as a map G — Endg(Lie(Q)).
Proof. First, note that if g = e, the claim follows from [8, Proposition 20.25]. For the general case, observe

that Lemma 2.17 implies Ado Ly = Laqg, o Ad, where Laq, is the endomorphism of Endg(Lie(G)) which
sends any B to its composition Adg o B with Ad,. With Lemma A.3, we now find

(Dxa, ©dAdg)(Xy)Y = (Djg, 0 dAdg)(d(Lg)e(Xe))Y = (Djg, 0 d(Ad o Lg)e)(Xe)Y
= (Dgég od(Laa, 0 Ad)e)(Xe)Y = (Laq, o Dig' o dAd.)(X,)Y
= (Ad, o (D' 0 dAd,.)(X.))Y = Ad,([X,Y])
for any X,Y € Lie(G). O

Lie(G) Ad Lie(GL(Lie(G)).)‘ "

2| € 2 e

7,6 229 714 Endz (Lie(G)) — Endg(Lie(G))

2 d(Lg)e 2 d(LAdg)id ZhLAdg

1,6 1A, Taa, Endg (Lie(G)) <~ Endg(Lie(G))

14



2.8 The exponential map 15

The proof is summarized in the above commutative diagram, in which we have identified the tangent
spaces of GL(Lie(G)) and Endg (Lie(G)). The content of Proposition 20.25 in [8] is that the dotted arrow
sends X € Lie(G) to [X, -] = (Y — [X,Y]) € Endg(Lie(G)).

We now introduce some notation which will be useful later. Let M and N be smooth manifolds and 6
a smooth right action of a Lie group G on N. Let F': M — N and p: M — G be smooth maps and
let g € N, g € G, then we define

F-p=00(Fxp): M— N, pr— F(p)p(p),
F-g=040F: M — N, p— F(p)g, (2:2)
q-p=090p: M — N, pr—s qp(p).

With this notation, we get the following product rule for the differential.
Lemma 2.19. Let p € M, then

d(F - p)p = d(F - p(p))p + d(F(p) - p)p-

Proof. Define the injections j1: N — N x G, ¢ — (q,p(p)) and j2: G - N x G, g — (F(p),g) and
let 11: N x G — N, ma: N x G — G be the projections, then

d(F x p)p

(d(J1 0 T1) (F@p),p(p)) T (2 © T2) (F(),p(p))) © AF X p)p
d(jiomi o (F x p))p +d(j2 om0 (F X p))p
d(j1 0 F)p +d(j2 0 p)p

by Lemma A.1, so

d(F - p)p = dO(r(p),p(p)) © (d(j1 0 F)p +d(j2 0 p)p)
=d(foji1oF), +d(foj20p)p

=d(bpp) 0 F)p + d(e(F(p)) °p)p
=d(F - p(p))p + d(F(P) - p)p- O

2.3 The exponential map

By Lemma 2.8, the Lie algebra of the circle U(1) C C* is isomorphic as an R-vector space to the tangent
space T1U (1) at 1. Heuristically, T1U(1) is just a vertical line, i.e. a shifted copy of iR. The complex
exponential function C — C* maps iR to the circle, so it can be interpreted as a map Lie(U(1)) — U(1).
It provides a way to go from the Lie algebra, which is a “linear approximation” of U(1), back to U(1).

A similar map can be constructed for general Lie groups. The construction is based on the following
observation. For any s € R, is corresponds to sX € Lie(U(1)) with X = d/d# the angle coordinate
vector field from Example 2.9. The map 7s: R — U(1), t — €! is an integral curve of sX starting
at 1 € U(1), i.e. its velocity vector v/(t) € T, yU(1) at (t) is equal to sX|,) for all ¢ € R, and it
is maximal since it is defined on the whole real line. We know that such maximal integral curves are
unique, so is — vs(1) = €% gives us an alternative, intrinsic definition of the exponential map on iR.
This one we can generalize, provided that left-invariant vector fields on arbitrary Lie groups generate
large enough flows.

Lemma 2.20. Let G be a Lie group and X € Lie(G), then X generates a global flow.

A proof can be found in [8, Theorem 9.18]. Now, let G be a Lie group and denote the flow of any
left-invariant vector field X € Lie(G) by 6(x). Lemma 2.20 states that the domain of 6 xy is R x G for
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16 Lie groups

all X € Lie(G), so we can define the exponential map of G as

exp: Lie(G) — G
X — tgg;))(l) = Q(X)(l,e).

In words, exp sends X € Lie(G) to the value at 1 of the maximal integral curve 9&)) of X starting at e.
The exponential map has a number of useful properties, as the next lemma shows; see [8, Proposition
20.8] for a proof.

Lemma 2.21. Let G be a Lie group.
(1) The exponential map exp: Lie(G) — G is smooth.
(2) Let X € Lie(G) and s,t € R, then exp((s +t)X) = exp(sX) exp(tX).
(3) Let X € Lie(G), then exp(—X) = exp(X)~1.

(4) Let X € Lie(G) and n € Z, then exp(nX) = exp(X)™.

(5) Let X,Y € Lie(G) with [X,Y] =0, then exp(X +Y) = exp(X) exp(Y).

(6) The differential of exp at 0 is dexpy = eo Dy with ¢: Lie(G) — T.G and Dy: Lie(G) — Tp Lie(G)
the isomorphisms from Lemmas 2.8 and A.3, respectively. That is, d exp, is the identity under the
canonical identifications Ty Lie(G) = Lie(G) =2 T.G.

(7) Let X € Lie(G), then 0(x)(t,g) = gexp(tX) for allt € R and g € G.

Example 2.22.

(1) Under the identification of Lie(U(1)) with ¢{R (which maps d/dé to 7), the exponential map of U(1)
is just the complex exponential map.

(2) We know GL(n,R) is an open submanifold of M(n,R), so there are canonical R-vector space
isomorphisms Lie(GL(n,R)) = T, GL(n,R) = M(n,R). Under this identification, the exponential
map of GL(n,R) is the matrix exponential A s e? (see [8, Example 20.6]). A

2.4 Infinitesimal generators

Now let G be a Lie group and M a right G-manifold, and denote the right action by 8: M x G — M.
Following [8, pp. 525-527|, any element X € Lie(G) induces a map

Q(X): RxM-—M
(t,p) — pexp(tX)

via the exponential map of G, which is a smooth global flow on M by Lemma 2.21. Denoting by X
the infinitesimal generator of this flow, i.e. the smooth vector field on M whose value at p € M is the
velocity at ¢ = 0 of the curve 98())7 we obtain a map : Lie(G) — X(M) given by (X) = X. We can
characterize X in two different ways.

First of all, for any p € M and f € C*(M),

/ o [ d
X,7 = 08500 =68, (5 Fpesp(tX))

0

d
)=

by definition of X. Second, we have 0(1;() = 0®) oy with v := exp o ¢, where ¢: R — Lie(G) is defined
as ¢(t) == tX. Under the identification Ty Lie(G) = Lie(G), ¢/(0) corresponds to X, so by Lemma 2.21,

7'(0) = dexpy('(0)) = Xe.

16



2.4 Infinitesimal generators 17

We also know (0) = p, so
X, =051(0) = d(0%))(v/(0)) = d(0P)).(Xe). (2.3)

From this, it is easy to see that 6 is R-linear. In fact, more is true.
Proposition 2.23. The map §: Lie(G) — X(M) defined above is a Lie algebra homomorphism.

See [8, Theorem 20.15] for a proof. We call § the infinitesimal generator of 6 and for all X € Lie(G),
X is the fundamental vector field on M associated to X. The next example shows that, in some sense,
fundamental vector fields are a generalization of left-invariant vector fields on Lie groups.

Example 2.24. Suppose M = G and 0: G x G — G is just the group operation, so that #(9) = L4 and
0y = R, for any g € G. Let X € Lie(G), then

Xg = d(o(g))e(Xe) - d(Lg)e(Xe) = Xg

for any g € G since X is left-invariant, so X = X. In other words, the infinitesimal generator of 6 is just
the inclusion Lie(G) — X(G) in this case. A

We know from Lemma 2.8 that evaluation at any point g € G defines a vector space isomorphism
Lie(G) — T,G. The following lemma, adapted from [9, Corollary 27.16], generalizes this fact.

Lemma 2.25. Let p € M and suppose p has a trivial stabilizer, then the map Lie(G) — T,M, X X,
18 1njective.

Proof. Let X € Lie(G) with 0 = X, = d(0®).(X.), then the constant map v: R — M, t + p is
an integral curve of X starting at p. Since X is by definition the infinitesimal generator of the global
flow 0(xy on M, 98()) is too, so p = 98()) (t) = pexp(tX) and thus exp(tX) = e for all t € R. We know
t — exp(tX) is the maximal integral curve of X starting at e, so X, =0 and X = 0. O

Finally, it is worth noting that infinitesimal generators behave well under pushforwards of G-equivariant
maps.

Lemma 2.26. Let N be another smooth manifold, ¥: N x G — N a smooth right action of G on N and
¥: Lie(G) — X(N) the corresponding infinitesimal generator. If F: M — N is a smooth G-equivariant
map and X € Lie(G), then 0(X) and 9(X) are F-related. That is, dF,(0(X),) = 9(X)pp) for any
point p € M.

Proof. Let p € M, then
IF®) (g) = F(p)g = F(pg) = (F 0 0P)(g)

for any g € G by the G-equivariance of F, so 9(F(®)) = F 0 §P), Using (2.3), we find
Q(X)F(p) = d(ﬂ(F(p)))e(Xe) = de(d(H(p))e(Xe)) = de(Q(X)p)7

as required. O
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Chapter

Fiber bundles

This chapter kicks off the discussion of fiber bundles, which play a central role in the geometric inter-
pretation of the anomalous Hall effect. Heuristically, if M and F' are smooth manifolds, a fiber bundle
over M with typical fiber F' is a smooth manifold E obtained by gluing to M at every point x a copy FE,
of F', in such a way that F locally looks like the Cartesian product M x F. That is to say, we can cover M
with open sets U, and find for each « a diffeomorphism from UIGU& E, to U, x F which “preserves
the fibers”. Two such fiber-preserving local diffeomorphisms differ on any copy of F' by an element
of Diff (F'). If each of these elements is contained in a (finite-dimensional) Lie group G C Diff (F'), we say
that F is a G-bundle. Of particular importance are those G-bundles whose typical fiber F' is precisely G}
these so-called principal G-bundles are the main object of study in this chapter. Given a Lie group G and
a smooth manifold M, the principal G-bundles over M can be classified via so-called universal bundles.
This classification scheme has an intuitive physical interpretation in the context of the Hall effect, which
we will return to in Chapter 6. Finally, the fiber structure of a principal G-bundle gives rise to a notion
of wvertical tangent vectors, but there is no natural horizontal analog. This leads to the definition of a
connection, which will be discussed in Chapter 5.

3.1 Principal bundles

Definition 3.1. Let G be a Lie group. A principal G-bundle is a smooth surjection 7: P — M between
smooth manifolds P and M together with a smooth right action of G on P such that there exist an open
cover {Uy }aea of M and for every a € A a diffeomorphism ¢, : 771U, — U, x G with the properties:

(i) ¢4 is G-equivariant, where U, x G is considered as a right G-manifold under right multiplication
in the second coordinate;

(ii) 71 0 ¢po = m, with 71 : U, X G — U, the projection onto the first coordinate.

Such a pair (U,¢) of an open subset U C M and a G-equivariant fiber-preserving diffeomorphism
¢: 71U — U x G is known as a local trivialization for the bundle, and a collection {(Uy, ¢o)}aca of
local trivializations such that the U, cover M is a bundle atlas or G-atlas. We call P the total space of
the bundle, M its base space and 7 the projection. The projection of any principal G-bundle is a smooth
submersion.

Lemma 3.2. Let m: P — M be a principal G-bundle,! then 7 is a submersion.

1Strictly speaking, the right G-action on P is part of the data, but we will usually leave it implicit.
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20 Fiber bundles

Proof. Let p € P and choose a local trivialization (U, ¢) for = with 7(p) € U, then 7 o ¢ = 7 implies
dmp, = d(m1)gp) © dpp. We know know d¢, is an isomorphism since ¢ is a difeomorphism, and 7 is a
smooth submersion, which implies d(71)4(p) is surjective. It follows that dm,, is surjective, as required. [J

As a consequence, the fiber P, :== 7~ '{z} of 7 over any point € M is an embedded submanifold of P.
If (U, ¢) is a local trivialization for 7, then the requirement w1 0¢ = 7 essentially means that for all z € U,
the restriction ¢|p, of ¢ to P, is a diffeomorphism onto {z} x G = G. We can therefore think of the
total space P as the base space M with a copy of G glued to every point x, namely P,. In other words,
P is a “bundle of fibers”, one for each point in M and all diffeomorphic to G via local trivializations.
The G-equivariance of the local trivializations now implies the following, see also [9, Proposition 27.6].

Lemma 3.3. Let 7: P — M be a principal G-bundle. The right action of G on P is free, and transitive

on each fiber of .

Proof. Let p € P and choose a local trivialization (U, ¢) for = with z := 7(p) € U, then ¢(p) = («, g) for
some g € G. Let h € G and suppose ph = p, then

(z,9) = o(p) = ¢(ph) = d(p)h = (x,9)h = (2, gh)

since ¢ is G-equivariant, so ¢ = gh and h = e. To show that G acts transitively on the fibers, let ¢ be
any point in the fiber P, = 7=1{x} of 7 over x, so that ¢(q) = (z,h) for some h € G. It follows that

pg th=¢""(2,9)9g 'h=¢"(2,h) =q,

which proves the claim. O

The simplest example of a principal G-bundle over a smooth manifold M is the projection 7: M xG — M.

Example 3.4. Let M be a smooth manifold and G a Lie group, then the projection 7: P .= M xG — M
onto the first coordinate together with the smooth right action of G on P given by right multiplication
in the second coordinate is a principal G-bundle. The pair (M,idp) is a global trivialization for 7. A

One could say that the definition of a principal G-bundle was conjured up precisely to describe spaces
that look like the Cartesian product M x G locally, but have some sort of twist globally. This is re-
flected in the concept of transition functions. Let m: P — M be a principal GG-bundle, choose a bundle
atlas {(Ua, ¢a)}taca and let o, 8 € A. For any « € U, N Ug, there exists pog(x) € G such that the
composition

gbaoqﬁgl: (UaﬂUg) x G — (UaﬂUg) x G

maps (z,e) to (z, pas(x)), since
m1((¢a 0 5" )(@,¢)) = (o ¢y )(x,e) = m(a,e) = x.

We also know ¢, o ¢El is G-equivariant, so

(60 b5 )(x,9) = (9o 065" )(w,€)g = (x,pas())g = («, pas(2)g) (3.1)

for all g € G. The maps pap: Uy N Ug — G thus defined are known as the transition functions of the
bundle relative to the chosen bundle atlas, and it is straightforward to show that they are smooth.

Lemma 3.5. Let w: P — M be a principal G-bundle, then the transition functions relative to any bundle
atlas are smooth.

Proof. Let {(Uq, $a)}aca be a G-atlas for m and denote the corresponding transition functions by pags.
Let o, 8 € A, then by definition, p,gs is the composition of the map U, NUz — (U, NUp) x G sending x
to (z,€e), ¢g 0 qi),gl and the projection (U, NUg) x G — G onto the second coordinate. All three of these
are smooth, so p,g is too. O
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3.1 Principal bundles 21

They also satisfy the following important property: for all o, 3,7 € A and x € U, NUg N U, we have

(@, Pary () = (¢a © 71 (2,€) = (Pa 0 05" 0 G50 07" )(;€)
= (¢a © 05" )(x, p8(2)) = (2, pas(2) pgy (7))

by Equation (3.1), so
pars (&) = pap(@)psn (). (3.2)
This is known as the cocycle condition. The following properties are immediate consequences of it.

Lemma 3.6. Let m: P — M be a principal G-bundle, then the transition functions pag of m relative to
a bundle atlas {(Uy, da)taca satisfy the following properties for all o, € A and x € U, NUg:

(i) paa(z) =¢;
(ii) paﬁ(lﬂ ::pﬁa($)71'
The transition functions png describe how the locally trivial pieces U, X G glue together to form the

total space P of the bundle. As the next example illustrates, that means they often indicate the extent
to which the bundle is twisted.

Example 3.7. Let k € Z>; and denote by Cy, = (g) the cyclic group of order k. Define ¢ = e™/* € C*,
then the right action of Cy, on the circle S C C* given by z - ¢ = 2¢? is smooth. With it, the k-sheeted
covering 7: S — S', z — 2* of S! is a principal Cj-bundle. A bundle atlas can be constructed as
follows. Write U := S1\ {1} and V := S'\ {—1}, then U NV = S\ {#£1} is the disjoint union of W,
and W_, where Wy = {z € S* : £Im(z) > 0}. Set W; == {2™U+)/k . ¢ € (0,1)} for all j € Z, then
W; =W,y for all j € Z and

k—1 k—1
~u=w, «'v=Jw;
j=0

Jj=0

Note that the restrictions 7|y, are all diffeomorphisms onto U. If ¢y 71U = U x C}, is defined on W
by ¢u(z) = (m(2),97), it follows that (U, ¢yy) is a local trivialization for m. Similarly, there is a local
trivialization (V, ¢y ) with ¢y defined on (W; by ¢y (z) = (7(z2),¢’); together, these two constitute a
bundle atlas for 7. It is straightforward to check that the composition ¢y 0¢>‘71 is given for all w € UNV
and g7 € Cy by

(w,g-g7) ifweW,

(w,e-g7) ifweW._,

so the transition function pyy is g on W, and e on W_. See Figure 3.1 for an illustration. A

1Wo

oy (W)

ou(Wy) p
ou(Wa)

Figure 3.1: Illustration of the bundle atlas for the 2-sheeted covering S* — S, z — 22, as constructed in
Example 3.7. The open subsets U and V of S* have been drawn slightly smaller for clarity.
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22 Fiber bundles

One useful property of principal bundles is that the right G-action induces a natural one-to-one corre-
spondence between local trivializations and local sections of the bundle.

Definition 3.8. Let w: P — M be a principal G-bundle and U C M an open subset. A smooth local
section of m over U is a smooth map o: U — 71U such that 7 o 0 = idy.

Lemma 3.9. Let m: P — M be a principal G-bundle and U C M an open subset. There is a natural

one-to-one correspondence between smooth local sections and local trivializations of m over U.

Proof. Given a smooth local section o: U — 771U, we define a map
Vo: UxG— U
(z,9) — o(z)g.

This is clearly a G-equivariant diffeomorphism. Conversely, given a diffeomorphism : U x G — 7~ U
which respects the G-action, we can define a local section

op: U — U
x — Y(x,e).
These two operations are inverses of each other; details are left to the reader. O
This proof is based on [10, Proposition 1.1.6]. Given a local trivialization of a principal bundle, we will
often speak of the associated or corresponding local section, and vice versa.
The structure-preserving maps between principal G-bundles are defined as follows.

Definition 3.10. Let 71: P — M and m: Py — Ms be principal G-bundles. A smooth map F': P; —
P; is a principal G-bundle morphism if it is G-equivariant and there exists a smooth map f: M; — M
such that mp 0 F' = fom;. We say F covers f, and call F

(i) a principal G-bundle isomorphism if F is a diffeomorphism, and

(ii) a principal G-bundle morphism over M if M = My = My and f = id,.

P -t p p-Lsp
o [ A

T2
M, — M

Note that the map f covered by F' is uniquely determined by F'. If F' is a principal G-bundle morphism
over a smooth manifold M, it is automatically an isomorphism.

Lemma 3.11. Let m: Py — M and wo: Py — M be principal G-bundles and F: Py — P, a principal
G-bundle morphism over M, then F is a diffeomorphism.

Proof. Let p € Py, set © := m;(p) and choose an open neighborhood U C M of z admitting local
trivializations ¢ : 7r1_1U — U x G and ¢s: ’iTz_lU — U x G. Note that this is always possible, since there
exist such neighborhoods for both bundles separately and we can take U to be their intersection.

Note that m2(F(q)) = m1(q) € U for any q € 771_1U since mo 0 F' = 71 by definition of a principal G-bundle
morphism over M, so F' restricts to a map 7r1_1U — 7r2_1U. Hence, F = ¢o0F o qbl_lz UxG—-UxG
is smooth, and so too is the map p: U — G defined by p(z) = 7o (F(z,€)), with 7q: U x G — G
the projection. Now, note that mo o F' = 7 implies 7y o F = my with 7y : U x G — U the other
projection, so F(w,e) = (x,p(x)) for all z € U. We also know F is G-equivariant as a composition of
G-equivariant maps, so F(z,g) = (z, p(x)g) for any z € U, g € G. Tt follows that F' is bijective with
inverse (z,g) +— (x,p(z)"tg), which is smooth by the smoothness of p, so F is a diffeomorphism. It
follows that ¢>§1 oFo ¢1 = F|.—1y is a diffeomorphism too, and we are done. O
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3.2 Pullback bundles 23

3.2 Pullback bundles

An important way to generate new principal G-bundles out of old ones, along with principal G-bundle
morphisms between them, is through the following construction. Let 7: P — N be a principal G-bundle,
M a smooth manifold and F': M — N a smooth map, then we define the pullback of P by F' as

F*P:={(z,p) e M x P: F(z) =n(p)} = |J {2} x m " {F(x)} C M x P. (3.3)
xeM

It is the inverse image of
Av ={(y,y) :ye N} S NxN

under the smooth map F ' x w: M x P — N x N. The diagonal Ay is just the graph of the identity idy
and thus an embedded submanifold of N x N. Together with the next lemma, this implies that F*P is
an embedded submanifold of M x P.

Lemma 3.12. For any x € M and p € P such that y = F(x) = 7(p) € N,
d(E X 7) @) (T(ap) (M X P)) + Ay, (Tly,) AN) = Ty ) (N X N,

where j: Ay < N X N is the inclusion.

Proof. Define inclusions ji: N < N x N, ¢y — (v/,y) and jo .= N — N xX N, ¢ — (y,y’) and set
T; = d(j;)y(T,N) for i € {1,2}, then T}, ,,)(N x N) =Ty © Ty by Theorem A.2. By that same theorem,

Ty = kerd(my)(y,,) and Tp = kerd(my)(y,,) With m;: N x N — N the projections.

Define i: P — M x P, p’ + (z,p) and let v € T, P, then

A(F X 7)(2.p) (dip(v)) = A((F x m) 0 i)p(v) = d(ja 0 m)p(v) = d(j2)y(dmp(v)).
By Lemma 3.2, 7 is a submersion, so dm,(T,P) = T, N and T5 C d(F' X 7)(q,p)(T(z,p) (M x M)).

Now, let v € djy,,) (Tiy)An) with v € Ty = kerd(m;)(y,,), then also v € kerd(ma),,) = T1 since
7y 0j =my0j. We know Ty and T intersect trivially, so v = 0 and T5 N dj(y.y)(T(y,,)An) = {0}. Both
these subspaces of T(, ,y(N x V) have dimension dim IV, so together, they span the whole tangent space
and we are done. O

Lemma 3.12 can be summarized by saying that the smooth map F' x 7 is transverse to the diagonal Ay, so
that F*P = (F x 7)"!Ay is an embedded submanifold of M x P by [8, Theorem 6.30]. Equation (3.3)
shows that it is a disjoint union of fibers of 7 and of course, each such fiber is diffeomorphic to G.
Therefore, the following result is perhaps not entirely unexpected.

Proposition 3.13. The projection w1: F*P — M onto the first coordinate together with the right action
of G on F* P given by right multiplication in the second coordinate is a principal G-bundle, and the second
projection mo: F*P — P is a principal G-bundle morphism covering F'.

Proof. Tt is clear that 7 is a smooth surjection, so it remains to prove the existence of a G-atlas. To this
end, let {(Va,%a)}aca be a G-atlas for 7 and set U, := F~1V,, for all a € A, then {U,}neca is an open
cover of M. Write g, = Tgoa: 7 'V, = G for all a € A, with mg: V,, x G — G the projection. Note
that 7(p) = F(z) € V,, for all (z,p) € 7 ‘U, since x = my(z,p) € Uy = F~ 'V, 50 7] Uy C Uy x 71V,
It follows that we can define a map

bo: 7 Uy — Uy x G
(z,p) — (2, 9a(p)),
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24 Fiber bundles

which is smooth since g, is smooth. We know g, is G-equivariant, so ¢, is G-equivariant too, by
definition of the G-action on F*P. It also clearly preserves the fibers and it has a smooth inverse

Uy X G — 77 U,
(,9) — (2,9, (F(2),9)),

$0 {(Uqa, ®4)} is a bundle atlas and 7 is a principal G-bundle. The projection s is G-equivariant by
definition of the G-action on F* P and it covers F' by definition of the space F* P, so the second claim is
immediate. O

F*p -5 P
Jﬂ'l Jﬂ'
MLt N
The above diagram shows an overview of the situation. Denoting the transition functions of 7 relative

to the bundle atlas {(Vi, ¥a)}taca by pags, it is easy to see that the transition functions of 7 relative to
the induced bundle atlas {(U,, ¢4 )} are precisely the compositions p,s o F.

3.3 The tautological bundle

Using the pullback construction, the principal G-bundles over any smooth manifold M can be classified
in a natural way. For G = U(1), this classification scheme will prove particularly useful in the context
of the anomalous Hall effect later on in Chapter 7.

For any C-vector space V, the complex projective space P(V') is defined as the quotient of V'\ {0} by the
equivalence relation ~ defined by

z ~w <= there exists A € C* such that z = \w.

The equivalence class of any point z € V' \ {0} is denoted by [z], and can be identified with the 1-
dimensional (complex) subspace of V spanned by z. Now let n € Z>( and set H := C"*'. Supply H
with the Euclidean norm || - ||, then P(#) with the quotient topology and the unit sphere

S={zeH:|z|=1}

in H with the subspace topology are compact topological manifolds of dimension 2n + 1 and 2n, respec-
tively. Additionally, they admit smooth structures with respect to which the inclusion j: S — H is a
smooth embedding and the quotient map ¢: H \ {0} — P(H) a smooth submersion. For details, we refer
to [8, Example 5.15, Exercise 1-9, Exercise 4-5]. It follows that the composition

Yo =qoj: S — P(H)
is smooth, and it is clearly surjective. Note that for any z € S, the fiber 7= {[2]} of 7 is diffeomorphic

to the circle U(1) since the elements of S being mapped to [z] are precisely those of the form Az for
some A € U(1), so one might suspect that we are dealing with a principal U(1)-bundle here.

Proposition 3.14. The map v,: S — P(H) together with the right action of U(1) on S by scalar
multiplication is a principal U(1)-bundle.

Proof. Let eq,...,e, be the standard basis for H and set Vi := Sp{eq,...,ék,...,e,} forall 0 < k <n,
where the hat denotes that we omit that particular basis vector. Define Uy, := P(H) \ P(V%), then

Uy ={2€H: 2] ¢PVi)}={2€H:2¢ Vi) =H\ Vi
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3.3 The tautological bundle 25

since V}, is a linear subspace of H. We know V}, is closed in H since it is finite-dimensional, so ¢~'Uj, is
open in H and Uy, open in P(H). Clearly, the Uy cover P(H): for any z = (2°,...,2") € H \ {0}, there
is a k with 2% # 0, which implies z ¢ V} and thus [z] € U.

Now let 0 < k < n, then
iUy ={2€8:2¢ i} ={z€8:2F#0},

so we can define maps
Ok Yo Uk — Up x U(1) Ui Uy x U(1) — v, ' U
P |22
s (1 ). (1) %) s 12
( 2% 2 ||zl

Note that the definition of 1, does not depend on the choice of representative. Both maps are smooth
and by a straightforward calculation, they are inverses of each other, so ¢, = 1/),;1 is a diffeomorphism.
Clearly, 71 0 ¢, = v, with 71: Uy x U(1) — Uy, the projection since ¢y is just 4, : z — [2] in the first
coordinate. Also,

E10) P
AN)=1{[2A, 5+ | = — A = A
o) ([Z ) |zw> (M’ [2*] > o)
for all z € v, U and A\ € U(1), so (Uy, ¢x) is a local trivialization for v, and we are done. O

We call v, the tautological bundle over P(H). It has a special universal property that allows us to classify
the principal U(1)-bundles over any sufficiently low-dimensional manifold, see [10, Theorem 3.4.10] and
[10, Theorem 3.6.7] for a proof. By an isomorphism class of principal U(1)-bundles over a smooth
manifold M, we mean an equivalence class under the equivalence relation on the set of all principal
U(1)-bundles defined by isomorphism over M. That is, two bundles belong to the same class if and only
if there exists a principal G-bundle (iso)morphism between them which covers id ;.

Theorem 3.15. Let M be a smooth manifold of dimension m < 2n, then the assignment F — F*S
induces a bijection from the set of homotopy classes of smooth maps M — P(H) to the set of isomorphism
classes of principal U(1)-bundles over M.

But what if we want to construct a bundle over a smooth manifold M using a map F from M to
the projectivization P(H) of an infinite-dimensional Hilbert space H, instead? Does there also exist a
tautological bundle in this case, which we can pull back along F'? This question opens the door to the
realm of topological and smooth manifolds modeled not on R™, but on general Banach spaces. There
still exists a notion of differentiability for maps between such spaces, which allows for the generalization
of a large portion of the theory of finite-dimensional manifolds to this more general setting; see for
instance [11]. However, we will not attempt to do that here. In order to still be able to make sense of
bundles over infinite-dimensional projective spaces, we take a different approach.

The definition of a principal bundle we gave in Section 3.1 can be generalized to arbitrary topological
spaces. By replacing every occurrence of

e “Lie group” with “topological group”,

e “smooth manifold” with “topological space”,
e “smooth” with “continuous” and

e “diffeomorphism” with “homeomorphism”

in the definitions in Section 3.1, one obtains the definitions for topological principal G-bundles and
topological principal G-bundle morphisms. Most of what we have discussed in this chapter so far has a
topological analog. In particular, a topological principal G-bundle 7w: P — N can be pulled back along
a continuous map F': M — N to obtain a topological principal G-bundle over M in exactly the same
way as for the smooth category, as was outlined in Section 3.2.
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Now, the crucial fact is that for any smooth manifold M and Lie group G, the topological and smooth
principal G-bundles over M turn out to be essentially the same thing, up to isomorphism.

Theorem 3.16. Let M be a smooth manifold and G a Lie group. Forgetting about the smooth structure
defines a bijection from the set of isomorphism classes of (smooth) principal G-bundles over M to the
set of isomorphism classes of topological principal G-bundles over M.

The interested reader may consult [10, Theorem 3.6.6] for a proof. Again, by isomorphism classes we
mean isomorphism classes over M.

Theorem 3.16 states that for any topological principal G-bundle 71 : P, — M over a smooth manifold M,
there exist a smooth principal G-bundle 7m3: P, — M and a G-equivariant homeomorphism F': P, — P,
with m o F = m;. Via F| we can supply P, with a smooth structure with respect to which m; is
also a smooth principal G-bundle. Therefore, in order to be able to construct smooth bundles over M
using continuous maps from M to the infinite-dimensional projective Hilbert space P(H), all we need
now is a topological bundle over P(#). This bundle is constructed in much the same way as in the
finite-dimensional case. Provide the unit sphere

S={zeH |z =1}

in H with the subspace topology and P(H) with the quotient topology, then the inclusion j: S «— H and
the quotient map ¢: H \ {0} — P(H) are continuous, so their composition

vyi=qoj: S — P(H)

is too. We have now the following infinite-dimensional version of Proposition 3.14.

Proposition 3.17. The map v: S — P(H) together with the right action of U(1) on S by scalar multi-
plication is a topological principal U(1)-bundle.

Proof. The proof is virtually identical to that of Proposition 3.14. Choose an orthonormal basis {ej }rer
for H and for any k € I, let Vi = Sp{e; : £ # k} be the closed linear span of all basis vectors except
the k-th. It follows that Uy := P(H) \ P(V%) is open for all k£ € I, and the Uy, clearly cover P(H). For
any k € I, we have continuous maps

bp: vy UL — U, x U(1) Yp: Up x U(1) — v 1U
(ex]2) [(exl2)] 2
i ([Z]’ |<ek|z>|> ELY = e T

which can be shown to be inverses of each other, so ¢ = 1/),;1 is a homeomorphism. It is also clearly
U(1)-equivariant and fiber-preserving, so (U, ¢r) is a local trivialization. O

Again, we call v the tautological bundle over P(H), but it is important to keep in mind that it is only a
topological one.

3.4 The vertical subbundle

At this point, one might wonder why we need smooth structures on our bundles in the first place. One
important reason is that we want to be able to look at their tangent bundles and define certain objects
on them. These objects will be the focal point of Chapters 4 and 5, and we kick off the discussion here.

If 7: P — M is any (smooth) principal G-bundle, there is a well-defined notion of “verticality” on the
tangent spaces of P.
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3.4 The vertical subbundle 27

T,M

Figure 3.2: Illustration of Lemma 3.19 for the trivial U(1)-bundle 7: T? = S* x U(1) — S*. The vertical
tangent space V, to P at a point p € P is equal to the tangent space at p to the fiber P, = 7'('71{1'}, where

x = m(p).

Definition 3.18. For all p € P, the vertical tangent subspace of T), P is defined as V), := kerdm, C T}, P.

The union V := UpeP Vp = kerdr is known as the vertical subbundle of TP.

Vp can be shown to vary smoothly with p. More precisely, V is a so-called smooth subbundle of the
tangent bundle TP of P since 7 has constant rank by Lemma 3.2; see [8, Theorem 10.34] for details.
The vertical tangent subspaces have an intuitive geometric interpretation.

Lemma 3.19. Let p € P and set x == 7(p). Let P, = n~{x} be the fiber of ™ containing p and
i: Py < P the inclusion, then V), = di, (T, Py).

Proof. Let w € T,P,, then dmp(di,(w)) = d(7 0 4),(w) = 0 since 7 o i is the constant map ¢ — x, so
di,(w) € kerdm, =V, and di,(T,P;) C V.

Now, note that we have a short exact sequence of finite-dimensional vector spaces

00—V, = T,P T8 T, M — 0
where the surjectivity of dm, follows from Lemma 3.2, so comparing dimensions gives
dimV, =dim7T,P —dim T, M = dim P — dim M = dimG.
Since P, is diffeomorphic to G, it follows that di, (T}, P) also has dimension dim G, so V), = di, (T, P,). O

In words, V,, is just the subspace of T}, P consisting of those vectors which are tangent to the fiber P,
of 7 containing p, as illustrated in Figure 3.2. Since any local trivialization of 7 around p induces a
diffeomorphism between P, and the Lie group G, Lemma 2.8 implies Lie(G) = V), as vector spaces. As it
turns out, there is a canonical identification of Lie(G) and V,,, independent of the chosen trivialization.
It is given by the infinitesimal generator §: Lie(G) — X(P), X — X of the right action 6 of G on P, see
also [9, Proposition 27.18].

Lemma 3.20. Let p € P, then the linear map n,: Lie(G) — T,P, X — X, is an isomorphism onto V.

Proof. Note that 1, = d(0()), o e by Equation (2.3), with e: Lie(G) — T.G the isomorphism from
Lemma 2.8. It follows that
dmy(X,) = d(mo 0% (X) =0

for any X € Lie(G) since 7 o ) is the constant map g — 7(pg) = 7(p), so X, € kerdm, = V). Also,

d(#®), is injective by Lemma 2.25 since G acts freely on P. Finally, note that Vp and Lie(G) = T.G
both have dimension dim G' by Lemma 3.19, so we are done. O
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28 Fiber bundles

Lemma 3.20 essentially says that the vertical tangent subspace consists precisely of the fundamental
vectors in T, P associated to elements of the Lie algebra Lie(G).

The important thing to realize at this point is that in general, there is no canonically defined “horizontal”
counterpart of the vertical subbundle V' C T'P. This is because 7 is inherently asymmetric: if (U, ¢) is
a local trivialization for 7, then on 77U = U x G, the bundle map 7 is just the projection on the first
coordinate. In general, though, there is no analogous global projection on the second coordinate. This
asymmetry gives rise to the notion of a connection on m, which is essentially just a smooth choice of a
complementary subspace H), of V}, in T,, P for all p € P. Giving such a subspace H, amounts to choosing
a projection T),P — V,, with kernel Hy,, which we can interpret as a linear map T, P — Lie(G) through
Lemma 3.20. We would therefore like to be able to talk about connections on the principal bundle 7 as
differential forms on P taking values in the vector space Lie(G) instead of R.
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Chapter

Lie algebra valued forms

The main subject of this chapter is the theory of vector valued differential forms. If M is a smooth
manifold and V' a finite-dimensional R-vector space, then a V-valued k-form w on M is an assignment of
an alternating multilinear map wy, : (T]DM)’C — V toevery point p € M. Ifey,..., e, isabasis for V, w can
also be interpreted as an n-tuple of ordinary R-valued differential forms of degree k on M, which allows
us to generalize the wedge product, exterior derivative and pullback operations. The case V = Lie(G)
will be particularly important for the discussion of connections and curvature on principal bundles in
Chapter 5. The Maurer-Cartan form is a distinguished Lie(G)-valued one-form w¢g on the Lie group G
itself with many useful properties. Pulling wg back along a smooth map p: M — G yields a Lie(G)-
valued one-form on M which we call the logarithmic derivative of p, because it generalizes the logarithmic
derivative of real-valued functions.

4.1 Vector valued forms

In this section and the next, we largely follow [9, §21]. Let T, V., W and Z be arbitrary finite-dimensional
vector spaces over R and write

AR(T, V) = {f: T" = V : f is multilinear and alternating}

for all k € Z>1, then A (T, V) has a natural R-vector space structure with addition and scalar multipli-
cation defined pointwise. Taking Ay (7T, V') to just be V by convention (any map taking 0 arguments is
automatically multilinear and alternating), the universal mapping property of the exterior power induces
an isomorphism

Ax(T, V) 2 Homg ( AT, v)

for all k € Z>. Since all spaces are finite-dimensional, standard linear algebra also gives us identifications

HomR(/\kT,V) ~ (/\kT) DV (/\kT) V.

In particular, if V = R, this yields an identification of /\k T* with the space of alternating multilinear
forms T% — R.

Now, recall that a differential form w € QF(M) of degree k > 0 on a smooth manifold M is a section of
the vector bundle /\k T*M over M. The fiber at p € M of this bundle is the k-th exterior power /\]C oM
of the cotangent space T}y M, so we can interpret wy, as an alternating multilinear form (T,M )* — R by
the above discussion. More generally, we have the following.
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30 Lie algebra valued forms

Definition 4.1. Let M be a smooth manifold and k € Z>q. A V-valued k-form on M is a section of
the tensor product bundle (A*T*M) @ (M x V) over M.

If w is a V-valued k-form on M, then for any p € M, we can view wy, € (/\k T;M) ® V as an alternating
multilinear map (7, M )¥ — V. Choose a basis ey, ..., e, for V, then for any p € M, it follows that there

exist unique multilinear forms wil,, cowy s (T,M )¥ — R such that

wp(v1,...,0) = w;(vl, e, V)€

for all vy,...,v; € T, M, where we have adopted the Einstein summation convention. The multilinear
forms w; define (R-valued) k-forms w',...,w™ on M satisfying w = w’ ® e;, which is also often written
without the tensor product sign as w = w’e;. We say w is smooth if w® is smooth for all i. It is easy
to see that this definition is independent of the chosen basis: if fi,..., f, is another basis for V' and
w'e; = 17 f;, then the w® are smooth if and only if the 7/ are since there exist cj-, d! € R such that

o fi= c§ei for all j and thus w? = njc;'- for all 4, and
o ¢; = d!f; for all i and thus 7/ = w'd! for all 5.
We denote the space of smooth V-valued k-forms on M by QF(M, V).

There is another useful characterization of smoothness of vector valued forms, for which we first need
to introduce some notation. Let w be a V-valued k-form on a smooth manifold M, then for any vector
fields X, ..., Xy on M, we define
wXy,.. X)) M —V
pr— wp(Xal,, - Xil,)-

In terms of a basis eq, ..., e, for V, we can write w = w'e; for k-forms w?', ..., w™ on M, so that
wW(X1,. . Xp) =w'(X1, ..., Xp)es. (4.1)
Now, recall that in the case V = R, w is smooth if and only if w(X;,..., X)) is smooth for all smooth

vector fields X7, ..., Xy € X(M); see for instance [8, Proposition 12.19]. It follows that w induces a map
X(M)F — C=(M)
(Xl,...,Xk) — w(Xl,...,Xk)
which can be shown to be linear over C°°(M). Something similar holds for the general case.
Lemma 4.2. Let M be a smooth manifold and w a V -valued k-form on M, then w is smooth if and only
if w(Xy,...,Xg) is smooth for all Xy,..., Xy € X(M).
Proof. Choose a basis e1,...,e, for V, then w = w'e; for some k-forms w!,...,w"™ on M, so by (4.1),
W(X1,. .., Xg) = w'(Xq,..., Xg)e; for all Xyq,..., Xy € X(M). It follows that
w is smooth <= w' is smooth for all i
— W(Xy,...,Xg) € C®(M) for all i and Xi,..., Xy € X(M)
= w(Xy,...,Xg) € C®(M,V) for all Xy,..., X € X(M). O

Thus, any smooth V-valued k-form w € QF(M, V) induces a mapping X(M)*¥ — C>(M, V), which can
again be shown to be C*°(M)-linear.

4.2 Fundamental operations

Now, there are three operations on R-valued differential forms which can be extended in a natural way
to vector valued forms: the wedge product, the exterior derivative and the pullback along a smooth map.
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4.2 Fundamental operations 31

The wedge product. Let u: VW — Z be a bilinear map. The product of two alternating multilinear
maps w € Ag(T,V) and n € Ap(T, W) is then defined as

plw,n): T — 7

1
(01, Vo) —> D (380 0) @y, - s Vo) MVo(k1)s - - Vo(kss))-
T 0€Skte

Clearly, p(w,n) is multilinear and alternating, so we have a map

AR(T,V) % AT, W) — Apyo(T. Z)
(w,n) — p(w,n).
If M is a smooth manifold, w a V-valued k-form on M and n a W-valued ¢-form, then their product is

the Z-valued (k + ¢)-form p(w,n) on M defined as pu(w,n), = p(wp,np) for all p € M. The following
lemma, proved in [9, Proposition 21.1], gives an alternative characterization of this product.

Lemma 4.3. Let M be a smooth manifold and p: VX W — Z a bilinear map. Let e1,...,e, € V and
fi, ooy fn € W be vectors, w',...,w" forms of degree k on M and n',...,n™ forms of degree ¢, then

p(wei, ' f;) = (W' An?)ules, f;).

In particular, this shows that p(w,n) is smooth whenever w and 7 are smooth forms, so the product
defines a pairing
QF (M, V) x QYM, W) — QF(M, Z)
(w,n) — p(w,n).

Example 4.4. Let M be a smooth manifold.

(1) ¥V =W = Z = R and p is the multiplication on R, the corresponding product is the regular
wedge product of R-valued differential forms on M.

(2) f V. = Homg(W, Z) and p is the evaluation map (L,y) — Ly, then the product of a V-valued
O0-form F: M — V and a W-valued k-form w on M is just the “pointwise composition”, i.e.
(Fw)p, = F(p)owy for all pe M.

(3) If V = W is a finite-dimensional vector space over C considered as an R-vector space through
restriction of scalars, then any Hermitian inner product (- |-) on V is an R-bilinear map V' xV — C.
The product of V-valued forms w and 7 on a smooth manifold M with respect to this bilinear map
is written as (w|n). A

The exterior derivative. Let M be a smooth manifold and eq,...,e, a basis for V, then we define

d: QF(M, V) — Q1 (M, V)

wie; — (dw')e;

for all k € Z>¢. If fi,..., f, is another basis for V' and wie; = njfj, then there exist c§ € R such that
fi= c;'-ei for all j, so w® = n’ cﬁ- and thus dw? = (dn’ )c; for all 7 by the linearity of the exterior derivative
on R-valued forms on M. We conclude that (dw’)e; = (dn’)cie; = (dn’)f;, so the definition of d is
independent of the chosen basis for V.

As in the case V = R, the exterior derivative on V-valued forms is an antiderivation. A proof of this
fact can be found in [9, Proposition 21.3].
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32 Lie algebra valued forms

Lemma 4.5. Let M be a smooth manifold and u: V x W — Z a bilinear map. Let w € Q¥(M,V) and
n € QYM, W), then
dp(w,n) = p(dw,n) + (=1)*u(w, dn).

The coordinate-free expressions for the exterior derivatives of R-valued 0- and 1-forms on a smooth
manifold M have natural generalizations. Recall that the exterior derivative of a smooth function (i.e.
a O-form) f € C°°(M) is defined by df(X) = Xf for X € X(M), where Xf € C°°(M) is given by
(Xf)p = Xpf for all p € M. This makes sense because the tangent vectors to M are defined as linear
maps C*°(M) — R satisfying a Leibniz rule. We can extend this to the general case as follows: choose
a basis ey, ..., e, for V, then for any X € X(M) and F = F'e; € C°(M,V), we define

XF = (XFYe;: M —V
pr— XpF = (X, F')e;. (4.2)
XF is smooth by definition of the smooth structure on V, and it is easy to see that its definition is

independent of the chosen basis. By Equation (4.1), the exterior derivative of a smooth map (i.e. a
0-form) F = F'e;: M — V is now given by

dF(X) =dFi(X)e; = (XF'e; = XF
for all X € X(M). For 1-forms, we have the following lemma, based on [9, Exercise 21.8].
Lemma 4.6. Let M be a smooth manifold, w € QY(M,V) and X,Y € X(M), then

dw(X,Y) = X (w(Y)) = Y (w(X)) — w([X,Y]).

Proof. Choose a basis e1,...,e, for V, then w = we; for some w!,...,w™ € QY(M), so dw = (dw?)e;.
Using the invariant formula for the exterior derivative of R-valued 1-forms (cf. [8, Proposition 14.29])
together with Equations (4.1) and (4.2), we find

dw(X,Y) = do (X, Y)e; = (X (@' (Y)) — V(&' (X)) — ' ([X,Y]))es
X(w'(Y)ei) =Y (w'(X)es) — w'([X, Y])es
X(w(Y)) = Y(w(X)) = w([X,Y]). m

It is important to note at this point that if M is a smooth manifold and F': M — V a smooth map, we
can interpret dF' as either the differential of F' as a smooth map, or its exterior derivative as a 0-form.
The first interpretation gives for all p € M a linear map dFj,: T,M — Tr(,)V, whereas in the second,
dF), is a map T, M — V. Under the canonical identification of V' with its tangent spaces, however, these
objects are one and the same.

Lemma 4.7. Let M be a smooth manifold and F: M — V a smooth map. Denoting the exterior
derivative by de, we have Dp ) o dFy = dF, for all p € M, where Dpy: V. — T,V is the canonical
isomorphism as in Lemma A.3.

Proof. Choose a basis e1,...,e, for V and let ¢ = (2!,...,2"): V — R" be the associated smooth
coordinate chart for V as in (A.1), then F' = (2% o F)e;. The isomorphism Dy, maps the e; to the
coordinate vectors associated to the chart ¢, so

, ) . 0
(DF(p) o der)(U) = Dp(p) (’U(.C(:z [¢] F)ei) = U(:L‘Z o F)Dp(p) (ez) = U(.?;‘Z (¢] F) 8172
F(p)
for all v € T, M by linearity. On the other hand, the differential dF}, of F' at p satisfies
dF,(v) = demi}F(p)(de(v)) % =d(z' 0 F),(v) % =uv(z' o F) 881,
T e 0 T lrp)
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for all v € T, M since the deﬂ;‘i‘ Fp) form a basis of Ty M dual to the coordinate vector basis of T, M. To
be able to write dexi‘F(p) odF, = d.(z° o F),, we used that the claim is known to hold for V =R. [

As a consequence, we have the following chain rules for the exterior derivative.

Lemma 4.8. Let M and N be smooth manifolds, F: M — N and G: N — V smooth maps and
L:V — W a linear map. Denoting the exterior derivative by d., we have:

(i) de(Go F)p =deGpp) o dF, for allp € M;
(i) de(LoG)qg = Lodc.Gyq for allge N.

Proof.
(i) This follows directly from Lemma 4.7 together with the chain rule for the differential.

(ii) Lemmas 4.7 and A.3 together imply
-1 -1
deLaq) = Diie) © Waq = Lo Dgy)»
so with (i), we find

de(LoG)g = deLgg) ©dGy = Lo Dy 0dGy = Lod.Gy. O

The proof of (ii) boils down to the commutativity of the following diagram:

de(LoG)y

Pullbacks. Let M and N be smooth manifolds, F': M — N a smooth map and w a V-valued k-form
on N, then the pullback of w along F' is the V-valued k-form F*w on M defined by

(F*w)p(v1, .. 0k) = wppy (dFy(v1), ..., dFp(vr))
for all p € M and vq,...,v; € T, M. If w is smooth, then so is F'*w, as shown by the following lemma.

Lemma 4.9. Let M and N be smooth manifolds, F': M — N a smooth map, V a finite-dimensional
R-vector space and k € Z>q. Let ey, ..., e, €V be vectors and wl,... ,w™ forms of degree k on N, then
F*(wie;) = (F*whe;.

Proof. Set w = w'e;, then for all p € M and vy, ...,v; € T,M,

(Frw)p(v,...,v5) = wl-:(p)(de(vl), oo dE(vg))

= Wp(p) (dFp(v1), ..., dFp(v))e;
= (F*wi)p(vl, ey V)€ O
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34 Lie algebra valued forms

Many important properties of pullbacks of R-valued forms transfer over to the more general setting. For
a proof, we refer to [9, Proposition 21.8].

Lemma 4.10. Let M, N and P be smooth manifolds, G: M — N and F': N — P smooth maps and
w: V-xW — Z a bilinear map. Let w € QF(P,V) and n € QY (P,W), then:

(i) (FoG)*'w=G*(F*w);
(ii) F*p(w,n) = p(F*w, Fn);
(i) F*(dw) = d(F*w).

4.3 Lie algebra valued forms

Let G be a Lie group. From now on, we focus on differential forms with values in the Lie algebra Lie(G)
of G. The Lie bracket is a bilinear map Lie(G) x Lie(G) — Lie(G); the product of Lie(G)-valued forms w
and 7 on a smooth manifold M with respect to this bilinear map is called their Lie bracket and written
as [w,n]. Tt satisfies the following “graded anticommutativity” property, proved in [9, Proposition 21.5].

Lemma 4.11. Let M be a smooth manifold, w a Lie(G)-valued k-form on M and n a Lie(G)-valued
{-form, then

fw,n) = (=1)* [, ).
In particular, if w and 7 both have degree 1, we get [w,n] = [, w] and [w, w] need not be the zero form.

Also important in this context is the following special case of Example 4.4 (2). Recall from Lemma 2.17
that the adjoint representation of G is a smooth group homomorphism Ad: G — GL(Lie(G)), so we
can interpret it as a smooth O-form on G with values in the vector space Endg(Lie(G)) of linear maps
Lie(G) — Lie(G). Tts product Adw with a Lie(G)-valued k-form w on G is the pointwise composition,
ie. (Adw), = Ady ow, for all g € G. Its exterior derivative d Ad € Q' (G, Endg(Lie(G))) is strongly
related to the Lie bracket.

Lemma 4.12. Let g € G and X,Y € Lie(G), then d Ad,(X,)Y = Ady([X,Y)).
Proof. This follows immediately from Lemmas 2.18 and 4.7. O

If M is a smooth manifold and p: M — G any map, we now have two product operations on Lie(G)-
valued forms on M: the Lie bracket and the pointwise composition with the smooth Endg(Lie(G))-valued
O-form Ad, := Ad o p. These two operations behave well together.

Lemma 4.13. Let M be a smooth manifold and p: M — G any map. Let w and n be Lie(G)-valued
forms on M of degree k and £, respectively, then

Ad,w,n] = [Ad,w, Ad, 7).
Proof. Let p € M and v1, ..., vy € T,M, then since Ad,(,) is a Lie algebra homomorphism,
Ad,(p) © [wp, 1p](v1, - -, Vkte)

1
:Ad"(p)<k!£! Z (SgHU)[wp(va(1)7~-~7va(k)),77p(vg(k+1)7-~,Ug(k+z))]>

0ESk4e

1
=7 Z (sgno) Ad, ;) ([wWp(Va(1)s - -+ s Vo(k))s Mo (Vo (ke 1)s - - > Vo (kt0))])

O'ESkJrz
1
ATl Z (sgn o) [Ad () © Wp(Va(1)s - - - Vo (k) Adp(p) © Mp (Vo (1) - - - Vo (k+0))]
o O'ESkJrz
= [Adf)(p) O Wp, Adp(p) o np](vlv s 7Uk+€)' O
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4.4 The Maurer-Cartan form 35

4.4 The Maurer-Cartan form

On any Lie group G, there is a distinguished Lie(G)-valued form which naturally occurs in many situa-
tions.

Definition 4.14. The Maurer-Cartan form on G is the Lie(G)-valued 1-form wg on G defined by
(we)g =€ tod(Ly1)4: TyG — Lie(G)

for any g € G, where €: Lie(G) — T,G is the vector space isomorphism from Lemma 2.8.
The Maurer-Cartan form has a number of very useful properties, see also [9, Exercise 21.10].
Lemma 4.15. The Maurer-Cartan form wg on G satisfies the following properties:
(1) wg(X) is the constant map g — X for all X € Lie(G);
(ii) Lywg = wg for all g € G;
(iil) Rywe = Adg-1wg for all g € G.

Proof.
(i) Let X € Lie(G), then
we(X)(9) = (wa)g(Xy) = € 1(d(Ly-1)4(Xy)) = € 1(Xe) = X

for all g € G since X is left-invariant.

(ii) Let g,h € G, then

(Lywa)n = (wa)gh 0 d(Lg)n =€ ' od(Lp-14-10 Lg)p = € " od(Lp-1)n = (wa)h-

(iii) Let g,h € G, then
(Rywa)n = (WG )ng 0 d(Rg)n = eto d(Ly-1p-1 0 Rg)p = eto d(adg-1 o Lyp-1)p

since (Ly-15-1 0 Ry)(k) = g 'h~'kg = (ad,-1 o Lj-1)(k) for all k € G. Using the definition of the
adjoint representation (see Equation (2.1)), we find

(R;wg)h = Adg—l oe to d(Lh—l)h = Adgf1 o (wg)h. O

We can use the first of these three properties to show that wg is smooth.

Lemma 4.16. The Maurer-Cartan form wg on G is smooth.

Proof. By Lemma 4.2, it suffices to show that wg(X) € C>°(M, Lie(G)) for all X € X(G), solet X € X(G)
be a smooth vector field on G. From Lemma 2.10, we know X = fiX; for some f!,..., f* € C®(Q)
and X1,...,X, € Lie(Q), so wg(X) = fiwg(X;). Now, by Lemma 4.15, wg(X;) is constant for all i, so
wa(X) is smooth and we are done. O

Our next lemma is inspired by [9, Exercise 21.9].

Lemma 4.17. wg satisfies the Maurer-Cartan equation

1
dwg + 5[&)@,&)@] =0.
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36 Lie algebra valued forms

Proof. Let X,Y € Lie(G), then Lemma 4.6 gives
dwe(X,Y) = X(wa(Y)) = YV(we(X)) —wa([X, Y]).
By Lemma 4.15, wg(X), we(Y) and we([X,Y]) are the constant functions X, Y and [X,Y], so
dwe(X,Y)(9) = —we([X,Y])(g) = —[X,Y]
for all g € G. On the other hand,
%[wo,wa}(X, Y)(9) = %([(WG)g(Xg)v (wa)g(Yy)] = [(wa)g(Yy), (wa)g(X)])
= [wa(X)(9),wa(Y)(9)] = [X, Y],

for all g € G by definition of the Lie bracket of forms, so
1
dwe(X,Y) + i[wg,wg](X, Y) =0.

The claim now follows from C°°(G)-linearity together with Lemma 2.10. O

4.5 The logarithmic derivative

Now if G is a Lie group, its Maurer-Cartan form wg can be used to extend the notion of the logarithmic
derivative of a real-valued function to that of a map M — G, for any smooth manifold M. Suppose that
f: R — Ry is smooth, then we can view log f: R — R as a smooth 0-form on R. Its exterior derivative
at any point ¢y € R is

! d t _
oyt =7 (?(10;'“ = e = (st

by the linearity of d. This inspires the following definition.

Definition 4.18. Let M be a smooth manifold and p: M — G a smooth map. The logarithmic derivative
of p is the Lie(G)-valued 1-form dlogp on M defined for any p € M by

dlogpp :==¢ " od(p(p) 'p)p =€ "o d(L,yp)-1 0p)p: TyM — Lie(G),

where € is the isomorphism from Lemma 2.8 and we have used the product notation (2.2).

The link between Definition 4.18 and the logarithmic derivative of real-valued functions is further solid-
ified by the next lemma.

Lemma 4.19. Suppose G is abelian, then dlogexpyx = D;(l for any X € Lie(G), where Dx is the
canonical isomorphism Lie(G) — Tx Lie(G) from Lemma A.3.

Proof. Let X € Lie(G) and let T': Lie(G) — Lie(G), Y — —X +Y be the translation by —X, then
exp(X) L exp(Y) = exp(—X +Y) = (exp o T)(Y)

for all Y € Lie(G) by Lemma 2.21 (3) and (5) since G is abelian, so exp(X) !exp = exp o T. Using
Lemma 2.21 (6) and Lemma A.4, we find

dlogexpy oDx = ¢ ' od(expoT)xoDx =¢ *odexpyoDx_x = idpie(q)

and thus dlogexp = D;(17 as required. O
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4.5 The logarithmic derivative 37

Definition 4.18 is really nothing new: the logarithmic derivative of p: M — G is just the pullback of the
Maurer-Cartan form wg on G along p.

Lemma 4.20. Let M be a smooth manifold and p: M — G a smooth map, then dlogp = p*wg.
Proof. This follows directly from the definitions: for any p € M,
dlogp, =¢'o A(Lpp)-1) p(p) © dpp = (Wa) p(p) © dpp = (P wa)p- O

In particular, this implies that dlog p is smooth, since wg is smooth by Lemma 4.16. Lemma 4.20 can
also be used to translate many of the useful properties of the Maurer-Cartan form to statements about
logarithmic derivatives.

Lemma 4.21. Let M and N be smooth manifolds and F: N — M, p,g: M — G smooth maps, then:
(i) F*dlogp=dlog(po F);
(ii) dlog(p-g) = Ady-1dlogp+dlogg;
(iii) d(dlogp) = —3[dlog p,dlog p].

Proof.
(i) This follows directly from Lemmas 4.20 and 4.10.
(ii) Let p € M, then Lemmas 4.20 and 2.19 give

dlog(p- 9)p = (Wa) pp)gp) © AP~ 9)p
= (Wa) p(p)g(p) © (d(pg(p))p +d(p(p)g)p)
= (By(»)w6)p(p) © dpp + (L) w6 ) g(p) © AGp-

Using Lemma 4.15, we now find

dlog(p - g)p = Adg(p)-1 © (Wa)p(p) © dpp + (Wa)g(p) © Agp
= Adyp)-1 o (pwa)p + (9"we)p
= Ady(p)-1 odlog p, + dlog g,.

(iii) This is just an application of the Maurer-Cartan equation (Lemma 4.17), combined with the fact
that pullbacks commute with both exterior derivatives and products (Lemma 4.10):

ddlog p) = dpe) = p*(dec) = p* - luicc )

[dlog p,dlog p]. O

1[ N “wel 1
= —— w w = — —
glP wae, prwe D)

Logarithmic derivatives of G-equivariant maps have some additional properties which will be useful in
the discussion of connections on principal bundles later on.

Lemma 4.22. Let M be a smooth manifold, 6 a smooth right action of G on M and 6: Lie(G) — X(M),
X — X the corresponding infinitesimal generator. Let p: M — G be a smooth G-equivariant map, where
G is considered as a right G-manifold under multiplication, and p € M a point, then:

(i) dlogp,(X,) = X for all X € Lie(G);
(ii) (0;dlogp), = Adg-1 odlogp, for all g € G.

Proof.
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38 Lie algebra valued forms

(i) Let X € Lie(G), then X and X are p-related by Example 2.24, Lemma 2.26 and the G-equivariance
of p, so dp,(X,) = X, for all p € M. Property (i) in Lemma 4.15 now gives

legpp(Kp) = (P*WG)p(Kp) = (WG)p(p) (Xp(p)) =X.
(ii) The G-equivariance of p implies po 0, = p - g, so by Lemma 4.21,
(05 dlogp), = dlog(poby), = dlog(p- g)p = Ady-1 o dlog p,.
In the last equality, we used that the logarithmic derivative of a constant function vanishes. O

The logarithmic derivative also pops up when computing the exterior derivative of the pointwise compo-
sition Ad,w of a smooth Lie(G)-valued form w on a smooth manifold M with Ad o p, for some smooth
map p: M — G.

Lemma 4.23. Let M be a smooth manifold, p: M — G a smooth map and w € QF(M, Lie(G)), then
d(Ad,w) = Ad, dw + (—=1)F[Ad, w,dlog(p™")].
Proof. By Lemma 4.5, it suffices to show
d(Ad,)w = (~1)¥[Ad, w,dlog(p™)].
Let p € M and v € T, M, then dlog p,(v) € Lie(G) satisfies
108y (1)) = A(Lp)e © A(p(p) )y 0) = dpy(v)
by left invariance, so Lemma 4.12 gives

d(Ad,),(v)Y = d(Ad o p),(v)Y = d Ad,,)(dlog py(v) Y = Ad,([dlog pp(v), Y])

|p(p))
for all Y € Lie(G). It follows that

1
(d(Adp)w)p(o1,- - vkt1) = o D (sgn0) d(Ady)p(Ve(1))wp(Vo(2); - - - Vo(rs1))
" 0€Sk41
1
= Z (sgno) Ad, ) ([d1og pp(ve(1)), Wp(Ve(2)s - - - Vo (kt1))])
" 0€Skt1
1
=21 2 (8n0)[Adg) 0 dlogpy(vr)), Ady(p) © Wp(Va(2) -+ V(1))
" 0€Skia

= [Ad, dlogp, Ad, w]p(v1, ..., Vk41)
for any vi,...,v541 € T, M, so
d(Ad,)w = [Ad, dlog p, Ad,w] = (—1)*T[Ad, w, Ad, dlog p]
by Lemma 4.11. To conclude the proof, note that
(Ad, dlog p)y(v) = Ady) 0 €™ o d(p(p) ™' p)p(v)

= ¢ "od(ad,g) 0 p(p) " p)p(v)
= ¢ od(pp(p)™")p(v),
where we have used the definition of the adjoint representation (see Equation (2.1)). Lemma 2.19 now

gives d(p(p)p~1)p + d(pp(p)~1), = 0 since p- p~! is constant, so Ad,dlogp = —dlog(p~') and we are
done. O
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4.5 The logarithmic derivative 39

Finally, consider the special case that G is the unit circle U(1) € C. The inclusion jg: U(1) < C is
a smooth C-valued 0-form on U(1), and its exterior derivative d(jp);1 gives a way of identifying T3 U (1)
with a subspace of C.

Lemma 4.24. The exterior derivative d(jo)1: ThU (1) — C of jo at 1 is an isomorphism onto iR mapping
the angle coordinate vector d/df|, from Example 2.9 to i.

Proof. Recall from Lemma 4.7 that the exterior derivative of jg at 1 is the composition of its differential
d(jo)1: ThU(1) — T1C with the inverse of the vector space isomorphism D;: C — T} C from Lemma A.3.
U(1) is an embedded submanifold of C, so jp is an immersion and d(jo); is injective. Let f € C*(C),

then q q q 4
. @ _ % 9 . - _ 9 .
A (5] )7 = 55| Foan = | (rodoos ) = g stexpiin)
by definition of the angle coordinate vector. On the other hand,
Di(i)f = T| S+ = S flesplin)
R TI AR
so d(jo)1(d/df]|;) = Di(i) and we are done. O

By composing with the evaluation map e: Lie(U(1)) — ThU(1) from Lemma 2.8, we thus obtain an
isomorphism d(jo); o €: Lie(U(1)) — iR. Under this identification, the logarithmic derivative has the
following alternative characterization.

Lemma 4.25. Let M be a smooth manifold, p: M — U(1) a smooth map and set g :== joop: M — C.
Considering o as a smooth C-valued 0-form on M, we have dlogp = o~ do under the canonical identi-
fication Lie(U(1)) = iR, where the product of forms is the one induced by complex multiplication.

Proof. The claim follows from the fact that the diagram

dep

— T.C T.U(1) < T,M

JLzl Jd(Lzl)z J{d([/zl)z Jd log pp

C—2 e 9% ua) < Lie(U(1))

]

~

is commutative for all p € M, z := p(p) € U(1). The left square commutes by Lemma A.3, the right one
by definition of the logarithmic derivative and the middle one by the fact that L,-1 o jo = jgo L,-1. For
the map dg, on top, we used Lemma 4.7. O
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Chapter

Connections on principal bundles

With a solid foundation in the theory of Lie groups, fiber bundles and vector valued differential forms, we
are finally in a position to start talking about connections on principal bundles. Consider the k-sheeted
covering 7: S1 — S, 2+ 2* of the circle S' C C*. Let z € S* be a point and ~: [0,1] — S! a path
starting at z. It is a well-known fact in topology that for any w € m~*{z}, there is a unique lift of y
starting at w, i.e. a path 7: [0,1] — S! with 7 04 = v and 4(0) = w. This can also be interpreted as
there being a canonical way to “parallel transport” the point w in the fiber of 7 over z along the path ~.

In Example 3.7, it was shown that 7 is a principal Cj-bundle with C} the cyclic group of order k, which
begs the question: does every principal G-bundle 7: P — M have this path lifting property? The answer
is a resounding no. Instead, there are natural objects which provide the bundle with precisely such a
notion of parallel transport. These objects are called connections, and form the subject of this chapter.
As alluded to at the end of Chapter 3, they can be defined either as subbundles of the tangent bundle
of P, or as 1-forms on P with values in the Lie algebra Lie(G) of G. One way to construct such a 1-form
is to cover the base space M with open subsets U, and define a Lie(G)-valued 1-form A, on every Uy,
in such a way that a certain compatibility condition is satisfied. This construction will be important
later in the geometric interpretation of the TKNN formula, as will the definition of the curvature of a
connection.

In this entire chapter, m: P — M is a principal G-bundle, with G a Lie group. We denote the smooth
right action of G on P by 6 and the corresponding infinitesimal generator by 6: Lie(G) — X(P), X — X.

5.1 Connections

Geometrically, a connection on the principal bundle 7 is a smooth choice of a horizontal tangent subspace
H,, of T,,P for all p € P such that T,P = H, ®V),, where V,, is the vertical tangent subspace as defined in
Section 3.4. Choosing such a complementary subspace of V}, in T}, P is equivalent to choosing a projection
vp: TP — V,, under the correspondence v, — kerv,. Via the isomorphism 7,: Lie(G) — V, from
Lemma 3.20, we can interpret v, as a linear map 7, P — Lie(G), which leads to the following definition.

Definition 5.1. A connection (form) on 7 is a smooth Lie(G)-valued one-form w € Q!(P, Lie(G)) on P
satisfying the following properties for all p € P:

(i) wp(X,) = X for all X € Lie(G);
(ii) (fyw)p = Adg-1 ow, forall g € G.

For all p € P, we call kerw, C T}, P the horizontal tangent subspace of T}, P.
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42 Connections on principal bundles

The first property in Definition 5.1 means that w, is required to be a projection onto V,, for all p € P,
under the identification Lie(G) = V,. The second implies that once a horizontal tangent subspace is
chosen at some point p € P, it is immediately fixed for the whole fiber Py () of m containing p, since

ker wyg = ker(Adg o wyy) = ker(0;-1w),g = ker(wy o d(8), ") = d(8,)p (ker wy)
for any g € GG. That is, the horizontal tangent space at pg is the pushforward of the one at p along the
right multiplication map 6,. We have already seen a few examples of connection forms.
Example 5.2.

(1) By Lemma 4.15, the Maurer-Cartan form wg € Q'(G, Lie(G)) on the Lie group G is a connection
form on the principal G-bundle G — {*} over the one-point space {x}.

(2) Let p: P — G be any G-equivariant map where we consider G as a right G-manifold under
multiplication, then dlog p € Q(P, Lie(G)) is a connection form on P by Lemma 4.22. A

It is always possible to pull back connection forms along morphisms of principal G-bundles.

Proposition 5.3. Let 7': Q — N be another principal G-bundle and F: P — Q a principal G-bundle
morphism. If w is a connection form on «’, then F*w is a connection form on .

Proof. We know F*w is a smooth Lie(G)-valued one-form on P, so it remains to check the two properties
in Definition 5.1. Denote by ¥ the right action of G on @, by @ the corresponding infinitesimal generator
and let p € P.

(i) Let X € Lie(G). The vector fields §(X) € X(P) and 9(X) € X(Q) are F-related by Lemma 2.26
since F' is G-equivariant, so

(F*w)p(0(X)p) = wrp) (dFp(8(X)p)) = wrp) (U X)Fp) = X
since w is a connection form on 7.

(ii) Let g € G, then F o0, =9, o F by the G-equivariance of F, so

(H;F*W)p = ((Folby)*'w)y = ((Jg0 F)'w)p = (F*ﬁ;‘”)p
= (VW) pp) 0 dFp = Adg-1 ocwp(y) 0 dF)y = Ady-1 o (F*w),. O

For trivial bundles, there is a natural choice because they have a globally defined projection on the second
coordinate.

Lemma 5.4. Suppose m: P = M x G — M is a product bundle and let mo: P — G be the projection
onto the second coordinate, then dlogmy is a connection form on P with horizontal subspace ker d(m2),
at any point p € P.

Proof. The projection w9 is smooth and G-equivariant by definition of the G-action on P, so this is a
special case of Example 5.2 (2). To see why kerd(ms), is the horizontal tangent space at p € P, note
that dlog(mz),, is the composition of d(7z), with the vector space isomorphisms d(Ly, p)-1)r,(p) and e
for all p € P, so its kernel is ker d(m2),. O

5.2 The tautological bundle revisited

Another important case in which there exists a canonical choice of connection is when 7 is the tautological
bundle v, constructed in Section 3.3. Recall its definition v,,: S — P(H), z + [z] where H = C"T! is
supplied with the Euclidean norm, P(#) is its projectivization and S is the unit sphere in H. Remember
also that the right action 6 of U(1) on S is just scalar multiplication.
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5.8 Local connection forms 43

Now, the norm on # is induced by the Euclidean inner product (- |-) on H and the inclusion j: S — H
is a smooth H-valued O-form on S, so using the product defined in Example 4.4 (3), we get a smooth
C-valued 1-form (j|dj) € Q'(S,C) on S. The exterior derivative is an antiderivation and (j|j): S — C
is the constant function z — 1 by definition of S, so (dj|j) + (j|dj) = 0. It follows that

(ldg)=(v) = =(djlj)=(v) = =(djz(v)|2) = =(2[dj=(v)) = —(jlds)=(v)

for all z € S and v € T,S by the conjugate symmetry of (-|-), so (j|dj) actually takes values in iR.
We know from Lemma 4.24 that the exterior derivative d(jo)1: ThAU(1) — C at 1 € U(1) of the in-
clusion jo: U(1) — C is an isomorphism onto iR mapping the angle coordinate vector d/df|; to 4,
so under the fixed identification d(jo); o e: Lie(U(1)) — iR, we can consider (j|dj) to be a smooth
Lie(U(1))-valued 1-form on S.

Proposition 5.5. (j|dj) is a connection form on .
Proof. We check the two defining properties separately. Let ¢: H x U(1) — H, (2, A) — 2\ be the scalar
multiplication map of U(1) on H, so that j 08y = oj and j 0 ) =9 for all A € U(1) and z € S.
(i) Let X € Lie(U(1)), then X = s d/df for some s € R. The curve v: R — U(1), t — € in U(1)
has initial velocity 7/(0) = s d/df |, = Xy € TyU(1), so for any z € S,
w(X,) = w(d(0)1(X1)) = (2]d(j 0 6)1(7/(0))) = ([(9'F) 07)'(0)) = (zlisz) = is
by Equation (2.3). Under the identification Lie(U(1)) 2 iR, is corresponds to s d/df = X.
(ii) Let A € U(1), then

0x(ilds) = (03j1d(037)) = (j o OAld(j o Ox)) = (I 0 j|d(Ix o j))

since pullbacks commute with products and exterior derivatives (Lemma 4.10). By Lemma 4.8, we
have d(9y 0 j), =9 odj, for z € S, so for any v € TS,

(O3 (51d7))=(v) = ((9x 0 7)(2)[(9x 0 dj:) (v)) = (2l (v)A) = (2]djz (V)P = (jldj)=(v). O

One reason this connection form is a natural one, is that the corresponding horizontal tangent vectors
to S at z are precisely those which are orthogonal to the vertical tangent subspace V, C T,S. To see why,
let z € S and note that by the proof of (i), the fundamental vector X, € T,S associated to the angle
coordinate vector field X := d/df € Lie(U(1)) corresponds to iz under the identification dj,: T.S — H
of T, S with a subspace of H. That means v € T..S is horizontal if and only if
w:(v) =0 = (2]djz(v)) =0 = (dj.(X,)[djz(v)) =0
= dj.(v) € {dj. (X))} <= dj.(v) € dj.(V2) 4,

since V, is generated by X ,. Let us now return to the general setting.

5.3 Local connection forms

In this section,! we set up a one-to-one correspondence between the connections on the principal G-
bundle 7 and the families of so-called local connection forms on open subsets of the base space M.
The proofs are based on [12, Section 10.1.3]. First, choose a G-atlas {(Uy, ¢a)}aca for m, then we can
construct for each aw € A a smooth local section

oo: Uy — 71U,

x— ¢ (2, e)

1We leave it up to the reader to decide if it is a smooth one.
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44 Connections on principal bundles

of m over U, as in Lemma 3.9. Recall that the transition functions psg: Uy N Ug — G of 7 relative to
the chosen G-atlas are defined by

05 (2, 9) = 03" (2, pas(@)g) (5.1)

for all x € Uy, NUp and g € G. Plugging in g = e gives og(x) = 0a(x)pas(z), i.e. 05 = 04 - pap in
the product notation (2.2). With this, we find that the differentials of the local sections are related on
intersections as follows.

Lemma 5.6. Let o, € A, x € Uy NUg and v € T, M, then

d(05)2(v) = d(oa - pap(@))e(v) + w@(gﬂ)'

Proof. Applying Lemma 2.19 to 0g = 04 - pap yields
d(op)z = d(0a - pap(x))s + d(0a(2) - pap)a-
Now, by Equation (2.3) and the definition of the logarithmic derivative,
dlog(pap)a(v)) =A@ ) (d(pas ()" pap)a(v))
A0 0 (pag () pap))a(v)
= (02022 0 pog), (v)
(0 0 pag)s(v) = d(0a(@) - pas)s(v)

and we are done. O

Now, let w € Q'(P,Lie(G)) be a connection form on 7. For all a € A, pulling w back along o, gives
a smooth Lie(G)-valued one-form A, = oiw € Q! (U,,Lie(G)) on U,. The A, are known as the local
connection forms of w relative to the chosen bundle atlas and on intersections, they satisfy the following
compatibility condition.

Proposition 5.7. Let o, 8 € A, then on U, N Ug,

Ag = Adp;é Aq + dlog(pas)- (5.2)

Proof. Let x € U, NUp and v € T, M. By Lemma 5.6,

(Ap)a(v) = (05w)2 (V) = Wopy () (d(0p)2 (v))
= Wo () (A(Ta  Pap(@))2(V)) + Way () (d108(Pap )2 (v)

).

We examine the two terms separately. For the first, note that o5(z) = 00/(%)pas(z) = 0, ,(2)(0a(T)), SO

op(xw)

Wos(2)(A(Ta * pas ()2 (V) = Wop (@)pas (@) (AOp 5 (2) © Ta)z (V)
= (05, ,(2)Woa(x)(d(0a)z(v))
=Ad,,,(2) 1 (Wou(2)(d(0a)(v)))
= (Ad,, 5 (2)-1 © (05w)2)(v)
= (Ad, s Aa)a(v)

by property (ii) in Definition 5.1. For the second term, property (i) implies

Wog(z) (w ) = dlog(pas)=(v),

op(x)

so we are done. O
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Suppose now that instead of a connection one-form on 7, we are given for all « € A a Lie(G)-valued
one-form A, € Q'(U,,Lie(G)) on U,. Then Proposition 5.7 gives a necessary condition on the A,
for the existence of a connection form w on 7 satisfying A, = o}w for all @ € A. This compatibility
condition turns out to be sufficient, too. We prove this in two steps: we first show that each A, can be
“lifted” to a connection on 7~'U,, and then that these lifts agree on intersections if the compatibility
condition is satisfied.

Lemma 5.8. Let U C M be an open subset, o: U — 7~ 'U a smooth local section of m and A €
QY(U, Lie(GQ)) a Lie(G)-valued one-form on U, then there exists a connection form w on m—*U such that
A =oc*w.

Proof. Let ¢: 71U — U x G be the local trivialization induced by o, i.e. $~1(z,h) = o(x)h for all z € U
and h € G. Set g :=my0¢: 771U — G with m: U x G — G the projection, so that ¢(p) = (7(p), g(p))
for all p € #~1U. The map g is smooth and G-equivariant when considering G as a right G-manifold
under multiplication, since both 7o and ¢ are smooth and G-equivariant. Lemma 4.22 now implies
that y := dlog g is a connection form on 7~ 'U. By Lemma 4.20, it is precisely the pullback along the
principal G-bundle morphism ¢ of the canonical connection form dlog(ms) on U x G.

Now, note that ¢ := Ad,-:(7*A) is a smooth Lie(G)-valued one-form on 7~ 'U, given by
Cp = Adg(p)—l o (W*.A)p = Adg(p)—l o .A,r(p) o dﬂ'p
for any p € m~U. It clearly satisfies (,(v) = 0 for all v € V,, = kerdr,, and for any h € G, we have

(QZC)I, = Cph e} d(@h)p = Adg(ph)—l o Aﬂ-(ph) e} d(ﬂ' e} Gh)p
= Adh—lg(p)—l o .Aﬂ-(p) o dﬂ'p = Adh71 o (Adg(p)—l ] .Aﬂ-(p) o dﬂ'p) = Adh71 o Cp,

where we used Lemma 2.17. From this, it follows that w := ( + x is a connection form on 7=1U. We
now show o*w = A. Note that g o o is the constant map x — e while 7 o ¢ is the identity on U, so

(0%C)e = Co(z) ©dow = Ady(s(a))-1 © Ar(o(a)) ©d(T00)r = Ade 0 Ay = Ay,
(0" X)z = Xo(z) 0 dow = € "o d((g(o(x)) " -g)o0)y =€ tod(go0), =0
and thus (0*w), = A, for all z € U. O

Proposition 5.9. Suppose the A, satisfy the compatibility condition (5.2), then there exists a connection
form w € QY(P,Lie(Q)) on 7 such that A, = oiw for all a € A.

Proof. As in the proof of Lemma 5.8, we write go = T3 0 ¢o: 7 Uy — G for all @ € A with 7 the
projection U, x G — G, so that ¢ (p) = (7(p), ga(p)) for p € 7~1U,. With this, the transition function

equation (5.1) becomes gq(p) = pas(m(p))gs(p) for p € 71Uy NUp), ie. go = (pap o) - gs-

For all o € A, we have a connection form w, = (4 + Xa € QY (771U, Lie(Q)) on 771U, defined as
Ca = Adggl(ﬂ'*Aa)a
Xo = dlog ga

and satisfying ofw, = A, by Lemma 5.8. It suffices to show that the w, agree on overlaps, so let
a,B €A, pent(U,NUg) and write z := m(p), then by the compatibility condition (5.2),

(Cﬁ)p = Adgﬁ(p)*1 © (W*Aﬂ):ﬂ
= Adg,p)-1 0 (Ag)z o dmp

= Adgg(p)—l o (Adpag(ar)*l o (.Aa)m + leg(paﬁ)w) o dﬂ’p.
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46 Connections on principal bundles

For the first term, note that

Adg,(p)-1 0 Ad, (@)1 © (Aa)e © dTp = Ad(p, 4 (2)gs(p)) 1 © (Aa)e © dmp
=Adg, (-1 0 (" Aa)p = (Ca)p

since Ad is a group homomorphism (Lemma 2.17). For the second, Lemma 4.21 gives

Adgﬁ(p)fl odlog(pag)s © dm, = Adgﬁ(p)—l o dlog(pag o m)p

= dlog((pap o 7) - g5)p — dlog(gs)p
= d10g(ga)p — dlog(gs)p = (Xa)p — (X8)p-

We conclude (5 — (o = Xa — X and thus w, = wg on 71 (U, N Up). O
A very natural question to ask at this point is if the connection w on 7 as constructed in the proof of

Proposition 5.9 is the only one which has the given A, as its local connection forms. Our next proposition
answers this question.

Proposition 5.10. Let w,n € QY(P,Lie(G)) be connection forms on 7 such that oiw = okn for all
a € A, then w =n.

Proof. Let a € A, x € U, and set p := 0,(z), we show w, = 1,. Define 0: U, — Uy X G, y — (y,e) and
let m: Uy, X G — U, be the projection onto the first coordinate, then o = ¢, o g, by definition of the
local section o, and m o ¢, = 7 by definition of a local trivialization. Theorem A.2 now tells us

Tize)(Ua x G) = doy(ToUs) © ker d(71) (2,¢)
so the tangent space T,P to P at p = 0,(x) = ¢ '(z, e) is the direct sum of

AP 20y (dow(ToUa)) = d(d3 " 0 0)2(ToUs) = d(00)2(TeUa)

and
A(D3") (2, (Ker A(T1) () = kerd(my 0 ¢o)p = kerdm, = V,,,

the vertical tangent subspace at p. By linearity, it therefore suffices to prove w,(v) = n,(v) for v in these
two subspaces separately. If v € V,,, this holds by property (i) in Definition 5.1 since v = X , for some
X € Lie(G) (see Lemma 3.20). If v € d(04)2(TxUs), then v = d(04).(w) for some w € T, U, and thus

wp(v) = (oaw)a(w) = (040)2(w) = np(v).
We conclude w, = 1,, so also
Wpg = Adg-1 owpod(fy-1)pg = Adg-1 0np 0 d(0g-1)pg = Npg

for all g € G by property (ii) in Definition 5.1. Since o and x were arbitrary and G acts transitively on
the fibers, we are done. O

Combining all the previous results yields the following classification theorem.

Theorem 5.11. The assignment w +— {o%w}aca defines a one-to-one correspondence between the con-
nections on m and the families {Aq}aca of smooth Lie(G)-valued forms A, € QY (U,, Lie(Q)) satisfying
the compatibility condition (5.2).

Proof. The given map is well-defined by Proposition 5.7, surjective by Proposition 5.9 and injective by
Proposition 5.10. O

46
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5.4 Curvature

Associated to any connection on 7 is a Lie(G)-valued 2-form on P.

Definition 5.12. Let w € Q'(P,Lie(G)) be a connection form on 7. The curvature of w is defined as
the Lie(G)-valued 2-form

Q:=dw + %[w,w] € Q*(P,Lie(Q@)).

Let w be a connection form on 7 and € its curvature. We are mainly interested in the corresponding
local curvature forms, i.e. pullbacks of Q along local sections of 7, so let {(Uy, da)}aca be a G-atlas for m
with associated local sections o, and transition functions p,g as in the previous section. Set A, = olw
and Fy := 0}, then

1

1
5 [orw,ohw] = dA, + i[AOHAa] (5.3)

1
Fo=o0ndw+ §U;[w,w] =dotw+

because pullbacks commute with exterior derivatives and products. For these local curvature forms, the
compatibility condition (5.2) on the A, now implies the following.

Proposition 5.13. Let o, € A, then on U, NUg,

Fp=Ad, 1 Fo. (5.4)

Proof. Plugging (5.2) into (5.3) gives
1
Fg=dAg + 5[%\5,%‘5]

1

= d(Ad, 1 Ao + dlog(pap)) + 5[Ad, -1 Aa + dlog(pap), Ad, 1 Aa + dlog(pag)]

1

= d(Adp;g -Aoc) + d(d 1Og(paﬂ)) + i[Adl’;é Aav Adp;é -Aoz]

1
—"_[Adp;; -Aou d IOg(paﬁ)] + 5 [d log(paﬂ)’ d 1Og(Pa,8)],

where we used that the Lie bracket is commutative for 1-forms (cf. Lemma 4.11) in the last equation.
By Lemmas 4.13, 4.21 and 4.23,

d(Adp;é Aa) = Adp;ﬂl dA, — [Adp;é Aa, leg(paﬁ)]a

1
d(dlog(pag)) = —5[dlog(pag), dlog(pas)];
[Ad, -1 Aa, Ad, 1 Aa] = Ad, -1 [Aa, Ad],

from which the claim follows. ]

5.5 Parallel transport

Now that we have seen what connections and curvatures on the principal bundle 7 are and how they can
be constructed from Lie algebra valued forms on open subsets of M, it is time to talk about their raison
d’étre: path lifting and parallel transport. Let w be a connection form on 7, then we can define what it
means for a path in P to be “horizontal”.

Definition 5.14. Let v: [0,1] = M and 4: [0,1] — P be smooth paths in M and P, respectively. We
say 7 is a lift of v if m 04 = ~, and a horizontal lift if in addition ws ) (¥'(t)) = 0 for all ¢ € [0,1].

47



48 Connections on principal bundles

In words, a horizontal lift of a smooth path v in M is a smooth path in P which projects onto v and whose
velocity at any point ¥(t) lies in the horizontal tangent subspace kerws ;) defined by the connection w.
The main theorem on parallel transport in principal bundles states that v has a unique horizontal lift
with a given starting point p € 7=1{v(0)}.

Theorem 5.15. Let v: [0,1] — M be a smooth path and choose p € w7~ 1{v(0)}, then there exists a
unique horizontal lift 7: [0,1] = P of v with (0) = p.

The reader is referred to [10, Proposition 17.2] for a proof, which essentially boils down to the existence
and uniqueness of solutions to ordinary first order differential equations. We give here an explicit
construction of the horizontal lift in case G is abelian and ([0, 1]) is contained within an open subset U
of M whose inverse image under 7 can be trivialized.

Proposition 5.16. Suppose G is abelian. Let (U, ¢) be a local trivialization for w, o: U — 7= *U the
associated local section of m under the correspondence of Lemma 3.9 and set A := o*w € QY (U, Lie(G)).
Let ~: [0,1] = U be a smooth path in U and define

g:[0,1] — G
¢
t— exp</ ’y"‘A),
0
then 7 :== (0 o7) - g: [0,1] = 771U is the unique horizontal lift of v starting at o(y(0)).

Proof. The right action of G on P is fiberwise, so w(%(t)) = w((c o)(t)) for all ¢ € [0,1]. It follows that
m(7(t)) = v(t) since w o 0 = idy, which means 7 is a lift of ~.
t0>

by Lemma 2.19. We can plug both terms into ws;,) and show that they sum up to zero. For the first
term, observe that (o o) - g(to) = 04z, © (0 ©y) and thus
)

To prove horizontality, let ¢y € [0,1] and note that

d

ORNCERIN e

) @) o 3

) =d((eo7) g(to)), <§t

to tO

d

W (tg) © d((007) -g(to))m(dt d

) = Woom)(ta)g(to) © A0g(ta)) (rom(ta) © AT 0 V)i <dt

il.)
to

= (ez(to)w)(ao"/)(to) °© d(o’ °© ’7)150 <dt

to

= Wo(y(to)) © A0 (t0) (7' (t0))
= (U*W)W(to)(’y/(to)) = Aw(to)('yl(to))

by property (ii) in Definition 5.1 (the adjoint representation is trivial since G is assumed to be abelian).

)
il,) ) =t
=dloggs, | —

to/ - o\ dt

= W3(to) (dloggto <dt . >
A (to) 0

We used Equation (2.3) in the second equality and property (i) from Definition 5.1 in the third. Define

For the second term, (o 0 )(tg) - g = F(to) - g(to) "tg = 0G(0)) o g(ty)~1g yields

d

Wy (t) © d(( 0 ¥)(to) - 9t (dt d

) = Wiy © d(OGN), o d(g(te) " 9)e, (dt

to

1:1]0,1] — Lie(G)

t— — | *A,
0
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5.5 Parallel transport 49

so that g = exp oI and thus dlog g¢, = dlogexpy,) 0 dl;, by Lemma 4.21. From Lemma 4.19, we know
dlogexp; () is the inverse of the vector space isomorphism Dy, : Lie(G) — Ty, Lie(G). By Lemma

4.7, that means dlog g, = D;éo)

Lie(G)-valued 0-form on [0, 1], so

odly, is just the exterior derivative of I at ty when we consider I as a

d d d ¢ d d
1 —_ = — = —_ * —_ = — * —_ = — ! .
d OggtO(dt to) dz " dr to/(; (’Y A)<dt) dt ('Y A)to(dt tU) A'y(to)(ry (tO))
Putting everything together, we find w5, (7' (to)) = 0, as required. O

As a special case, suppose v is a loop in U, so that 4(1) = 4(0)g(1). Let Q be the curvature of w and
F = 0*§ the corresponding local curvature form on U, then 2 = dw and F = dA since G is abelian. If
3. C M is an appropriately oriented and compact embedded 2-submanifold of U with the image of the
curve vy as its boundary, Stokes’ theorem implies

0 -o(- [ 4) < en( [ ) =on(- 4
—e(~ [ 7) =en(- [ o) _( /. Q)

In words, the starting point 4(0) and the endpoint 4(1) of the horizontal lift 4 of the loop 7 in U lie in
the same fiber of the bundle map 7, but they differ by a factor g(1) which is measured by the curvature
Q of the connection. In the case G = U(1), we can interpret this as a sort of “phase shift”, a concept we
will return to in Chapter 7.
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Chapter

The TKNN formula

With all this mathematical machinery in place, we now turn to the derivation of the TKNN formula
for o;,. The starting point is the Kubo formula for the linear response of an observable to a weak
perturbation, which can then be applied to the current density j to obtain a very general expression
for the components of the conductivity matrix . This expression reduces to a much simpler and more
manageable form in the independent electron approximation, i.e. when electron-electron interactions in
the system are ignored. Finally, the TKNN formula can be derived by assuming the potential energy
function has the periodicity of a lattice — which is approximately the case for electrons in a crystalline
solid — and using Bloch’s theorem to characterize the energy eigenstates. The derivations are based
largely on [13], [14] and [15] and take place in the framework of second quantization. For an overview of
the important definitions and results, we refer to Appendix B.1.

6.1 Linear response theory

Consider a system of fermionic particles described by a time-independent Hamiltonian H, acting on the
antisymmetric Fock space F(H) of a one-particle Hilbert space H, i.e. the completion of the direct sum
of the N-particle spaces ’H,(IN) for all N > 0. Assuming the grand canonical ensemble, the equilibrium
density matrix of the system is

1 N ~
o = ?6_5(HO_NN) (6.1)

0
with 8 = 1/kgT the inverse temperature, u the chemical potential, N = dI'(I) the particle number

operator on F(H) and Z, = Tr e~B(Ho—iN) the partition function. In the presence of a (weak) time-
dependent perturbation W(t), the total Hamiltonian becomes

H(t) = Hy + W (t)
and the time evolution of the new density matrix 5(¢) is dictated by the von Neumann equation

o)

ih—— = [H(2), p(t)]. (6.2)

Since the Hamiltonian is split into a time-independent part and a perturbation, it is useful to switch
to the interaction picture, in which part of the time evolution of the density matrix is transferred to
the observables. We do this by setting A;(t) = efot/P A(t)e=Hot/? for any (possibly time-dependent)
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52 The TKNN formula

operator A(t) on F(H). For the interaction picture density matrix, we then find

L 0pr(t) (O s arpya—ifiot/h  op iftot/BOPE) ifigtsn | p it/ - 9 _ifiot/n
th = zh(ae )p(t)e + ihe 5 € + ihe p(t) (ae )

= —Hopr () + e (E), p(t)]e " + pr (t) Ho
= —[Ho, pr(6)] + M [Hy + W (1), p(t)]e ot /m, (6.3)
Note that etfot/" and ffo commute, So
eiHot/h[ﬁO’ﬁ(t)]efiHot/h _ [I:I(], eiHot/hpA(t)e*iHot/h] _ [ﬁo,ﬁj(t”-
Also,
MR (8, p(t)]e ™ ot = Wi (8)pr (1) — pr ()W (t) = [Wi(8), pr(t)],
so putting everything together, we find

DO _ 10 (1), (6.4

which is just the von Neumann equation in the interaction picture. Its integral form is

ih

m@:m+%[<memmm»

where we have made the assumption that W(t) goes to zero in the limit ¢ — —oo. Iteratively plugging
this equation back into itself yields the solution

. . & 1 t t1 tn—1 . R R .
pr(t) =po+) W/ dtl/ dtz - / dt, [Wi(t), Wi(t2), [ - - [Wi(tn), pol . . ],
n—1 —00 —00 —o00
so to first order in the perturbation W (t),
A .1 ; A
pu®) =+ [ anlWi(e). ol (6.5)

Note that [Ho, po] = 0 by Equation (6.1), so Equation (6.5) implies
- —iH N iH A 1t —iM y iH A
pt) = e ot p () ot = o 4 7 / dty e HOt Py (t)e ot o).

Now, assume the perturbation can be written as a product W(t) = QF(t) of a real-valued function of
time F and an operator () with no explicit time dependence, then
e—iﬁgt/hWI(tl)eiHOt/h _ eiHO(tl—t)/th—iHo(tl—t)/hF(tl) _ Qz(h —O)F(ty)
and thus Lo
ﬁm=m+%/mm@wmmwm+w (6.6)

With this approximate solution to (6.2), we can now compute the linear response to the perturbation 1474
of any observable A. The expectation value of A at time ¢ is given in terms of the density operator p(t)
by

(A)(t) = Tr j(t) 4,
so using Equation (6.6), we find

0
A = Do+ 55 [ At Te( Qi ), i) Pt +), (6.7)

where <A>o =Tr ﬁOA is the expectation value of A in the absence of any perturbation.
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6.2 The Kubo formula for conductivity

This expression for the linear response of an observable A can now be applied to the current density j,
defined as 0
j(t) = arEW), A(t .
i) = th[ (), H(t)] (6.8)
with ¢ the charge of the particles in the system, V' its volume and #(Y the position operator on H. On
the N-particle subspace H") C F(H), Equation (B.1) gives

B q . q
J(t)|HgN> = H[dr(m(l‘(l)) HM (1) = pav Z HWN(t qun (6.9)

where 1, := dI‘ElN) (f'(l)) is the position of particle n,

1
- Zh ns

m>

V() : M ()]

its velocity and H™)(t) the Hamiltonian on HM. Equation (6.9) is just the classical expression for
current density. In order to be able to compute the conductivity of the system, we need to know the
linear response of j in the presence of an external electric field. A field of the form E(t) = Ege *«+9)t
(with § > 0 so that E(t) — 0 for ¢ — —oc0) gives rise to a perturbation energy

W(t) = —P - E(t) = QF (1),

with F(t) :== e~ “@+1! and
Q = —13 . Eo = —ZP,/EOV.
Here, P := dI‘(qr ) is the polarization operator, given on HSN) by the classical expression
N
Pl =Y gin. (6.10)
n=1

Under the assumption (j)o = 0, Equation (6.7) now gives

o 1 0 » A n —i(w+i
(Ju)(t) = 71/ dty Tr( ZPUI(tl)EOWPO]]u)e (i) (ta+)

/ Aty Tr([Por(t), polju)e "0 B, (1),
so using j = oE, we get

.00
4 > A\ —i(wi
Tul) = 3 [ TR0, ol e (6.11)

It is important to note that whereas Equation (6.7) gives only an approzimation of the true expectation
value of an observable in the presence of a time-dependent perturbation, Equation (6.11) is ezact, essen-
tially by definition of the conductivity. In many materials, the relation j = oE is only approximately
true; o is just the “coefficient” of the linear term in the power series expansion of j in E, which is
precisely what we have calculated here.

Proceeding with the derivation, note that for any time-independent operator A commuting with N,

N 1 ~ ~ LA . ~ e .
poAr(t —ihB) = Zioe*ﬁ(Ho*HN)SZHO(t*mﬂ)/ﬁAe*ZHo(t*mB)/h
_ Zieiﬁot/hﬁefiﬁot/hefﬁ(ﬁo7;LN) o
0
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54 The TKNN formula

and thus

B8 . t—ihf ’ R i N .
ﬁo/o d/\%AI(t —ihA) = ﬁo/t (—%) %Al(tl) = ﬁﬁO(AI(t —ihpB) — Ar(t))
= 5 (A0 = poAs() = £ [As ), pol.

With this, Equation (6.11) becomes
o (W) = 0 dt Bd)\Tr b Qp b B\ e—ilwria)t
v = Poat 1 ( ) )]u e
—00 0

0 B b
= Zp _ 4 x —i(w+id)t
/m dt/o d>\<athl(t zﬁ/\)ju>06 .

One might wonder why we went through so much effort only to introduce an extra integral as well as
a derivative into the expression for o,,. The reason is that we can relate the time derivative of the
(interaction picture) polarization operator to the current density, as follows. First note that the linearity
of dI" (Lemma B.1) implies

W(t) = —dl(g¢") - B(t) = —dl (g2 - E(1)),
so by that same lemma,
[drEY), W ()] = —[dr @), dr(g? - E())] = —dr (Y, ¢¢ - E(1)]) = 0. (6.12)

It follows that we can replace H(t) by Hpy in Equation (6.8), so

. . 1 ) .
Vi(t) = €ZH°t/h%[dF(qf(l))7 Hole="Hot/h

1 .5 N PN A~
— ﬁ[eZHot/hPeszot/h’Ho]
1. . OP(t)
= —|Ps(t), Hy] =
in F 1), Hol = =
by a similar argument as in Equation (6.3) and thus

0 B . X v v
UHV(OJ) = V/ dt/o d/\(j,,](t — ’L’ﬁ)\)jmoe—l(w-&-zé)t

o0 B o A o
= V/ dt/ ANy Jur (t +ihN))get @+t
0 0
In the last equality, we used that

Tr(pojur(—t = ihA)ju) = Tr(poe HoCHIN/RG, et in/1g, )

_ Tr(ﬁojyeilflo(t+ih/\)/hjue—iﬁo(t+ihk)/h)

= Tr(pAOjuqu(t + ZFL)\)),

—iHo (t+ihN)

since pg commutes with e /" and the trace is invariant under cyclic permutations. We conclude

that the DC conductivity reads

oo B A
B /0 at /O AN G Gpr (8 4+ TN oe ", (6.13)

This is the Kubo formula for the conductivity, first derived in 1957 by Ryogo Kubo [16]. In order to
actually be able to use it in practice, we need to make some simplifying assumptions.
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6.3 The independent electron approximation

In the independent electron approximation, electron-electron interactions in the system are ignored. This
implies that the Hamiltonian can be written as Hy = dI‘(H (1)) where ffél) is the one-particle Hamilto-
nian operator on H (see Appendix B.1). We denote its eigenstates by |k) and the corresponding energy
eigenvalues by €. Substitution into Equation (6.8) yields

AL

0 1 1 q (1) 1
j= o lar ), ar(Ag] = S ar(, 2§V = drg)

1
with

2 1
~(1) — quf(l)

j and v = L HY (6.14)

Vv ih

the current density and velocity operators on H, respectively. We again used Equation (6.12) to replace

ﬁ(t) by Hy in the definition ofj and Lemma B.1 to pull dI" out of the commutator. Lemma B.1 also

gives us
j](t) _ eiflot/hjefiﬁot/h _ dr(e“ﬁ[él)t/hj(l)efif[él)t/h) _ dl“(jgl)(t)),

so by Lemma B.2,

Hy = Z<k|H )|€ Verée = Zekckck—ZGknk,

k.l

Jv =" _(kliP 10 e,

k.0

Gur(®) = "3 ()10 E el

k.0

where ¢ and ¢, are the fermionic creation and annihilation operators. The corresponding occupation
number operator iy, = &;¢; is known to have expectation value (fi;) = f(ey), where

1

f(G) = eB(e—p) +1

is the Fermi-Dirac distribution.

These expansions of the Hamiltonian and current density operators allow us to compute the trace in the
Kubo formula (6.13). Noting that

(0G5 &+ A ) = (et 87N GBS A

— e—ifkt/heAEk <k| (eiflél)t/hef)\ﬁél)iﬁl))* |£>

i ~(1) a0 7 (1)
— e zekt/he)\ek<k|]/(t)esz0 t/he—AH§ 10)

— e—iekt/hekek eiegt/he—)\eg <I€|j£1) |£>

— ei(é(fek)t/ﬁefk(egfek)<€|j£1)|k,>
for any k, ¢, we get

Gudur(t+inN))o = Y (k] ko) (sl 30 k) (ks —ra)t/ =Nk mera) (o8 &y 6 éx Do, (6.15)
k1,k2,k3 k4

Taking the Fock states |(ny)) as the basis states for the trace, where ng € {0, 1} is the number of particles
in state |k), it becomes clear that there are only three cases in which the trace does not vanish:
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56 The TKNN formula

(1) Case 1: k1 = ko = kg = kg = k. We have
Chentitr = Eh(1 — Ghen)ér = chen — (64)% (k) = Mg
since {¢é, ¢;} =1 by Equation (B.2), so in this case,

(Ch, ChaCryCha)o = (k) = f(er).

(2) Case 2: k1 = ko = k # £ = ks = k4. Heuristically, the occupation number operators 7 and 7
are independent as random variables, so

(Ck, ChaCy Cra)o = (Alie)o = (Ar)o(fe)o = f(er) f(ee).
This can also be derived by simply evaluating the trace

(@encien)o = Y () potwiel (i) = D ((nar) | ol ()

(ngr) (nr):
nEp=neg=1

We know pg = e‘ﬂ(gﬂ_”N)/Zo from Equation (6.1) and Hy — MN = (e — p)igr, so

1 1
<éZékézég>0 = 70 Z e B o (e =g ?Oe—ﬁ(ek—/i)e—ﬁ(ez—u) Z H e—ﬁ(ek/—u)nk,
(ngr): k' #k,L

(ngr):

np=ng=1 k' #£k,L
_ L sla-m e T (4P,
Zy
oy,

Applying the same trick of swapping sum and product to Zy gives

Zy = TJ(1 + e P )

k/
and thus
e e Bler—n) g—B(ee—n)
(Chertice)o = 77 e BEe—m)(1 4 e Pl—m)y fle) f(ee)-
(3) Case 3: ky = kqy = k # £ := ko = k3. Note that
CrepCyey = —C3Colrly = EréRteC; = ¢k (1 — E5¢0) = Ty — Ny
by the anticommutation relations {¢;,é;} =0, {é, ¢} = 0 and {é, ¢} =1, see (B.2). Using case

2, we find
(Chy s Gy Chea)o = (M) — (Moo = flex)(1 — f(er))-

Combining this with Equation (6.15) gives

Gudur(t+ iAo = D (kLD 1) (RITED k) f(er)+
k

> (kGRG0 £ (er) f )+
k#£L

> (K110 ke e meRt e M e £ ) (1 - fer)).
k¢

Now, (j)o = 0 by assumption, so

0= (Gado = D kI I0 e 0 = D (kT k) Ao = S (k1T 1K) £ (er)-

k.t k k
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for any A. It follows that

0= (; (k|G k) £( ) <; (@i1e £ )
= > (Kl

SO 1R) TN £ (e) fee) + D (RIS 1R) (el T ) £ (er)?
k

o

£0
and thus

(Gudur (t+i0N)o = D (kLD k) kLD R f (e) (1= f(er))+
k

> (K110 G0 k)t ert hem M e e ) (1= f(er))
k¢

= ST (RIGEV 100D |yei et R A f(e)(1 — f(er)).

k.l

Substitution into Equation (6.13) yields
S ] . .
T =V / dt e/leem w0t / dX e MmN feg) (1= f(en)) (k110 (TN k),
ke 0 0

which we can simplify further. We compute
/OO dt eiler—en)t/h —ot _ h pilee—e)t/hg—ot|> _ _ ih
i(er — €x) — RO 0 €, — € —hd’
B =€
/ Q) Alen—ee) _ 1 AMew—ee) B _ eBler—e) _ 1
0 € — €y 0 € — €y
interpreting the second integral as f if ¢, = €. Noting that

1 eBlee—p)

Bler—er) _ _ — (ePlex—er) _ 1Y . .
(G 1) f(ex)(1 — fler)) = (ePr 1) eBlen—m) + 1 ePle—m) 41

eBlex—p) _ oBlee—np)
= (eﬂ(ﬁk*/i) + 1)(6,8(55—;;,) + 1) = f(eé) - f(ekr)7

we arrive at the final expression

o =V 3 oy e LCE A LTRSS (6.16)

This expression is consistent with the literature, see for instance Equation (1.2) in [5]. It may seem like
the €, = €¢ terms blow it up, but this is not the case since the A integral is just 3 if € = €.

6.4 The TKNN formula

At last, we can reduce (6.16) to a form that has a geometric interpretation in the context of connections
on principal U(1)-bundles. This was first done by Thouless, Kohmoto, Nightingale and Den Nijs in
1982 [7]; we follow [15, Section 4.2]. All operators now act on the one-particle Hilbert space H, so
henceforth, any superscripts (1) will be dropped.

This is the point where we assume H, is a Bloch Hamiltonian, i.e. that it commutes with all translations
by elements of a full rank lattice A in RY, with d the dimension of the system (usually 2 or 3). That is,

o7



58 The TKNN formula

if we define for all R € A an operator Tr on H by Trt(r) := ¢(r + R), then we require [Hy, Tr] = 0 for
all R € A. The simplest Bloch Hamiltonians are those of the form

h2
Hy = —%vf + U(r) (6.17)

for some A-periodic potential energy function U(r), but in general, Hy can take many different shapes.
For instance, magnetic fields can give rise to terms linear in the momentum p and if spin is included in
the picture, terms involving the Pauli matrices can pop up too.

We now attach some symbols to the crystal lattice A. Choose a basis matrix A € GL(d,R) for A, then
A={Am:m € 7%}

and ' := A[0,1)? is a primitive unit cell. For simplicity, assume the system is made up of finitely many
such unit cells, arranged in a d-dimensional cube. In other words, there exists L € Z~( such that the
particles are confined to
Iy =A0,L)0"= |J R+T),
ReAL

where
Ap={Am:m e {0,1,...,L - 1}9} C A.

The number of unit cells is N = |A;| = L? and the system volume is V = vol(I'z) = NV with
Vo = vol(T") = |det(A)| the determinant of A. The reciprocal lattice of A is defined as

A*:={Bn:nc 7%

with B == 27rA~T € GL(d,R). Its has determinant |det(B)| = (2)¢/V; and can also be characterized
as follows.

Lemma 6.1. Let K € R?, then K € A* if and only if e ® =1 for all R € A.

Proof. First suppose K € A*, then K = Bn for some n € Z%. Note that BT A = 2rA~' A = 2r1,, so for
any R = Am € A,
. . T . T T ;
e’LK'R _ ez(Bn) (Am) _ oin B Am __ eZTrzn-m - 1.

For the converse, assume e 'R =1 holds for all R € A, and let n € R? be such that K = Bn; we need
to show n € Z%. Let 1 < j < d and denote by e; the j-th standard basis vector of R?. Set R = Ae; € A,
then by a similar computation as before,

1= eiK~R _ e2m’n-ej _ e2m’nj

and thus n; € Z. O

With this language of lattices and unit cells in place, the eigenstates of Hy can be characterized quite eas-
ily. Bloch’s theorem guarantees the existence of an orthonormal basis for H consisting of Hy-eigenstates
|n, k) of the form
1 .

rln, k) = ——eX Ty, i (v 6.18

(1) = e Tu(r) (6.18)
for some A-periodic Bloch function u,x(r). Here, n is an integer known as the band index and the
wave vector k € R? can be chosen inside the (first) Brillowin zone, a primitive unit cell of the reciprocal
lattice A*. Any unit cell would suffice, but in the literature, the term Brillouin zone is usually reserved
for the Wigner-Seitz cell of A*, which is the set of points for which 0 is among the closest reciprocal
lattice vectors.! Furthermore, if we impose periodic boundary conditions on the eigenstates so that X

IStrictly speaking, this is not a fundamental domain of A* since it is symmetric around 0. To fix this, part of the
boundary should be omitted, but this is usually ignored.
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6.4 The TKNN formula 59

can be regarded as a space of LA-periodic functions on R?, it follows that k always lies in the discretized
reciprocal space
A* Bn
— =4q—:n¢€ Zd}.
R
Hence, the total number of points in reciprocal space representing a physical state is N, and each such
point has volume (27)¢/(NVy) = (27)%/V. The factor 1/v/N in Equation (6.18) ensures that the Bloch

functions are normalized as elements of the space H’ of A-periodic functions with inner product

(ulv) = / dr u(r)v(r). (6.19)
r
Now, define for all k in the Brillouin zone a new operator
H(k) == e T fyeikr (6.20)

on this smaller space H' and note that ﬁ(k) is Hermitian.? By definition, then, v € H’ is an eigenstate
of H(k) with eigenvalue ¢ € R if and only if ¢**u € H is an eigenstate of the Hamiltonian Hy with that
same eigenvalue, so diagonalizing H (k) yields precisely the Bloch functions w,, x with wave vector k. One
consequence of this is that for any k, the |u, k) form an orthonormal basis of H' since H (k) is Hermitian,
a fact which we will need later. The definition of this new k-dependent Hamiltonian H (k) signifies an
important conceptual shift: instead of solving for all k in the first Brillouin zone simultaneously, we can
fix k and diagonalize H (k), regarding the wave vector as a sort of parameter of the system.

Having characterized the eigenstates of the one-particle Hamiltonian, we can now reduce Equation (6.16)
further by computing the current density operator’s matrix elements. Recall from (6.14) that j = ¢v/V,
so Equation (6.16) can be written

o= S S MO IO g s Kk (620)

o kI Gn,k — en’,k’ — ih&)(en,k — Gnlyk/)

It turns out that the matrix elements of v can be related to those of the k-dependent velocity operator
V(k) = e kTyeikr (6.22)

on H', whose definition is of course inspired by (6.20). To see this, first note that for all band indices
n,n’ and wave vectors k,k’ € A*/L, we have

1 e 1t
<n7 k|{"n/7 kl) = N / dr e_Zk‘run,k(r){fezk 'run’,k’ (I‘)
I

1

—— dr ei(k/_k)‘rm‘}(k/)un’,k/ (I‘)
N Jr,

Splitting the domain of integration into N shifted copies of the unit cell I' yields
1

L TRNES D M N AT S
ReAL +

1 iy -
N > / dr /& =1 R4y (R + 1)¥(K )ty o (R + 1)
ReAL r

]_ st con _—
N( Z ek k)'R> / dr ! =0Ty ()9 (K Y g (1), (6.23)
r

ReAL

2If Ay is of the form (6.17), it is easy to see that
N K2 o
H(k) = ——(Vr +1k)" + U(r),
2m

which is just Hy with the momentum operator p = —ihVy replaced by p + hk.
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60 The TKNN formula

where we made use of the A-periodicity of the Bloch functions. This can be reduced further using the
following lemma.

Lemma 6.2. Ifk, k' € A*/L, then

Z oIk k)R _

B {N if k' —k € A",
ReAL

0 otherwise.

Proof. The case k' — k € A* holds by Lemma 6.1 (since |Az| = L? = N), so assume k' — k ¢ A* and
choose n € Z¢ such that k' — k = Bn/L. Writing Zy, == {0,1,...,L — 1}, it follows that

Z ei(klfk) Z ez(Bn (Am)/ Z e2min: m/L

ReAL meZ$ meZ?
d L-—1 d L-—1

_ H § 627mnjm/L H § 27rsz/L
j=1m=0 j=1m= O

where we used BT A = 2rA~1 A = 2n];. By assumption, there exists a j such that n; is not a multiple
of L, which means €27/ = 1 and thus

L-1 ) 1— 627Tinj
Z (627Tznj/L) _ — ezﬂinj/L =0. 0
m=0

Finally, if k and k’ live inside the first Brillouin zone, 0 is the only reciprocal lattice vector that they
can differ by. Combining this with Equations (6.19) and (6.23) gives

(n,k[¥|n/, K'Y = S / dr uy, 1 (v)V(K) Uy k(1)
r

= O (Un |V (K) [unr 1),

so Equation (6.21) reduces to

th 6n k) - f(en’ k) N ~
= gg;ii: e oy Gl ) ) 9 () ). (624
As explained at the end of the previous section, the n = n’ terms remain finite due to some cancellations,
but this breaks down when we take the limit 6 | 0. A more careful analysis which also takes disorder
and impurity concentrations into account shows that the n = n’ terms are proportional to the mean
scattering time; see for instance [15, Section 4.2]. Their sum is known as the Drude conductivity and it
blows up in the clean limit — which we are working in here — essentially because a perfect metal has zero
resistance. We therefore choose to ignore this “very stupid infinity” and focus instead on the n # n’
terms, which constitute the interband conductivity. In the continuum limit L — oo with ¢ | 0, it reads

6n k f(en’,k) ~ N
o =1 dZ/dk ) L) s () ) (sl () ). (629
In converting the sum over k to an integral, we divided by the volume per k-point (27)?¢/V.

Now, note that for any u € H’ and wave vector k,

(VicH (k))u = Vi (e7 T Hye™™u) = —ire ™ " Hye™ Ty + e 75T Hyire™ Ty
= —ie T [F Hyle™ Ty = hv(k)u
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6.4 The TKNN formula 61

by the product rule together with Equations (6.14) and (6.22), so

X 1 .
(19 () [ 1) = 2 (1| VacH () [t i)

for any pair of band indices n,n’. We want to use the product rule for differentiation to transfer the
gradient to other parts of the inner product, but for that, we need the map assigning |u, k) to every
point k in the first Brillouin zone to be smooth for all band indices n. However, quantum mechanical
eigenstates are defined up to phase, so we can guarantee that |u, k) depends smoothly on k by choosing
an appropriate phase for every Bloch function. There is an important caveat, though: for this to be
possible, we need to assume that the bands are isolated, i.e. that e, x # €pt1x for all n and k. If
two distinct bands cross or touch, which happens quite regularly at high symmetry points in the first
Brillouin zone, singularities can occur. We will see an example of this in Chapter 7.

The Bloch states |uy, x) and |u, k) have inner product &y, so
0 = Vi(un k|tn k) = (Vitn x|tn k) + (Un k| Vitn k) (6.26)
and if n #£ n/,
0 = Vic(tn il H () un 1)
= (Victt 1| H () |t 1) + (e Vi H (K) [t 1) + (i 1e| H (K) [ Vet i)
= (—€n i + €n10) (Ui Victtnr 1) + (U | VicH (K) [t 1),
which means

(un x|V (k) [un k)
€nk — €n’ k

1
= _ﬁ<un,k|vkun’,k>~

Substitution into Equation (6.25) now gives

q

2
T =~ 2 [ i (Flensd) = Flew ) 1t 4D

where 0, and 0, denote partial derivatives with respect to k* and k”. We have also reintroduced the
n = n' terms because they now contribute nothing. Splitting the sum into two and using Equation (6.26)
to again transfer k-derivatives to the other side of inner products at the cost of a minus sign yields

;2
q
= o | 6 (X £ens 00t a) a0y~

n,n’

S F (w10 Optins et 1) <un,k|ayun/,k>)

;2
iq A .
= Gy 2 ] 0 600 (0010.400913,t04) = (0 O
where we have introduced the projection operator

O(k) = Z|un,k> <un’k|

on H' for all k. Now, recall that for any fixed k, the |u,, k) constitute an orthonormal basis of H’. That
means O(k) is the identity, so

2
tq
O = Tl ZL: / dk f(en1c) ((utin k| Optin i) — (Optin x| Optin ).
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62 The TKNN formula

For all n, define the n-th Berry connection a™ and Berry curvature £ as

a,&n)(k) = *i<un,k‘apun,k>a (627)
FD (k) = 0,00 (k) — 0,a{" (k). (6.28)

Recall that earlier on, we had to choose a phase for each Bloch function to be able to take derivatives
with respect to k; a priori, a(™ and £ depend on that choice of phase. By the equality of mixed
partials,

f(n)( )= i(<au“n,k|avun>k> + (tn k[ 0Oy tin i) —
<8uun7k|8uun7k> - < ) >)
= —i((@uun7k|3yun,k> - <6yun,k|auun,k>)7

with which we finally arrive at the TKNN formula

T =1 th [k s s . (6:29)

Taking a step back, recall that o, by definition measures the strength of the current in the p-direction
induced by an electric field in the v-direction. Thus, the off-diagonal elements o,,, u # v of the
conductivity matrix quantify the anomalous Hall effect. Equation (6.29) then states that there is a
contribution to the AHE by each ( Partlally occupied band n, given by the integral over the Brillouin
zone of the n-th Berry curvature f,“, weighted by the Fermi-Dirac distribution. As we will see in the
next chapter, the TKNN formula explains why the anomalous Hall effect can occur only in magnetic
materials, and it provides a fascinating geometric viewpoint.
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Chapter

The anomalous Hall effect

To those readers who have gotten lost in the sea of symbols and equations: do not fret, this is where the
fun begins. In this final chapter, we discuss the geometric interpretation of the anomalous Hall effect,
the puzzling ferromagnetic cousin of the ordinary Hall effect discovered in 1881 by Edwin Hall. One
could say that it has three parts. Firstly, the functions a(™ and f (") on the Brillouin zone which make
an appearance in the TKNN formula (6.29) can be interpreted as the coordinate representations of the
local forms of a connection w and its curvature Q on a principal U(1)-bundle 7: P — T9 over the d-
dimensional torus T¢. Interpreting 7' as the “folded up” Brillouin zone, the total space P of the bundle
can be constructed by gluing to each wave vector k € T¢ the U(1) of normalized H (k) eigenstates.
Second, the notion of parallel transport on P that w gives rise to has real physical significance: the
horizontal lift to P of a smooth path + in T describes the actual time evolution of the quantum
system (as dictated by the Schrédinger equation) when the wave vector k (which can be interpreted as
a parameter of the system) traverses the path «. If v is a loop in 7%, then the phase difference between
the initial and final states of the system is known as a Berry phase. Finally, in two dimensions and in
the low temperature limit, the contribution of a band to the TKNN conductivity o, is a fundamental
constant multiplied by precisely the Berry phase acquired by the system when walking around the edge
of the occupied Brillouin zone for that particular band.

Interesting as it may be, however, this geometric interpretation still does not answer the question of why
the anomalous Hall effect is measured only in ferromagnets; for that, we need to look at symmetries.
It turns out that o,, can be nonvanishing only if time reversal symmetry is broken. This happens
spontaneously in a ferromagnet: if it is magnetized, it can retain its nonzero magnetization even after
any external fields have been turned off. Time reversal symmetry is usually broken in the spin sector, and
spin-orbit coupling is needed to somehow “transfer” this information to the momentum k. Finally, to
conclude the chapter, we discuss the Rashba model for itinerant ferromagnetism, which nicely illustrates
many of the concepts.

7.1 The bundle and its connection

The following ideas are based on [12, Section 10.6]. Consider a system of non-interacting electrons
described by a Bloch Hamiltonian Hy in a crystal lattice A C R%. Recall from Equation (6.20) that we
can then define a k-dependent Hamiltonian H (k) acting on the space of A-periodic functions (which we
now denote by H) for all k in the first Brillouin zone, i.e. a primitive unit cell of the reciprocal lattice A*
of A. Diagonalizing H (k) yields a collection of eigenspaces, namely those spanned by the Bloch functions

up x With wave vector k, along with the corresponding energy eigenvalues €, k.
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64 The anomalous Hall effect

As before, we have to make the crucial assumption that all these eigenspaces have (complex) dimension 1,
meaning that all energy bands in the system are isolated.! There may still very well be degeneracy within
any band, just not between them: states with the same n but a different k can have the same energy
eigenvalue, while states with the same k but a different n cannot. Under this assumption, we end up with
a collection of functions — one for each band — from the first Brillouin zone to the set of 1-dimensional
subspaces of H, which can be canonically identified with the projective Hilbert space P(H). These
descend to maps F(™: T4 — P(H) with T the d-dimensional torus, since points on opposite edges of
the Brillouin zone have identical spectra. Mathematically, 7¢ = R%/A* is the quotient of reciprocal space
by the reciprocal lattice A*, and the functions BZ — P(#) factor through the quotient map q: R? — T,
k — [k]. In some sense, the F() form the quantum mechanical description of the system, and they are
precisely what we need to give the TKNN formula a geometric interpretation.

The finite-dimensional case. To see why, fix n and assume for the moment that the image of F(") is
contained in the projectivization of some finite-dimensional subspace of . For all intents and purposes,
then, we can just assume H itself to be finite-dimensional, at least while we are looking at only the
n-th band. Recall from Section 3.3 that the natural map v, : S — P(H), z — [z] with S C H the unit
sphere is then a principal U(1)-bundle, and from Section 5.2 that there is a canonical connection form
(j]dj) € Q(S,iR) on 7,, where j: S < H is the inclusion. Hence, under the assumption that F(™) is
smooth (which is a well-defined notion now), we can do two things:

(i) pull back ~, along F(™ to obtain a principal U(1)-bundle 7: P := (F(™)*S — T% and a principal
U(1)-bundle morphism ¢: P — S, which is just the projection onto the second coordinate (see
Proposition 3.13);

(ii) pull back (j|dj) along ¢ to obtain a connection form w := {*(j|dj) on 7 (see Proposition 5.3).
One way to summarize this is to say that we are “pulling back the mathematics along the physics”.

By definition of the pullback bundle, the fiber of 7 over [k] € T consists precisely of those points ([k], |u))
with |u) € S an eigenstate of fI(k) with eigenvalue €, k. Intuitively, P is just the space we obtain by
gluing to each point [k] € 7¢ on the folded up Brillouin zone the U(1) of normalized Bloch functions
with wave vector k in band n. As for the pullback connection w, let us try to compute its local forms
in coordinates. Let V' C R? be the Brillouin zone without its boundary and set U := (V) C T, then
U is open in T%. The restriction g|y is a diffeomorphism onto U and its inverse ¢ = (q|ly)~*: U — V
is a smooth chart for 7¢. Assume U admits a smooth local section o: U — 7~ 'U of m,2 then the
composition 7 := jo(oo: U — H sends [k] € U to one such normalized H (k) eigenstate, which we can
denote by |u, k) = 7([k]) = (o971 (k) for all k € V. The function 7 is essentially what was referred
to earlier as a “smooth choice of phase” on the open Brillouin zone. The local form of w on U can now
be written as

A= o"w=((Co0)jld((¢ 0 0)*)) = (rldr) € Q' (U,iR), (7.1)

since pullbacks commute with products and exterior derivatives (see Lemma 4.10). Similarly, pulling .4
back along ¢! = ¢|y: V — U yields a smooth iR-valued 1-form

A= @7 A=) rd((®7h) 7)) = (roy T d(roy™h)) € QY(V,iR)
on V. Now, since 7 o9~ is just a map from an open subset of R? to H,

d(ro ’(/}_1) =0u(To P dkH = |0y tn 1) A&

1This assumption is not strictly necessary for the construction to work. For example, if the system is invariant under
both time-reversal and spatial inversion, each band is doubly degenerate due to the spin of the electrons. However, the
spin-up and spin-down populations can be regarded as their own separate subsystems, with isolated and non-singular
bands. We still make the assumption for the sake of clarity and ease of language.

2This assumption is actually redundant, since U is contractible and any principal bundle over a contractible base space
admits a global section.
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7.1 The bundle and its connection 65

with k', ..., k%: R = R the coordinate projections, so

\A = (U 1c| Ot 1) A" \ (7.2)

By Equation (6.27), the component functions A,: V — iR of A satisfy A, = a&”)i, with a® the Berry
connection of the n-th band. Now, let Q = dw € Q*(P,iR) be the curvature of w (the Lie bracket
term vanishes because U(1) is abelian) and F = ¢*(Q its corresponding local form, then F = d.A since
pullbacks commute with exterior derivatives. The coordinate representation of F reads

1
F=@ Yy F=dA= O A, dE* NdEY = 5(8,“4,, — 0,A,) dEM A dE”

where the factor 1/2 compensates for the fact that the implicit summations runs over each unordered

pair of distinct indices twice, so for the component functions F,,: V — iR, we have F},, = f/(ﬁ)z' with

£(") the n-th Berry curvature. This is the essence of the geometric interpretation of the TKNN formula:

The Berry connection a'™ and curvature £(™) are the coordinate representations of the local

forms of a connection w and its curvature = dw on a principal U(1)-bundle m over the folded
up Brillouin zone T.

The infinite-dimensional case. Things get a little more messy if the image of F(™) is not contained
in P(H’) for some finite-dimensional subspace ' C H. In this case, P(#) is no longer locally Euclidean
and a more general theory of infinite-dimensional differentiable manifolds is needed to be able to talk
about smoothness of maps and bundles. What we can do, however, is assume that F(™ is at least
continuous and pull back the topological bundle v: .S — P(H) from Proposition 3.17 along F ("), This
yields a topological principal U(1)-bundle m: P — T along with a topological principal U(1)-bundle
morphism (: P — S. By virtue of Theorem 3.16, P can then be given a compatible smooth structure
such that 7 becomes a smooth bundle.

To construct a connection on 7, we now argue backwards. Let {(U,, ¢a)}aca be a bundle atlas for =
with associated smooth local sections o4 : Uy — 7 'U,. Again, denote by j: S — H the inclusion of
the unit sphere S C H in H and set 7, ;== jo (o0 04: Uy, — H for all @« € A. Choose an orthonormal
basis {e/}ser for H, then for all @ € A, there exist functions 7£: U, — C such that 7, = 7{e;. Assuming
these to be smooth, we can use the product of C-valued forms induced by complex multiplication to
define o

Al = rtd(th) € QY(U,,C)

for all @ € A and ¢ € I. Finally, assume the sum

A=Y A

lel

to be a well-defined smooth C-valued 1-form on U, for all & € A. These are our local connection form
candidates, inspired by Equation (7.1). It is easy to see that they are in fact iR-valued: for all [k] € U,
and v € Iﬁkﬂfd,

(A)pg(v) = D (A8 (v) = A(TE)pg (v) 74 ([K)))

Lel

~a(SREP) - S T A

el tel

= d(I7a]*)pg (v) = (Aa) g (v) = =(Aa)pg (v)

since the exterior derivative is an antiderivation and 7, by definition takes values in the unit sphere .S, so
that |7,|? is a constant map. Now, denote by pap the transition functions relative to the chosen bundle
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66 The anomalous Hall effect

atlas and let a, 8 € A. The topological fiber bundle morphism C P —> S is U(1)-equivariant and we
know o3 = 04 - pag o0 Uy NUg, so also 73 = 7, - pap and thus Tﬁ =75 pop for all £ € I. Again using
that d is an antiderivation gives

Ag = 7bpap(d(h)pas + 75 d(pap))

Lel
= ST Aol + (3172 Jpm(ons)
lel lel

= A, + p;é d(pozﬂ) = Aa + leg(paﬂ)7

where Lemma 4.25 was used in the last equation. Hence, by Proposition 5.9, there exists a connection
form w € Q'(P,iR) on 7 such that A, = 0w for all « € A. Note that the A, were defined in such a way
that pushing them forward along smooth coordinate chart maps 1, : Uy, — R? gives the same results as
in the finite-dimensional case, so from this point on, the two cases can again be treated as one.

7.2 Berry’s phase

With the connection form w on the principal U(1)-bundle 7: P — T comes a notion of parallel transport
on P, as was discussed in Section 5.5. Remarkably, the horizontal lifts of smooth paths in the folded up
Brillouin zone T have real physical significance: they represent the actual time evolution of quantum
states as dictated by the Schrodinger equation. We follow [17, Section 3.3].

As above, let V be the open Brillouin zone and U C T'% its image under the quotient map ¢q: R% — T%,
so that ¢ := (q|y)~!: U — V is a smooth coordinate map. Choose a smooth local section o: U — 71U
of m and write |un k) == ((c([k])) € S for all k € V; o can be interpreted as a smooth choice of phase
on U. Again, we denote by A = o*w and F = ¢*Q the corresponding local forms of the connection
w and its curvature Q = dw, and by A := ("1)*A and F = (¢1)*F the coordinate representations
of A and F. Now comes a bit of a conceptual leap: we have to start viewing the wave vector k as a
parameter of the system that can be tuned by turning an imaginary knob. The system is described by
the k-dependent Hamiltonian H (k), and its parameter space is T%. If 5: t — k(t) is a smooth curve in
V, then its composition ¢~ o: t — [k(t)] with ¢~ describes a possible evolution of the parameter
through time. Suppose the system is prepared at time ¢ = 0 in the state [¢(0)) = |un’k(0)>, then its state
[t(t)) at time ¢ > 0 can be found by solving the Schrédinger equation

(ihd, — F((t))) (1)) = 0. (73)
If the evolution of the parameter k(t) is “slow enough”,® then the adiabatic theorem tells us that to
good approximation, |¢(t)) = ew(t)‘un,k(t)> for some phase function 6. That is, if the system changes
in time only very gradually, it will stay in the n-th band and barely mix with other eigenstates. If
were the constant map k(t) = k, then the system would evolve as [1(t)) = e~*nxt/R|y,, ) by standard
quantum mechanics: |u, ) is an eigenstate of H (k) with eigenvalue €, y, so all we have to do is tack on
its characteristic wiggle factor. For general v, this motivates the ansatz |¢(t)) = ¢(t)e?®) |un)k(t)> with

1 t
H(t) = 7%/0 en,k(t’) dt,.
Substitution into the Schrodinger equation (7.3) yields
, . 1 .
0=c (1) D|u, ) + iG’(t)|1/)(t)) +c(t)e DO sy ) — = H k() [(#)

. 1
= ()" |y 11y + 6n k(o) 1Y () + c(t)e D] O, sery) — £€n,k(t)|'(/)(t)>
(C \un,k(t>> +elt \9tun,k<t>>)€w(”v

3The parameter must evolve slowly relative to AE/h with AE a typical band gap size. It is possible to precisely quantify
this, see [17, Section 3.3] and [18, Section 2.1].
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which implies
d(t) = _c(t)<un,k(t)|atun,k(t)>'
With the initial condition ¢(0) = 1, we thus find the solution

t
o) = e~ [ Gt Ot 0t ).
0
This can be plugged back into the ansatz to obtain

: ' dk+
|w(t)> — 10t ’un,k(t)> exp (— / <un7k(t/) ‘8Hun7k(t/)>ﬁ (t/) dt/)
0

t
= 610(75) ’un,k(t)> exp (— / <un7k(t/) \@Lun’k(t/ﬁ d(k” o ’y))
0

t
= ez@(t) |un,k(t)> exp ( / ’Y*(<un,k|aﬂun,k> dk“))
0

t
— eie(t)|un7k(t)>exp (_/ ’Y*A>7
0

where we have used the expression (7.2) for A = (¢»=!)* A. By writing |¢(¢)) in this form, the connection
(pun intended) with horizontal path lifting becomes clear. Theorem 5.15 states that the smooth path
Yp~toy:t — [k(t)] in T has a unique lift ¥ to P with initial point o([k(0)]) which is horizontal with
respect to the connection w on 7. By Proposition 5.16, it is given by

(CoR)(t) = <<a<[k<t>]>>exp(— / (! 07)"34) - yun,k<t>>exp(— / t v*A),

which is precisely [¢(t)) if the dynamical phase 6(t) is left out. This brings us to the following conclusion:

The connection w on the principal U(1)-bundle 7 over T describes a physical geometric phase
acquired by the system’s wave function when traversing a path in parameter space.

In this context, such a geometric phase is also known as a Berry phase. In d = 2 dimensions at low
temperatures, it allows for taking the geometric interpretation of the TKNN formula a step further. In
the limit 7" | 0, the Fermi-Dirac distribution f(e) converges to a step function which cuts off from 1 to
0 at the chemical potential e = p. The occupied states in the n-th band are thus precisely those with a
wave vector lying in the subset

Yi=1{k:e,x < p} CR?

of the first Brillouin zone. By Equation (6.29) then, the contribution of the n-th band to the anomalous
Hall conductivity o, is
ie? ie?

2
(n) _ ¢ MKV dk® dkY — — < | Fo (k) dEk® dkY — —
Tay 27rh/§;fwy( ) dk” dk 2rh Js oy (k) k" dk 2h Jy o

where we used that F' = F,, dk” A dkY since we are working in 2D. Assume that the closure ¥ of ¥ is
contained in the open Brillouin zone V, and that ~: [0,1] — V is a smooth closed curve traversing the
boundary of ¥ once in the positive direction, then by Stokes’ theorem,
;2 ) Lol
() te e e N
og) =—— [ dA=—— A=—— A.

Yy 2rh Js; 2h J s 2rh Jo K
From the above discussion, we also know that when walking around the closed loop ¥ ~! o~ in parameter
space, the initial and final states of the system differ by a geometric phase factor ¢® with

¢=z’/01<w-1ov)*A=i/olv*A,
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68 The anomalous Hall effect

which implies

In words:

In two dimensions in the low temperature limit, the contribution of the n-th band to the anoma-
lous Hall conductivity oy is the universal constant —e? /h multiplied the Berry phase in units
of 27 acquired by the wave function when traversing the boundary of the occupied part of the
Brillouin zone in reciprocal space.

Something special happens when the entire n-th band is filled, so that

o — I [ i
Y 2h Jy 2mh

It is important to note here that F = 0*Q is really only defined on the dense subset U of T2, but by
Proposition 5.13, it agrees with other local forms of Q on intersections since U(1) is abelian. Therefore,
it can be extended to a smooth iR-valued 2-form on the whole space T2, which by abuse of notation
is also called F'. Now, by Shiing-Shen Chern’s generalization of the famous Gauss-Bonnet theorem, the
integral of i.F /21 € Q2(T?, R) over the torus T2 is an integer, known as the Chern number, which implies
that the Hall conductivity o, is quantized [19].

This fits into the broader theory of characteristic classes as follows. Since F is just a bunch of exterior
derivatives of local connection forms patched together, it is closed, i.e. dF = 0. As a consequence, the
R-valued 2-form iF /2w on T? defines a de Rham cohomology class [iF/2n] € H?(T?), which can be
shown to be independent of the connection w. That is, if you follow the same procedure starting with
a different connection on the principal U(1)-bundle 7, you end up with something which differs from
iF /27 by an exact form. We call [iF/27] the Chern class of the bundle and under the identification of
de Rham and singular cohomology, it can be shown to have integer coefficients. Furthermore, homotopic
maps F("): T? — P(H) give isomorphic U(1)-bundles by Theorem 3.15 (at least in the finite-dimensional
case), which means that the Chern classes and numbers are invariant under small perturbations of the
Hamiltonian: the quantization of o4, is topologically protected. For details, see [9, §32], 20, Chapter C].

7.3 Symmetry considerations

One question that remains unanswered is why the anomalous Hall effect is measured only in ferromagnetic
materials. It can be answered at least to some extent by considering the symmetries of the system. In
quantum mechanics, a symmetry is represented by a (conjugate) linear operator S acting on the system’s
Hilbert space. The system is said to possess the symmetry if its Hamiltonian H commutes with S , 1.e.
[H' , S’] = 0. For example, the operator T associated to translational symmetry over some vector a shifts
any wave function 1(r) by a, so T4(r) = ¥(r — a). For a Hamiltonian of the form

A K2 9
H: *%V +U(I’),

having translational symmetry then means U(r —a) = U(r) for all r.

For us, two symmetry operators are relevant. The first is the parity or inversion operator 7, defined in
the position basis by Zt)(r) = ¢(—r). It is linear, Hermitian (Z* = Z) and unitary (Z* = Z~!), which
implies that its only possible eigenvalues are +1 and —1. The corresponding eigenstates are precisely
the wave functions which are even and odd in r. The second is the time reversal operator T defined
for spin 1/2 particles as T = wyK with 6, the second Pauli spin matrix and K the position basis
complex conjugation operator. It is conjugate linear and antiunitary (T* = '7'*1), which means all its

eigenvalues have norm 1, and it satisfies T2 = —1; see [17, Section 2.1.6].

4For a conjugate linear operator A on a Hilbert space H, the adjoint A* is defined by (Az|y) = (z|A*y) for all z,y € H.
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7.8 Symmetry considerations 69

The associated symmetries have important consequences, also explained in [17, Section 2.1.6]. If a system
has inversion symmetry, then we always can find an orthonormal basis of energy eigenstates which are all
either even or odd in r. Time reversal symmetry, on the other hand, implies that every energy eigenspace
is at least twofold degenerate. To see why, let 1)) be a normalized eigenstate of the Hamiltonian H with
eigenvalue ¢, then also H”f'h/)) = €|t)) since H and T commute and € is real. Suppose now that this does
not imply degeneracy, i.e. that T]¢) = Aj¢)) for some A € C, then

A = [AP(le) = (TelTY) = WIT*Tly) = ($ld) =

since 7T is antiunitary, so
—|9) = T?l) = TAW) = AT|w) = APIY) = |v),

which is clearly a contradiction. It follows that |¢) and 7'|w> are linearly independent eigenstates of H
with the same eigenvalue E, and |¢)) was arbitrary. This is known as Kramers degeneracy.

Let us now return to our system of non-interacting electrons in a crystalline solid described by a Bloch
Hamiltonian Hy. Under inversion symmetry,

4 1 ; 1 L
Iql)n’k(r) = ﬁe—zk‘run’k(_r) — ﬁe—zkrzun’k(r)

is again an eigenstate of Hy with eigenvalue €, i, for any wave vector k and band index n. It has wave
vector —k, 80 Z|uy k) = Auy,—x) for some (k-dependent) A € U(1) and €, x = €,,—x. Similarly, under
time reversal symmetry,

7A'¢n7k(r) = e_ik‘rj'un,k(r)

1
VN
implies ’f'|unk> = AMup,—x) and €,k = €, _k for all k and n. These two are linearly independent by
the Kramers argument, so if k and —k differ by a reciprocal lattice vector (i.e. if 2k € A*), we find
that all eigenspaces of H (k) are at least doubly degenerate. To reiterate, if time reversal symmetry is
present, all Hy eigenstates are degenerated, but this need not be fized k degeneracy: the partner of any
state could lie at a different wave vector in the same band. However, for all k € A*/2, the degenerated
partner must have the same wave vector, which means that two bands cross or touch. These special k are
known as the time-reversal invariant momenta or TRIM for short, and there are precisely 2¢ of them in
d dimensions; see Figure 7.1 for an illustration. If the system is invariant under both inversion and time
reversal, then the product I7 is a conjugate linear and antlumtary operator mapping |u, k) to itself, up
to phase. Thus, by the Kramers argument, the eigenspaces of H (k) are at least doubly degenerate for
all k, meaning that each band has “multiplicity” > 2.

F---6¢---

Figure 7.1: Illustration of the time-reversal invariant momenta (marked with pink dots) in the Brillouin zone
of a square lattice (left) and triangular lattice (right)
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70 The anomalous Hall effect

Now, recall that the components of the n-th Berry curvature are given by
£ (k) = =i (Dt k| D tinpc) = Dyt ik Dptin 1))

where we now explicitly write |u, k) as a 2-component spinor

u - |U2,k>
nsd = <|ui,k>> '

Applying the time-reversal operator T gives

) 0 1\ (lul ) 00
Tlunx) = <_1 0> <|uit>> - <|uTkk>> )

so under time-reversal symmetry,

if S (—k) = (0, Tt il 00 Tt 1) — (O T tt 1|00 Tt 1)
= <aﬂui,k|auuﬁ,,k> + <aﬂul,k‘&/u£,k> - <8u“i,k|auut,k> - <aﬂu£,k|al’u:},,k>
= —if" (k).

We also know €, x = €, _x for all n and k, so f(en,k)fp(ﬁ)(k) is odd in k and the TKNN conductivity

2

vanishes. In conclusion, time reversal symmetry must be broken in order for the anomalous Hall effect to
occur. This always happens in ferromagnets when the material spontaneously magnetizes. The symmetry
breaking usually happens in the spin sector, and experience has shown that spin-orbit coupling is needed
to “transfer” the information to the orbital sector and thus develop a non-zero Berry curvature. We now
examine a simple model of itinerant ferromagnetism which demonstrates this.

7.4 The Rashba model

This section is based on [21]. Consider a generic 2D k-dependent Bloch Hamiltonian of the form

1 . k2 hk-p
H(k) = —I(p k)? =H e
() = 5 (b + hk)? + U(r) = H(0) + -+ "

for some potential U(r), acting on the space H of lattice periodic functions. In order to be able to
compute the Berry curvatures of the system, we essentially need to diagonalize H (k) for all k in the first
Brillouin zone. To this end, it is often useful to take H(0) with eigenstates |1, 0) and energies €, ¢ as a
starting point and treat the remaining terms perturbatively. To second order,

R2k*  h?
+

_ 2
om * = emo Ik

€nk = €n0 +

§:|Wmdk'ﬁmwﬁﬂ2

€Enr 0 — €
n'#n n’,0 n,0

assuming the dispersion has an extremum at k = 0 so that the linear term vanishes. In the last equality,
we introduced v := h%/2m* with

. (1 2 [(tn,0lk - Blun o)\
m _<m+m2k‘2 Z

n'#n €n’,0 — €n,0

70



7.4 The Rashba model 71

the effective mass. Note that m* depends only on the direction of k and not on its magnitude. In
the two-dimensional subspace of H spanned by the unperturbed eigenstates |n,0,1) and |n,0,]), the
Hamiltonian now has the approximate form H(k) ~ (e, 0 + vk?)Io, with I the 2 x 2 identity matrix.
For details about this so-called k - p method, we refer to [22, Section 2.6].

Now, in the Rashba model, we add two more terms to H (k). As we will see later, one breaks inversion
symmetry while the other breaks time reversal invariance; when put together, all spin degeneracy is
lifted. The first term is the Rashba spin-orbit coupling

Vso = af(k)(6 x k) -e. = af (k) (6.ky — 6, k) (7.4)

with a a non-zero real number, f(k) an arbitrary function and & the vector of Pauli spin matrices. To
understand where it comes from, note that an electron moving through an electric field E experiences an
effective magnetic field Beg = —(p x E)/mc? in its rest frame, with ¢ the speed of light. The resulting
Zeeman energy contribution Vso ~ (p X E) - & then takes the form (7.4) if E is assumed to point in the
z-direction (see [23]).° In the given basis,

Vso = af(k) <ky _Om ky +Omm) —iaf (k) (—L ko) 7

where ki = k, & ik,. Note that k; = k_ and |k;| = |k—| = k. The second term reads

- R h 0
Ver = ho0, = (OO —ho)

and it represents the coupling of spins to a uniform exchange field hpe,. Such an effective exchange field
is present in ferromagnets due to the spontaneous magnetization, but it can also be artificially realized
by introducing magnetic impurities through doping. Adding these two terms together gives the total

perturbation
o o ho (R
H =Vso + Vgr = <—iaf(k)k+ —h .

The corrections to the energy eigenvalues as well as the associated “good” linear combinations of basis
states can be found by diagonalizing this matrix. Its eigenvalues are quickly found to be +A with

A =/h2+ a2 f(k)2k2,

and corresponding eigenvectors are

( Zo(l]{(I;)IZ)) , with eigenvalue + A.
—(ho

These have squared norm

NE = liaf (k)k-|* + (ho F A)*
= a?f(k)*k* + b2 + A% F 2hpA
=2A% 1 2hoA
=2A(A F ho),

so we obtain the following (approximate) spin-split subband eigenstates:

iaf (k)

k_ ho F A
N:I: |7’Z,O,T> -

Ny

In,k, £) = n,0,). (7.5)

5If E were radial, we would instead get the usual L-S spin-orbit coupling.
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72 The anomalous Hall effect

Figure 7.2: Sketch of the dispersion and spin quantization direction for the upper (pink) and lower (blue)
branches of any band in the Rashba model, for v = 1, f(k) = 1 and different values of the parameters a and
ho. If both are zero (top left), the system is invariant under both spatial inversion and time reversal and the two
subbands coincide. If only a # 0 (top right), only inversion symmetry is broken and the bands cross at k = 0. If
only ho # 0 (bottom left), we get two vertically shifted copies of the unperturbed dispersion, with a gap of size
2ho. If both are nonzero (bottom right), the band crossing at k = 0 is narrowly avoided.

By computing the expected value of the spin operator S = hé /2 in the states |n, k, ), we can see how
the spin-orbit coupling and exchange field terms in the Rashba Hamiltonian give rise to (k-dependent)
spin quantization directions. A straightforward albeit rather tedious computation gives

] . af(k)k 1/ k
<S”>n,k,:|: =t W : E <_IZJ;> )
ho

From this, we see that the spin-orbit coupling Vso aligns spins in the zy-plane and perpendicular to the
wave vector k (“coupling” spin to momentum), while the exchange field Vgg tries to tilt the spins in the
z-direction. This is shown in Figure 7.2, together with some sketches of the dispersion.

<S’z>n,k,:|: ==+

2
h
2
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7.4 The Rashba model 73

Observe:

e if @ =0 and hy = 0, both spatial inversion and time reversal symmetry are present, which means
the band is doubly degenerate everywhere;

e if @ # 0 and hy = 0, only inversion symmetry is broken and the spin-split subbands cross at the
time-reversal invariant momentum k = 0;

e if =0 and hg # 0, only time reversal symmetry is broken;
e if & # 0 and hg # 0, both symmetries are broken and the bands are isolated.
With Equation (7.5), we can approximate the Berry curvatures
b)) = 2Tm (0, (n, k, £)|0k, (n, k, £))
_ 2Im< 0 [iaf(k)k_] 0 [iaf(k)k_} n 0 [ho F A} 0 {ho F A])

Ok, | Nx |0k,| Ni Ok, | Ni |0k,| Ni
o[ 2 [iof (k] 0 [iaf(R)k] 0 [hoFA] 0 [hoFA
B Ok, | Ni |0k,| Nz Ok, | Ni |0k,| Nz

of the two subbands. First, note that the second term within the parentheses is real, so

(n,%) — 9 {f(k)’w]a[f(k)kb
fxy = 2@2 Im(akx Ni 8ky Nj: .

After some algebra, it follows that

ot | 25| = s (7 0t i)+ 78) ) = 5620+ i) S 110 (27 52 ).
ot | P | = iz (00 s = ) = i£109) = 100, s = ) 7R (27 7 )

The product of these two derivatives has four terms. The N 6 term has no imaginary part since
kik_ = k? is real, which means it will not contribute to the Berry curvature. Writing out the other
three, we eventually obtain

1 d 1 d h
(n, %) _ 2( - “ 2 3/1.2 2\ “ Y
#1202 (= 0 S OOR + e f P2 + ) S knl (2 52 ) )
d 1 /1 h
_ 9.2 @ A A2 2 o)
— 202 () O (g (82— ) (27 ) - 1))
Now,
1 h AZ—h:  2AFh A+thy 2AFh
A2 (o0 = 0_. 0O _ 1= 0. 0 _
w7l hO)( + A) SAAThy) A 2A A
2A2 2A2 4A3
and thus

() _ o @Chof(R) G [fF(k)K]  _he d 1
oy =+ 2D =Tk

Al

See Figure 7.3 for a plot. The Berry curvature is heavily spiked around k = 0, the point at which a band
crossing is narrowly avoided.

Now, the TKNN formula (6.29) for d = 2 says that the contribution of any subband to the Hall conduc-
tivity o4y is just the integral of its Berry curvature over the occupied part of the first Brillouin zone,
multiplied by e2?/27h. We make two further assumptions:
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12 1

10 1

(n,4)
fxy
D

—-1.0 —-0.5 0.0 0.5 1.0

Figure 7.3: Sketch of the Berry curvature fg(;Z’H around k = 0 of any upper branch in the Rashba model, for

v =1, f(k) =1, ho = 0.4 and 6 distinct values of « ranging from 0 to 2. The height of the peak increases with
a. The Berry curvature of the corresponding lower branch is just — f;Z’H.

(i) the effective mass m™* is isotropic, so that the (approximate) dispersion is rotationally symmetric;

(ii) the Fermi energy lies between the local maximum at k = 0 of the lower branch of some band (the
n-th, say) and the local minimum at k = 0 of its upper branch, see Figure 7.2.

In particular, the second assumption implies the presence of an exchange field, since there is no gap at
the origin when hg = 0. The contributions to o4, of completely filled upper and lower subbands cancel
each other out since Fqu ) = —FﬁZ ) for any band index n’, so the only surviving term is the one

corresponding to the lower branch of band n. By rotational symmetry of the dispersion relation, the
occupied states within that subband form a circle of radius kr in the first Brillouin zone, so

¢’ (n,-) Y A A
- Fo)dk = —— F» "k dkde
%oy = orh //k<kF w 27Th/0 o ¥
o1 h

2 hf 0

e ke g2
hoo2 {A]o N 2h<(h3 + a2 f(kp)2k2)3/2 1)'

The geometric interpretation of the TKNN formula tells us the following: if the system is prepared in
a state |n,k, —) with |k| = kr and we then let k walk counterclockwise along the circle of radius kr in
reciprocal space, a geometric Berry phase is acquired which is given precisely by the term in parentheses,
multiplied by 7.
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Chapter

Conclusion and outlook

In this thesis, we have investigated the geometric Berry phase interpretation of the intrinsic anomalous
Hall effect. In the finite-dimensional case, the tautological U(1)-bundle and its canonical connection form
can be pulled back along the Bloch eigenspace map 7% — P(#) of any band to obtain a principal U(1)-
bundle 7 over the folded up Brillouin zone T¢, as well as a connection on 7. In the infinite-dimensional
case, the theory of local connection forms is required to lift smooth iR-valued forms on open subsets of
T? to the total space of the bundle and patch them together. Either way, the connection on 7 gives rise
to a notion of horizontal lifting which reflects the physical time evolution of the system according to the
Schrodinger equation whenever the wave vector traverses a path in k-space. If that path is a loop, the
initial and final states differ by a geometric phase factor known as a Berry phase, and in two-dimensional
systems at low temperatures, the interband anomalous Hall conductivity can be interpreted as a sum of
such Berry phases through the TKNN formula. For this sum to be nonvanishing, a combination of time
reversal symmetry breaking and spin-orbit coupling is required, as demonstrated by the Rashba model.

There are still some loose ends on both the mathematics and physics side, which might be worth looking
into. Recall from Theorem 3.15 that principal U(1)-bundles over a smooth manifold M are classified
by homotopy classes of smooth maps M — P"(C) for n large enough. However, there also exists an
alternative classification scheme if M is the orbit space for the smooth left action of H = Z¢ on X = R? by
translation, i.e. if M = H\X = T In short, any principal G-bundle 7: P — M can be pulled back along
the quotient map q: X — M to obtain a principal G-bundle 7: ¢* P — X, which is necessarily trivial since
X is contractible. That means 7 admits a global section 6: X — ¢* P, which we can compose with the
projection ¢* P — P on the second coordinate to obtain a map o: X — P satisfying w(o(h+2z)) = m(o(x))
for all h € H and « € X. This uniquely defines a map v: H x X — G with o(h + 2)y(h,z) = o(x),
which in turn implies that v obeys the cocycle condition y(h' + h,x) = v(h',h + x)y(h,x). Such a map
H x X — @G satisfying the cocycle condition is known as a cocycle. Two cocycles v and ' are said to
be equivalent if there exists a function f: X — G such that o/(h,z) = f(h + z)y(h,z)f(z)~! for all
h € H and z € X, and it can be shown that choosing a different global section for 7 or starting with
an isomorphic bundle results in an equivalent cocycle. The details have not yet been checked, but it
seems like under some smoothness conditions on the v and f, this sets up a one-to-one correspondence
between isomorphism classes of principal G-bundles over M and equivalence classes of cocycles. This of
course begs the question how the two classifications are related: given a smooth map M — P"(C), which
cocycle yields the same principal G-bundle isomorphism class and vice versa?

On the same note, it might be interesting to examine how much of the theory of principal G-bundles,
connections and their classification generalizes to the case of infinite-dimensional manifolds modeled on
Banach spaces, as defined in for example [11]. Our construction of the connection on the bundle 7 over
T in the infinite-dimensional case (see Section 7.1) was rather messy because we could not do much
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more than simply assume that everything works. It would be great if both cases could instead be treated
on an equal footing.

As for the derivation of the TKNN formula in Chapter 6, (at least) two things deserve attention. The first
is the continuum limit L — oo with which the sum over the allowed wave vectors in discretized reciprocal
space was converted to an integral over the Brillouin zone: why is it even necessary to confine the system
to a finite volume in the first place? We chose to do it because it resolves the issue of the Bloch waves not
being normalizable in an unbounded system and makes it easier to show that the off-k-diagonal matrix
elements of the velocity operator vanish (see Lemma 6.2), but it might be possible to circumvent these
problems in a different way. Second, we ignored the Drude conductivity (the n = n/ terms in (6.24))
without real justification, outside of the fact that it blows up in the clean limit. According to [24], one
of the two terms in the so-called Stfeda formula for conductivity vanishes whenever the Fermi energy of
the system lies in a band gap. Since the classical Drude conductivity applies mainly to metals, it seems
plausible that this holds for the n = n’ terms in the Kubo formula, too. Perhaps there is a link between
the distinction of the Drude and interband conductivity in the Kubo formula and the splitting of the
Streda conductivity which has not yet been explored.

Another important thing to note is that the TKNN formula only describes one contribution to the
anomalous Hall effect, an intrinsic one which depends only on the material’s band structure. As explained
in the introduction, other contributions have also been identified, the most important being the side jump
and skew-scattering mechanisms. Both rely heavily on disorder in the system. Attempts have been made
to combine all three contributions into a unified theory. For an overview of three such attempts — the
semiclassical Boltzmann approach and the Kubo and Keldysh formalisms — we refer to [5, Section IV]. In
certain temperature and longitudinal conductivity regimes, the side-jump and skew scattering dominate
(see [5]), so the intrinsic anomalous Hall effect we have discussed is only part of the story.

Finally, it is worth noting that the Rashba model calculations from Section 7.4 seem to disagree qualita-
tively with principles from the field of topological matter that the intrinsic anomalous Hall effect is a part
of. As was explained at the end of Section 7.2, the TKNN conductivity of a filled band is quantized: it
labels a “topological phase”. For a topological phase transition to occur, there must be some structural
change in the system’s band structure, such as the opening or closing of a gap. In the Rashba model,
the Berry curvature (and thus the conductivity) of a band vanishes in the absence of spin-orbit coupling.
When spin-orbit coupling is turned on, the Berry curvature starts to spike around k = 0, as shown in
Figure 7.3, which should imply that a band gap opens or closes somewhere along the way. However,
this is not visible in the dispersion shown in Figure 7.2. Perhaps this has to do with the fact that the
approximation breaks down further away from k = 0, which is also why we can’t directly see quantization
in 04y: for that, we would need to be able to integrate over the entire Brillouin zone. Either way, it
would be interesting to see if things change when higher order terms in the approximation are included,
and to compare it to other models, such as the tight binding honeycomb lattice model introduced by
Haldane in 1988 ([25], see also [17, Section 5.1.1]).
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Appendix

Preliminaries: differential geometry

A.1 Product manifolds

In this section, we show that the tangent spaces to a product manifold split as a direct sum in a natural
way, a result which is used on numerous occasions throughout the rest of this thesis. Let M; and M,
be smooth manifolds of dimension n; and ns, respectively, then M := M; x My can be made into a
smooth manifold of dimension n := ny + ny. Let p = (p1,p2) € M and define injections ji: My — M,
g1~ (q1,p2) and jo: My — M, g2 — (p1,q2). Also let m;: M — M; be the projection for i € {1,2}.

Lemma A.1. The linear map d(j1 o m1)p + d(j2 o ma), is the identity on T,M.
Proof. Choose coordinate neighborhoods (U, ¢1) and (Us, ¢2) of p1 and ps in My and Ms, respectively,
then (U, ¢) with U :=U; x Uy C M and
¢:U=U; x Uy — R" =R"™ x R"?
(91, q2) — (#1(q1), P2(q2))

is a chart on M containing p. This gives a basis 81|p, ceey 8n|p for T\, M, where
0
Gil,f =25 (foo™)
8 0z #(p)

for all i € {1,...,n} and f € C°°(M). It suffices to show that d(j; o m1), + d(j2 o m2), sends each of
these basis vectors to itself. Let f € C°°(M) and x = (x!,...,2") € ¢(U) = ¢1(U1) x ¢2(Us), then

(f Ojl o7 o ¢_1)(.’L') = f(¢;1($17 e 7xn1)ap2) = (f o ¢_1)<.’E17 e 7$n17¢2(p2))u
(fojzomod™)(x) = flpr,¢5 (x™T,...2") = (fo o™ )(eu(pr), =™ ... ™).
It follows that

0
’ 9 . - - (foop™) if1<i<my
d(jrom)p(dil,)f = 5| (fojomog ) =< 92%[y
0x* |4 ) - ;
P 0 if ng <i<mn,
5 0 ifl1<i<ng
d@ ;i = j - =
(]2 owz)p(a |p)f O ¢(p)(fO]2 0Ty 0@ ) aii (fogﬁ_l) ifn, <i<n
#(p)
foralli € {1,...,n}, so d(j1 o m),(9il,) + d(j2 0 72),(9il,) = i, and we are done. O
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M

D2

b1

M,

Figure A.1: Illustration of Theorem A.2.

Using this technical lemma, we can show that T, M splits as a direct sum, and that this direct sum
decomposition has two different characterizations.

Theorem A.2. Set T; = d(j;)p,(Tp, M;) C T, M fori e {1,2}, then:
(1) TpM = T1 D TQ;
(11) Tl = ker d(ﬂg)p and T2 = ker d(ﬂl)p.

Proof. We prove the two claims separately.

(i) Let v € Th N Ty, then there exist wy € T, My and wy € Tp, My such that d(ji1),, (w1) = v =
d(j2)p, (w2). Applying d(m1), on both sides gives wy = 0 since my o j; = idps, while 7 o jg is the
constant map ¢o — p;. It follows that v =0, so T3 N1y = {0}.

The fact that T, M = T7 + 15 holds, follows directly from Lemma A.1: for any v € T, M,
v = idg,m(v) = d(j1)p, (d(m1)p(v)) + d(j2)p, (d(m2)p(v)) € Th + To.

(if) We prove Th = ker d(m1),, the other equality follows from symmetry. Let w € T),, Ma, then

d(m1)p(d(ja)p, (w)) = d(m1 0 j2)(w) =0

by the same argument as above, so d(j2)p,(w) € kerd(m), and T C kerd(mi),. For the other
inclusion, let v € ker d(m1),, then

0 = iday 21 (6) = A(j1)pe (A1) (0)) + A(j2)pa (Alm2)p (1)) = A(2)pa (A(2) () € T
by Lemma A.1. O

A.2 Vector spaces
The tangent spaces to any finite-dimensional R-vector space V are also easily classified: they are canoni-

cally isomorphic to the space V itself. More precisely, we have the following. We refer to [8, Proposition
3.13] for a proof.
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Lemma A.3. For all x € V', the map
D,:V—T,V

d

flat )

0

s a linear isomorphism such that for any R-linear map L: V — W, the following diagram commutes:

Vo TV

W = T, W
Dr.

Recall that the smooth structure on V is defined such that for any basis ey, ..., e, for V, the map
¢:V—R"
zle; — (b, ..., 2") (A1)

is a smooth global coordinate chart, where we used the Einstein summation convention. Now let x =
z'e; € V, then for all 4, the isomorphism D, of Lemma A.3 maps e; to the coordinate vector

o -1 0
associated to the chart ¢, since
D(e)f = T| f@tte) = S| (Foo™)ah oot 440"
(e = @), x + te; = @, Ty, ey T
0 0 0
= 7 (foo™) :d(¢_1)¢(x)(i )f= | f
ox #(x) Ox #(z) ozt

for all f € C°°(V) by the chain rule. In other words, eq,...,e, and 8/8x1 |m, ..., 0/0x™|, correspond
under the canonical isomorphism D,.

If we use Lemma A.3 to identify V' with two different tangent spaces, it turns out that these identifications
differ by the pushforward of a translation.

Lemma A.4. Let x,y € V and defineT:V =V, x— x+y, then dT, 0 Dy = Dy y.

Proof. Let z € V and f € C*°(V), then

(AT, 0 D,)(2)f = Do) (f o T) = S| (FoT)( +t2) = L| f((x+y)+12) = Dogy(x)f. O
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Appendix

Preliminaries: quantum mechanics

B.1 Second quantization

The state of a quantum mechanical system is described at any time ¢ by an element of a Hilbert space
‘H, i.e. a complex inner product space which is complete with respect to the metric induced by the inner
product, while observables are represented by Hermitian operators on H. Second quantization provides
a description of the state space and observables of a system made up of arbitrarily many identical
particles, starting from the state space and observables of the system describing one such particle.
A mathematically rigorous discussion of this formalism requires quite a lot of machinery from linear
analysis and lies outside the scope of this thesis. At the same time, many texts discussing the subject
from a physicist’s point of view leave out almost all of the mathematics. Here, we take an intermediate
stance: the antisymmetric Fock space is defined somewhat rigorously, but in the results concerning linear
operators, all subtleties regarding for instance domains of definition and boundedness are swept under
the rug. This level of precision suffices for our derivation of the TKNN formula in Chapter 6, which is
already inherently imprecise.

Fock space. To start, let H be any complex Hilbert space, which we interpret as the state space of
the one-particle system. For all N € Z>¢, it can be shown that the bilinear form on the N-fold tensor
product HEY = H ® --- ® H defined for elementary tensors by

N
(1@ @aylpn @ @yn) = [[(@ilv)

i=1

is an inner product, see for example [26, Proposition II.4.1]. The completion of H®" with respect to
this inner product is denoted by H®). The inner product on H®V extends naturally to ), making
it into a Hilbert space. Any o in the permutation group Sy on N elements induces a bounded linear
operator of norm 1 on H®Y defined on elementary tensors by

0’(1’1®...®x1\]) :$0(1)®...®xa(N)7

which then extends to a bounded linear operator of the same norm on H®) since HY) contains HEN
as a dense subspace. By [26, Problem I1.23], the alternation operator

1
An = N Z (sgno)o

.UGSN
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84 Preliminaries: quantum mechanics

on H®™) is an orthogonal projection, i.e. A?\, = Ay and Ay = An. Its range HgN) = AyH®™) is a
closed subspace of H(N) and thus a Hilbert space. Finally, we can define the fermionic Fock space of H
as the C-vector space

[e.e]
F0) = { o)z o €U, Y onl? < oo .
N=0
which naturally contains each ’H((lN) as a subspace. As shown in [27, Proposition 6.2], it follows that

(n)nzol(dn)nz0) = D> (Unldn)
N=0

defines an inner product on F(H) which extends the inner products on the "HELN) and with respect to

which F(#) is complete. With it, the vector space direct sum of the Ht(lN) becomes a dense subspace of
F(H), which means we can view the fermionic Fock space as its completion:

@H(N).

If the particle described by H is a fermion (e.g. an electron) and we put together arbitrarily many
indistinguishable copies of it in one system, the resulting state space is precisely F(H). The elements
describing states with N particles live in H((LN), which is therefore known as the N-particle subspace. For
example, Ay (21 ®---Qxy) € ’HgN) is interpreted (after normalization) as the state with one x; particle,
one xo particle, etc. Only elements in the range of the alternation operator are allowed since fermionic
wave functions must be odd under particle interchange.

Operators on Fock space. Given a Hermitian operator AonH corresponding to some observable,
we can construct for all N > Z>p and 1 <n < N a corresponding operator

dF%N)(A) =1® QAR ---®1

on HY) | where I is the identity on H and the A is in the n-th spot. Note that dI‘%N) need not have the
range ”H((IN) of An as an invariant subspace, but

EjdﬁN) RI® - @I+I®A® - @i+ +i0le --©A (B.1)

n=1

does, so we obtain an operator dI'(A) on the fermionic Fock space F(H) of H defined on the N-particle
subspace HS") as dF(A)|H(N) =A™ (A). Explicitly,

AT (A)(An (71 @29 ® --- @ TN))
:AN(Axl®x2®~--®x1\z+x1®/1x2®-'~®$N+'~'+1‘1®$2®"'®AxN)eth(zN)

for any x1,...,xn € H. dF(A) is known as the second quantization of 121, and it is also Hermitian; see
for instance [28, Section 6.3.2]. It represents the same observable as A, under the assumption that the
system’s particles are independent. For example, if A = H is the Hamiltonian of the one-particle system,
then dI‘(fI ) represents the sum of the energies that the individual particles would have on their own,
which is precisely the total energy of the system provided that there are no extra interactions. Another
important special case is A = I, for which we write N = = dI'(J ) The second quantized operator N
has each N-particle subspace HgN) of F(H) as an eigenspace, with corresponding eigenvalue N. For
this reason, we call N the particle number operator on F(H). As the next lemma shows, the second
quantization operator dI" has a number of useful properties. For details, we refer to [29].
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B.1 Second quantization 85

Lemma B.1. The second quantization map dI' satisfies the following properties:
(i) dT is C-linear;
(ii) let A and B be Hermitian operators on H, then dF(eiABe_M) = eidl(4) dF(B)e‘idF(A),'
(iii) let A and B be Hermitian operators on H, then [dT'(A),dT'(B)] = dI'([4, B)).
The number representation. Suppose now that 7 is an infinite-dimensional separable Hilbert space

and let {e;}r>1 be an orthonormal basis for H. We can view the ey as the possible states for any
individual particle to be in. For any N € Z>¢, the set

{er, ®- - Qepy 1 ki,...,kn > 1}
is an orthonormal basis for H(Y) by [26, Proposition 11.4.2]. As a result,

{\/N!AN(le@"'@ekN)21§k1<"'<k]\f}

is an orthonormal basis for H((LN). Its elements have their own alternative notation in the physics liter-
ature. Let (ng)r>1 be a sequence of elements of {0,1} with n; = 0 for all but finitely many & and let
1 <k <--- < kpy be the indices of the nonzero terms, we then write

|(n)) = VNIAN(er, @+ ® epy)-

In words, |(ny)) describes the system when precisely the states ki, ..., ky are occupied and nj, represents
the occupation of state k for all £ > 1. This notation is therefore often referred to as the occupation
number representation, and the |(ny)) are known as Fock states. For a sequence (ny)g>1 in Z with only
finitely many nonzero terms, we understand |(ny)) to be 0 whenever n; > 1 or nj < 0 for some k; no
two fermions can occupy the same state by the Pauli exclusion principle, nor can any state be occupied
by a negative number of particles.

Now, it can be shown (see for example [30, Section 1.3.3]) that there exist operators ¢ on F(H) for all
k > 1 with the following properties:

o ¢|(nk)) = £|(ng — Oke)) for any (ng)r>1;
o ¢i|(ny)) = £[(ny, + 0ge)) for any (ng)x>1;

e for all k,¢ > 1, we have the anticommutation' relations
{eg, e} =0, {é&,é}=0, {é &} = ke (B.2)

¢ and its adjoint ¢;, are known as the fermionic annihilation and creation operators at state k, respec-
tively, since ¢ lowers the occupation of state k& by one while ¢} raises it. An immediate consequence of
the above properties is that ¢;ée|(ng)) = ne|(ng)), which is why 7, = €;¢, is known as the occupation
number operator at state £.

Any second quantized operator on F(H) can be expanded in terms of the creation and annihilation
operators as follows. For a derivation, we refer to [30, Equation (1.60)]

Lemma B.2. Let A be a Hermitian operator on H, then

dT(A) = (ex|Aes)étes.
k.l

1The anticommutator of two operators A and B is defined as the operator {A, B} = AB + BA.
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