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Chapter 1

Introduction

Theoretical physics is the attempt to describe Nature quantitatively using the lan-
guage of mathematics. Indeed there is an interplay between mathematics and the-
oretical physics, with both disciplines enriching each other. Isaac Newton invented
calculus in order to apply it to classical mechanics. Michael Faraday developed the
field concept in order to describe electromagnetism. David Hilbert’s abstract space
of square integrable functions turned out to be the home of quantum mechanical
wave functions. Paul Dirac “invented” the J-function which motivated mathemati-
cians to develop distribution theory. Abelian gauge symmetry was discovered as
the basic principle underlying Maxwell’s equations. Sophus Lie’s abstract concepts
of non-Abelian symmetry algebras and symmetry groups underlie Wolfgang Pauli’s
ideas about non-Abelian gauge symmetry, which were further developed by Robert
Mills and Chen-Ning Yang and were later discovered to form the basis of the strong
and electroweak interactions. Michael Atiyah and Isidore Singer investigated the
topological properties of Dirac operators, which turned out to be essential in the
context of anomalous symmetries in quantum field theory, which are present at the
classical level but cannot be maintained in the quantization process. Michael Berry
realized that topological features of wave functions play a central role in adiabatic
processes in quantum mechanics and can be characterized by abstract Abelian and
non-Abelian gauge fields in the space of slowly varying external parameters. This list
could be extended much further, and the creative process of discovering new math-
ematics when thinking about Nature or using existing mathematics to describe its
observed behavior is likely to continue for a long time.

In this course, we will familiarize ourselves with some advanced mathematical
concepts that are at the basis of the modern theories of particle and condensed mat-
ter physics, as well as of some advanced topics in quantum mechanics. Although
the subject is mathematical, we will by no means apply the rigor of a mathemati-
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cian. Instead, we will concentrate on those aspects that are most relevant in physics
applications. Consequently, we will avoid very abstract mathematical constructions
in favor of a hands-on practitioner’s approach. While we will aim at understand-
ing the subject at a deep level, we will not attempt rigorous proofs, and we will
sometimes even limit ourselves to applying specific procedures, for example, when
we reduce products of SU(n) representations, without proving their validity. When
we discuss Lie algebras and Lie groups, as well as the topology of the corresponding
group manifolds, we will focus on those aspects that are most important in physical
applications. A systematic mathematical exposition of these subjects would go far
beyond the scope of the current course. For example, the concept of the Killing
vector field of a Lie group manifold is not developed, although it does have physical
applications. Although the presented material is neither mathematically rigorous
nor complete, it will hopefully provide the reader with a solid basis for better un-
derstanding the quantum field theories that underlie modern particle physics as well
as some theories in condensed matter physics.

It is a most fascinating aspect of physics that, on all lengths scales, Nature
can indeed be described mathematically. The most fundamental building blocks of
matter, elementary particles such as electrons and photons, as well as quarks and
gluons are precise embodiments of abstract mathematical concepts. Even on much
coarser length scales the plateaus in the resistivity of a quantum Hall sample are
most precisely quantized in units of Planck’s quantum h and the elementary electric
charge e. Even the evolution of the entire cosmos is controlled rather precisely by
the differential equations derived from general relativity assuming the Friedmann-
Lemaitre-Robertson-Walker metric. As I argue in an appendix to these lecture
notes, it is the locality of space and time and the existence of vast hierarchies of
distance scales that leads to the success of physics and thus “explains” why physics
exists. In this course, we will familiarize ourselves with some important advanced
concepts of theoretical physics, in order to be better prepared to understand the
modern theories of particle and condensed matter physics, as well as some aspects
of advanced quantum mechanics. This may even inspire us to “invent” our own new
mathematics or to be creative when trying to describe some new aspect of Nature
mathematically. Mathematics is a universal language spoken by curious minds and
capable brains, and used for various purposes, in particular, to communicate the
abstract beauty of Nature. Let us learn more about this language and let us keep
in mind that theoretical physics is a man- and women-made endeavor that relies on
our curiosity as much as on our mathematical capabilities.



Chapter 2

From Mechanics to Quantum
Field Theory

This chapter provides a brief summary of the mathematical structure of quantum
field theory. Classical field theories are discussed as a generalization of point me-
chanics to systems with infinitely many degrees of freedom — a given number per
space point. Similarly, quantum field theories are just quantum mechanical sys-
tems with infinitely many degrees of freedom. In the same way as point mechanics
systems, classical field theories can be quantized with path integral methods. The
quantization of field theories at finite temperature leads to path integrals in Eu-
clidean time. This provides us with an analogy between quantum field theory and
classical statistical mechanics. We also mention the lattice regularization which has
recently provided a mathematically satisfactory formulation of the standard model
beyond perturbation theory.

2.1 From Point Mechanics to Classical Field The-
ory

Point mechanics describes the dynamics of classical nonrelativistic point particles.
The coordinates of the particles represent a finite number of degrees of freedom.
In the simplest case — a single particle moving in one spatial dimension — we
are dealing with a single degree of freedom: the z-coordinate of the particle. The
dynamics of a particle of mass m moving in an external potential V'(x) is described

9
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by Newton’s equation

moir = ma = F(x) = _d‘;ia;)' (2.1.1)

Once the initial conditions are specified, this ordinary second order differential equa-
tion determines the particle’s path z(t), i.e. its position as a function of time. New-
ton’s equation results from the variational principle to minimize the action

Slx] = /dt L(z,0x), (2.1.2)

over the space of all paths z(t). The action is a functional (a function whose argu-
ment is itself a function) that results from the time integral of the Lagrange function

L(z,d,x) = %(@@2 ~V(a). (2.1.3)

The Euler-Lagrange equation

5L 0L

o 0, (2.1.4)

is nothing but Newton’s equation.

(Classical field theories are a generalization of point mechanics to systems with
infinitely many degrees of freedom — a given number for each space point Z. In this
case, the degrees of freedom are the field values ¢(Z), where ¢ is some generic field.
In case of a neutral scalar field, ¢ is simply a real number representing one degree
of freedom per space point. A charged scalar field, on the other hand, is described
by a complex number and hence represents two degrees of freedom per space point.
The scalar Higgs field ¢*(Z) (with a € {1,2}) in the standard model is a complex
doublet, i.e. it has four real degrees of freedom per space point. An Abelian gauge
field A;(Z) (with a spatial direction index i € {1,2,3}) — for example, the photon
field in electrodynamics — is a neutral vector field with 3 real degrees of freedom
per space point. One of these degrees of freedom is redundant due to the U(1)ey,
gauge symmetry. Hence, an Abelian gauge field has two physical degrees of freedom
per space point which correspond to the two polarization states of the massless
photon. Note that the time-component Ag(Z) does not represent a physical degree
of freedom. It is just a Lagrange multiplier field that enforces the Gauss law. A non-
Abelian gauge field A%(¥) is charged and has an additional index a. For example,
the gluon field in chromodynamics with a color index a € {1,2,...,8} represents
2 x 8 = 16 physical degrees of freedom per space point, again because of some
redundancy due to the SU(3). color gauge symmetry. The field that represents the
W- and Z-bosons in the standard model has an index a € {1,2,3} and transforms
under the gauge group SU(2). Thus, it represents 2 x 3 = 6 physical degrees of
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freedom. However, in contrast to the photon, the W- and Z-bosons are massive
due to the Higgs mechanism and have three (not just two) polarization states. The
extra degree of freedom is provided by the Higgs field.

The analog of Newton’s equation in field theory is the classical field equation of

motion. For example, for a neutral scalar field this is the Klein-Gordon equation
dv (o)
90,0l = ———=. 2.1.5

Again, after specifying appropriate initial conditions it determines the classical field
configuration ¢(x), i.e. the values of the field ¢ at all space-time points x = (t, T).
Hence, the role of time in point mechanics is played by space-time in field theory,
and the role of the point particle coordinates is now played by the field values. As
before, the classical equation of motion results from minimizing the action

ﬂ@z/fxﬂ@@@. (2.1.6)

The integral over time in eq.(2.1.2) is now replaced by an integral over space-time
and the Lagrange function of point mechanics gets replaced by the Lagrange density
function (or Lagrangian)

£(6,008) = 50,600 — V(0). (2.17)

A simple interacting field theory is the ¢* theory with the potential

2 A
V(6) = ¢ + 5o (2.1.8)

Here m is the mass of the scalar field and A is the coupling strength of its self-
interaction. Note that the mass term corresponds to a harmonic oscillator potential
in the point mechanics analog, while the interaction term corresponds to an anhar-
monic perturbation. As before, the Euler-Lagrange equation

o,k oL (2.1.9)

"6(0u0) 00

is the classical equation of motion, in this case the Klein-Gordon equation. The
analogies between point mechanics and field theory are summarized in table 2.1.

2.2 The Path Integral in Real Time

The quantization of field theories is most conveniently performed using the path
integral approach. Here we first discuss the path integral in quantum mechanics
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’ Point Mechanics ‘ Field Theory ‘
time ¢ space-time x = (t, %)
particle coordinate x field value ¢
particle path x(t) field configuration ¢(z)
action Slz] = [ dt L(x, O,x) action S[¢| = [ d*z L(¢,0,¢)
Lagrange function Lagrangian
L(z,0x) = 2(9x)* — V() L(¢,0,0) = 20,00"¢ — V(¢)
equation of motion field equation
o 6L 6L __ 0 o 6L 6L __ 0
t5(0x)  ox Ho(0ud) 3¢
Newton’s equation Klein-Gordon equation
WV _dv(e
O2x = — ) 0,01 = — o)
kinetic energy 2(0x)* kinetic energy %0,00"¢
harmonic oscillator potential Zw?xz? mass term %29252
anharmonic perturbation %x‘l self-interaction term %gb‘l

Table 2.1: The dictionary that translates point mechanics into the language of field
theory.

— quantized point mechanics — using the real time formalism. A mathematically
more satisfactory formulation uses an analytic continuation to so-called Euclidean
time. This will be discussed in the next section.

The real time evolution of a quantum system described by a Hamilton operator
H is given by the time-dependent Schrodinger equation

ih0,[ U (t)) = H|W(L)). (2.2.1)

For a time-independent Hamilton operator the time evolution operator is given by
1
Ut t) = eXp(—?_LH(t’ — 1)), (2.2.2)

such that
(")) =U{, t)]¥(t)). (2.2.3)
Let us consider the transition amplitude («'|U(t',t)|x) of a nonrelativistic point
particle that starts at position x at time ¢ and arrives at position 2’ at time t'.
Using
(x|U(t)) = V(z,t) (2.2.4)

we obtain

U t) = /dx U )|2) T, 1), (2.2.5)
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ie. (2/|U(t,t)|x) acts as a propagator for the wave function. The propagator is of
physical interest because it contains information about the energy spectrum. When
we consider propagation from an initial position x back to the same position we find

(AU 1)) = (alexp(~1 HE ~ ))lz)

_ Z|5L’|n exp —% Lt — 1)), (2.2.6)

We have inserted a complete set, Y |n)(n| =1, of energy eigenstates |n) with
H|n) = E,|n). (2.2.7)

Hence, according to eq.(2.2.6), the Fourier transform of the propagator yields the
energy spectrum as well as the energy eigenstates (x|n).

Inserting a complete set of position eigenstates we arrive at

@I ) = (@lexp(— H(E — 11+t~ )]e)

= /dxl (2| exp(—%H(t/ —11))|z1)
X (x| exp(——i;LH(tl —t))|z)

= /dx1<:v'|U(t’,tl)]x1><x1|U(t1,t)|$). (2.2.8)

It is obvious that we can repeat this process an arbitrary number of times. This is
exactly what we do in the formulation of the path integral. Let us divide the time
interval [t,#'] into N elementary time steps of size € such that

t'—t = Ne. (2.2.9)

Inserting a complete set of position eigenstates at the intermediate times t;,7 €
{1,2,..., N — 1} we obtain

(U t)]x) = /dxl/dwg /da:N (U@ tn—1)|zn—1).
X $2|U(t2,t1)|£131 $1|U(t1, )|$> (2210)

In the next step we concentrate on one of the factors and we consider a single
nonrelativistic point particle moving in an external potential V' (x) such that

H= p—m—l—V(a:). (2.2.11)
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Using the Baker-Campbell-Haussdorff formula and neglecting terms of order £? we
find

2

(@i Ui, ti)|2i) = <xi+1|eXP(_;gnfh)eXp(_%v(x))|$i>
= %/dp<x¢+1|eXP(—;Z)th)(p!exp(—%v(x))|xi>

1 iep? i
= or [ doexp- ;2 exp(— ppain - )

< exp(—%gV(xi)). (2.2.12)

The integral over p is ill-defined because the integrand is a very rapidly oscillating
function. To make the expression well-defined we replace the time step € by ¢ — ia,
i.e. we go out into the complex time plane. After doing the integral we take the
limit a — 0. Still one should keep in mind that the definition of the path integral
required an analytic continuation in time. One finds

(it U (ki t)|es) = |/ 5o exp(,%e@(@)? ~V(@)).  (2213)

Inserting this back into the expression for the propagator we obtain

U, B)]z) = /m exp(1 Sla]). (2.2.14)
The action has been identified in the time continuum limit as

St = [t (50 - V(o)

:ll—r}(l),g[Q( €

m Tiy1 — T

)2 —V(x)]. (2.2.15)

The integration measure is defined as

N
. [ m
szll_l;% omihe /dl’l/d.IQ.../dl’N_l. (2216)

This means that we integrate over the possible particle positions for each intermedi-
ate time ¢;. In this way we integrate over all possible paths of the particle starting at
2 and ending at 2’. Each path is weighted with an oscillating phase factor exp(%S [z])
determined by the action. The classical path of minimum action has the smallest
oscillations, and hence the largest contribution to the path integral. In the classical
limit & — 0 only that contribution survives.
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2.3 The Path Integral in Euclidean Time

As we have seen, it requires a small excursion into the complex time plane to make
the path integral mathematically well-defined. Now we will make a big step into
that plane and actually consider purely imaginary so-called Euclidean time. The
physical motivation for this, however, comes from quantum statistical mechanics.
Let us consider the quantum statistical partition function

Z = Trexp(—BH), (2.3.1)

where = 1/T is the inverse temperature. It is mathematically equivalent to the
time interval we discussed in the real time path integral. In particular, the operator
exp(—pH) turns into the time evolution operator U(t',t) if we identify

f=t—1). (2.3.2)

In this sense the system at finite temperature corresponds to a system propagating
in purely imaginary (Euclidean) time. By dividing the Euclidean time interval into
N time steps, i.e. by writing § = Na/h, and again by inserting complete sets of
position eigenstates we now arrive at the Euclidean time path integral

1
Z = /Dxexp(—ﬁSE[x]). (2.3.3)
The action now takes the Euclidean form

Spla] = / dt [%(8t$)2+V($)]

T M Tit1 — Tiyg '
= lim ' a[z(—a )T+ Vix)]. (2.34)

In contrast to the real time case the measure now involves N integrations

N
. m
Da::Llll_I}(l] 57 /dxlfdxg.../dx]v. (2.3.5)

The extra integration over xy = 2’ is due to the trace in eq.(2.3.1). Note that there
is no extra integration over xqg = x because the trace implies periodic boundary
conditions in the Euclidean time direction, i.e. g = xy.

The Euclidean path integral allows us to evaluate thermal expectation values.
For example, let us consider an operator O(x) that is diagonal in the position state
basis. We can insert this operator in the path integral and thus compute its expec-
tation value

1

(0(2)) = S THO() exp(~H)] = / D O(a(0) xp(—Sslr)). (236)



16 CHAPTER 2. FROM MECHANICS TO QUANTUM FIELD THEORY

Since the theory is translation invariant in Euclidean time one can place the op-
erator anywhere in time, e.g. at ¢ = 0 as done here. When we perform the low
temperature limit, § — oo, the thermal fluctuations are switched off and only the
quantum ground state |0) (the vacuum) contributes to the partition function, i.e.
Z ~ exp(—fEp). In this limit the path integral is formulated in an infinite Euclidean
time interval, and describes the vacuum expectation value

(O(x)) = (010(x)]0) = 61330%/7?56 (9(56(0))6Xp(—%SE[x])- (2.3.7)

It is also interesting to consider 2-point functions of operators at different instances
in Euclidean time

(O(x(0)O(x(1)) = lTr [O(x) exp(—Ht)O(x) exp(Ht) exp(—[H)]

— 5 [ P2 0GO)OE®) (-5 Sela). (238)

Again, we consider the limit 5 — oo, but we also separate the operators in time,
i.e. we also let ¢ — oco. Then the leading contribution is [(0|O(x)|0)|%. Subtracting
this, and thus forming the connected 2-point function, one obtains

lim (O(x(0)O(x(t))) — [{O(x))[* = (0|O(x)[1)]* exp(—(E1 — Ep)t).  (2.3.9)

Here [1) is the first excited state of the quantum system with an energy E;. The
connected 2-point function decays exponentially at large Euclidean time separations.
The decay is governed by the energy gap E; — Fy. In a quantum field theory E;
corresponds to the energy of the lightest particle. Its mass is determined by the
energy gap E; — Ey above the vacuum. Hence, in Euclidean field theory particle
masses are determined from the exponential decay of connected 2-point correlation
functions.

2.4 Spin Models in Classical Statistical Mechan-
ics

So far we have considered quantum systems both at zero and at finite tempera-
ture. We have represented their partition functions as Euclidean path integrals over
configurations on a time lattice of length 5. We will now make a completely new
start and study classical discrete systems at finite temperature. We will see that
their mathematical description is very similar to the path integral formulation of
quantum systems. Still, the physical interpretation of the formalism is drastically
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different in the two cases. In the next section we will set up a dictionary that allows
us to translate quantum physics language into the language of classical statistical
mechanics.

For simplicity, let us concentrate on simple classical spin models. Here the word
spin does not mean that we deal with quantized angular momenta. All we do is
work with classical variables that can point in specific directions. The simplest spin
model is the Ising model with classical spin variables s, = +1. (Again, these do
not represent the quantum states up and down of a quantum mechanical angular
momentum 1/2.) More complicated spin models with an O(N) spin rotational
symmetry are the XY model (N = 2) and the Heisenberg model (N = 3). The spins
in the XY model are 2-component unit-vectors, while the spins in the Heisenberg
model have three components. In all these models the spins live on the sites of
a d-dimensional spatial lattice. The lattice is meant to be a crystal lattice (so
typically d = 3) and the lattice spacing has a physical meaning. This is in contrast
to the Euclidean time lattice that we have introduced to make the path integral
mathematically well-defined, and that we finally send to zero in order to reach the
Euclidean time continuum limit. The Ising model is characterized by its classical
Hamilton function (not a quantum Hamilton operator) which simply specifies the
energy of any configuration of spins. The Ising Hamilton function is a sum of nearest
neighbor contributions

= JZ 558y — B Z S (2.4.1)
(zy) x

with a ferromagnetic coupling constant J < 0 that favors parallel spins, plus a
coupling to an external magnetic field B. The classical partition function of this
system is given by

= /Ds exp(—H H Z exp(—H]s]/T). (2.4.2)

T Sgp=

The sum over all spin configurations corresponds to an independent summation
over all possible orientations of individual spins. Thermal averages are computed
by inserting appropriate operators. For example, the magnetization is given by

H Z s, exp(—H|[s]/T). (2.4.3)
Similarly, the spin correlation function is defined by

(Sz8y) = H Z SuSyexp(—H|[s]/T). (2.4.4)

T Sp=
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At large distances the connected spin correlation function typically decays exponen-
tially

(508y) — (5)” ~ exp(—|z —y/¢), (2.4.5)

where £ is the so-called correlation length. At general temperatures the correlation
length is typically just a few lattice spacings. When one models real materials, the
Ising model would generally be a great oversimplification, because real magnets, for
example, not only have nearest neighbor couplings. Still, the details of the Hamilton
function at the scale of the lattice spacing are not always important. There is a
critical temperature T, at which & diverges and universal behavior arises. At this
temperature a second order phase transition occurs. Then the details of the model
at the scale of the lattice spacing are irrelevant for the long range physics that takes
place at the scale of £. In fact, at their critical temperatures some real materials
behave just like the simple Ising model. This is why the Ising model is so interesting.
It is just a very simple member of a large universality class of different models, which
all share the same critical behavior. This does not mean that they have the same
values of their critical temperatures. However, their magnetization goes to zero at
the critical temperature with the same power of T, — T', i.e. their critical exponents
are identical.

2.5 Quantum Mechanics versus Statistical Mechan-
ics

We notice a close analogy between the FEuclidean path integral for a quantum me-
chanical system and a classical statistical mechanics system like the Ising model.
The path integral for the quantum system is defined on a 1-dimensional Fuclidean
time lattice, just like an Ising model can be defined on a d-dimensional spatial lat-
tice. In the path integral we integrate over all paths, i.e. over all configurations z(t),
while in the Ising model we sum over all spin configurations s,. Paths are weighted
by their Euclidean action Sg[z] while spin configurations are weighted with their
Boltzmann factors depending on the classical Hamilton function H[s]. The prefactor
of the action is 1/h, and the prefactor of the Hamilton function is 1/7". Indeed h
determines the strength of quantum fluctuations, while the temperature 7' deter-
mines the strength of thermal fluctuations. The kinetic energy 1((zi41 — z;)/a)?
in the path integral is analogous to the nearest neighbor spin coupling s,s,,1, and
the potential term V' (z;) is analogous to the coupling uBs, to an external magnetic
field. The magnetization (s,) corresponds to the vacuum expectation value of an
operator (O(x)) and the spin-spin correlation function (s,s,) corresponds to the
2-point correlation function (O(z(0))O(x(t))). The inverse correlation length 1/¢ is
analogous to the energy gap E; — Ey (and hence to a particle mass in a Euclidean
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Quantum mechanics

\ Classical statistical mechanics

Euclidean time lattice

d-dimensional spatial lattice

elementary time step a

crystal lattice spacing

particle position x

classical spin variable s

particle path x(t)

spin configuration s,

path integral [ Dz

sum over configurations [[, >,

Euclidean action Sg[z]

classical Hamilton function #/[s]

Planck’s constant A

temperature T’

quantum fluctuations

thermal fluctuations

kinetic energy 3 (Z+—")2

neighbor coupling s,5,.11

potential energy V' (x;)

external field energy uBs,

weight of a path exp(—3Sg[z])

Boltzmann factor exp(—H/[s]/T)

vacuum expectation value (O(x))

magnetization (s,)

2-point function (O(x(0))O(x(t)))

correlation function (s;s,)
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inverse correlation length 1/
critical behavior & — oo

energy gap F; — Ejy
continuum limit ¢ — 0

Table 2.2: The dictionary that translates quantum mechanics into the language of
classical statistical mechanics.

quantum field theory). Finally, the Euclidean time continuum limit a — 0 corre-
sponds to a second order phase transition where & — co. The lattice spacing in the
path integral is an artifact of our mathematical description which we send to zero
while the physics remains constant. In classical statistical mechanics, on the other
hand, the lattice spacing is physical and hence fixed, while the correlation length &
goes to infinity at a second order phase transition. All this is summarized in the
dictionary of table 2.2.

2.6 The Transfer Matrix

The analogy between quantum mechanics and classical statistical mechanics suggests
that there is an analog of the quantum Hamilton operator in the context of classical
statistical mechanics. This operator is the so-called transfer matrix. The Hamilton
operator induces infinitesimal translations in time. In classical statistical mechanics,
on the other hand, the analog of continuous time is a 1-dimensional spatial lattice.
Hence, the transfer matrix cannot induce infinitesimal space translations. Instead
it induces translations by the smallest possible distance — namely by one lattice
spacing. For a quantum mechanical system the transfer matrix transports us by one
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lattice spacing in Euclidean time, and it is given by

T = exp(—%H). (2.6.1)

Now we want to construct the transfer matrix for the 1-dimensional Ising model
without an external magnetic field. The corresponding partition function is given

by
Z = H Z exp(ﬁJZszsxﬂ). (2.6.2)

T Sp==%1
The transfer matrix obeys
7 =TeT", (2.6.3)

where N is the number of lattice points, and its matrix elements are given by the
Boltzmann factor corresponding to a nearest neighbor pair by

(Sz41|T|52) = exp(SJSzSzt1)- (2.6.4)

This is a 2 x 2 matrix. The eigenvalues of the transfer matrix can be written as
exp(—Ep) and exp(—FE;). The energy gap then determines the inverse correlation
length as

1/¢ = B, — E. (2.6.5)
It is instructive to compute £ as a function of 8 to locate the critical point of the
1-d Ising model.

Here we will do the corresponding calculation for the 1-d xy-model. In the xy-
model the spins are unit vectors (cos ¢,,sing,) in the xy-plane that are attached
to the points x of a d-dimensional lattice. Here we consider d = 1, i.e. we study a
chain of xy-spins. The standard Hamilton function of the xy-model is given by

Hlp] = T Y (1= cos(pr1 — ¢2))- (2.6.6)
(zy)

In complete analogy to the Ising model the transfer matrix is now given by

<9027+1|T|902:> = exp(—ﬁJ(l - COS(¢x+1 - ()Oac))a (267)

which is a matrix with an uncountable number of rows and columns, because there
is a continuum of values for ¢, and ¢,,1. Still, we can ask about the eigenvalues of
this matrix. For this purpose we consider the Fourier representation

(prrtlTlps) = Y (@arrlm) exp(=BJ) (BT ) (mlp.), (2.6.8)

meZ

where
<90:C|m> = eXp(””@x)a (269)
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are the eigenvectors of the transfer matrix. The eigenvalues are given in terms of
modified Bessel functions

exp(—FEy,) = exp(—BJ) 1 (8J). (2.6.10)

The energy gap between the ground state and an excited state is given by

Io(BJ)
E,—Ey=1 : 2.6.11
S WX 261
which is nonzero for finite 5. In the zero temperature limit 5 — oo we have
I()(ﬂj) m2
~1+— 2.6.12
1.(50) " T apr (26.12)
such that
§=1/(E) — Ey) ~208J — cc. (2.6.13)

Hence, there is a critical point at zero temperature. In the language of quantum me-
chanics this implies the continuum limit of a Euclidean lattice theory corresponding
to a quantum mechanical problem. In the continuum limit the energies correspond-
ing to the eigenvalues of the transfer matrix take the form

m2

E,—FEy~—. 2.6.14
These energies are in lattice units (the lattice spacing was put to 1). Hence, to
extract physics we need to consider energy ratios and we find

Em - EO 2
" 2.6.15
BB " ( )

These are the appropriate energy ratios of a quantum rotor — a particle that moves
on a circle. Indeed the xy-spins describe an angle, which can be interpreted as
the position of the quantum particle. Also the eigenvectors of the transfer matrix
are just the energy eigenfunctions of a quantum rotor. Hence, we just solved the
Schrodinger equation with a discrete Euclidean time step using the transfer matrix
instead of the Hamilton operator. The fact that energy ratios approach physically
meaningful constants in the continuum limit is known as scaling. Of course, the
discretization introduces an error as long as we are not in the continuum limit. For
example, at finite § the energy ratio is

En _ logl(37)/1n(87)
By log(L(BJ)/1(BJ)

which is different from the continuum answer m?2. This cut-off effect due to a finite
lattice spacing is known as a scaling violation.

(2.6.16)
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2.7 Lattice Field Theory

So far we have restricted ourselves to quantum mechanical problems and to classical
statistical mechanics. The former were defined by a path integral on a 1-d Euclidean
time lattice, while the latter involved spin models on a d-dimensional spatial lattice.
When we quantize field theories on the lattice, we formulate the theory on a d-
dimensional space-time lattice, i.e. usually the lattice is 4-dimensional. Just as
we integrate over all configurations (all paths) z(t) of a quantum particle, we now
integrate over all configurations ¢(x) of a quantum field defined at any Euclidean
space-time point x = (¥, z4). Again the weight factor in the path integral is given
by the action. Let us illustrate this for a free neutral scalar field ¢(z) € R. Its
Euclidean action is given by

2
Seld) = [ d'a (50,000 + 67| (2.71)

Interactions can be included, for example, by adding a %4254 term to the action. The
Feynman path integral for this system is formally written as

Z = /ngeXp(—SE[gb]). (2.7.2)

(Note that we have put h = ¢ = 1.) The integral is over all field configurations,
which is a divergent expression if no regularization is imposed. One can make
the expression mathematically well-defined by using dimensional regularization of
Feynman diagrams. This approach is, however, limited to perturbation theory. The
lattice allows us to formulate field theory beyond perturbation theory, which is very
essential for strongly interacting theories like QCD, but also for the standard model
in general. For example, due to the heavy mass of the top quark, the Yukawa
coupling between the Higgs and top quark field is rather strong. The above free
scalar field theory, of course, does not really require a nonperturbative treatment.
We use it only to illustrate the lattice quantization method in a simple setting.
On the lattice the continuum field ¢(x) is replaced by a lattice field ®,, which is
restricted to the points x of a d-dimensional space-time lattice. From now on we
will work in lattice units, i.e. we put a = 1. The above continuum action can be
approximated by discretizing the continuum derivatives such that

1

Sel®) = 3 5 (@ars — @)+ 02 (2.7.3)

Tl

Here /i is the unit vector in the p-direction. The integral over all field configurations
now becomes a multiple integral over all values of the field at all lattice points

Z=]1] /_Z d®, exp(—Sg[®]). (2.7.4)
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For a free field theory the partition function is just a Gaussian integral. In fact, one
can write the lattice action as

1
Sp[@] =5 > oMy Py, (2.7.5)
z,y

where the matrix M describes the couplings between lattice points. Diagonalizing
this matrix by a unitary transformation U one has

M=U"DU. (2.7.6)
Introducing
¢ =U,,P, (2.7.7)
one obtains
1
zZ=1] / de, exp(— > 9D, P,) = (2m)V/2detD /2, (2.7.8)

where N is the number of lattice points.

To extract the energy values of the corresponding quantum Hamilton operator
we need to study the 2-point function of the lattice field

(D,D,) = %/D(I) &, P, exp(—Sp[®]). (2.7.9)

This is most conveniently done by introducing a source field in the partition function,
such that

2] = /Dq) exp(—Sg[®] + ) | J.P,). (2.7.10)
Then the connected 2-point function is given by
0% log Z|J]
O, P,)) — (D) = —=2"2 . 2.7.11
(@) — (@) = 5T g (2.7.11)

The Boltzmann factor characterizing the problem with the external sources is given
by the exponent

%@M@ —JO = %CD’MCD’ - %JMU. (2.7.12)

Here we have introduced
P =0 M1J (2.7.13)

Integrating over @’ in the path integral we obtain

1
Z[J] = (2n)N2detD /2 eXp(§J/\/l_1J), (2.7.14)
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and hence 1
(®,D,) = 5/\4;;. (2.7.15)
It is instructive to invert the matrix M by going to Fourier space, i.e. by writing
1 d .
o, = @) /Bd p ®(p) exp(ipz). (2.7.16)
The momentum space of the lattice is given by the Brillouin zone B =] — 7, n1]¢. For
the 2-point function in momentum space one then finds
(@(=p)®(p)) = [D_(2sin(p,/2))* + m?] . (2.7.17)
“w

This is the lattice version of the continuum propagator

(®(=p)2((p)) = (p* +m®)~". (2.7.18)

From the lattice propagator we can deduce the energy spectrum of the lattice theory.
For this purpose we construct a lattice field with definite spatial momentum p’located
in a specific time slice

o) =3 @y exp(—if- ), (2.7.19)

and we consider its 2-point function

™

(P(—pP)o® (D)) = %/ dpa(P(—p)P(p)) exp(ipat). (2.7.20)

—T

Inserting the lattice propagator of eq.(2.7.17) one can perform the integral. One
encounters a pole in the propagator when p; = ¢F£ with

(2sinh(E/2))* =) " (2sin(pi/2))* + m’. (2.7.21)

2

The 2-point function then takes the form

(D(~p)o®(B)) = Cexp(—EX), (2.7.22)

i.e. it decays exponentially with slope E. This allows us to identify F as the energy
of the lattice scalar particle with spatial momentum p. In general, E differs from
the correct continuum dispersion relation

E? =p* +m*. (2.7.23)

Only in the continuum limit, i.e. when E, p'and m are small in lattice units, the
lattice dispersion relation agrees with the one of the continuum theory.



Chapter 3

Lie Groups and Lie Algebras

In 1873 the Norwegian mathematician Sophus Lie discovered the general concept
of non-Abelian continuous symmetry groups and their associated algebras, known
as Lie algebras and Lie groups. The simplest continuous non-Abelian (i.e. non-
commuting) symmetry is SO(3) — the rotation group in a 3-dimensional Euclidean
space, consisting of real orthogonal 3x 3 matrices with determinant 1. The associated
algebra is characterized by the angular momentum commutation relations among the
three generators of the so(3) algebra. This algebra is equivalent to the algebra su(2)
which generates the group SU(2) of complex unitary 2 x 2 matrices with determinant
1. The group manifold of SU(2) is the 3-dimensional sphere S, while the group
manifold of SO(3) is the coset space S®/Z(2). Here Z(2) = {1, —1} is the so-called
center of the group SU(2), such that SO(3) = SU(2)/Z(2). SU(2) is the so-called
universal covering group of SO(3). The so-called simple compact Lie algebras have
been completely classified by Elie Cartan in 1894. There are the orthogonal algebras
so(n) (with n > 3), the unitary algebras su(n) (with n > 2), the symplectic algebras
sp(n) (with n > 1), as well as the exceptional algebras ¢(2), f(4), e(6), e(7), and
e(8), which were discovered by Wilhelm Killing in 1890. Correspondingly, there are
the Lie groups SO(n), SU(n), Sp(n), G(2), F(4), E(6), E(7), and E(8). The SO(n)

groups have a universal covering group known as Spin(n).

3.1 Definition of a Lie Algebra

A Lie algebra is spanned by its generators 7% with a € {1,2,...,ng}, where ng
denotes the number of generators. A general element of the algebra is given by a

25
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linear combination

ng
H=> w'T"=w"T", (3.1.1)
a=1

with real-valued parameters w® € R. Here we have used Einstein’s convention of
summing over repeated indices. In this case, we do not distinguish between upper
and lower (or co- and contra-variant) indices. Different elements of the algebra can
be added together, i.e.

H1+H2 :H, H1 :w?T“, H2 :(USTCL, wf—i—wg :wa, (312)
such that H again belongs to the algebra. The product H;H,, on the other hand,

does in general not belong to the algebra. Instead, the concept of “multiplication”
in a Lie algebra is represented by the commutator

[Hy, Hy] = H Hy — HyHy = wiwb[T*, T"). (3.1.3)

The structure of a Lie algebra is characterized by its structure constants f,,. € R
which determine the commutation relations between the generators

[T, T = i fane T (3.1.4)
In particular, i[T% T = —fu.T° and thus i[H;, Hy] is again a member of the

algebra. Due to the anti-symmetry of the commutator the structure constants satisfy
foac = — fave- The Jacobi identity

([T, T°), T + [[T°, T, T + [[T¢,T%],T"] =0, (3.1.5)

implies that the f,. are even totally anti-symmetric against all permutations of the
indices. The generators of a Lie algebra are Hermitean, i.e.

T =T, (3.1.6)

such that the commutator
[T, T = (T°T° — T*T*)t = Ttipat — patpb! — pbpa _papb — [0 T (3.1.7)
is anti-Hermitean, and [T, T°] is indeed again Hermitean. It is a non-trivial feature
of Lie algebras that the commutator of two generators is again a linear combina-

tion of generators. This structure can be realized only with very specific sets of
generators.
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3.2 Simple and Semi-Simple Lie Algebras

Important internal symmetries in particle physics are associated with so-called sim-
ple and semi-simple Lie algebras. By definition, a semi-simple Lie algebra does not
have any invariant Abelian sub-algebras. First of all, a sub-algebra is generated by
a subset S of generators (which are linear combinations of the 7%) that is closed
under commutation, i.e.

157, 5" = i fupoS". (3.2.1)

An invariant sub-algebra obeys the additional requirement that
[Tav Sb] - ifabcsca (322)

for all generators 7% of the algebra and all generators S® of the sub-algebra. A Lie
algebra is called simple if it has no invariant sub-algebra. A sub-algebra is Abelian
if its generators commute with each other, i.e. [S¢,S°] = 0. A Lie algebra is called
semi-simple if it has no invariant Abelian sub-algebra. A semi-simple Lie algebra
may still have non-Abelian invariant sub-algebras.

The number of generators of the maximal Abelian sub-algebra of a semi-simple
Lie algebra (which cannot be an invariant sub-algebra) determines the rank r of the
algebra. In the following, we will focus on compact Lie algebras whose associated
Lie groups have a compact group manifold. It turns out that compact Lie algebras
are semi-simple.

3.3 Representations of Lie Algebras

A Lie algebra has many possible representations, which can be viewed as concrete
realizations of its generators, which we have, until now, defined only abstractly and
implicitly through their commutation relations. As we will see, the generators can,
for example, be represented by finite-dimensional matrices. In fact, every semi-
simple Lie algebra has an ng-dimensional representation, which is known as the
adjoint representation. In the adjoint representation, the generators are realized as
ng X ng matrices whose elements can be chosen as

lelc = _ifabca (331)
such that
[T T ge = TgyTf. — TyT}, = — faar fore + foar fage- (3.3.2)

The commutation relation [T% T4 = ifapc TS, = fabefede thus implies the consis-
tency condition

— fadr foge + foar fage = SfaveSede, (3.3.3)
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which follows directly from the Jacobi identity (3.1.5).
The conjugate T of a representation is defined as
i7" = (iT%)* = —i(TY)T = T° = —(T")" (3.3.4)

where * denotes complex conjugation and 7' denotes transpose. The conjugate is
again a representation of the algebra because

[T, T = (1), (1)) = (1*)"(1")" - (TN (1) = (T°T" = T°T")"
= [T T = —ifupe(T)" = i fupcT°. (3.3.5)

A representation is called real, if T = Ta. It is easy to show that the adjoint rep-
resentation is real. A representation is called pseudo-real if T and T are unitarily
equivalent, i.e. if there is a unitary transformation U such that UT*UT = T°. Rep-
resentations that are in-equivalent to their conjugate representation are known as
complex representations. Among the compact semi-simple Lie algebras, only su(n)
with n > 3, so(4n + 2) with n > 1, and e(6) have complex representations.

3.4 The Lie Algebra so(3) and its Representations

The simplest simple Lie algebra has three generators (i.e. ng = 3) which obey the
commutation relations
[T T" = i T, (3.4.1)

where £4,. is the totally anti-symmetric Levi-Civita tensor. It is straightforward to
show that the consistency condition eq.(3.3.3) is indeed satisfied. The above alge-
bra is well-known from quantum mechanics where the generators T are the three
components of an angular momentum vector. Angular momentum is conserved as a
consequence of the isotropy of 3-dimensional Euclidean coordinate space. The rota-
tions in this space are described by real orthogonal 3 x 3 matrices with determinant
1. Under multiplication, these matrices form the group SO(3). The corresponding
Lie algebra is known as so(3). One can show that so(3) is simple, i.e. it has no
invariant sub-algebra.

The quantum mechanical orbital angular momentum vector of a single particle
L=7Fxp=—ihPxV (3.4.2)

provides a concrete realization of the commutation relations of the so(3) algebra
when we identify T* = L* with a € {1,2,3}. As we know, the quantum mechanical
angular momentum operator acts in the Hilbert space of square integrable wave
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functions, which is infinite-dimensional. Hence, the representation of the so(3) gen-
erators by the operator L is infinite-dimensional.

As we know from quantum mechanics, general wave functions can be decomposed
into linear combinations of angular momentum eigenstates |lm) which obey

L2|lm) = R+ D|lm),  L3[im) = hm|lm), (€N, me{-l,—l+1,...,1}.

(3.4.3)
The operator L% = L°L® commutes with all components of the angular momentum
vector, i.e. [E2, L% = 0. This is characteristic of a so-called Casimir operator of a
Lie algebra, which consists of sums of products of generators and commutes with all
generators 1. The Casimir operators themselves do not belong to the Lie algebra.
According to a theorem due to Racah, the number of independent Casimir operators
of a semi-simple Lie algebra is given by the rank. Since the different components
of an angular momentum vector do not commute with each other, so(3) has rank
1. Consequently, L2 is the only independent Casimir operator. Obviously, any
polynomial of L? also commutes with all the generators. However, those operators
are not independent of L 2.

If we consider a particle moving on the surface of a 2-dimensional sphere S?, in
spherical coordinates its position can be described by the angles § and ¢. Corre-
spondingly, its wave function can be expressed as

U (0, p) =(0,p|¥) = Z Z im0, p|lm), (3.4.4)

=0 m=—1

where ¢, € C and (0, p|lm) = Y,,(0, ) are the spherical harmonics. The set
of all states |lm) span the infinite-dimensional Hilbert space of wave functions on
the sphere S?. However, already the states |Im) with fixed [ € N and with m €
{=l,—l+1,...,1} alone span a finite (2/+ 1)-dimensional representation of the so(3)
algebra. The infinite-dimensional representation through the angular momentum
operators L is reducible and decomposes into a sum of irreducible representations
characterized by the quantum number [. A representation is called irreducible if the
algebra cannot be realized on any subset of states that are involved. It turns out
that the eigenvalues of the independent Casimir operators uniquely characterize the
irreducible representations of a semi-simple Lie algebra.

The trivial irreducible representation of the so(3) algebra is 1-dimensional and
corresponds to [ = 0 (with m = 0) consisting of the single state |00). In this trivial
subspace of the Hilbert space, the generators are simply given by

T ' =T?=1T°=0, (3.4.5)

which obviously satisfy the commutation relations. A non-trivial 3-dimensional
representation corresponds to [ = 1 and is spanned by the three states |11), [10),
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and |1 — 1). In this case, the so(3) generators are represented by concrete 3 x 3
matrices

L (010 L (0 =i 0 10 0
Tm=—1[101], T?°=—1|4¢ 0 —i |, T°=[00 0
V2\ 0 1 0 V2\ o i o 00 —1
(3.4.6)

It is straightforward to convince oneself that these matrices indeed obey the com-
mutation relations of so(3). The dimension of this representation is equal to the
number of generators ng = 3. Indeed, this representation is equivalent to the ad-
joint representation Ty = —icap.. Although the representation matrices are not
identical, they span the same algebra, because they are related to each other by a
unitary transformation.

As we know from quantum mechanics, not only orbital angular momentum but
also spin obeys the angular momentum commutation relations. In particular, in
contrast to orbital angular momentum, spin can also be quantized in half-integer
units. For example, the Pauli matrices ¢ give rise to the representation

., 1, 1701\ ,» 1, 1/0 —\ ,5 15 1/1 0

=g :§<1 0)’T ~ 37 :§<z’ 0 )7T =37 :§<0 _1)-

(3.4.7)
This representation is usually associated with the algebra su(2), which, however,
is identical with the one of so(3) (and also with the one of sp(1)). As we will see,
while the algebras so(3) and su(2) are identical, the corresponding groups SO(3) and
SU(2) are still different. In the following, we will associate general representations
with integer or half-integer angular momentum with the algebra su(2). On the
other hand, when we want to explicitly restrict ourselves to integer representations
only, we will associate them with the algebra so(3). In general, an irreducible (2j +
1)-dimensional representation of the su(2) algebra is characterized by its angular

momentum j € {0, %, 1, %, ...}. The spin j = I representation is the smallest non-

2
trivial representation, also known as the fundamental representation. It is easy to
show that this representation is pseudo-real. In fact, all su(2) representations are real
or pseudo-real. Consequently, su(2) has no complex representation. For illustrative

purposes, we also write down the 4 x 4 matrices of the spin j = % representation

0 V3 0 0 0 —iv/3 0 0

Tl—l V3 0 2 0 T2_1 i3 0 =2 0
21 0 2 0 V3177 21 o 2 0 —iv3 |’
0 0 V3 0 0 0 /3 0

30 0 0
1fo1 0 o0
3—_
T =510 0 21 o (3.4.8)
00 0 -3
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It is easy to convince oneself that 791" = %(g + 1)1

When we couple the orbital angular momentum L and the spin Sofa particle to
its total angular momentum J=1IL+ S we are working with the direct Kronecker
product of two Lie algebras so(3) x su(2). While so(3) and su(2) (which, in fact,
are the same algebra) are both simple, their product is semi-simple. Indeed, typical
examples of semi-simple Lie algebras are direct products of simple ones.

3.5 The Groups SU(2) and SO(3)

Let us now consider the SU(2) and SO(3) groups associated with the su(2) = so(3)
algebra. The group U(2) consists of all unitary 2 x 2 matrices U, i.e.

Ut =UU = 1. (3.5.1)

The group SU(2) is a subgroup of U(2) consisting of those unitary 2 x 2 matrices
that have determinant 1. It is straightforward to show that these matrices indeed
form a group under matrix multiplication. The elements of SU(2) can be associated
with elements of the su(2) algebra by exponentiation in the j = % representation,
ie.

U = exp(iw®T*) = exp (%& : 6) = cos <2> 1 —|— — sin (3) W-a. (3.5.2)

Here w = || and w® € R. A general SU(2) element can also be expressed as

U— ( ol ) | (3.5.3)

with A = A, +i4;, B= B,+iB; € C and |A]*+|B|? = 1. The two complex numbers
A and B with this length constraint correspond to four real numbers (the real and
imaginary parts of A and B) with the constraint A2+ A?+ B2+ B? = 1. This implies
that the group elements of SU(2) can be viewed as points on a 3-dimensional sphere
53 (embedded in a 4-dimensional Euclidean space). Thus the SU(2) group manifold
is the sphere S3.

Every group has a subgroup known as the center which consists of those group
elements that commute with all other group elements. The center of the group
SU(2) consists of the unit-matrix 1 and the matrix —1 (which is unitary and has
determinant 1) and obviously commutes with all group elements. These two elements
of the center form the Abelian group Z(2).
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Similarly, the group SO(3) consists of the real orthogonal 3 x 3 matrices with
determinant 1, i.e.

00" =070 =1, detO = 1. (3.5.4)

Again, it is easy to convince oneself that these matrices form a group under matrix
multiplication. I this case, the group elements can be obtained by exponentiating

the algebra elements in the 3-dimensional adjoint representation 7}, = —ic. such
that
0 W —uw?
O =exp(iw'T*) =exp | —w® 0 ! : (3.5.5)
wro—wt 0

In contrast to SU(2), the center of SO(3) is trivial and consists only of the 3 x 3
unit-matrix 1. In particular, the matrix —1 no longer has determinant 1 and thus
does not belong to the group. Indeed the non-trivial center of SU(2) is related to
the fact that there are two types of su(2) representations: those with integer and
those with half-integer spin, while the so(3) algebra only contains the inter spin
representations.

Since the commutation relations of the su(2) and so(3) algebra are the same, it is
not surprising that the SU(2) and SO(3) groups are also closely related. Indeed, it
is instructive to convince oneself that the adjoint representation of SO(3) is related
to the fundamental representation of SU(2) by

1
Ou = §Tr(anUT o). (3.5.6)
In this way, the unit-element U = 1 is mapped to
1 a b
Ouw = éTl“(U 0”) = O, (3.5.7)

which corresponds to the unit-element O = 1 of SO(3). The inverse U' of U is
mapped to

1 1
5Tr(UTaaUab) = §Tr(U0bUT0“) = Oy = OF, (3.5.8)

which corresponds to the inverse of O. It is instructive to convince oneself that the
group structure U;U; = U is maintained by the mapping such that 0105 = O.

Since there is a map from the group SU(2) to SO(3), one might expect that
the two groups are identical. This is, however, not the case, because the mapping
is not one to one. In fact, both U and —U are mapped to the same group element
O of SO(3). In other words, SO(3) is insensitive to the center Z(2) of SU(2),
which is consistent with the fact that SU(2) has the center Z(2) while SO(3) has
a trivial center (consisting just of the 3 x 3 unit-matrix 1). Since U and —U are



3.6. THE UNITARY GROUP SU(N) AND ITS ALGEBRA 33

anti-podal points on the SU(2) group manifold S?, the SO(3) manifold is the coset
space S3/Z(2) in which anti-podal points are identified with each other. SU(2) is
known as the universal covering group of SO(3).

3.6 The Unitary Group SU(n) and its Algebra

The unitary n X n matrices with determinant 1 form a group under matrix multi-
plication — the special unitary group SU(n). This follows immediately from

UUT=UW =1, detU =1, detUV = detUdetV = 1. (3.6.1)

Associativity (i.e. (UV)W = U(VW)) holds for all matrices, a unit-element exists
(the unit matrix 1), the inverse is U~! = UT, and finally the group property

(UWVIUV =VIUTUV =1, UV(UV) = UVVIUT =1 (3.6.2)

also holds. The group SU(n) is non-Abelian because in general UV # VU. Each
element U € SU(n) can be represented as

U =exp(iH), (3.6.3)

where H is Hermitean and traceless. The matrices H form the su(n) algebra. It has
n? —1 free parameters, and hence n? — 1 generators 7%, among which n— 1 commute
with each other. Thus the rank of su(n) is r = n — 1. Correspondingly, su(n) has
n — 1 independent Casimir operators. The simplest non-trivial representation of
su(n) is the fundamental n-dimensional representation.

The group manifold of SU(n) is a product of spheres
SU(n) = 8% x 8% x ... x S 1 (3.6.4)

In order to show this, we decompose a general SU(n) matrix U into an element W
of the subgroup SU(n — 1) and an element V' of the coset SU(n)/SU(n — 1)

100 ... 0
0 Un Ui ... Ui
v=vw,w=| 0 UVn U= o Ui | (3.6.5)
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where the embedded matrix U is in SU(n — 1). It is indirectly defined by

T _U§1(1+U11) _U;l(lJrUll)
Un Uz 1+U5 T 1+U7,
U 14U, —|U21 |2 Ui U _ U U
21 1401 1+U7, T 1+07,
U5, Us1 1+U7 —|U31‘2 Ur,U3z1
U _ Y 11 __Zn1731
V= 31 1+0U11 1407, o 1+07, € SU(n). (3.6.6)
U _ U _ U Unm UL U 2
nl 1+U1 1+U5, T 1+U5,

One should convince oneself that V' is indeed an SU (n) matrix, and that the resulting
matrix U is indeed in SU(n — 1). The matrix V is constructed entirely from the
elements Ujq, Usy, ..., U, of the first column of the matrix U, which is normalized
to |Un1]? + |Ua1])®* + ... + |Uni)* = 1. This implies that the matrix V' takes values on
the sphere S?"~! and hence the coset manifold is

SU(n)/SU(n —1) = §*1, (3.6.7)

By successively factoring out odd-dimensional spheres, one reduces SU(n) all the
way down to SU(2), whose group manifold is S%, which thus proves eq.(3.6.4).

The center of SU(n) is the cyclic group Z(n) = {exp(2mim/n)l,m =0,1,...,n—
1} consisting of the unit-matrix 1 multiplied by a complex n-th root exp(2mwim/n)
of 1. These matrices obviously commute with all other group elements. In addition,
they are unitary and have determinant 1, and thus indeed belong to SU(n).

3.7 The Group SU(3) and its Algebra

Let us consider the group SU(3) and its algebra su(3) in some detail. First of all,
su(3) has 3% — 1 = 8 generators T = 1\%, where \* are the Gell-Mann matrices

0 1 0
0], M¥=[o0 -1
0 0 0

—1

A= 0
0

o O O

—i
0 ],

>

IS

I
OO0 HF OO OO
—_— OO OO o OO
O O OO = OO o

>~

ot

I
SO O =2 OO0 O = O

= O O O O O

(@]
5l
w0
OO =
O = O
o O

(3.7.1)



3.7. THE GROUP SU(3) AND ITS ALGEBRA 35

abe | 123 [ 147 [ 156 | 246 | 257 | 345 | 367 | 458 | 678
2 I I P I U U R (O
2 2 2 2 2 2 2 2

Table 3.1: Non-zero values of the structure constants fu. of the Lie algebra su(3).
The structure constants are completely anti-symmetric against permutation of the
indices a, b, and c.

abc | 118 | 146 | 157 | 228 247 256 338 | 344

gbc [ L L [ 1L T 1 T T T
V3 2 2 V3 2 2 V3 2
b}

abe | 35

366 | 377 | 448 558 668 778 | 888
dabc 1 1 1

1 _ [ _ I [ __I [ _

2 2 2 2v/3 2v/3 2v/3 2v/3 V3
Table 3.2: Non-zero coefficients du. of the Lie algebra su(3). These coefficients are
symmetric against permutation of the indices a, b, and c.

The corresponding structure constants of the su(3) algebra are listed in table 2.1.
The three generators A', A2, and \* form an su(2) sub-algebra. Since A* and \®
commute, and since there is no other independent linear combination of generators
that commutes with these two, the rank of su(3) is 7 = 2. According to Racah’s
theorem, this implies that su(3) has two independent Casimir operators. One of
them is quadratic in the generators and simply given by Cy = T%T*. The other
Casimir operator is Cy = dgp . T*T°T*, where the coefficients dg,. are listed in table
2.2. The structure constants f,;. as well as the coefficients d,. can be expressed as

1 1
Jabe = ([, MNIND),  dape = 7T APIN). (3.7.2)
1
The anti-commutator of two Gell-Mann matrices can be expressed as

4
XN} = S0+ 2o (3.7.3)

In analogy to the raising and lowering operators of spin in the su(2) algebra, we
introduce the following shift operators

Te=T"+4iT? Vo=T"+iT° Us=T+iT". (3.7.4)
Besides these, there are the diagonal generators

1 1
T3 = - )3, =)\ 3.7.5
2 3 (3:75)
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One then obtains the following commutation relations
(T3, Ty = +Ty, [T, T.]=2T°

1 3
[T37 Vi] = :I:§Vi7 [V+7 V—] - EY + T37

1 3
37 U:I:} = :FéUzl:a [U+7 U—] = QY - T37

[

YV, T =[Y,Ty] =0, [Y,Vi]=+Vy, [Y,Us]==Uy,

[Ty, Vi] = [Ty, U] = [Us, V4] = 0,

T,V =-U_, [I., U=V, [U,V]=T_. (3.7.6)

~

Since the generators 7% and Y commute with each other, we can diagonalize
them simultaneously and characterize the states of an su(3) multiplet by the corre-
sponding eigenvalues. The generators T, T2, and T° generate an su(2) sub-algebra
of su(3). Since these three generators all commute with Y, we can also simultane-
ously diagonalize the su(2) Casimir operator C' = T' T +T?*T?*+T37% = T(T +1)1.
The states of an su(3) multiplet can thus be further distinguished by the value of
T. Hence, we characterize states of an irreducible su(3) representation {I'} by Y,
T, and T3, and we denote them as |[{T'}YTT?). For example, (using the flavor nota-
tion of up, down, and strange quarks) the states of the 3-dimensional fundamental
representation {3} are given by

111

u) = 1Bh55 ) @ =18)55 — 3, I =8} = 2000 (377

Similarly, the states of the conjugate representation {3} (representing anti-quarks)
are given by
1 111

W =13} - 35— 5 [0 =13 - 3550 B = B30, G718

The raising and lowering operators T shift the value of 7% by %1, i.e.

TL{TYYTT?) = /T(T +1) = T3(T3* £ ){TYYTT? £ 1). (3.7.9)

The operators V1 and U, also act as raising an lowering operators. In particular,
we obtain

YVATIYTT?) = ([V,Va] + VaY){T}YTT?)
+Ve + VAY){TIYYTT?) = (Y £ )V {T}YTT?)

(
(
TVL{TYTT?) = ([T% Vi) + VaT*){TYTT?)
(j:%vi +VaTHUDYYTT?) = (T + %)Vﬂ{F}YTT?’)
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YUL{TYYTT?) = ([Y,Us] + ULY){T}YTT?)
+UL + ULY){TYYTT?) = (Y £ 1)UL {T}YTT?)

(T3, U] + UL T?){TYY TT?)
FyUs + VLT MY TTY) = (19 5 UL [Ty TTY),

T3UL{T}YYTT?)

o~ o~ o~~~

2
(3.7.10)
This implies that
1
Vi{TWTT?) =Y Cryrp[{T}Y £1,7, 7% + S
T/
1
Us{TYYTT?) = Chypps {T}Y £ 1,7, 7° 5 o (3.7.11)
T/

where Crrypps and C7.y1ps are coefficients that could be determined by a straight-
forward calculation. It should be noted that 7" differs from T" by a half-integer.

The weight diagrams of some su(3) representations are illustrated in the figures.
David Speiser, a physics professor at Leuven University and nephew of the math-
ematician Andreas Speiser who was a professor in Ziirich, has invented a simple
scheme that allows us to couple su(3) representations. In his scheme, the different
su(3) representations are associated with the points of a hexagonal grid that is di-
vided into six sectors associated with alternating 4+ and - signs, and separated by
empty lines that carry no representations. When the origin of a weight diagram of an
su(3) representation is placed on top of an su(3) representation in a + sector of the
grid, one can read off the reduction of the product of the two su(3) representations
into a sum of irreducible representations. This is done by listing all representations
on the grid that are covered by the corresponding states in the weight diagram, tak-
ing into account both the multiplicity of the state and the sign of the sector of the
grid. Points of the weight diagram that fall on top of the empty lines that separate
the sectors do not contribute to the reduction.

This simple and elegant scheme generalizes to all compact semi-simple Lie alge-
bras. For algebras with rank r the corresponding grid as well as the corresponding
weight diagrams are r-dimensional. Hence, the scheme is most practical for the
algebras of rank r = 2, which are su(3), so(4) = su(2) & su(2), so(5) = sp(2), and
9(2).

3.8 The Permutation Group Sy

Let us consider the permutation symmetry of N objects — for example the fun-
damental representations of SU(n). Their permutations form the group Sy. The
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permutation group has N! elements — all permutations of N objects. The group
S, has two elements: the identity and the pair permutation. The representations of
Sy are represented by Young tableaux

E\j 1-dimensional symmetric representation,

H 1-dimensional antisymmetric representation. (3.8.1)

To describe the permutation properties of three objects we need the group Ss. It
has 3! = 6 elements: the identity, 3 pair permutations, and 2 cyclic permutations.
The group S5 has three irreducible representations

Djj 1-dimensional symmetric representation,

|

L] 2-dimensional representation of mixed symmetry,

| 1-dimensional antisymmetric representation. (3.8.2)

The representations of the group Sy are given by the Young tableaux with N boxes.
The boxes are arranged in left-bound rows, such that no row is longer than the one
above it. For example, for the representations of S, one finds

[ ] |
I L L (3.8.3)

The dimension of a representation is determined as follows. The boxes of the corre-
sponding Young tableau are enumerated from 1 to N such that the numbers grow
as one reads each row from left to right, and each column from top to bottom. The
number of possible enumerations determines the dimension of the representation.
For example, for S3 one obtains

1 1-dimensional,
2] [1]3]

, 12 2-dimensional,

[eof vof =] [es] | [ ]

1-dimensional. (3.8.4)
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The squares of the dimensions of all representations add up to the order of the group,

i.e.
> di =N (3.8.5)
r

In particular, for Sy we have 12 412 = 2 = 2! and for S3 one obtains 12 + 22 + 12 =
6 = 3.

A general Young tableau can be characterized by the number of boxes m; in its
i-th row. For example the Young tableau

[ [ ]

(3.8.6)

has m; =7, mo =4, mg = 4, my = 3, ms = 2 and mg = 2. The dimension of the
corresponding representation is given by

[Tl — 1)

= N!
s it LWl 1!

li=m;+n—1i. (3.8.7)
Applying this formula to the following Young tableau from Sj

[ ]
L (3.8.8)

withmy =3, mo=1, mg=1landn=>5yields [y =3+3—-1=5,l,b,=14+3—-2=2,
l[3=1+3—3 =1 and hence

(=)l )~ k) _
[ 1513) 521!

3.4-1
! = 6. (3.8.9)

d3’1’1 = 5'

The permuted objects can be the fundamental representations of SU(n). For
SU(2) we identify

TN (3.8.10)

To each Young tableau with no more than two rows one can associate an SU(2)
representation. Such a Young tableau is characterized by m; and mso, e.g.

[ [ 1]

(3.8.11)
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has m; = 7 and my = 3. The corresponding SU(2) representation has

1
which is also denoted by {m; —mgy+ 1}. The above Young tableau hence represents
S = 2 — a spin quintet {5}. Young tableaux with more than two rows have no
realization in SU(2) since among just two distinguishable objects no more than two
can be combined anti-symmetrically.

3.9 Coupling of su(n) Representations

The simplest nontrivial representation of SU(n) is the fundamental representation.

It is n-dimensional and can be identified with the Young tableau D Every ir-
reducible representation of SU(n) can be obtained from coupling N fundamental
representations. In this way each SU(n) representation is associated with a Young
tableau with N boxes, which characterizes the permutation symmetry of the fun-
damental representations in the coupling. Since the fundamental representation is
n-dimensional, there are n different fundamental properties (e.g. u and d in the
SU(2) isospin or u, d, and s in SU(3) flavor symmetry of quarks). Hence, we can
maximally anti-symmetrize n objects, and the Young tableaux for SU(n) represen-
tations are therefore restricted to no more than n rows.

The dimension of an SU(n) representation can be obtained from the correspond-
ing Young tableau by filling it with factors as follows

n n+ln+2n+3n+4n+5n-+6

n—1n n-+1n+ 2

n—2n—1n n+1

(3.9.1)

The dimension of the SU(n) representation is given as the product of all factors di-
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vided by N'! and multiplied with the Sy dimension d;;1 m,....m., of the Young tableau
. B (n+mq — 1! (n+ mg —2)! my,! 1 2N Hi<k(li_lk)
mlma,....mn (n_l)l (n—2)' O' N! ' llllg'ln'
e — ik
[Tic(mi —mi — i+ k) (3.9.2)

(n—1Dln—=2)...0!

We see that the dimension of a representation depends only on the differences ¢; =
m; — m;y1. In particular, for SU(2) we find

D2 ml—m2—1+2

mi,ma 110! =m;—mg+1= q1 + 1 (393)

in agreement with our previous result. For a rectangular Young tableau with n rows,
e.g. in SU(2) for

) (3.9.4)
all ¢; = 0, and we obtain
; — —i+k Dl(n—=2)!...0!
o m:HKk( mg—i+k)  (n=1)!(n-2)...0 1 (395
""" (n—1l(n—-2)!...0! (n—1l(n—2)!...0!

and therefore a singlet. This shows that in SU(3) corresponds to a singlet. It
also explains why the dimension of an SU(n) representation depends only on the
differences ¢;. Without changing the dimension we can couple a representation with
a singlet, and hence we can always add a rectangular Young tableau with n rows to
any SU(n) representation. For example in SU(3)

[ ]
L ~ | | ] (3.9.6)

We obtain the conjugate representation of a given representation by replacing m;
and ¢; with

My = M1 — Mp—ig1, @ = M — M1 = My—j — Mp_jt1 = Qn—;- (3.9.7)

Geometrically the Young tableau of a representation and its conjugate representation
(after rotation) fit together to form a rectangular Young tableau with n rows. For
example, in SU(3)

L and (3.9.8)




42 CHAPTER 3. LIE GROUPS AND LIE ALGEBRAS

are conjugate representations. In SU(2) each representation is unitarily equivalent
to its conjugate representation (i.e. the representations are real or pseudo-real). For
example

L] and (3.9.9)

are conjugate representations, but

[ ]
] ~ | [ ] (3.9.10)

This is not the case for higher n. The dimension of a representation and its conjugate
representation are identical

D2

M1,M2,.. .y

W=D - (3.9.11)
For general n the adjoint representation is given by ¢; = ¢,_1 = 1, ¢; = 0 otherwise,
and it is identical with its conjugate representation. The dimension of the adjoint
representation is

Dy, o=n—1 (3.9.12)

sy dyeeeydy

Next we want to discuss a method to couple SU(n) representations by operating
on their Young tableaux. Two Young tableaux with N and M boxes are coupled by
forming an external product. In this way we generate Young tableaux with N + M
boxes that can then be translated back into SU(n) representations. The external
product is built as follows. The boxes of the first row of the second Young tableau
are labeled with ‘a’, the boxes of the second row with ‘b’, etc. Then the boxes
labeled with ‘a’ are added to the first Young tableau in all possible ways that lead
to new allowed Young tableau, such that two ‘a’ never end up in the same column.
Then the ‘b’ boxes are added to the resulting Young tableaux in the same way.
Now each of the resulting tableaux is read row-wise from top-right to bottom-left.
Whenever a ‘b’ or ‘¢’ appears before the first ‘a’, or a ‘c’ occurs before the first ‘b’
etc., the corresponding Young tableau is deleted. The remaining tableaux form the
reduction of the external product.

We now want to couple N fundamental representations of SU(n). In Young
tableau language this reads

meme. . eh=lelle o] (3.9.13)

In this way we generate all irreducible representations of Sy, i.e. all Young tableaux
with N boxes. Each Young tableau is associated with an SU(n) multiplet. It occurs
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in the product as often as the dimension of the corresponding Sy representation
indicates, i.e. d, my,,...m, times. Hence we can write

.....

nfe{nte...e{n}= Z dmy ma, .. mn{D:Lnl,mz ..... mn}' (3.9.14)
I

The sum goes over all Young tableaux with N boxes. For example

JelJel =1l lle2l] ol (3.9.15)

Translated into SU(n) language this reads

Wemen = {Herd] g, -l

{ (n— 2)2" - 1>”} , (3.9.16)

The dimensions test

n(n+1)(n+2) m—1)nn+1) nm—2)(n—1)n 3

2 = 9.1
5 + 5 + 6 n (3.9.17)
confirms this result. In SU(2) this corresponds to

{2} @ {2} ® {2} = {4} & 2{2} & {0}, (3.9.18)

and in SU(3)
3@ 3V ® (3} = {10} @ 2{s} & {1}. (3.9.19)

3.10 Coupling of {3} and {3} in su(3)

In order to further illustrate the coupling of su(n) representations, we now couple
the fundamental {3} representation of su(3) with its conjugate representation {3}.
From the considerations of the previous section, we obtain

{3} ® {3} = {1} & {8}. (3.10.1)

We now want to explicitly construct the singlet state and all states of the octet, by
calculating the corresponding Clebsch-Gordan coefficients. First of all, we relate the
states in the triplet by shift operators

T_lu) = |d), Ty|d) = |u), U-|d) =|s), Us|s) = |d), V_|u) = |s), Vi[s) = |u).
(3.10.2)
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The representation {3} is obtained from {3} by conjugation, which is realized by
T = —(T*)", such that

T_|d) = —[u), TyJu) = —
V_[s) = —[m), V4[5) = —

Ul

d, U_[s) = (), U.[5) = ~ ),

|d) (3.10.3)

gl
~

We now construct the state in the octet that has the larges value of T%. This is the

state
{83011 — |{3}%%%>\{§ - %%%> — ud (3.10.4)

Starting from this state, we can now reach the other ones in the multiplet by applying
the appropriate shift operations. In this way, we obtain

—V2|{8}010) = (T + T_)ud = —ut + dd = |{8}010) = %(uﬂ —dd), (3.10.5)
as well as
Va{8}01 — 1) = (T_ + ’Tv)%(ua _dd) = 3du = |{8}010) = du.  (3.10.6)

By applying the shift operator U, one finds
11 ~ = _ 11 _
—|{8}1§§> = Uy +Up)ud = —us = |{8}1§§) = U3, (3.10.7)

and in complete analogy we obtain

1 1 _ 11 - 1 1 _
{8115 - 5) = d5, {8} —155) = sd, [{8} =15 - 3) = 5u (3.10.8)

We are still lacking the state [{8}000), which we reach by applying
- 11 -
(Vo + v,)|{8}1§§> = (V_ +V_)us = s5 — uu = «|{8}000) + B|{8}010). (3.10.9)

Also demanding normalization and orthogonality, i.e. ({8}000]{8}010) = 0, one then
obtains

[{8}000) = %(uﬂ + dd — 253). (3.10.10)

The last remaining state represents the singlet [{1}000). Again demanding normal-
ization and orthogonality, one finally obtains

1{1}000) = — (uw + dd + s3). (3.10.11)

Sl
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3.11 The Orthogonal Group SO(n) and its Alge-
bra

The real-valued nxn orthogonal matrices O with determinant 1 obey OO = OTO =
1 and form the group SO(n) under matrix multiplication. The corresponding so(n)
algebra consists of the purely imaginary traceless Hermitean n x n matrices. There
are ng = n(n — 1)/2 such matrices. The algebra so(4) = su(2) x su(2) is the direct
Kronecker product of two su(2) algebras and thus semi-simple (but not simple).

As we discussed before, the group SO(3) has a trivial center, while its universal
covering group SU(2) has the non-trivial center Z(2). The universal covering group
of SO(n) is called Spin(n), such that Spin(3) = SU(2). Similarly, the universal
covering group of SO(4) is Spin(4) = SU(2) x SU(2), which has the center Z(2) x
Z(2). The center of SO(4) itself, on the other hand, is just Z(2) and consists on the
4 x4 unit-matrix 1and —1. Since for n = 5 the matrix —1 does not have determinant
1, the group SO(5) has a trivial center, while its universal covering group Spin(5)
has the center Z(2). The so(6) algebra has ng = 6 -5/2 = 15 generators. This
is the same number as for su(4) which has 4% — 1 generators. Indeed, one can
show that the algebras of so(6) and su(4) are identical. As it was also the case for
so(3) and su(2), the corresponding groups SO(6) and SU(4) are still different. In
particular, the center of SO(6) is Z(2) while the center of SU(4) is Z(4). Indeed, the
universal covering group of SO(6) is Spin(6) = SU(4), and SU(4)/Z(2) = SO(6).
The higher so(n) algebras (with n > 7) are not equivalent to an su(n) algebra. The
center of Spin(n) is Z(2) for odd n, Z(2) x Z(2) for n = 4,8,12,..., and Z(4) for
n=6,10,14, .. ..

The group manifold of Spin(n) is the product of spheres
Spin(n) = S* x S* x ... x "L, (3.11.1)
Based on the so-called Hopf fibration one can show that
S¥/St =52 §7/8%=g8% S¥5/ST =88 (3.11.2)
such that at least locally
S3=8'x 8% ST=253x851 S¥=98"xs" (3.11.3)
Consequently, one obtains

Spin(3) = St x §? = §* = SU(2),
Spin(6) = ST x 5% x §? x 8 x 7 = 5% x §° x ST = SU(4). (3.11.4)
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The n(n — 1)/2-dimensional adjoint representation of so(n) transforms as an
anti-symmetric tensor under rotations in n dimensions. Similarly, there is an [n(n+
1)/2 — 1]-dimensional representation that corresponds to a symmetric traceless ten-
sor. In addition, so(n) has an n-dimensional vector representation. Since in three
dimensions the vector cross product again generates a vector instead of an anti-
symmetric tensor, for so(3) the vector representation is equivalent to the adjoint.
The so(n) algebras also have spinor representations. While so(3) = su(2) only
has a single 2-dimensional spinor representation {2}, which corresponds to an or-
dinary spin 3, so(4) = su(2) x su(2) has two 2-dimensional spinor representations
{2} x {1} and {1} x {2}, which are both pseudo-real. The algebra so(5) has a sin-
gle 4-dimensional fundamental spinor representation, while so(6) = su(4) has two
in-equivalent 4-dimensional spinor representations, which correspond to the fun-
damental representation {4} of su(4) and its conjugate {4}. In fact, the so(n)
algebras with n = 6,10, 14, ... are the only ones that have complex representations.
Continuing this scheme, the algebra so(7) has a single 8-dimensional spinor repre-
sentation, while so(8) has two in-equivalent 8-dimensional pseudo-real spinor repre-
sentations (in addition to its 8-dimensional vector representation). Similarly, so(9)
has one 16-dimensional spinor representations, while so(10) has two in-equivalent
16-dimensional complex spinor representations, which are conjugate to each other.
One of these representations plays an important role in grand unified theories of the
electroweak and strong interaction. It contains one generation of chiral Standard
Model fermions (including quarks and leptons).

3.12 The Symplectic Group Sp(n) and its Algebra

The group Sp(n) is a subgroup of SU(2n) which leaves the skew-symmetric matrix

(0 1\ .,
J = ( 10 ) =i0° ®1, (3.12.1)
invariant. Here 1 is the n x n unit-matrix and o? is the imaginary Pauli matrix.
The elements U € SU(2n) that belong to the subgroup Sp(n) satisfy the constraint

U= JuJt. (3.12.2)

Consequently, U and U* are related by the unitary transformation J. Hence the 2n-
dimensional fundamental representation of Sp(n) is pseudo-real. The matrix .J itself
also belongs to Sp(n). It is easy to show that the matrices that obey the constraint
eq.(3.12.2) form a group under matrix multiplication. The constraint implies the
following form of a generic Sp(n) matrix

WX
U= ( g S ) , (3.12.3)
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where W and X are complex n X n matrices. Since U must still be an element of
SU(2n), these matrices must satisfy WWT + XXT = 1 and WXT = XW7T. Note
that the eigenvalues of U come in complex conjugate pairs. Since center elements are
multiples of the unit-matrix, in this case eq.(3.12.3) immediately implies W = W*.
Hence, the center of Sp(n) is Z(2) for all n. In fact, Sp(n) is its own universal
covering group and thus acquires no further central extension.

Writing U = exp(iH), where H is a Hermitean traceless matrix, eq.(3.12.2)
implies that the generators H of the algebra sp(n) satisfy the constraint

H*=—JHJ = JHJ. (3.12.4)

This relation leads to the following generic form,

A B
H= ( B ) , (3.12.5)

where A and B are n x n matrices. The Hermiticity condition H = HT implies
A = Af and B = B”. Note that, since A is Hermitean, H is automatically traceless.
The Hermitean n x n matrix A has n? degrees of freedom and the complex symmetric
n x n matrix B has (n + 1)n degrees of freedom. Hence the dimension of the sp(n)
algebra is ng = n*> + (n + 1)n = (2n + 1)n. There are n independent diagonal
generators of the maximal Abelian Cartan sub-algebra. Hence the rank of Sp(n) is
r=n.

The n = 1 case is equivalent to so(3), while the n = 2 case is equivalent to so(5).
Since the group Sp(n) has the center Z(2) while SO(3) and SO(5) have a trivial
center, the group Sp(1) corresponds to the universal covering group Spin(3) =
SU(2) of SO(3), and the group Sp(2) is the universal covering group Spin(5) of
SO(5). Although both sp(n) and so(2n + 1) have the same number of (2n + 1)n
generators, the two algebras are in-equivalent for n > 3.

Since sp(2) has rank r = 2, the weight diagrams of its representations can be
drawn in a 2-d plane. The weight diagrams of the fundamental representation {4},
the so(5) vector representation {5}, and the adjoint representation {10} are depicted
in figures 3.12, 3.12, and 3.12, respectively. It is instructive to work out the Speiser
scheme for the algebra sp(2) = so(5) in analogy to the su(3) scheme discussed
before.

figure=rep4.eps,width=6cm

Figure 3.1: The weight diagram for the fundamental {4} representation of sp(2).
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figure=rep5.eps,width=6cm

Figure 3.2: The weight diagram for the {5} representation of sp(2) (the vector rep-
resentation of so(5)).

figure=rep10.eps,width=6cm

Figure 3.3: The weight diagram for the adjoint {10} representation of sp(2) (and of

so(5) ).

The group manifold of Sp(n) is the product of spheres
Sp(n) = 8% x ST x ... x §" 1 (3.12.6)
which implies
Sp(1) = S* = SU(2), Sp(2) = 5> x S"=8"x S x $% x §* = Spin(5). (3.12.7)
On the other hand, since S® x S® # S we have

Sp(3) = SPxSTx M = 91 x §?x S3x Sx S #£ S x 52X 53 x S x S5 x S® = Spin(7).
(3.12.8)

3.13 The Exceptional Group G(2) and its Algebra

In this section we discuss some basic properties of the Lie group G(2) — the simplest
among the exceptional groups G(2), F(4), E(6), E(7) and E(8) — which do not fit
into the main sequences SU(n), Spin(n), and Sp(n). While there is only one non-
Abelian semi-simple Lie algebra of rank 1 — namely the one of su(2) = so(3) = sp(1)
— there are four of rank r = 2. These rank 2 algebras generate the groups SU(3),
SU(2) x SU(2) = Spin(4), Spin(5) = Sp(2), and G(2), which have 8, 6, 10, and 14
generators, respectively. The group G(2) is of particular interest because it has a
trivial center and still is its own universal covering group.

It is natural to construct G(2) as a subgroup of SO(7) which has rank 3 and
21 generators. The 7 x 7 real orthogonal matrices O of the group SO(7) have
determinant 1 and obey the constraint

Oaboac - 5bc- (3131)



3.13. THE EXCEPTIONAL GROUP G(2) AND ITS ALGEBRA 49

The G(2) subgroup contains those matrices that, in addition, satisfy the cubic con-
straint
Tape = TdedeaOebOfc- (3132)

Here T is a totally anti-symmetric tensor whose non-zero elements follow by anti-
symmetrization from

Tho7 = Tisa = Tz = Tazs = Toga = T37a = T576 = 1. (3.13.3)

The tensor T also defines the multiplication rules for octonions. Eq.(3.13.3) implies
that eq.(3.13.2) represents 7 non-trivial constraints which reduce the 21 degrees of
freedom of SO(7) to the 14 parameters of G(2). It should be noted that G(2) inherits
the reality properties of SO(7): all its representations are real.

We make the following choice for the first 8 generators of G/(2) in the 7-dimensional
fundamental representation

LA 00
A=—1| 0 =x* 0 |. (3.13.4)
V2o 0 o

Here \* (with a € {1,2,...,8}) are the usual 3 x 3 Gell-Mann generators of su(3)
which indeed is a sub-algebra of g(2). We have chosen the standard normalization
TrA?AY = TrA®Ab = 2§,,. This representation contains the complex representations
{3} and {3} of su(3). However, it is unitarily equivalent to a real representation.
In the chosen basis of the generators it is manifest that under SU(3) subgroup
transformations the 7-dimensional representation decomposes into

{1} ={3}e {3} & {1}. (3.13.5)

Since g(2) has rank r = 2, only two generators can be diagonalized simultaneously.
In our choice of basis these are the su(3) sub-algebra generators A* and A®. Conse-
quently, just as for su(3), the weight diagrams of g(2) representations can be drawn
in a 2-dimensional plane. For example, the weight diagram of the fundamental rep-
resentation is shown in figure 3.13. One notes that it is indeed a superposition of

file=figural.eps,width=60mm,angle=0

Figure 3.4: The weight diagram of the 7-dimensional fundamental representation of
g(2) (rescaled by a factor /2).

the weight diagrams of a {3}, {3}, and {1} of su(3). Since all g(2) representation
are real, the {7} representation is equivalent to its complex conjugate. It should be



50 CHAPTER 3. LIE GROUPS AND LIE ALGEBRAS

noted that the {3} @ {3} contained in the {7} representation of of g(2) corresponds
to a real reducible 6-dimensional representation of su(3).

As usual,
T = AR = 0 = 5
T - %(Al — i) = 2)(1] - [4) 51,
Ut = (A = 23— 16) 5,
U7 = (AT = 32— 56
VI = AT = ] [6) 4,
|7 %(Aﬁ—i/\7):|3)(1|—|4)(6|, (3.13.6)

define su(3) shift operations between the different states |1), |2),...,|7) in the fun-
damental representation. The remaining 6 generators of G(2) also define shifts

Xt = E(Ag +iA") = [2)(4] — [1)(5] — V2[7)(3] — V2/6)(7],

— 1 9 <A 10\ . _ _

X = E(A —iA'?) = [4)(2] — [5)(1] — V2[3)(7| — V2|7)(6],
Yto= E(A“HA”) 16)(1] — 4) (3] — V2[2)(7| = V2|7)(5],

Yo o= \%(A“ iN?) = [1)(6] — [3)(4] — V2|7) (2] = V2I5)(7],

zt = T(A“’HA“‘) 13)(5] — 12)(6] — v2|7)(1] — V2|4)(7],

Z- = E(/\13—1'Al4>:\5><3|—|6><2|—\/5\1><7|—\/§\7><4|. (3.13.7)

The generators themselves transform under the 14-dimensional adjoint representa-
tion of ¢g(2) whose weight diagram is shown in figure 3.13. From this diagram one
sees that under an SU(3) subgroup transformation the adjoint representation of g(2)
decomposes into

{14} = {8} & {3} @& {3}. (3.13.8)

Again, it is instructive to work out the Speiser scheme for the algebra ¢(2).

Let us now discuss the center of G(2). It is interesting to note that the maximal
Abelian (Cartan) subgroup of both G(2) and SU(3) is U(1)* which must contain



3.13. THE EXCEPTIONAL GROUP G(2) AND ITS ALGEBRA o1

file=figura2.eps,width=60mm,angle=0

Figure 3.5: The weight diagram of the 14-dimensional adjoint representation of g(2)
(rescaled by a factor v/2).

the center in both cases. Since G(2) contains SU(3) as a subgroup its center cannot
be bigger than Z(3) (the center of SU(3)) because the potential center elements of
((2) must commute with all G(2) matrices (not just with the elements of the SU(3)
subgroup). In the fundamental representation of G(2) the center elements of the
SU(3) subgroup are given by

z1 0
Z=[0 =1 0 |. (3.13.9)
0 0 1

where 1is the 3 x 3 unit matrix and z € {1,exp(£27i/3} is an element of Z(3).
By construction, the three 7 x 7 matrices Z commute with the 8 generators of the
SU(3) subgroup of G(2). However, an explicit calculation shows that this is not
the case for the remaining 6 generators. Consequently, the center of G(2) is trivial
and contains only the identity. The above argument applies to any representation
of G(2). In other words, the universal covering group of G(2) is G(2) itself and still
it has a trivial center.

In SU(3) the non-trivial center Z(3) gives rise to the concept of triality. For
example, the trivial representation {1} and the adjoint representation {8} of SU(3)
have trivial triality, while the fundamental {3} and anti-fundamental {3} have non-
trivial opposite trialities. Since its center is trivial, the concept of triality does not
extend to G(2). In particular, as one can see from eqs.(3.13.5,3.13.8), G(2) represen-
tations decompose into mixtures of SU(3) representations with different trialities.
This has interesting consequences for the results of G(2) tensor decompositions. For
example, in contrast to the SU(3) case, the product of two fundamental represen-
tations

{Ty {7} ={1} @ {7} @ {14} @ {27}, (3.13.10)

contains both the trivial and the adjoint representation. Some further tensor product
decompositions are given by

{1y @ {14} = {7} © {27} @ {64},
{Uy{14} ={1}e {14} e 27T} {77} & {7TT'}. (3.13.11)

Here {77} and {77’} are two in-equivalent 77-dimensional representations of g(2).
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The group manifold of G(2) is the product of the group manifold of SU(3) with
a 6-dimensional sphere S, i.e.
G(2) = SU(3) x §% = 8% x §° x SC. (3.13.12)
From this one obtains

SO(T) = S*'xS?x 3% ' x $°x S® = G(2)x S' x 5?x S* = G(2)x *x S* = G(2)xS".
(3.13.13)



Chapter 4

Galilei, Lorentz, and Poincaré
Algebras

A non-relativistic system without a preferred rest frame corresponds to a repre-
sentation of the Galilei algebra. Similarly, a relativistic system provides us with a
representation of the Poincaré algebra. We consider the Galilei and Poincaré alge-
bras in one, two, and three spatial dimensions, first without specifying a particular
physical system. Then we consider systems of free particles with and without spin.
We also review the concept of a center of energy — a relativistic generalization of
the center of mass.

4.1 The Galilei Algebra in One, Two, and Three
Dimensions

The Galilei algebra describes the symmetries of a space-time which is spatially Eu-
clidean with absolute Newtonian time and without an a priori preferred rest frame.
Euclidean space is homogeneous and isotropic, which gives rise to momentum and
angular momentum as the infinitesimal generators of spatial translations and rota-
tions. Translation invariance in time gives rise to the Hamiltonian as an infinitesi-
mal generator of time translations. In addition, although, in this case, there is no
symmetry between space and time, there are generators of Galileian boosts, which
are related to the center of mass coordinate. When matter condenses in Galileian
space-time, its center of mass singles out a preferred rest frame, which amounts to
a spontaneous breakdown of Galileian boost invariance.

In one spatial dimension the Galilei algebra includes the Hamilton operator H,

23
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the momentum operator P, and the boost operator K. The corresponding commu-
tation relations are

[P,H] =0, [K,H] =iP, [K,P]=iM. (4.1.1)

Here M represents the total mass of the system. Energy H, momentum P, as well as
the mass operator M (which is proportional to the identity 1) generate an invariant
Abelian sub-algebra. Hence, the Galilei algebra is not semi-simple. Obviously, the
mass operator commutes with all generators of the algebra, and thus plays the role
of a rather trivial Casimir operator.

In two spatial dimensions, in addition to the Hamiltonian there are now two
momenta P; (i € {1,2}), one angular momentum operator .J that generates spa-
tial rotations, as well as two Galileian boosts K; (i € {1,2}). The corresponding
commutation relations are

[PzaH] = 07 [‘]7 H] = 07 [KZ7H] = ZP“ [Pzaljj] = 07 [Ja Pz] - ieijljja
[Ki,Pj] = Z(;Z]M, [J, KZ] = ’iEinj, [KZ,KJ] =0. (412)

In three spatial dimensions the Galilei algebra consists of the Hamiltonian H,
three momenta P;, three angular momenta J;, and three Galileian boosts K; (i €
{1,2,3}), with the commutators

[PHH] = 07 [‘]27H] = Oa [KZ7H] = ZPla [Pzapj] = Oa [JHP]] = Z.Eijkpka
[Ki,Pj] = 7,51]./\/1, [Jl, J]] = iEiijk, [JZ,KJ] = iCiijk, [K“Kj] = 0

(4.1.3)

Introducing the center of mass coordinate

K
Ri=—, 4.1.4
y (114)

one obtains P

R, H| =i~ =iV, = iR, 4.1.5
Ry H] = iq s =iVi=i (115

which represents the Heisenberg equation of motion for the center of mass, with
Vi, = R; being its velocity. In addition,

which identifies the center of mass and the total momentum as canonically conjugate
variables.
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4.2 Representation of the (Galilei Algebra with
Non-Relativistic Interacting Particles

Let us consider a system of N free spinless non-relativistic particles of mass m, with
positions 7, and momenta p, (a € {1,2,..., N}) the operators of the Galilei algebra
can then be represented as

= 2
H = Z (m o ) + Y V(IR ),
; N a<b . N
Z T=Y Fuxfay K=Y mgf, M= m,  (4.2.1)
a=1 a=l1 a=1 a=1

Using the canonical commutation relations

[Tm‘,pbj] = iéabéij, (422)

it is straightforward to show that the operators from above indeed obey the com-
mutation relations of the Galilei algebra. This is not the most general form of the
potential. In particular, besides 2-body forces, one could also include 3-body or
many-body forces.

@L

Let us also discuss particles with spins §a, obeying the commutation relation
[Sais Sbj] = 10ab€ijkSak- (4.2.3)

In this case, one can represent the Galilei algebra as
N 7.2

a . V _)a — T ) ’gaa g )
> (o o)+ VR 55
a=1 a<b
N
=1

N
:Zﬁa, j:Z(TaXpa—i—S K= Zmara, M = Zm“ (4.2.4)
a a=1

In this case, one can include spin-dependent forces. It is instructive to investigate
the constraints on a spin-dependent 2-body potential V (7, — 7, S4, Sp), that result
from the Galileian symmetry.

H
P

4.3 The Poincaré Algebra in One, Two, and Three
Dimensions

In one spatial dimension the Poincaré algebra has three generators, the Hamilton op-
erator H that generates time translations, the momentum operator P that generates
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spatial translations, and the boost operator K that generates space-time rotations.
The corresponding commutation relations are

[P,H| =0, [K,H]=1P, [K,P|=1iH. (4.3.1)
The quadratic Casimir operator,
M?* = H? — P?, (4.3.2)

commutes with all generators and represents the rest mass squared. Energy and
momentum are components of a Lorentz vector P* = (H, P), and K is an element

of an anti-symmetric tensor
0 K
M,, = ( K 0 > . (4.3.3)

The commutation relations can then be expressed as
[Pw PV] =0, [va Pp] - i(gl,pP“ - gupPV)7 [Muw Mpa] =0, (4‘3-4>

where g, is the metric of Minkowski space-time.

In two spatial dimensions the Poincaré algebra has six generators. In addition to
the Hamiltonian there are now two momenta P; (i € {1,2}), one angular momentum
operator J that generates spatial rotations, as well as two boosts K; (i € {1,2}).
The corresponding commutation relations are

[PHH] = 07 [JvH] = 07 [KZ7H] = ZPl; [Pzapj] = OJ [Ju Pl] = ZEZ]Pja

Again, the rest mass
M? = H? - P2, (4.3.6)

is a Casimir operator. In this case, we can write

0 K K
My,=|-K 0 J |, (4.3.7)
—K, —J 0

which then implies

[Py P] =0, My, B)] = i(90p Py — gupPo),

(M, Mool = i1(guo Moy — GupMoo — GuoMup + GupM,uo). (4.3.8)
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Finally, in three spatial dimensions the Poincaré algebra has ten generators: the
Hamiltonian H, three momenta P;, three angular momenta J;, and three boosts K;
(i € {1,2,3}), with the commutators

[R?H] = 07 [JZ7H] = O [K’MH] = ZR, [-Pzap] [J ] - EZ]kJPkJ?
[Kiyf)j] = Z'(Ssz, [Jz‘, J] ZQJka; [JHK] = ZngKk, [ = —Z€¢ijk~

Once again, one Casimir operator is
M? = H? — P?. (4.3.10)
Now angular momenta and boosts combine to

0 K, K, K;

I T R R A
L I A (4.3.11)

-K3; Jo —-J1 0
which implies

[P P] = O [MumP] - Z(QVpP - gupPV)7
[Myuw, Mypo] = i(gueMvp = GupMye = GuoMpup + GupMyuc).- (4.3.12)

One can also define the Pauli-Lubanski vector

1 1% lea
L = e M P, (4.3.13)

whose components are given by
Iy =P J;, I; = €, K; P, — HJj, (4.3.14)
and which indeed transforms as a 4-vector
(P, 1] =0, [My,1,] = i(guply — guply). (4.3.15)
whose components obey the commutation relations
(1, 1)) = i€pe IPP°. (4.3.16)
By construction, I, P* = 0, however,
LIV =12 — 12 = —M2J? (4.3.17)

is another Casimir operator, representing the total spin in the rest frame.
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4.4 Free Spinless Particles

For a system of NN free spinless relativistic particles of rest mass m, with positions
7, and momenta p, (a € {1,2,..., N}) the operators of the Poincaré algebra can be
represented as

N N
ﬁa2+mga ﬁ:Zﬁaa j:ZFaXﬁaa
a=1

i
WE

IS}
Il
—
o
Il
i

(Far/Ba? + M2 + \/Pa® + m2 7). (4.4.1)

=

I
)=
DN | —

a=1

Using the canonical commutation relations
[7ais Poj] = i6adij, (4.4.2)

it is straightforward to show that the operators from above indeed obey the com-
mutation relations of the Poincaré algebra.

The resulting relativistic generalization of the free particle Schrodinger equation
takes the form

N
00 =HU =Y /~A,+m2 ¥, (4.4.3)
a=1
It should be noted that the Hamiltonian in eq.(4.4.3) is by construction positive
definite. Consequently, it only describes particles and no anti-particles (negative
energy states). In the context of field theory this would clearly be an undesirable
feature. In fact, upon second quantization a system of indistinguishable particles of
mass m, = m described by eq.(4.5.2) would turn into a field theory with a non-local
(and thus unacceptable) Lagrange density

L[V] = iV, 4+ UV —A + m? V. (4.4.4)

In field theory a natural path to follow is the one first taken by Klein and Gordon,
which leads to the local Lagrangian

L[V] = U* 02 — A+ m?] 0. (4.4.5)

The Klein-Gordon scalar field theory describes both particles and anti-particles and
thus has negative energy states. As such it is perfectly well suited as a quantum field
theory, but it is, in fact, unacceptable in the context of relativistic point particle
quantum mechanics with a finite number of degrees of freedom. Aslong as we do not
want to turn the particle system into a quantum field theory by second quantization,
eq.(4.4.3) is perfectly acceptable from a theoretical point of view. In particular, its
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non-locality is perfectly consistent with the principles of relativity and causality. It
is a separate issue that Nature has chosen to make particles as quanta of fields. This
implies that the field theoretical description with infinitely many degrees of freedom
and with anti-particles is phenomenologically successful. Relativistic point particle
mechanics with its finite number of degrees of freedom — and hence without anti-
particles — is perfectly consistent from a theoretical point of view. Interestingly, as
was shown by Leutwyler, it is essentially limited to non-interacting particle systems.

4.5 Free Particles with Spin

Dirac’s discovery of the wave equation for the electron — which turned out to have
negative energy solutions — led him to the prediction of the positron. Since a single
particle interpretation of the Dirac equation is problematical, it was necessary to
extend it to quantum field theory by second quantization, which then culminated
in the development of QED, QCD and the standard model. Although there is no
doubt that Nature chose to make particles as quanta of fields, we like to investigate
relativistic quantum mechanics which has a finite number of particles built in from
the start. In such a theory anti-particles are undesirable because we insist on the
standard quantum mechanical interpretation of the wave function. Insisting on a
positive definite Hamiltonian, we have already obtained a modification of the Klein-
Gordon equation for spinless particles. We will now apply the same logic in order
to derive a modification of the Dirac equation for particles with spin. We point
out again that what we will get cannot be turned into a local field theory upon
second quantization. If this were our goal, the Dirac equation were the way to
go. However, just like the Klein-Gordon equation, the Dirac equation is not an
equation of relativistic quantum mechanics, but belongs to quantum field theory. In
relativistic quantum mechanics one is led down another path.

We now consider a system of N free particles with spin 9, (a € {1,2,...,N}). The
corresponding wave function thus has Hf:1(25a+ 1) components. The commutation
relations of the spins are the usual ones

[Sair Stj] = 10av€ijiSar- (4.5.1)
It is again straightforward to show that the Poincaré algebra can be represented as

N N N
H:Z\/ﬁaz—l—mg, ﬁ:Zﬁa, j:Z[FaXﬁa+§a]>

a=1 a=1 a=1

N —
_, 1 Da X Sa
K, = § [5(7?@\/]7&2 +mg + \/ﬁa2 +m2 7,) + Lo

. . (4.5.2)
Mg + \/Da? + m?
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This form of the boost operator first appeared in [?]. The resulting analog of the
free particle Schrodinger equation is again eq.(4.4.3), but now for a multi-component
wave function.

4.6 The Center of Energy

For non-relativistic particle systems it is useful to separate the center of mass motion
from the relative motion. For relativistic systems various generalizations of a center
of mass have been discussed [?, ?]. Here we consider the concept of a center of
energy R as a generalization of the center of mass to relativistic systems. For a
general relativistic system we define

- 1 S o
R = 5(H—lK +KH™), (4.6.1)

which is Hermitean by construction. For a system of free non-relativistic particles
this expression reduces to

N —
R, — 2ua=1 M (4.6.2)

which is just the center of mass. Using the Poincaré algebra we obtain

1 1
(B, Py] = §(H_1[Ki»Pj] + (K, BIH ) = i5ij§(H_1H +HH™') =id;, (4.6.3)

i.e. the center of energy is indeed the canonically conjugate momentum to the total
momentum P. The commutator with the total angular momentum is

1 R _ .
(Ri, J;] = E(H‘l[Ki, ]+ K, ;| H ') = Zeijk§(H 'Ky, + Ky H ') = i€ Ry,
(4.6.4)

which just confirms that R transforms as a vector under spatial rotations. We also
obtain
1

1
[Riy H) = S(H UK, H) + [, HJH ) = is(H'P o+ BHY) =iV (46.5)

The velocity of the center of energy,
V =PH, (4.6.6)

is a conserved quantity, because both H and P are conserved. It enters the Heisen-
berg equation of motion for R as

—

R =—i[R,H =V, (4.6.7)
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which implies that — just like the center of mass in non-relativistic mechanics —
the center of energy moves with a constant velocity.

Despite these similarities with the non-relativistic center of mass, the relativistic
center of energy also has some perhaps unexpected features. It is straightforward
to show that

[Ri, Ryj] = i(RiPj — Ry Py — egjuJi) H . (4.6.8)

Hence, the various components of the position of the center of energy are not simul-
taneously measurable with arbitrary precision. Introducing the angular momentum
of the center of energy,

—

J=RxP, (4.6.9)

one obtains the usual commutation relations,
(Ji, Tj] = i€iji T, (4.6.10)

and one finds
(Ji, H] = €iji[R;, H| Py = ieiju PyH ' Py = 0, (4.6.11)

le. j is conserved. Furthermore one obtains
[%, P]] = iGijkPka [‘Z, JJ} = ’iEijkjk. (4612)

The relative angular momentum

- —

j=J-J, (4.6.13)

is conserved because both the total angular momentum J and the angular momen-
tum of the center of energy J are conserved. The commutation relations of the
relative angular momentum are given by

i 35) = [ = Ty Jj — Tj] = i€iji( i — 205 + Ti) = i€iji k- (4.6.14)
Eq.(4.6.8) can now be written as
[Ri, Rj] = —ieijpinH 2. (4.6.15)

Hence, two components of the position of the center of energy are simultaneously
measurable only if the relative angular momentum j vanishes. It should be noted
that the center of energy can be modified to what has been called the “center of
spin” [?, 7]

Pxj
H?— P>+ HVH?> — P2

which obeys [Q;, P;] = id;; as well as [Q;, Q;] = 0.

G=Fi-

(4.6.16)
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Chapter 5

Abelian and Non-Abelian Gauge
Fields

In this chapter we introduce the concept of non-Abelian gauge fields. Abelian gauge
fields are familiar from classical electrodynamics. The quantization of Abelian gauge
fields leads to quantum electrodynamics (QED), with photons being the field quanta
that mediate the electromagnetic interaction between charged particles. QED is
embedded in the Standard Model of particle physics, which also incorporates the
weak and the strong interactions. The gauge group of the Standard Model is
SU(3). x SU(2)r, x U(1)y, which thus contains non-Abelian local symmetries. The
concept of non-Abelian local symmetry was first described in an unpublished let-
ter of Wolfgang Pauli to Abraham Pais. The first paper introducing SU(2) gauge
theories is the ground-breaking work of Chen-Ning Yang and Richard Mills in 1954.
It still took until the end of the 1960s to realize that the fundamental forces be-
tween elementary particles are indeed governed by non-Abelian gauge fields. The
quanta of the SU(3). gauge field are the gluons that mediate the strong interaction
between quarks. In contrast to photons, due to the non-Abelian nature of the group
SU(3), gluons not only couple to quarks but also to other gluons. In other words,
non-Abelian gauge fields themselves carry “charge”, while Abelian gauge fields are
neutral. Remarkably, non-Abelian local symmetries also arise in other physical sys-
tems, including the Pauli equation and the adiabatic Berry phase. Here we introduce
non-Abelian gauge fields in the context of quantum mechanics rather than quantum

field theory.
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5.1 From Abelian U(1) to Non-Abelian SU(2) Gauge
Fields

In appendix E we have summarized the relativistic formulation of classical electro-
dynamics, and in appendix D we have coupled a non-relativistic charged particle to
an external electromagnetic field, both at the classical and at the quantum level.
The corresponding Schrodinger equation takes the form

1

iDU () = —mﬁ . D¥(x), (5.1.1)

with the covariant derivatives given by

—

DU (z) = 8,U(x) — ie®(2)U(x), DU(zx) = VU(z)+ieA(z)(z).  (5.1.2)

Here = represents the space-time point (Z, ). The Schrodinger equation is invariant
under the Abelian gauge transformations

=

O(z) = &(x) + Ohp(), Alw) = A(x) = Vep(), U(z) = expliep(x))¥(w).
(5.1.3)
Under this transformation, both sides of the Schrodinger equation change by a factor
exp(iep(x)). Canceling this factor out, the equation remains invariant. This is in
contrast to the Schrodinger equation of a free particle

— —

. 1
10V (z) = —WV -V (z), (5.1.4)
which is invariant only against global U(1) phase rotations

U(z) = exp(io)¥(x). (5.1.5)

We now want to develop the concept of non-Abelian gauge fields by considering
a quantum mechanical particle whose wave function is described by a 2-component
spinor

U(r) = ( izgg ) . (5.1.6)

We are familiar with 2-component Pauli spinors representing the spin degree of
freedom. Here we do not necessarily identify the two components with spin. The
corresponding Schrodinger equation of a free particle then takes the form

i0, ( g;gg ) = —ﬁﬁﬁ ( i;g; ) , (5.1.7)
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which is again invariant against the global phase transformations of eq.(5.1.5). In
addition, the Schrodinger equation is invariant under global SU(2) transformations

U(z) =UT(x), U e SUQ). (5.1.8)

We now want to promote the SU(2) invariance to a local symmetry, i.e. we want
to modify the Schrédinger equation such that it becomes invariant against SU(2)
gauge transformations U(x). First of all, we then have

0,V (z) = 0,U(x)¥(x) + U(x)d,¥(x). (5.1.9)

In analogy to Abelian gauge theory, we would like to construct a covariant derivative
that transforms as

D, ¥(z) =U(x)D,¥(x). (5.1.10)
For this purpose, we make the ansatz
D,V (z) = (0, + W,(2))¥(x). (5.1.11)
The appropriate transformation behavior of eq.(5.1.10) emerges if
Wa(z) = U(x)(Wu(z) + 0,)U(z)T, (5.1.12)

which is the gauge transformation behavior of a non-Abelian vector potential. Up
to a factor ¢ (which makes W),(z) anti-Hermitean) the gauge field itself takes values
in the su(2) algebra, i.e.
1

Wy(z) =igWi(x)T, T"= 50“. (5.1.13)
Here g is the non-Abelian charge (the analog of the fundamental electric charge e)
which controls the strength of the coupling between non-Abelian charges. An SU(2)
gauge covariant version of the Schrodinger equation then takes the form

1

iDW(z) = _mﬁ .D¥(z), U(z)= ( i;g% ) . (5.1.14)

5.2 SU(2)s x U(1)e, Gauge Symmetry of the Pauli
Equation

Up to corrections of order 1/M? (where M is the electron mass) the Pauli equation
(i.e. the non-relativistic reduction of the Dirac equation to its upper components)
takes the form

— — — 1 — — —
C V. B+i-tB-3)W=——(Vtied— zﬁE X G)2W. (5.2.1)

i(@t—z’e@—l—iSMz Wi Wi
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Here W(z) is a 2-component Pauli spinor, & are the Pauli matrices, ®(z) and A(z)
are the electromagnetic scalar and vector potentials, and

E(z) = —=V®(z) — 0,A(z), B(z)=V x A(x), (5.2.2)

are the usual electromagnetic field strengths. The first two terms on the left-hand
side of eq.(5.2.1) form the U(1).,, covariant derivative familiar from QED. The third
(Darwin) and fourth (Zeeman) term on the left-hand side represent relativistic cor-
rections. The first two terms on the right-hand side again form an ordinary U(1),
covariant derivative, while the third term represents the relativistic spin-orbit cou-
pling. The Pauli equation transforms covariantly under U(1).,, gauge transforma-
tions

U(z) = expliep(x))¥(z), ®(z) =(z) + dp(r), Alx) = Az) — V().
(5.2.3)

Obviously, it is also covariant under global spatial rotations
OW(Z,t) = UW(0Z, 1), °(Zt)=d(0x,t), CAZt)=0TAOz ). (5.24)

Here O is a general orthogonal 3 x 3 rotation matrix with
1 arrt b
Ow = §Tr(UU U'o?), (5.2.5)

where U € SU(2), represents the rotation O € SO(3) in spinor space.

As was noted by Frohlich and Studer, the Pauli equation for an electron in an
external electromagnetic field indeed has more than just the electromagnetic U (1),
gauge symmetry. Quite remarkably the SU(2), spin symmetry manifests itself as a
local symmetry. Up to order M 2 the Pauli equation then takes the form

: I = =
with the SU(2)s X U(1)ep, covariant derivatives given by
D, = 8, —ie®(z) + Wo(z), D=V +ieA(z)+ W(z). (5.2.7)

Here ®(z) and A(z) are the ordinary electromagnetic scalar and vector potentials.
The components of the non—Abelian_»scalar and vector potential can be identified as
the electromagnetic field strengths E(z) and B(x), i.e.

Wa(z) = uB%(z), Wo(z) = ggwbEb(x). (5.2.8)
The anomalous magnetic moment u = g.e/2M of the electron (where, up to tiny
QED corrections, g. = 2) appears as a non-Abelian gauge coupling. The Abelian
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vector potential A,(x) is the usual one, except for a small additional contribution
to the scalar potential due to the Darwin term,

1
8M?

Hence, somewhat unexpectedly, the Pauli equation also transforms covariantly under
local SU(2) transformations

Ao(z) = —B(2) + ——=V - E(). (5.2.9)

U(z) = Ux)P(z), Wilz) =U@)(W,(z)+8,)U(z)". (5.2.10)

It should be pointed out that SU(2), is not a gauge symmetry in the usual sense.
In particular, the non-Abelian vector potential W, (x) is not an independent degree
of freedom, but just given in terms of the external electromagnetic field strengths
E(z) and B(z). The local SU(2), symmetry is related to the global spatial rotations
discussed before. In particular, global SU(2), transformations take the form

U(z) =U¥(z), W,(r) =UW,(z)U", (5.2.11)

which implies B B . .
E(z) = OTE(x), B(z) = O"B(x), (5.2.12)

where the resulting 3 x 3 rotation matrix O € SO(3) is given by eq.(5.2.5). In
contrast to a full spatial rotation, a global SU(2), transformation does not rotate
the argument # of the fields to OZ. Also the potentials ® () and A(x) are unaffected
by the global SU(2), symmetry. Consequently, the SU(2), symmetry is inconsistent
with the Maxwell equations. Despite this, the local SU(2)s symmetry of the Pauli
equation dictates how external electromagnetic fields couple to particles with spin.
In particular, the local SU(2), structure implies that in non-relativistic systems spin
plays the role of an internal quantum number analogous to flavor in particle physics.

5.3 Non-Abelian SU(2) Field Strength Tensor

Up to now, the gauge field A, appeared only as an external field. We have not yet
introduced a kinetic term for it. From classical electrodynamics we indeed know

such a term. We construct the field strength tensor
F(x) =0,A,(x) — 0,A,(x), (5.3.1)

which is the obvious gauge invariant quantity to be built from first derivatives of

A#(x),

F;/w($) = a,uA/u(x) - &JA;L(:E) = auAu($) + auaugp(‘r) - aVAu(QZ) - aua;ﬁp(x)
Fl (). (5.3.2)
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The Lagrangian of the free electromagnetic field reads

1
L= F"F,. (5.3.3)

In the classical limit this Lagrangian leads to the inhomogeneous Maxwell equations
o"F,, =0, (5.3.4)

while the homogeneous Maxwell equations are automatically implied by the use of
the 4-vector potential A,,.

The field strength tensor of a non-Abelian gauge field is given by
W, =DW,—-DW,=0W,—-0,W,+ W, W, (5.3.5)

and it transforms as

W, (z) = U(z) W, (2)U ()", (5.3.6)

We see that it is natural to add the commutator term to W, since it transforms
in the same way as the other terms. Moreover, it is consistent to use the covariant
derivative also for the formulation of the field strength. Hence, we may consider
this as the general form of a field strength. The case of a U(1) gauge field that we
discussed before in eq.(5.3.1) was just the special situation where the commutator
vanishes. The presence of a commutator term in W, has important consequences:
in contrast to Abelian gauge fields, non-Abelian gauge fields are themselves charged.
Hence they interact among each other, even if no other charged fields are present.

In analogy to the Abelian gauge theory, eq.(5.3.3), we write

1 1
L=—WW = —— Tt WHW,, (5.3.7)

4¢2 wv 242

which is indeed gauge invariant, and W, = igW;V%a.

5.4 General Non-Abelian Gauge Fields

It is straightforward to generalize the structure of non-Abelian gauge theories to
arbitrary compact semi-simple Lie groups beyond SU(2). A general non-Abelian
gauge field is anti-Hermitean and takes values in some Lie algebra with the genera-
tors T

Gu(z) = igGy(x)T*, (5.4.1)
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For example, the gluon field in the Standard Model is an SU(3) non-Abelian gauge
field with the generators T = %)\“ given in terms of the Gell-Mann matrices. Un-
der group-valued gauge transformations U(x) € G a non-Abelian vector potential
transforms as

Gu(z) = U(z)(Gu(z) + 0,)U(x)". (5.4.2)
The corresponding field strength, which is given by
G =0,G, —0,G, +[G,,G,], (5.4.3)
transforms as
G, (x) = U(2)G (2)U(z) (5.4.4)
This renders the corresponding Lagrange density
1 174
L= —2—92 Tr G* Gw/ (545)

gauge invariant.
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Chapter 6

Topology of Gauge Fields

Gauge transformations can be viewed as maps from space-time into the correspond-
ing gauge group. Such maps can be classified topologically. Maps that can be
deformed into each other continuously are topologically equivalent, and thus fall
into the same equivalence class, a so-called homotopy class. The various homotopy
classes are characterized by a topological winding number which takes values in the
so-called homotopy group. The non-trivial topology of gauge fields has important
consequences both in particle and in condensed matter physics.

6.1 Maps from S? to S

Let us first consider maps from a circle S, which we could view, for example, as a
compactified 1-d space x € [0, L] with periodic boundary conditions, into another
circle S, which we can interpret as the group manifold of U(1). Indeed, U(1)
gauge transformations U(z) = exp(i¢(z)) € U(1) in a 1-d compactified space can
be viewed as maps x — U(z) from S* to S'. Such maps fall in topologically distinct
equivalence classes. Two maps are equivalent if they can be continuously deformed
into each other. The equivalence classes are known as homotopy classes, which are
characterized by a topological winding number

) = o K V() 0.U(r) = o / dr Dup(a) = 5 [(L) ~ p(0)]
e ILUQ)] =2 (6.1.1)

Periodic boundary conditions mean that U(L) = U(0) which implies ¢(L) — ¢(0) =
2mn[U], where n[U] € Z is an integer topological winding number that character-
izes the homotopy class of the gauge transformation. The winding numbers n[U]
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form the homotopy group II;[U(1)] = Z. The winding numbers are additive under
multiplication of the corresponding gauge transformations, i.e.

n[U] = n[U;] + n[Us], (6.1.2)
where U(x) = Uy (x)Us(z).

The constant gauge transformation U(z) = 1 is topologically trivial, i.e. n[U] =
0. This gauge transformation maps all points x in the compactified space onto the
same point U(z) = 1. All continuous deformations of this map also have n[U] = 0,
and are thus again topologically trivial. Let us also consider the identity map
U(x) = exp(2mix/L), which covers each point in the image S' exactly once, and
thus has n[U] = 1. Similarly, we can specify a member U(z) = exp(2minz/L), for
each homotopy class characterized by n[U] = n. This map covers each point in the
image S! exactly n times.

The sphere S? is not a group manifold. Hence we cannot interpret maps from S?
to S? as gauge transformations. Such maps occur, for example, in the effective field
theory for magnets. The direction of the magnetization at a point x is described by
a 3-component unit-vector €(z) € S%. When we compactify space to a 2-d sphere
r € 5%, the magnetization defines a map = — é(x) from S? to S?. Such maps again
fall into homotopy classes characterized by a winding number

el = o / P 28 (08 % 9,¢) € To[S?] = L. (6.0.3)

It is instructive to convince oneself that this expression indeed always takes integer
values. The winding number n[e] counts topological excitations in the magnetization
which are known as baby-Skyrmions. When we consider the magnetization field
also as a function of Euclidean time, and if we compactify the corresponding 3-d
space-time to the sphere S3, the magnetization defines a map from S® to S2?. Such
maps again fall into topological classes characterized by the so-called Hopf number
H[é] € TI3[S?] = Z. This has very interesting consequences in condensed matter
physics, because it implies that in a 3-d space-time, particles need not necessarily
be either bosons or fermions. In fact, particles can then be so-called anyons, with any
fractional spin and any statistics characterized by a statistics parameter © €] —m, 7],
where © = 0 and 7 correspond to bosons and fermions, respectively. For anyons, a
term O H|[€] enters the Euclidean action. For example, the quasi-particle excitations
in a fractional quantum Hall sample are anyons with fractional spin, statistics, and
charge, which can be viewed as fractionalized electrons, e.g. with charge —e/3.
However, we should not think of an individual electron dividing itself into three
anyons. Fractionalization is a collective phenomenon that can happen only if a
macroscopic number of electrons behaves coherently at extremely low temperatures.

Next, let us consider maps from S? to S3, which is the group manifold of SU(2).
For example, gauge transformations U(z) € SU(2) are maps from S* to S3, if
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x € S%is a point in a compactified 3-d space. In this case, the corresponding
winding number is given by

-

2472
Again, it is instructive to convince oneself that this expression always assumes inte-
ger values. As we will discuss below, the corresponding winding number gives rise
to the so-called vacuum angle 6 €] — 7, 7] in non-Abelian gauge theories. The cor-
responding topologically non-trivial Euclidean gauge field configurations are known
as instantons.

/ P e TH{(UBUNUUN U] € Ts[SUQR)] = Z.  (6.1.4)

The pions in QCD are described by an effective field theory, whose field U(x) €
SU(2) again maps a compactified space S® into the SU(2) group manifold S3. In this
case, n[U] counts topological Skyrmion excitations in the pion field, which represent
baryons. When we consider a compactified Euclidean space-time S*, the pion field
defines a map from S* to S3. Interestingly, I1;[S®] = Z(2), which implies that in a
4-d space-time particles are either bosons or fermions, and anyons are not possible
in that case.

The homotopy group I14[S?] = Z(2) also plays a role in the Standard Model of
particle physics, where it characterizes the topology of SU(2); gauge transforma-
tions governing the weak interactions. Since in 4-d there are topologically non-trivial
SU(2)r gauge transformations, the Standard Model is affected by Witten’s so-called
“global” anomaly. An anomaly amounts to an explicit violation of gauge invariance
by quantum effects, despite the fact that the classical Lagrangian is gauge invariant.
Gauge anomalies render a theory mathematically inconsistent, and must thus be
canceled. In the Standard Model, the global anomaly is canceled only if the num-
ber of left-handed fermion doublets is even. Since there is one left-handed lepton
doublet (consisting of the left-handed neutrino and electron fields), there must be
an odd number of left-handed quark doublets (consisting of the left-handed up and
down quark fields), which implies that the number of quark colors N, must be odd.
Indeed, in Nature N, = 3.

In general, maps from a sphere S? to S¢ are characterized by an integer winding
number in the homotopy group I14[S?) = Z.

6.2 Homotopy Groups of Lie Group Manifolds

As we have discussed before, the group manifolds of compact Lie groups are products
of spheres, at least locally. In particular, we have

SU(n) = 8% x S°x ... xSt
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Spin(n) = S* x S* x ... x S"7L,
Sp(n) = 8% x ST x ... x St
G(2) = SU(3) x S% =5 x §° x S°. (6.2.1)

It is interesting to note that all these group manifolds contain a factor S*, which
implies that

3[SU(n)] = Hs[Spin(n)] = M3[Sp(n)] = I5]G(2)] = Z. (6.2.2)

As a consequence, in 4-d all non-Abelian gauge theories have instantons and a
corresponding vacuum angle 6 €] — 7, 7.

Interestingly, while I1,[SU(2)] = Z(2), II4[SU(n)|] = {0} is topologically trivial
for n > 3. This implies that in 4-d the corresponding SU(n) gauge transformations
can all be continuously deformed into each other. Hence, there is no global anomaly
for SU(n) with n > 3.

The low-energy effective theory of the Goldstone pions, kaons, and n-mesons in
QCD is formulated in terms of matrix-valued fields U (z) € SU(3). Since II3[SU(3)] =
7., again there are Skyrmions which represent baryons. This theory also has anoma-
lies which are represented by the so-called Wess-Zumino-Novikov-Witten term

1
480734

Swznw U] /H 5 2,1, Tr[(U0, U (U, UN U, UNU,UNULU).

(6.2.3)
Here H® is a 5-d hemi-sphere whose boundary 0H° = S* is the compactified 4-
d Euclidean space-time. Interestingly, the WZNW-term can be constructed only
because I14[SU(3)] = {0}. It enters the Euclidean action as 2wiN.Swznw|[U]. The
prefactor, which turns out to be given by the number of colors N., must be quantized
in integer units because II5[U] = Z. In fact, the winding number

n[U] = 4801 = / A2 1pon Tr[(UO, U (U S, UM (UD,UNU,UNUINUT)]
T Jg5
€ I[SU®3) = Z, (6.2.4)

gives rise to an ambiguity of Sy znw|[U], which cancels from the Euclidean path
integral only when the prefactor is quantized in integer units.
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6.3 The Topological Charge of a 2-d Abelian Gauge
Field

Let us consider an Abelian gauge field A,(x) in 2-d Euclidean space-time. The
corresponding action then takes the form

1
S[A] = 2—€2/d2x FuFo, (6.3.1)
where F),, (z) = 0,A,(x) — 0,A,(x) is the field strength, and e is the electric charge,
which has the dimension of mass in 2-d. In two space-time dimensions F},, has
only one non-trivial component Fio(z) = E(x), which represents the electric field.

The classical Euclidean equation of motion 0,F},,(x) = 0 then implies 01 E(z) =
O, E(x) = 0, such that E(x) is then a constant.

One can also define a dual object

1 1
= —¢, F =—F 3.2
q(x) 47T5;w v () o (z), (6.3.2)
which is again given by the electric field, and plays the role of a topological charge
density. The corresponding topological charge is given by

1
Q = /de 4= /d%; € Fp- (6.3.3)
The topological charge density is a total divergence
1 1
q(z) = EEWFW(JU) = %EW@AV(:U) = 0,00 (), (6.3.4)
where
0) 1
Q) () = %@VA,,(Q;) (6.3.5)

is known as a 0-cochain. Using Gauss’ theorem, we can the write

1
Q= / d*z q = / I’z 0,0 = / do,, QO do, €Ay, (6.3.6)
S1

b o Ja
where S! = OR? is a large circle at the boundary of the Euclidean space-time R2.

Let us now consider field configurations of finite action which implies that F),, (x)
must vanish at space-time infinity. The field strength vanishes when the vector
potential is gauge equivalent to

Al (x) = Au(z) = Oup(x) =0 = Au(z) = dup(x), (6.3.7)



76 CHAPTER 6. TOPOLOGY OF GAUGE FIELDS

ie. A,(r) is a pure gauge, at least at the boundary of space-time. Hence, the
topological charge can be expressed as

1
Q= /d2$ q= /de aNQLO) - / doy, QELO) - %/ doy €uw0yp € Hl[sl} = Z.
St St
(6.3.8)

Here we have identified @) as the topological winding number n[U] of the gauge
transformation U(x) = exp(ip(z)) at space-time infinity.

6.4 The Topological Charge of a 4-d Non-Abelian
Gauge Field

Let us now consider an non-Abelian gauge field G, (z) = igGj,(x)T* in 4-d Euclidean
space-time. The action then takes the form

1
S[G] = —2—92 dQIL’ Tr(GuyG/uz)y (641)

Here G, (z) = 0,G,(z) — 0,G () + [Gu(z), G, (x)]. We now define the so-called
Chern-Pontryagin density

1
q(l‘) - _%quaTr(Guu(l’)Gpa(x)), (642)
which is a total divergence, i.e.
q(z) = 8MQLO)(37). (6.4.3)

Here Q) () is the so-called Chern-Simons density or 0-cochain, which is given by

1 2
U(2) = 52 TG ()0, (0) + GG (644)
It is a good exercise to convince oneself that this satisfies eq.(6.4.3). The topological
charge is defined as

Q= —3217T2 / A* €,pe Tr(G 0 Glo) = / d*z q = / d'z 0,0 = /S 3 &P, Q.
(6.4.5)
We have used Gauss’ law to reduce the integral over FEuclidean space-time to an
integral over its boundary, which is topologically a 3-sphere S®. We will restrict
ourselves to gauge field configurations with a finite action. Hence, their field strength
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should vanish at infinity, and consequently the gauge potential should then be a pure
gauge (a gauge transformation of a zero field)

Gu(r) = U(x)0,U(z)". (6.4.6)

Of course, this expression is only valid at space-time infinity. Inserting it in the
expression for the 0-cochain we obtain

) = o [ P e TUOUNO,U0,UT) + S (U0,U U, )
53
812 d30u €WWT1"[—(U@VUT)(U6/) T)(U@,UT)
T Js3 U

+ 2wauhwa,uhwa,u)

1
= 54 /S ?30“ e TX[(UB,UN (U, UM (US,U)].

(6.4.7)

The gauge transformation U(z) defines a map of the sphere S* at space-time infinity
to the gauge group SU(n)

U:S*— SU(n). (6.4.8)

Such maps have topological properties. They fall into the homotopy class
[13[SU(n)] = Z. (6.4.9)

The third homotopy group of SU(n) is given by the integers. This means that
for each integer @) there is a class of maps that can be continuously deformed into
one another, while maps with different () are topologically distinct. The integer )
that characterizes the map topologically is the topological charge. Now we want to
show that the above expression for () is exactly that integer. For this purpose we
decompose

10 0 .. 0
0 Un Ui oo Uipa
v=vw, w=|0 Uu  Un o Ui | (6.4.10)
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where the embedded matrix U is in SU(n — 1). It is indirectly defined by

U _U* _ U3 (14+00) _Un(4Un)
11 21 1+U7, aE 1+U7,
U 14U, —|Un1 |2 _ U3 Un _UnUan
21 1+01; 1+07, T 1+07,
U. _ U5 Usn 14U} ~|Us1 2 _UnUs
V= 31 1+ 1407, e 1+07, € SU(n). (6.4.11)
U _UsUnm _UnUnm 14U, ~|Un1 |
nl 1+U11 1407, T 1405,
The matrix V is constructed entirely from the elements U;q, Usy, ..., Uy, of the first

column of the matrix U. One should convince oneself that V' is indeed an SU(n)
matrix, and that the resulting matrix U is indeed in SU(n — 1). The idea now is to
reduce the expression for the topological charge from SU(n) to SU(n — 1) by using
the formula

€po TE[(VIW) O, (VW) (VIW)D,(VIW)H(VIV)D,(VIV)T] =

Epvpo TE[(VOV VO,V (VO,VT)

+€ pe TE[(WO,W Y (W O,WTY (WO, WT)]

+30,€ o TE[(V O,V (WO, WT)]. (6.4.12)
Again, it is instructive to prove this formula. Applying the formula to the expression

for the topological charge and using U = VW we obtain

Q = ! / A0 pe Tr[(UB,UN(UO,UN)(UO,U)]
SS

2472

_ ! /d%—quUTr[(va,,VT)(Vava)(va(,vT)
S3

2472
+ (Wo,WhH(Wwao,WhH(Wwa,wm). (6.4.13)

The 0, term of the formula eq.(6.4.12) drops out using Gauss’ law together with the
fact that S3 has no boundary. It follows that the topological charge of a product of
two gauge transformations V' and W is the sum of the topological charges of V' and
W. Since V only depends on Uy, Usy, ..., Uy, it can be viewed as a map of S? into
the sphere S?7—1

VS g2l (6.4.14)

This is because |Uyp|* + [Us1|> + ... + |Un1]* = 1. Remarkably, the corresponding
homotopy group is trivial for n > 2, i.e.

I;[S*" 1] = {0}. (6.4.15)

All maps of S? into the higher dimensional sphere S?"~! are topologically equivalent
(they can be deformed into each other).
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Since the map V' is topologically trivial, its contribution to the topological charge
vanishes. The remaining W term reduces to the SU(n — 1) contribution

1

Q=73

/ By & Tr[(00, 01 (00,570,071, (6.4.16)

The separation of the V' contribution works only if the decomposition of U into V'
and U is non-singular. In fact, the expression for V is singular for U;; = —1. This
corresponds to an ((n — 1)? — 1)-dimensional subspace of the (n? — 1)-dimensional
SU(n) group space. The map U itself covers a 3-d subspace of SU(n). Hence it
is arbitrarily improbable to hit a singularity (it is of measure zero). Since we have
now reduced the SU(n) topological charge to the SU(n — 1) case, we can go down
all the way to SU(2). It remains to be shown that the SU(2) expression is actually
an integer. First of all

U:5%— SU(2) =S5, (6.4.17)

and indeed
I13[SU(2)] = 13[S%] = Z. (6.4.18)

The topological charge specifies how often the SU(2) group space (which is isomor-
phic to the 3-sphere) is covered by U as we go along the boundary of Euclidean
space-time (which is also topologically S3). Let us parametrize the map U as

U(z) = exp(id(z) - &) = cos afx) + isina(z)é,y(x) - 7,
o) = (siné(z) sin p(z),sin O(x) cos p(x), cos O(x)). (6.4.19)

It is a good exercise to convince oneself that
o T [(U(2)8,U (2)") (U (2)8,U () ) (U ()8,U (x)")]
= 12sin” () 8in 0(2)& 10 0, (1) 0,0(x) Dy (). (6.4.20)

This is exactly the volume element of a 3-sphere (and hence of the SU(2) group
space). Thus we now write

1 1 ~
Q —/ d*o, sin® asin bz ,,,,0,00,00,p = 53 au. (6.4.21)
S3

272 7T2 S3

The volume of the 3-sphere is given by 272, When the map U covers the sphere
Q times, the integral gives @ times the volume of S®. This finally explains why
the prefactor 1/327? was introduced in the original expression for the topological
charge.
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6.5 The Instanton in SU(2)

We have argued mathematically that gauge field configurations fall into topologi-
cally distinct classes. Now we want to construct concrete examples of topologically
nontrivial field configurations. Here we consider instantons, which have () = 1 and
are solutions of the Euclidean classical field equations. The instanton occurs at a
given instant in Euclidean time. Since these solutions do not exist in Minkowski
space-time they have no direct interpretation in terms of real-time events. Also it is
unclear which role they play in the quantum theory. Instantons describe tunneling
processes between degenerate classical vacuum states. Their existence gives rise to
the #-vacuum structure of non-Abelian gauge theories.

Here we concentrate on SU(2). This is sufficient, because we have seen that the
SU(n) topological charge can be reduced to the SU(2) case. In this section we go
back to an infinite space with a boundary sphere S3, and we demand that the gauge
field has finite action. Then at space-time infinity the gauge potential is in a pure
gauge

G(z) = U(2)0,U(z)". (6.5.1)
Provided the gauge field is otherwise smooth, the topology resides entirely in the
map U. We want to construct a field configuration with topological charge Q) = 1,
i.e. one in which the map U covers the group space SU(2) = S once, as we integrate
over the boundary sphere S®. The simplest map of this kind is the identity, i.e. each
point at the boundary of space-time is mapped to the corresponding point in group

space, such that
To+1T -0 -
Ulw) = = lal = /o + |&* (6.5.2)

Next we want to extend the gauge field to the interior of space-time without intro-
ducing singularities. We cannot simply maintain the form of eq.(6.5.1) because U
is singular at x = 0. To avoid this singularity we make the ansatz

Gu(x) = f(l2)U(2)0,U (x)", (6.5.3)

where f(oco) = 1 and f(0) = 0. For any smooth function f with these properties
the above gluon field configuration has ) = 1. Still, this does not mean that we
have constructed an instanton. Instantons are field configurations with ) # 0 that
are in addition solutions of the Euclidean classical equations of motion, i.e. they are
minima of the Euclidean action

S[G) = —2ng / dhz Tr[Go G, (6.5.4)

Let us consider the following integral

1 1
—/d4x Tr[(G £ éam,ngpg)(GW + §€#UI€)\GI€/\) =
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— / d*z Tr[G G £ €10pe G Goe + GGl
= 4¢*S[G] + 327%Q[G). (6.5.5)

We have integrated a square. Hence it is obvious that
872 872
S|Gl+ ?Q[G] =20 = S[G] = ?\Q[GH, (6.5.6)

i.e. a topologically nontrivial field configuration costs at least a minimum action
proportional to the topological charge. Instantons are configurations with minimum
action, i.e. for them

161 = 1[Gl (6.5.7)

From the above argument it is clear that a minimum action configuration arises only
if .
GMV('I) = i§6uupaGpa(x)~ (658)

Configurations that obey this equation with a plus sign are called selfdual. The ones
that obey it with a minus sign are called anti-selfdual. It is instructive to convince
oneself that the above gluon field with

(6.5.9)

is indeed an instanton for any value of p. The instanton configuration hence takes

the form

I
o+ 2

There is a whole family of instantons with different radii p. As a consequence of

scale invariance of the classical action they all have the same action S[G] = 872/g?.

G () U(z)0,U(z)'. (6.5.10)
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Chapter 7

The Adiabatic Berry Phase

In this chapter we will consider quantum mechanical systems with a Hamiltonian
that depends on some slowly varying external parameters, such that the system
undergoes an adiabatic time evolution. In 1928 Born and Fock derived the adiabatic
theorem in quantum mechanics. According to the theorem, a quantum system
then evolves from an eigenstate of the initial Hamiltonian through the momentary
eigenstates of the time-dependent Hamiltonian. When the Hamiltonian undergoes
a periodic time evolution, the system ultimately returns to the initial eigenstate,
at least up to a complex U(1) phase, known as the Berry phase which was noticed
by Michael Berry in 1983. When the eigenstate is n-fold degenerate, the Berry
phase becomes a non-Abelian U(n) matrix. There is an abstract Abelian or non-
Abelian Berry gauge field in the space of slowly varying external parameters, whose
parallel transport along a closed path in parameter space yields the Berry phase.
Non-Abelian gauge fields even arise in the classical physics of falling cats.

7.1 Abelian Berry Phase of a Spin % in a Magnetic
Field

Let us consider a spin 1 in a time-dependent magnetic field B(t). The time-
dependent Hamiltonian then takes the form

H(t) = uB(t) - 3, (7.1.1)
where ¢ denotes the Pauli matrices, and p is a magnetic moment.
The states of a spin % can be parameterized as

@) =al 1)+ b 1), a2+ b2 =1, (7.1.2)
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which gives rise to the projection operator

P(e)

el = (el D+ o W@t 400D = ()

1/ 14e e —ieg \ 1 L
B 5(@1—1—2'@2 1—e3 _§(l+6'0)> (7.1.3)

where we have identified
¢ = (€|d|e) = (a*b + b*a, —ia*b + ib*a, |a|* — |b]?). (7.1.4)

The vector € € S? associates a spin state with a point on the so-called Bloch sphere.
Thereby we do not distinguish the state |€) from states exp(ia)|€) which differ only
by an irrelevant phase, which cancels in the physical projection operator P(€) =

&) (el.

H([ew)(ew)| = H(t)P(t) = uB(t) 5%(1+€ 7)
w = . o= 5 n = . n, =
= 53@ 7+ 5B &t) = 5B(1) - 7 + G| B(h)
= +u[B(t)]et)){e)]- (7.1.5)

Hence, the state |¢(t)) = | + B(t)/|B(t)|) is a momentary eigenstate of the Hamil-
tonian with eigenvalue £u|B(t)|.

Let us now consider the time-dependent Schrédinger equation
10| W(t)y = H(t)[¥(t)). (7.1.6)

For a slowly varying external magnetic field, the adiabatic theorem then suggests
the ansatz

U (t)) = exp (;i /0 dt’ u|§(t')]> exp(iv2)|E(2)), (7.1.7)

i.e. the system always remains in a momentary eigenstate |€(t)), but it also accu-
mulates a phase. Inserting this ansatz in the time-dependent Schrédinger equation,
we obtain

10, W(t)) = [iﬂlg(tﬂ — O+ iéﬂ exp (ﬂ /Ot dt’ M|§(t')|) exp(ivz)|€(t)),

H(0)W()) = £ulB(t)] exp (q:z' / ar u|§(t’)|) explive(D)e®)),  (T.18)

such that
|€(1)) 0y (1) = 0| €(t)). (7.1.9)
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This equation can be satisfied only when the time-evolution is indeed adiabatic. In
that case, one obtains

Opy(t) = i(€(t)|0i]e(t)). (7.1.10)

The Berry phase is defined for a cyclic variation of the external magnetic field
with the period T', for which B(t + 1) = B(t),

74 (T) = / at Oye(t) = i / dt (E(0)|04e0)). (7.1.11)

Since |é(t)) depends on t only through B(t), we can write
@) = 1e(B(1) = alet) = a.B(t) - Vle(B(t))), (7.1.12)

such that
14 (T) =i / dt ,B(t)- (E(B )V sle(B(1))) = i /c dB-(E(B)|V sle(B)). (7.1.13)

This shows that the Berry phase depends only on the curve C along which B (t) varies
with time, but not on the velocity of the variation, at least as long as it remains
adiabatic. Consequently, the Berry phase is a purely geometric and not a dynamical
object. This suggests to introduce an abstract vector potential, also known as the
Berry connection,

A(B) = i(é(B)|V|e(B)), (7.1.14)

which is real-valued despite the factor ¢. The Berry phase is then identified as a
Wilson loop of the abstract Abelian Berry gauge field. It should be pointed out
that this gauge field does not exist in coordinate space, but rather in the space of
external parameters of a quantum system, in this case, in the space of all possible
external magnetic fields B.

Let us now make a different choice for the arbitrary phase of a momentary
eigenstate

— —

le(B)) = exp(ia(B))|5(§)). (7.1.15)
This implies an Abelian gauge transformation of the vector potential
A(B) = A(B) — Vga(B). (7.1.16)

The Berry phase is gauge invariant, i.e.

-

v (T) = /C dB - A(B) = /C dB - [A(B) — Vga(B)] = v+(T). (7.1.17)
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Let us now associate an abstract Berry field strength with the Abelian vector po-

tential o . e
F(B)=Vpg x A(B), (7.1.18)

which obviously is gauge invariant. Using Stoke’s theorem, the Berry phase can
then be expressed as

v+ (T) :/Cdé.ff(é) :/SdgﬁB x A(B) :/9d§-ﬁ(§), (7.1.19)

i.e. it represents the flux of the Berry field strength through a surface S bounded by
the closed curve C.

Let us evaluate the Berry gauge field for the spin % in an external magnetic field
B = | B|(sin 0 cos i, sin f sin ¢, cos 6). (7.1.20)

For B = (0,0, |B]) the ground state is given by |g(B)) = | 1). The ground state for
a general orientation of B is obtained by a rotation

E(B)) = expligS.) exp(—i6S,)| 1). (7.1.21)

Based on this, it is straightforward to work out
B 3 v I N LB B
(€(B)|0,|€e(B)) = 5 cosd,  (e(B)|0p|e(B)) = (e(B)|9)gle(B)) =0,  (7.1.22)

such that one obtains
cosf
—— = .  €p-
2|B|sinf
The corresponding field strength is the one of a “magnetic monopole” in parameter
space

—

A(B) = (7.1.23)

-, 1 cos 1 B
AB) = —— 0 — | €g = =———. 7.1.24
&) |B| sin 0 9<2|B|> T 21Bp (7.1.24)

7.2 Non-Abelian Berry Phase

Non-Abelian Berry phases arise when one considers the adiabatic evolution of a set
of n degenerate states, which remain degenerate while some external parameters are
varied. After a slow periodic variation of the external parameters, the initial state
may then not turn back to itself, but may turn into another member of the set of
degenerate states. The Berry phase, which rotates the initial into the final state,
then takes the form of a non-Abelian U(n) matrix.
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As a concrete example, we consider a nuclear spin resonance experiment in which
a probe rotates in a magnetic field. In this case, the interaction of the spin S proceeds
via the nuclear quadrupole moment and is given by

H=w(B(t)-S)> (7.2.1)
When B = (0,0, |B]), the energy eigenstates are |m) with m = —S, =S +1,.... S
with eigenvalues E,, = w|B(t)[*m?. In particular, the states |m) and | — m) are
degenerate. Again, we obtain the momentary eigenstates by a rotation
Im(B)) = exp(ipS.) exp(—ifS,)|m(B)). (7.2.2)
In this case, the Berry gauge field is non-Abelian
S o — ~ m  cosf
A, (B) = B)|Vpm(B)) = —— :
AB) = (B spn(B) = -5
> = = = = m cosf
A__(B)=i(—m(B)|Vg|—m(B)) = ——= €0,
(B) = il-m(B|Vsl ~m(B) = 5 = e,
A (B) = i(m(B)|V 5| = m(B)), A_4(B) = i(=m(B)|Vm(B)).(7.2.3)
A straightforward calculation reveals that A,_(B) and A_, (B) vanish, unless m =
i%. In that case, one obtains
o . 1
Ay+(B) = —=1/S(S +1) + — (Fi€, + éy) , 7.24
o (B) = [ (5 + 1)+ 4 (i + @) (72.4)

such that the non-Abelian SU(2) Berry vector potential takes the form

1 0
(\/ (S+1) —6901 +4/5(S+1) 6@0'2 o8 e¢03> . (7.2.5)

Under a unitary change U € SU(2) of the two basis states
m(B))" = |n(B))U(B); (7.2.6)

nm’

the Berry gauge field transforms as one would expect for a non-Abelian gauge field

- =

ABY = (n(B)|Vslm(B)) = iU(B)(n(B)|Vslm(B))U(B)!
— U(B)A(B)U(B)' +iU(B)VpU(B)". (7.2.7)
The corresponding non-Abelian field strength is then given by
F(B) = Vg x A(B)+iA(B) x A(B)
3 1 1

B 1 cos 0
(7.2.8)

o8P " 2B | s
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7.3 SO(3) Gauge Fields in Falling Cats

Cats have the ability to land on their feet, even if they are dropped head down from
some height. They twist their body and use their tail, such that their body undergoes
a net rotation. Let us try to understand this phenomenon in mathematical terms.
Somewhat surprisingly, we will encounter a non-Abelian gauge field in the space of
all shapes of the cat’s body, whose non-Abelian Berry phase gives the net rotation
angle of the cat.

Let us discretize the cat by a set of point masses m; at positions Z;, and let
us imagine that the cat has control over the shape of its body, by influencing the
relative orientation of the point masses. While the cat is in free fall, it does not feel
gravity, at least until it hits the ground. During the fall, we can simply go to the
accelerated center of mass frame of the cat, and then describe the time-dependent
shape of the cat in the absence of gravity. The key to the understanding of this
problem is angular momentum conservation. The angular momentum of the cat is
simply given by

When the cat is originally released at rest, the angular momentum vanishes and will
remain L = 0 until the cat hits the ground, as a consequence of angular momentum
conservation.

Let us now define a possible shape of the cat as a particular configuration of the
points Z;, with configurations being identified if they differ just by an SO(3) spatial
rotation. Any possible shape can be characterized by a reference configuration ;,
which can then be realized in all possible orientations

Z =0f, 0T0=00"=1 detO=1. (7.3.2)

Here O € SO(3) is an orthogonal rotation matrix that rotates the reference con-
figuration g; into the general orientation 7;, keeping the shape fixed. Let us now
assume that, by controlling its body, the cat can send the point masses inside its
body through any time-dependent sequence of shapes, defined by time-dependent
reference configurations ¢;(f) that the cat can choose at will. The question then is
how the reference configuration is rotated by a time-dependent orthogonal rotation
O(t) into the actual position of the cat #;(¢). This simply follows from angular
momentum conservation

- . dz;(t)

L = ;mlwl(t) X o
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> mowie) [d(fhf Vi) + ot >dyf;f)} —0,  (133)

which thus implies

o) Y migit) x 0 XM g1 0 S i) AU

Zmiﬁi(t)XO(t)TdO Zmzyl dyl() = —M(t), (7.3.4)

where M(t) is the non-conserved “angular momentum” of the reference configura-
tion. We now introduce the anti-Hermitean non-Abelian SO(3) vector potential

ol

A = 0"

—AYDT, TE = —ica. (7.3.5)
Expressed in components, eq.(7.3.4) takes the form

Z mi€apcty (£) A% (t)eaceys (t) = —M(t) =

Z malys (8)ys (£)0as — yi' (t)y; ()] A"(8) = M (2). (7.3.6)
Introducing the moment of inertia tensor

t) = Z malys (8)ys ()8as — y5 (1)y; ()], (7.3.7)

we finally obtain

Lo AP (t) = Mo(t) = A(t) = I(t)""M(¢). (7.3.8)

Of course, the reference configuration g; for a given shape of the cat can be
chosen arbitrarily. Let us investigate how the vector potential A(t) changes when
the reference configuration is rotated to a new configuration

7t = QWOG), Qe SO®3). (7.3.9)

After such a rotation, the new transformation O'(t) that rotates ;(¢)’ into Z;(t), is
given by

Zi(t) = O)7i(t) = Ot)Qt)yi(t) — O@t) = Oo@)Qt)". (7.3.10)
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The corresponding vector potential then takes the form

awr = o™ —awoty (Glaw" + o)

= Qt) (A(t) + %) Q). (7.3.11)

Hence, the change of reference configuration for a given shape amounts to an SO(3)
gauge transformation. This is not surprising because the different shapes play the
role of gauge equivalence classes.

Finally, let us calculate the total rotation of the cat during a sequence of shape
changes after which the cat returns to its initial shape. Using
dO(t)

O(A(t) = ==, (7.3.12)

we obtain o) — Peso (/OT " A(t)) | (7.3.13)

where P denotes path ordering. Hence, when the cat returns from its initial shape
to the same final shape after a time 7', its net rotation can be computed as a closed
Wilson loop in an SO(3) gauge field, very much like a non-Abelian Berry phase in
quantum mechanics. Of course, all this does not explain why the cat is actually
able to perform the difficult task of landing on her feet. While it is unlikely that
it has an SO(3) Wilson loop computer hard-wired in its brain, at least our brain is
capable of describing the cat’s motion using the abstract mathematical concept of
non-Abelian gauge fields.

7.4 Final Remarks

One message of all this is that there are gauge fields in many places. They arise
naturally when we use redundant variables to describe Nature, be they fundamental
quantum fields in the Standard Model of particle physics, ambiguous phases of
quantum mechanical wave functions, or standard orientations of falling cats. From
this point of view, gauge fields are clearly a human invention resulting from our
choice of redundant variables. One may speculate whether Nature herself also uses
redundancies in order to realize the phenomena that we describe with gauge theories.
I personally like to think that this may not be the case. Trying to understand
what Nature does (perhaps at the Planck scale) in order to generate effective gauge
theories at low energies is interesting and may perhaps even reveal deep insights into
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the emergence of space-time at short distances. While all this is highly speculative,
there is now doubt that, endowed with great curiosity, theoretical physicists will
continue to use their mathematical capabilities to push the boundaries of current
knowledge further into the unknown. This course may be viewed as an invitation
to participate in this most exciting and potentially quite satisfying enterprise.
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Appendix A

Angular Momentum in Quantum
Mechanics

Angular momentum is a fundamental quantity that is conserved in any known phys-
ical process. Angular momentum conservation is a consequence of the isotropy of
space — the laws of Nature are invariant against spatial rotations. Of course, ro-
tation invariance may be broken explicitly under certain conditions, for example,
in the presence of external electric or magnetic fields. In that case, the subsystem
without the fields is not rotation invariant. Still, the total system behaves in the
same way when everything including the fields is spatially rotated. Angular mo-
mentum is a vector. In quantum mechanics its components cannot be measured
simultaneously because the corresponding operators do not commute. This has in-
teresting consequences for the physical behavior of quantum mechanical particles
under spatial rotations.

A.1 Angular Momentum Commutation Relations

Besides the orbital angular momentum L =7x p familiar from classical mechanics,
quantum mechanical particles can carry an internal angular momentum known as
spin. While orbital angular momentum is quantized in integer units, spin may
be quantized in integer or half-integer units. Interestingly, there is an intimate
connection between spin and statistics: particles with half-integer spin obey Fermi-
Dirac statistics and are thus fermions, while particles with integer spin obey Bose-
Einstein statistics and are hence bosons. This connection between spin and statistics
can be understood in the framework of relativistic quantum field theory — but not
from quantum mechanics alone.

93
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When particles carry both orbital angular momentum L and spin S , in general
only their total angular momentum J = L+ S is conserved. In that case, one is
confronted with the problem of coupling two angular momenta together. The same
problem arises when several particles add their angular momenta together to the
conserved angular momentum of the total system. Performing the corresponding
angular momentum “gymnastics” is an important tool of the quantum mechanic.
Although the subject is a bit formal, its understanding is vital in atomic, molecular
and particle physics, as well as in other branches of our field.

Let us consider the commutation relations of an arbitrary angular momentum
J in quantum mechanics. Here J may be an orbital angular momentum, a spin,
or any combination of these. For an orbital angular momentum L we have already
derived the commutation relation

[Li, L] = iheijiLy, (A.1.1)

from the definition L = 7 x p and from the fundamental commutation relation
[z, p;] = ihd;;. Now we postulate

[Ji, Jj] = itheijiJk, (A.1.2)

for any angular momentum in quantum mechanics. In particular, different compo-
nents of the angular momentum vector do not commute with one another. However,
all components commute with the magnitude J2 = J2+ Jo+J2 de. [, J% =0. As
a consequence, one can construct simultaneous eigenstates of the operator J% and
one component J;. Usually one chooses J,, i.e. the arbitrary quantization direction
is then the z-direction. In general, this choice does not imply a physical violation of
rotation invariance. One could have chosen any other quantization axis without any
effect on the physics. When rotation invariance is already broken, for example, by
the direction of an external electric or magnetic field, it is very convenient to choose
the quantization axis along the same direction. As usual, we choose the z-direction
as our quantization axis and we thus construct simultaneous eigenstates |j, m) of

both J2 and .J,,
Tljm) = B5(j + D). m), J.lj.m) = hm|j,m). (A.1.3)
It will turn out that both j and m are either integer or half-integer.

For convenience, we introduce the angular momentum raising and lowering op-
erators

Jo=J, +il, (A.1.4)

They obey the commutation relations

[Jy,J ] =2hJ., [J2,J] =0, [J., o] = +hJy. (A.15)
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We have

i.e. the state Ji|7,m) is also an eigenstate of J, and has the quantum number m =+ 1.
Similarly
T2 Jelj,m) = JeJ?|g,m) = K255 4 1)Jx|g, m), (A.1.7)

i.e. Ji|j,m) is still also an eigenstate of J? with the unchanged quantum number j.
Since j determines the magnitude of the angular momentum vector, one expects that
for fixed j the m quantum number that measures the z-component of the angular
momentum vector should be bounded from above and from below. On the other
hand, for any state |7, m) with quantum number m one can construct the states

Jilj,m) = Cjplj,m£1), (A.1.8)

with quantum number m £ 1. The apparent contradiction is resolved only if the
constant C,, vanishes for a given m = my,qp Or M = Mypn. Let us compute Cj,,
from the normalization condition (j,m £ 1|j,m £ 1) = 1. Using the relation

JLJy = Jode = J*— 2T h., (A.1.9)
we obtain
|Cj,m|2 = ’Cj,m|2<j7mj: 1|j?mj: 1) - <.]7m|J:J|r:‘]:|:|j7 m>
= (jom|J* = J2 F hJ.|j,m)
= R[i(+1)—m(m=*1)]. (A.1.10)

For fixed 7, the maximal value m,,,, of the quantum number m is determined by

Cimmae = 0, which implies my,q, = j. Similarly, the minimal value is determined by
Cimmm = 0, which implies m,,;, = —j. Hence, for fixed j there are 2j + 1 possible
m values

m e {mminymmm + 17 ooy Mmag — lammax} = {_j7 _j + 17 7] - 17]} (Alll)

Since the difference My, — Mpmin = 27 is an integer, j can be an integer or a
half-integer. Both possibilities are realized in Nature.

A.2 Coupling of Angular Momenta

Let us now couple two angular momenta J; and Jy together to a total angular
momentum

J =T+ Ja. (A.2.1)
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The angular momenta J_i and J; could, for example, be orbital angular momentum
and spin of the same particle, or angular momenta of two different particles. In any
case, since they act in different Hilbert spaces the two angular momentum operators
commute with one another, i.e.

[ 1, Joj] = 0. (A.2.2)

As a consequence, the total angular momentum operator J = Jy + Jo indeed obeys
the usual commutation relations

[JZ', JJ] = [Jh', Jlj] + [JQ,’, Jgj] = ih&ijk(Jlk + JQk) = Z'hEiijk. (A23)

Let us assume that the states of subsystem 1 have a fixed quantum number j; and
are given by |ji, m). Similarly, the states of subsystem 2 have quantum number j,
and are given by |j2, m2). Hence, the combined system has (2j; +1)(2j2+1) product
states |j1, m1)|ja, m2) which span the Hilbert space of the total system. How does
this space decompose into sectors of definite total angular momentum? It will turn
out that the possible values for j are restricted by

3 € {ldr — dal, [31 — Jal + 1, ., 1 + Ja}- (A.2.4)
Indeed, the total number of states then is
(2071 = Jol + 1)+ (2l51 = Jol +3) + o + (2071 +j2) +1) = (271 +1)(2j2 + 1). (A.2.5)

Also the question arises how one can construct states

|(j17j2)j7 m> = Z Cm1,m2|j1am1>|j27m2>a <A26>

mi,m2

as linear combinations of the product states? This is the “gymnastics” problem of
coupling together two angular momenta. The factors Cy,, , are known as Clebsch-
Gordan coefficients.

A.3 Coupling of Two Spins 1/2

Let us consider the spins of two spin 1/2 particles, for example, a proton and a neu-
tron forming the atomic nucleus of heavy hydrogen (deuterium). The corresponding
bound state of proton and neutron is known as a deuteron. What are the possible
total spins of the coupled system? In this case j; = jo = 1/2 and thus

j € {|.]1 _j2|7 |j1 _.]2| + 17 "'7j1 +32} - {07 1}7 (A31)
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i.e. the total spin j is either 0 (a singlet) or 1 (a triplet). Altogether, there are four
states. This is consistent because there are also four product states |j1,m71)|j2, m2)
with m; = £1/2 and my = £1/2. For these four states we introduce the short-hand
notation

11,11 11,1 1

\§,§>|§,§) =1, |§a§>|§a—§>=\ﬂ>y

1 1,11 1 1,1 1

5 =55 50 =N 15, =505 —5) = . (A.3.2)

These product states are eigenstates of J, = Ji, + Jos,

T M) = R + )| 1) = Al 11),
TN = h(g = DI M) =0, L) = h(—3 + )| 1) =0
T 1) = (=5 = )| 1) = ~hl L), (A.3.3)

The first and the last of the four states must belong to 7 = 1 because they have
m = =+1, i.e.
11 11
G 1) =11, G )t —1) = 1. (A3.4)
The two remaining states have m = 0. One hnear combination of them is the m =0
state of the triplet, and the orthogonal combination is the m = 0 state with j = 0.
In order to identify the m = 0 state with j = 1 we act with the lowering operator

!(; ;)1 0) = \}ij \(; ;)1 1) = \}5@71+J2)|TT>—%(\N>+IH>). (A.3.5)
The orthogonal combination
5 3)0.0) = A3.6
310,00 = (114 = | 41, (A.3.6)

should hence be the state with 5 = 0. This can be checked explicitly, for example,
by acting with the operator J, = Ji + Joy, i.e.

Lo -1y =0 (a3

- 11
J+|(§7§)OJO> (JH- + J2+) \/5

\/—(I ™ =1 =

Hence, according to the previous discussion the spin of the deuteron could be 0
or 1. The proton and neutron that form the deuteron nucleus attract each other
through the so-called strong interaction. This interaction is spin-dependent. There
is a term proportional to —Jy - Jy (where J; and Jy are the spin operators of proton
and neutron) in the proton-neutron potential. One can write

P =L+ D) =T+ J;+ 20 ], (A.3.8)
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and hence

- - 1
o= 5(ff + 2= 7). (A.3.9)
Since both the proton and the neutron have spin 1/2 we have

1.1 3
72 72 2 2
=J;=h"=(=+1) = -h" A3.1
B=RB=wyGrn=" (A3.10)
In the spin singlet state we have J% =0 and hence
- - 11 3. 4,11
—Jp - =, = =-h*|l(=, = . A3.11

In the spin triplet state, on the other hand, J% = 212 such that

| 1,11
—Jy - J 1,m) = ——h2](§, 5)1,m>. (A.3.12)

5:5) 1

In the triplet channel the proton-neutron interaction is attractive while in the singlet
channel it is repulsive. As a consequence, the deuteron has spin 1, while in the spin
0 channel there is no bound state.

The strong interaction is mediated by gluons, just as electromagnetic interactions
are mediated by photons. The strong interaction analogs of electrons and positrons
are quarks and anti-quarks — the basic building blocks of protons and neutrons.
There are two u-quarks and one d-quark in each proton. A u-quark has electric
charge 2/3 and a d-quark has —1/3. Hence, the charge of a proton is indeed 2 x
2/3—1/3 = 1. Similarly, a neutron contains one u-quark and two d-quarks and thus
has charge 2/3 — 2 x 1/3 = 0. Like electrons, quarks are fermions with spin 1/2.
What is the possible total spin of a bound system of three quarks? As we learned
before, two spin 1/2 particles can couple to a total spin j = 0 or j = 1. When a
third spin 1/2 particle is added to the j = 0 state, the total spin is 1/2. If it is
added to the 7 = 1 state the total spin can be either j —1/2 =1/2or j4+1/2 = 3/2.
Again, the strong interactions between quarks are spin-dependent and they favor
the total spin 1/2 states corresponding to proton and neutron. The spin 3/2 state
also exists but is unstable. It is known in particle physics as the A-isobar.

A.4 Coupling of Orbital Angular Momentum and
Spin

Just as there are spin-dependent strong interactions between protons and neutrons or
between quarks, there are also spin-dependent electromagnetic interactions between
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electrons and protons. In particular, there are spin-orbit coupling terms proportional
to

= g Llos 2 & o 3

L-S:E(J — L —S)z;(](]—l—l)—l(l—%l)—z). (A.4.1)

Let us consider the coupling of an orbital angular momentum [ and a spin s =
1/2 of an electron in more detail. In this case, there are 2(2[ 4+ 1) product states
|l,m;)|s, ms). The possible values of the total angular momentum are

1 1
je{|l—s\,l+s}:{l—§,l+§}. (A.4.2)
Indeed, there are again
1 1
2(1 — 5) +1+2(1+ 5) +1=2(20+1) (A.4.3)
states. The direct product state
1 1 1

has m = [ 4+ 1/2 and must thus have j = [ + 1/2. We can construct the other
states with j = [+ 1/2 and with lower m-values by acting with J_ = L_ + S_. For
example,

1 1 1 1
(L) i+ 50=5) = 2l+1zf—|l,l>|T>
1
= AL+ 5LDI)
1
= LD +V2LI= D). (A45)

The orthogonal combination
1 1 1 1
L=)l—=l—=)=
t:3) ) 20+1

2 27 2
has j =1 —1/2 and m = [ — 1/2. Again, by acting with J_ one can generate all
other states with j =1 — 1/2 and smaller m-values.

(V2ULDI ) = 1,1 =1)| 1), (A.4.6)
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Appendix B

The Constituent Quark Model

The dynamics of quarks and gluons, which are permanently confined inside hadrons,
i.e. mesons and baryons, is described by Quantum Chromodynamics (QCD). QCD
is a strngly coupled relativistic quantum field theory, whose dynamics can be inves-
tigated from first principles using the regularization on a space-time lattice. The
constituent quark model, provides a very crude approximation of these dynamics.
It describes baryons as 3-quark states and mesons as quark-anti-quark states in a
rather naive manner. Still, it accounts for the most prominent particle states that
exist in the QCD spectrum. Here we are interested in the constituent quark model
as an application of the group theory of SU(2) and SU(3).

B.1 Isospin Symmetry

Proton and neutron have almost the same masses
M, = 0.938 GeV, M, = 0.940 GeV. (B.1.1)

While the proton seems to be absolutely stable, a free neutron decays radioactively
into a proton, an electron and an electron-anti-neutrino n — p+e+v,. Protons and
neutrons (the nucleons) are the constituents of atomic nuclei. Originally, Yukawa
postulated a light particle mediating the interaction between protons and neutrons.
This m-meson or pion is a boson with spin 0, which exists in three charge states 7,

7% and 7~. The corresponding masses are
M.+ = M- =0.140 GeV, Mo = 0.135 GeV. (B.1.2)

In pion-nucleon scattering a resonance occurs in the total cross section as a function
of the pion-nucleon center of mass energy. The resonance energy is interpreted as

101
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Hadron Representation | I I3 Q S

P, n {2} 2l 373 L0 |3

ATH AT AY A {4} 12 2, -4, -312,1,0,-1|32
at, 0 7~ {3} 1 1,0, -1 1,0,-1 | O
ot Y pm {3} 1 1,0, -1 1,0,-1 |1

Table B.1: The isospin classification of hadrons.

the mass of an unstable particle — the so-called A-isobar. One may view the A-
particle as an excited state of the nucleon. It exists in four charge states AT, A*,
A and A~ with masses

Mais = Mas &~ Mpo ~ Ma- ~ 1.232 GeV (B.1.3)

Similar to pion-nucleon scattering there is also a resonance in pion-pion scattering.
This so-called p-meson comes in three charge states p*, p° and p~ with masses

M,+ = My ~ M, ~ 0.768 GeV. (B.1.4)

Particles with different electric charges have (almost) degenerate masses, and it is
natural to associate this with an (approximate) symmetry. This so-called isospin
symmetry is similar to the ordinary spin SU(2) rotational symmetry. Isospin is,
however, not related to space-time transformations, it is an intrinsic symmetry.
As we know each total spin S = 0,1/2,1,3/2,... is associated with an irreducible
representation of the SU(2)g rotation group containing 25 + 1 states distinguished
by their spin projection

S,=-8,-S+1,...8—-1,85. (B.1.5)

In complete analogy the representations of the SU(2); isospin symmetry group are
characterized by their total isospin I = 0,1/2,1,3/2,.... The states of an isospin
representation are distinguished by their isospin projection

Iy=—I,—T+1,..,]—1,1I. (B.1.6)

A representation with isospin I contains 2741 states and is denoted by {2/+1}. We
can classify the hadrons by their isospin. This is done in table B.1. For the baryons
(nucleon and A) isospin projection and electric charge are related by Q = I + 3,
and for the mesons (7 and p) Q = Is.

[sospin is an (approximate) symmetry of the strong interactions. For example,
the proton-pion scattering reaction p + m — A is consistent with isospin symmetry
because the coupling of the isospin representations of nucleon and pion

{2} ® {3} = {2} & {4} (B.1.7)
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does indeed contain the quadruplet isospin 3/2 representation of the A-isobar. The
isospin symmetry of the hadron spectrum indicates that the strong interactions are
charge independent. This is no surprise because the charge () is responsible for the
electromagnetic but not for the strong interactions.

B.2 Nucleon and A-Isobar in the Quark Model

We want to approach the question of the hadronic constituents by investigating vari-
ous symmetries. First we consider isospin. Since the hadrons form isospin multiplets
the same should be true for their constituents. The only SU(2) representation from
which we can generate all others is the fundamental representation — the isospin
doublet {2} with I = 1/2 and I3 = +1/2. We identify the two states of this multiplet
with the constituent quarks up (I3 = 1/2) and down (I3 = —1/2). A constituent
quark is a quasiparticle carrying the same quantum numbers as a fundamental (cur-
rent) quark, but also containing numerous gluons. After all, a constituent quark is
not a very well defined object. We can view it as a basic building block for hadrons
that plays a role in some simple phenomenological models for the strong interactions.
Still, the concept of constituent quarks leads to a rather successful group theoretical
classification scheme for hadrons.

Since the A-isobar has isospin 3/2 it contains at least three constituent quarks.
We couple

2Zto{2te {2t =({1}o{3h @ {2} ={2} @ {2} @ {4}, (B.2.1)

and we do indeed find a quadruplet. For the charges of the baryons we have

3 3
1 1
Q:]3+§ - Z(ng+6) - ZQq, (B22)
q=1 q=1
and hence we obtain for the charges of the quarks
1 1 1 2 1 1 1
=1 =, Qu==4+==- =—=4-=—-. B.2.

Qu=lytg Qu=g+ts=5Qu=—5+:=—3 (B.2.3)

The quarks have fractional electric charges. Using Clebsch-Gordon coefficients of
SU(2) one finds

=
E
E

32 = uuu = AT

=
)
B

1
12 = %(uud—f— udu + duu) = AT,

1
_1j2 = %(udd + dud + ddu) = A°,

3] 4 =ddd= A~ (B.2.4)

=
E

1]2
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These isospin states are completely symmetric against permutations of the con-
stituent quarks.

We write the general coupling of the three quarks as

1] 2] 1]3]

L2l Bl = [123] g 3] &2 &

Translated into SU(2) language this equation reads

{2} @ {2} @ {2} = {4} & {2} & {2} & {0}. (B.2.6)

Here {0} denotes an empty representation — one that cannot be realized in SU(2)
because the corresponding Young tableau has more than two rows. We identify the
totally symmetric representation as the four charge states of the A-isobar, and we

write as before Is

Before we can characterize the state of the A-isobar in more detail we must
consider the other symmetries of the problem. The A-isobar is a resonance in the
scattering of spin 1/2 nucleons and spin 0 pions. The experimentally observed spin of
the resonance is 3/2. To account for this we associate a spin 1/2 with the constituent
quarks. Then, in complete analogy to isospin, we can construct a totally symmetric
spin representation for the A-particle

o= 111
T209),, f

L208] = f (e + 4+ 1),
= UL (B.2.7)

The isospin-spin part of the A-isobar state hence takes the form

(B.2.5)

(T4 + T+ i),

aLs.) =111213], [1[2[3] (B.2.8)

This state is symmetric with respect to both isospin and spin. Consequently, it is
symmetric under simultaneous isospin-spin permutations. For illustrative purposes
we write down the state for a AT particle with spin projection S, = 1/2

11

55

22> = %(uTqu¢+uTu¢dT+u¢quT

utdtul+utdlut+uldtut
dtutul+dtulut+dlutut). (B.2.9)

-
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One sees explicitly that this state is totally symmetric.

|

As we have seen, the Young tableaul ]  is associated with the isodoublet {2}.
Hence, it is natural to expect that the nucleon state can be constructed from it.
1]2] 1]3]

Now we have two possibilities 3] 1, and 2] 1, corresponding to symmetric or

antisymmetric couplings of the quarks 1 and 2. Using Clebsch-Gordon coefficients
one finds

112 ‘ .
2] 4 = %(2uud — udu — duu),
1]2] X
L2 L = %(udd + dud — 2ddu),
1]3] )
L2 4 = ﬁ(udu — duu),
1]3]

1
2] = E(udd—dud). (B.2.10)

Proton and neutron have spin 1/2. Hence, we have two possible coupling schemes

s, and s.. We now want to combine the mixed isospin and spin permuta-

tion symmetries to an isospin-spin representation of definite permutation symmetry.
This requires to reduce the inner product

| | |
Lo X L S, = D:\j]3sz DL I35, D I35, (B211>

z

in S3. The two isospin and spin representations can be coupled to a symmetric,
mixed or antisymmetric isospin-spin representation. As for the A-isobar we want to
couple isospin and spin symmetrically. To do this explicitly, we need the Clebsch-
Gordon coefficients of the group S3. One finds

1]2] [1]2] 1]3][1]3]

1
|N[35z> = E( i [33 s, T i Isi 52). (B212)

In our construction we have implicitly assumed that the orbital angular momen-
tum of the constituent quarks inside a hadron vanishes. Then the orbital state is
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completely symmetric in the coordinates of the quarks. The orbital part of the

baryon wave function therefore is described by the Young tableau I:I:Ij Since
also the isospin-spin part is totally symmetric, the baryon wave function is com-
pletely symmetric under permutations of the quarks. Since we have treated con-
stituent quarks as spin 1/2 fermions, this contradicts the Pauli principle which re-
quires a totally antisymmetric fermion wave function, and hence the Young tableau

To satisfy the Pauli principle the color symmetry comes to our rescue. In

SU(3)., corresponds to a singlet representation, which means that baryons are
color-neutral. Since we have three colors we can now completely antisymmetrize
three quarks

1
= —(rgb —rbg + gbr — grb + brg — bgr). (B.2.13)

V6

The color symmetry is the key to the fundamental understanding of the strong
interactions. As opposed to isospin, color is an exact and even local symmetry.

B.3 Anti-Quarks and Mesons

We have seen that the baryons (nucleon and A) consist of three constituent quarks
(isospin doublets, spin doublets, color triplets). Now we want to construct the
mesons (pion and p) in a similar manner. Since these particles have spin 0 and 1
respectively, they must contain an even number of constituent quarks. When we use
two quarks, i.e. when we construct states like uu, ud, or dd, the resulting electric
charges are 4/3, 1/3, and —2/3 in contradiction to experiment. Also the coupling
of two color triplets

el =[1]e H
{3} ® {3} = {6} © {3}, (B.3.1)

does not contain a singlet as desired by the confinement hypothesis.

We have seen already that a representation together with its conjugate represen-
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tation can always be coupled to a singlet. In SU(3) this corresponds to

He0-0a

{3t {3} ={1} & {8}, (B.3.2)
Hence it is natural to work with anti-quarks. Anti-quarks are isospin doublets, spin
doublets, and color anti-triplets. We have quarks @ and d with electric charges
Qz = —2/3 and Q; = 1/3. Now we consider combinations of quark and anti-quark
ud, uii, dd, and da, which have charges 1, 0, and —1 as we need them for the mesons.
First we couple the isospin wave function

e l=L1]e H
(2} @ {2} = {3} & {1}, (B.3.3)

L -

1 B -
Dj 0= E(uu —dd),

and we obtain

1 _ -

We proceed analogously for the spin and we obtain

|7TIgSZ> = Dj IgH Sz
LSy = L LT (B.3.5)

Since quarks and anti-quarks are distinguishable particles (for example they have
different charges) we don’t have to respect the Pauli principle in this case. As
opposed to the baryons here the coupling to color singlets follows only from the
confinement hypothesis.

Of course, we can combine isospin and spin wave functions also in a different
way

|w[3Sz> = H Isl:lj Sz

' 13S.) = H 135 5. (B.3.6)
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Indeed one observes mesons with these quantum numbers with masses M, = 0.782GeV
and M,, = 0.958GeV.

B.4 Strange Hadrons

Up to now we have considered hadrons that consist of up and down quarks and their
anti-particles. However, one also observes hadrons containing strange quarks. The
masses of the scalar (S = 0) mesons are given by

M, = 0.138GeV, Mk = 0.496GeV, M, = 0.549GeV, M,, = 0.958GeV, (B.4.1)
while the vector (S = 1) meson masses are
M, =0.770GeV, M, = 0.783GeV, My~ = 0.892GeV, M, = 1.020GeV. (B.4.2)

Altogether we have nine scalar and nine vector mesons. In each group we have so
far classified four (7%, 7% 7=, n" and p*, p°, p~, w). The number four resulted from
the SU(2); isospin relation

{2t @ {2} = {1} & {3}.

The number nine then suggests to consider the corresponding SU(3) identity

{3t {3} ={1} & {8}.

Indeed we obtain nine mesons if we generalize isospin to a larger symmetry SU(3)F.
This so-called flavor group has nothing to with with the color symmetry SU(3).. It
is only an approximate symmetry of QCD, with SU(2); as a subgroup. In SU(3)g
we have another quark flavor s — the strange quark.

(B.4.3)

(B.4.4)

The generators of SU(3) can be chosen as follows

010 0 —i 0 1 0 0
=100 ]|, =i 0 0], x=[0-10],
000 00 0 0 0 0

00 1 00 —i
M=lo0oo0oo0]|,x=[00 0 |,

100 i 0

000 00 L (100
=00 1], 00 —i |, =—[01 0

010 0 i 0 V3o 0 -2

(B.4.5)
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Two of the generators commute with each other [A3, As] = 0. We say that the group
SU(3) has rank 2. One can now identify the generators of the isospin subgroup
SU(2);

1 1 1
I ==X, ==Xy, I3 ==)s. B.4.6
1 92 1, 12 9 2, 43 92 3 ( )
Also it is convenient to introduce the so-called strong hypercharge
1
Y = —);s, (B.4.7)

V3

(not to be confused with the generator of U(1)y gauge transformations in the stan-
dard model). Then I?, I3, and Y commute with each other, and we can characterize
the states of an SU(3)r multiplet by their isospin quantum numbers and by their
hypercharge. Starting with the SU(3)r triplet we have

3 1 1

1,1
Pu=-(=4+Du=-u, Lu=-u, Yu=—
u 2(2+ Ju 1% Bu=gu, Yu=zu,
1,1 3 1 1
Pd=-(z+1)d=-d, h[d=—=d, Yd==d
(G T hd=3d ks 2 3
2
I?’s =0, I3s =0, Ys:—gs. (B.4.8)
The electric charge is now given by
1
such that
Qu=2. Qu=—2. Q.= — (B.4.10)
u_3> d — 37 s 37 -

i.e. the charge of the strange quark is the same as the one of the down quark. If
SU(3)r would be a symmetry as good as SU(2); the states in an SU(3)r multiplet
should be almost degenerate. This is, however, not quite the case, and SU(3)p is
only approximately a symmetry of QCD.

Of course, we can also include the s quark in baryons. Then we have
{3} ® {3} ® {3} = {10} @ 2{8} & {1} (B.4.11)
compared to the old SU(2); result
{2} @ {2} ® {2} = {4} @ 2{2} ® {0}. (B.4.12)

Indeed one observes more baryons than just nucleon and A-isobar.
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The baryon masses for the spin 1/2 baryons are
My = 0.939GeV, My = 1.116GeV, My = 1.193GeV, Mz = 1.318GeV, (B.4.13)
while the spin 3/2 baryon masses are

Ma = 1.232GeV, Ms. = 1.385GeV, M=- = 1.530GeV, Mq = 1.672GeV. (B.4.14)

|

Proton and neutron are part of an octet: L | is {2} in SU(2); and {8} in SU(3)F.
The A-isobar is part of a decouplet: D:\j is {4} in SU(2); and {10} in SU(3)p.

One does not find an SU(3)p singlet |__I. This is because a spatially symmetric color
singlet wave function is totally antisymmetric. To obtain a totally antisymmetric

wave function also the spin part should transform as|_J. Of course, in SU(2)g this
is impossible.

We want to assume that the SU(3)r symmetry is explicitly broken because the

s quark is heavier than the u and d quarks. Based on the quark content one would
expect

My« — Ma = M=« — My« = Mg — M=+ = My — M,. (B.4.15)

In fact one finds experimentally

My —Ma = 0.153GeV, Mz« —Ms« = 0.145GeV, Mqo—Mz- = 0.142GeV. (B.4.16)

B.5 Gellman-Okubo Baryon Mass Formula

We have seen that the constituent quark model leads to a successful classification
of hadron states in terms of flavor symmetry. The results about the hadron dy-
namics are, however, of more qualitative nature, and the assumption that a hadron
is essentially a collection of a few constituent quarks is certainly too naive. The
fundamental theory of the strong interactions is QCD. Here we want to use very
basic QCD physics together with group theory to describe patterns in the hadron
spectrum. The interaction between quarks and gluons is flavor-independent, and
therefore SU(3)r symmetric. Also the gluon self-interaction is flavor symmetric be-
cause the gluons are flavor singlets. A violation of flavor symmetry results only from
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the quark mass matrix

m, 0O 0
M = 0 mgq O ) (B.5.1)
0 0 ms,

We want to assume that v and d quark have the same mass m,, while the s quark
is heavier (ms > m,). The quark mass matrix can be written as

2m, +m 100 my, —m 100
M = QT 010 +% 01 0
0 0 1 0 0 -2
2 S - S
Mg T May ) Mg~ Msy (B.5.2)

3 V3

The mass matrix contains an SU(3)r singlet as well as an octet piece. Correspond-
ingly, the QCD Hamilton operator can be written as

HQCD == H1 + Hg. (B53)

We want to assume that Hg is small and can be treated as a perturbation. Then
we first consider H; alone. This is justified if the mass difference m, — m, is small.
Since H, is SU(3)p symmetric we expect degenerate states in SU(3)p multiplets —
the hadron octets and decouplets. Here we assume that the flavor symmetry is not
spontaneously broken. This should indeed be correct for QCD.

Let us start with the baryons. The eigenstates of H; are denoted by |BY I13)
Hy|B\Y1I3) = Mp,|B1Y1I3). (B.5.4)
We use degenerate perturbation theory to first order in Hg and obtain
Mp = Mg, + (B1Y113|Hg|B,Y 113). (B.5.5)

A diagonalization in the space of degenerate states is not necessary, since Hg trans-
forms as the A\g component of an octet, and can therefore not change Y, I, and I3.
Next we will compute the required matrix elements using group theory. Starting
with the baryon decouplet, we obtain a nonzero value only if {8} and {10} can couple
to {10}. Indeed the decouplet appears in the reduction. Using the Wigner-Eckart
theorem we obtain

(B1Y II3|Hs|B1Y I13) = (By||Hs||By)({10}Y I 13]{8}000{10}YII5),  (B.5.6)

where (B ||Hs||B) is a reduced matrix element, and the second factor is an SU(3)r
Clebsch-Gordon coefficient given by

({10}Y I I|{8}000{10}Y [ ;) = —. (B.5.7)

S
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Then we obtain for the baryon masses in the decouplet

Y
Mp = Mg, + <Bl||H8||Bl>ﬁ, (B.5.8)
and hence
1
ME* — MA = ME* — ME* = MQ - ME* - _%<31HH8H31> (B59)

Indeed, as we saw before, the three mass differences are almost identical. In view
of the fact that we have just used first order perturbation theory, this is quite
remarkable.

Next we consider the mass splittings in the baryon octet. Here we must ask if
{8} and {8} can couple to {8}. One finds

{8} ® {8} = {27} @ {10} @ {10} @ 2{8} & {1}. (B.5.10)

Hence there are even two ways to couple two octets to an octet. One is symmetric,
the other is antisymmetric under the exchange of the two octets. We can write

(B1Y1I3|Hs|B1Y1I3) = (Bil|Hs||B1)s({8}Y I13[{8}000{8}Y I 15)s
+ (Bil|Hs||B1)o ({8}Y 115|{8}000{8}Y I I3),.

(B.5.11)
The Clebsch-Gordon coefficients are given by
1 1
8 Y II4|{8}000{8}YII3), = —(I(I+1)—=Y?—-1),
({8}Y I1|{8}000{8}Y I 5) \/5(( )= )
({8)Y T T {8}000{8)Y [Ts)a — \/gy, (B.5.12)

and we obtain for the baryon octet

1 1 3
Mp = Mp, + <B1||H8||Bl>5%(l(]+ 1)— ZY2 -1+ (Bl||H8||Bl>a\/£Y. (B.5.13)

These formulas for the baryon masses were first derived by Gellman and Okubo.
From the octet formula one obtains

4 3 1
1
My +3My = 4Mp, + <Bl|!H8HBl>sE((2 —1) +3(=1)),
2My +2M= = Msx + 3M,. (B.5.14)

Experimentally the two sides of the last equation give 1.129 GeV and 1.135 GeV in
excellent agreement with the theory.



Appendix C

Structure of Minkowski
Space-Time

Relativistic theories such as Einstein’s special relativity or Maxwell’s electrodynam-
ics are invariant not only under spatial translations and rotations but also under
Lorentz transformations that rotate spatial and temporal coordinates into one an-
other. The resulting enlarged invariance is known as Lorentz invariance (against
space-time rotations) or as Poincaré invariance against space-time rotations and
translations.

C.1 Lorentz Transformations

Hermann Minkowski was first to realize that in relativistic theories space and time
(which are separate entities in Newtonian mechanics) are naturally united to space-
time. A point in Minkowski space-time is described by four coordinates — one for
time and three for space — which form a 4-vector

0 0

ot = (2% 2t 2% 2%, ¥ =ct. (C.1.1)
In particular, the time ¢ (multiplied by the velocity of light ¢) plays the role of the
zeroth component of the 4-vector. From now on, we choose natural units and simply
put ¢ = 1. Minkowski’s space-time does not have Euclidean geometry. In particular,
the length squared of the 4-vector x* is given by

st = (2" = (2)" = (@%) = («%)7 (C.1.2)
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and may thus be negative. Besides the contra-variant vector x* it is useful to
introduce an equivalent form

x,u = ($07xlax2ux3> ) (C13)

the co-variant 4-vector. Both the co- and the contra-variant 4-vectors contain the
same physical information. Their components are simply related by

ro=2a", z1=-2', zo=—-2, x3=-23. (C.1.4)

The length squared of the 4-vector can then be written as
3
D wat = (a0 = (2) - (7)) - (@) = (C.1.5)
n=0

Instead of always writing sums over space-time indices p explicitly, Einstein has
introduced a summation convention according to which repeated indices (one co-
and one contra-variant index) will automatically be summed. Using Einstein’s sum-
mation convention the above equation simply takes the form

z,at = (2°)? — (21)? — (2°)* — (%) = §° . (C.1.6)

The summation over p is no longer written explicitly, but is still implicitly under-
stood, because the index p occurs twice (once as a co- and once as a contra-variant
one).

The norm of a 4-vector induces a corresponding metric via

(29)? = (2')* = (2%)* = (%) = Z Zgyyw“x” = Gurtz” . (C.1.7)

pn=0 v=0

In the last step, we have again used Einstein’s summation convention and have
dropped the explicit sums over the repeated indices p and v. The metric tensor g
with the elements g,, is a 4 X 4 matrix given by

1 0 0 O
0 -1 0 O

9=1 0 0 -1 0 (C.1.8)
0 0 0 -1

The metric tensor can also be used to relate co- and contra-variant 4-vectors by
lowering a contra-variant index, i.e.

3
Ty = g,uV[L'V = Zgw,l'y . (Clg)
v=0
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Again, the repeated index v is summed over, while the unrepeated index p is not
summed. Let us also introduce the inverse metric ¢~ with the components gt
which is given by

10 0 0
1 1 0 -1 0 O
0 0 0 -1
and which obeys
99" =1. (C.1.11)
In components this relation takes the form
3
9uwg”" =Y guwg” =6, (C.1.12)
v=0

where ¢ £ is just the Kronecker symbol, i.e. it represents the matrix elements of the
unit matrix 1. The inverse metric can now be used to raise co-variant indices, e.g.

3
=g, = Zg’“’xu . (C.1.13)
v=0

Let us ask under what kind of rotations the length squared of a 4-vector is
invariant. The rotated 4-vector can be written as
ot = A g (C.1.14)
where A is a 4 x 4 space-time rotation matrix. Similarly, we obtain
= gt = gu Az’ . (C.1.15)
The length squared of x’* is then given by
2 i v
s = a2 = gu N BN (C.1.16)
It is invariant under space-time rotations, i.e. s> = s2, only if

G N = g,y (C.1.17)

This can be rewritten as
AZ Mg,ul/AVp - ggp bl <C118)

or equivalently as the matrix multiplication

ANMgh=g" =g . (C.1.19)
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This condition is the Minkowski space-time analog of the Euclidean space condition
OTQ = 1 for orthogonal spatial rotations. One now obtains
2l = gu 1" = gu N ,g"7x, = [ghg™ '] T2, = wg[gAg’l]TUM = :UUA’NM . (C.1.20)
Here we have used eq.(C.1.19) which leads to
[gAg " =g A Tg=A". (C.1.21)
Finally, as a consequence of eq.(C.1.20) we obtain
r, = ), A", . (C.1.22)
Space-time rotations which obey eq.(C.1.19) are known as Lorentz transformations.
The distance squared in space-time between two 4-vectors x# and x}' is given by
(As)? = (2 — ad)? — (2t — ob)? — (a2 — a2)? — (a? — a2 (C.1.23)

and may again be negative. This distance is invariant under both Lorentz transfor-
mations A and space-time translations d*, i.e. (As’)? = (As)?, with

ot = At dt ot = Ay dr (C.1.24)

Lorentz transformations and space-time translations again form a group — the
Poincaré group — which contains the Lorentz group as a subgroup.

C.2 Gradient as a 4-Vector and d’Alembert Op-
erator

In order to do field theory in manifestly Lorentz-invariant form, we also need to
combine temporal and spatial derivatives to a 4-vector. Let us introduce

6888)

81’07 c%l’ 8%27 8953 (021)

o = (0",0",0%,0%) = (
How does this object transform under Lorentz transformations? Using eq.(C.1.22)

one obtains
0 B dx, O

or! 895; ox,

m

o = = A" 0" . (C.2.2)

This shows that 0* indeed transforms as a contra-variant 4-vector. Similarly, one
can define the co-variant 4-vector

(C.2.3)

o o0 0 0
au = (00781782;03) = ( )

00" Oxl’ 0x2’ Ox3
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One can form the scalar product of the co- and contra-variant derivative 4-
vectors. In this way one obtains a second derivative operator which transforms
as a space-time scalar, i.e. it is invariant under Lorentz transformations. This
Minkowski space-time analog of the Laplace operator in Euclidean space is known
as the d’Alembert operator and is given by

2 2 2 2
0=0,0"= 0 0 0 0 (C.2.4)

Ozt Ox3 Ox3 Ox3




118 APPENDIX C. STRUCTURE OF MINKOWSKI SPACE-TIME



Appendix D

Particle in an Electromagnetic
Field

In this appendix we consider the quantum mechanics of a charged particle (e.g.
an electron) in a general classical external electromagnetic field. In principle, the
electromagnetic field itself should also be treated quantum mechanically. This is
indeed possible and naturally leads to quantum electrodynamics (QED). QED is
a relativistic quantum field theory — a subject beyond the scope of this course.
Here we will limit ourselves to classical electrodynamics. Hence, we will only treat
the charged particle moving in the external field (but not the field itself) quantum
mechanically.

D.1 The Classical Electromagnetic Field

Let us investigate the quantum mechanical motion of a charged particle in a general
classical external electromagnetic field. For this purpose, we remind ourselves of
Maxwell’s equations

V- E(i,t) = dmp(, 1),

V x E(Z,t) + %até(:z, t) =0,

V- B(,t) =0,

V x B(#1) - %atﬁ@?, P = 47”;(3?, . (D.1.1)
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Adding the time-derivative of the first and ¢ times the divergence of the last equation
one obtains the continuity equation

—

Op(Z,t) + V- j(Z,1) =0, (D.1.2)
which guarantees charge conservation.

The electromagnetic fields E(Z, t) and B(Z,t) can be expressed in terms of scalar

—

and vector potentials ®(Z,t) and A(Z,t) as

B(Z,t) = V x A(Z, 1). (D.1.3)

= = 1~ . 1
=-VxV- @(CC_", t) — EV X 8tA(f, t) + Zatv X A(C(I,t) = 0,
V-B(Zt) =V -V x A(Z,t) = 0, (D.1.4)

are automatically satisfied. The inhomogeneous equations can be viewed as four
equations for the four unknown functions ®(#,¢) and A(Z,t).

All fundamental forces in Nature are described by gauge theories. This includes
the electromagnetic, weak, and strong forces and even gravity. Gauge theories have
a high degree of symmetry. In particular, their classical equations of motion (such
as the Maxwell equations in the case of electrodynamics) are invariant against local
space-time dependent gauge transformations. In electrodynamics a gauge transfor-
mation takes the form

1
O(Z,t) = d(7,t) + Eatgo(f, t),

—

Az, 1) = A(Z,t) — V(i 1). (D.1.5)

Under this transformation the electromagnetic fields

~ = 1. - = 1
E(Zt) = —V&(Z,t) — ~9,AF t) = V(T t) — ~0,AT, 1)
- 1. = .
- EVﬁt@(fa t) + Eatv50<f7 t) = E(fa t)>
B(,t) = VxA®@1t) =V x A, t)—V x Vo(Z,t) = B(Z,1),
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remain unchanged — they are gauge invariant. As a consequence, Maxwell’s equa-
tions themselves are gauge invariant as well. In fact, in a gauge theory only gauge in-
variant quantities have a physical meaning. The scalar and vector potentials ®(Z, t)
and ff(f, t) vary under gauge transformations and are not physically observable. In-
stead they are mathematical objects with an inherent unphysical gauge ambiguity.
Instead, as gauge invariant quantities, the electromagnetic fields E (Z,t) and B (Z,t)
are physically observable.

D.2 Classical Charged Particle in an External Elec-
tromagnetic Field

The motion of a point particle is governed by Newton’s equation
ma(t) = F(t). (D.2.1)
For a particle with charge —e moving in an external electromagnetic field the force
is given by
F(t) = —e[E(Z(t),t) + ict) x B(Z(t),1)]. (D.2.2)
Newton’s equation can be derived from the action

S[E(H) = / dt () - / dtdy [p(7.1)B(F.t) — J(7.1)

5 A1), (D.2.3)

where

p(y.t) = —ed(y — Z(1)),

(@, 1) = —ei(t)s (5 — #(1)), (D.2.4)
are the charge and current densities of the charged particle at position Z(t). It is
easy to show that charge is conserved, i.e.

ap(i,t) + V- j(§,t) = 0. (D.2.5)
Inserting eq.(D.2.4) into eq.(D.2.3), for the action one obtains

S[Z(t)] = /dt [%U(t)2 +ed(Z(t),t) — eict) . /Y(f(t),t)] (D.2.6)
This action is indeed invariant under gauge transformations because
/ dt [O(Z(t), 1) — iCt) CAZ®), )] =
[ 00,0+ Loetew.0 - B (A0 - (.0 -
v(t) 7 d
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and because the total derivative
d . S LS
CoE(0).1) = (1), 1) + T Fep(a (1), ), (D23)
integrates to zero as long as ¢(Z(t), t) vanishes in the infinite past and future. Iden-
tifying the Lagrange function

51 L
L= %17@)2 +e®(Z(t),t) — eﬂ ~A(Z(t),t), (D.2.9)
c
it is straightforward to derive Newton’s equation as the Euler-Lagrange equation
d oL oL
= 0. (D.2.10)

dt ovi(t)  ox;

The theory can also be formulated in terms of a classical Hamilton function

H=p(t)-v(t)— L, (D.2.11)
where p'is the momentum canonically conjugate to the coordinate Z. One finds
mi(t) = p(t) + SA(E(t), 1), (D.2.12)
c
and thus one obtains
1 .
= S [P(t) + ZAGE), D] - ed(@(0), ). (D.2.13)
This is indeed consistent because
(1) = — = —[pi(t) + —A;(Z(1), 1)]. D.2.14
wlt) = 50 = 5 = ) + A, ) (D.2.14)

The other equation of motion is

dpi(t) oH e e ~ .
= = p()+ A, (Z(t), )]0 A (F(t), 1)+ ed;®(E(t), ). (D.2.15
W o melP O+ GAEDDI0AE0), 0+ 02 ((0).1). (D2.15)
It is straightforward to show that these equations of motion are again equivalent to
Newton’s equation.

D.3 Gauge Invariant Form of the Schrodinger Equa-
tion

Remarkably, the gauge invariance of electrodynamics is intimately related to the
phase ambiguity of the quantum mechanical wave function. As we have seen earlier,
the Schrodinger equation

2
ih0, (T, 1) = —;—mmz(:z, t) + V() U(Z, 1), (D.3.1)
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determines the wave function only up to a global phase ambiguity
U(Z,t) = V(7 t)exp(io). (D.3.2)
Here ¢ is a constant, independent of space and time.

We now apply the gauge principle to the Schrodinger equation, i.e. we demand
that the physics is invariant even under local transformations

U(Z,t) = U(Z,t) exp(iod(T, 1)), (D.3.3)

with a space-time dependent phase ¢(Z,t). Of course, if the wave function W (Z,t)
solves the original Schrodinger equation (D.3.1), the wave function W(Z, t)" of eq.(D.3.3)
in general does not. This is easy to see because

OU(Z,t) = [0,V(Z,t) +iV(Z,1)0,p(Z, t)] exp(id(T, 1)), (D.3.4)

contains the second term on the right hand side that was not present in the original
Schrédinger equation. However, if the potential energy V(%) is replaced by a scalar
potential —e® (7, t), the Schrodinger equation takes the form

2
iBDyU(F, 1) = —;—mmp( , (D.3.5)
with the covariant derivative
DyU(i,t) = 9,U(, t) — i%é[)(f, HW(Z, 1) (D.3.6)
Using the gauge transformation property
B(F,1) = B(7, 1) + %aﬁp(f, 0, (D.3.7)

of the electromagnetic scalar potential, one obtains
DU(Z,t) = 9U(7, t)’—z'%@( ) W(T, 1)
= [0V(Z, 1) +1U(Z, 1) 0,0(Z, )] exp(id(Z, 1))

SR, 1) + L Op(F, D, 1) expli6 (7 1)
= D(Z t)exp(iop(Z,t)), (D.3.8)
provided that we identify
O(7,1) = %gp(f, ). (D.3.9)
We also introduce a space-like covariant derivative
DU(Z,t) = VU(T,t) + i— A(Z, 1) U(Z, 1), (D.3.10)
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which also transforms as

DU(z,t) = V(7 t)'m%zf(f, 1) W(Z, 1)
= [VU(Z,t) 4 iU(Z, ) V(T t)] explip(Z, 1))
+ i A ) = V(@ D] W(E, 1) exp(ig (7. 1))
= DU(Z,t)exp(id(T,1)), (D.3.11)

=

under a gauge transformation. Using p'= (h/i)V one obtains

B

—D =+ -A(Z, 1), (D.3.12)
1

oOl®

which is the quantum version of mv from eq.(D.2.12) that we encountered in the
classical theory.

—

Finally, in the Schrodinger equation we replace AV(Z,t) = v - VU (% t) with
D - DV (Z,t) and we obtain
[
ihD,U(Z,t) = ——D - DU(Z, ). (D.3.13)

2m

Inserting the explicit form of the covariant derivatives, the Schrédinger equation for
a charged particle in an arbitrary external electromagnetic field takes the form

. e I [ - e o .
ih[0y —zﬁQ(x,t)]\Il(x,t) = _%[V+ZH_CA(x’t)] : [V—i—z%A(a:,t)]\If(x,t). (D.3.14)

This equation is invariant under gauge transformations of the form

U(Z,t) = U(Z,t) exp(i—(Z,1)). (D.3.15)

Under this transformation, both sides of the Schrodinger equation change by a factor
exp(i(e/hc)p(Z,t)). Canceling this factor out, the equation remains invariant.

As usual, the wave function W(Z,t) that solves the gauged Schrédinger equation
(D.3.14) can be interpreted as the probability amplitude for finding the particle at
position 7 at time ¢. In particular, the probability density

p(Z,t) = [V(Z,1)|?, (D.3.16)

is gauge invariant and hence physically meaningful. Again, probability conservation
follows from a continuity equation

Aup(Z,t) +V - j(Z,1) = 0. (D.3.17)
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However, in the presence of electromagnetic fields the usual probability current must
be modified by replacing ordinary with covariant derivatives such that now
h —

J@,t) = 5 —[W(F )" DU(E, 1) — (DU(F,6)"U(E,1)]. (D.3.18)
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Appendix E

Relativistic Formulation of
Classical Electrodynamics

The relativistic nature of Maxwell’s equations is not manifest in their original form.
In this Appendix, we formulate electrodynamics such that its invariance under
Lorentz transformations — i.e. under rotations in Minkowski space-time — becomes
manifest. In order to better see the connection with the original Maxwell equations,
in this appendix we do not put ¢ = 1.

E.1 Current and Vector Potential

In order to express electrodynamics in manifestly Lorentz co-variant form, we pro-
ceed step by step and begin with the charge and current densities p(Z,t) and j(Z, t).
The corresponding continuity equation which expresses charge conservation takes

the form .
Op(Z,t) + V- j(Z,t)=0. (E.1.1)

Since temporal and spatial derivatives are combined to a gradient 4-vector, it is
natural to combine p(Z,t) and j(Z,t) to the current 4-vector

7 (x) = (ep(Z,t), Ju (2, 1), 4y (2, 1), j.(Z, 1)) . (E.1.2)

Here we have introduced = = (#,t) as a short-hand notation for a point in space-
time. It goes without saying that this should not be confused with the z-component
of the spatial vector #. In Lorentz-invariant form the continuity equation thus takes
the form

1
gt (z) = Eatcp(f, t) + 0pju (2, 1) + 0y 7y (2, 1) + 0.5.(Z, 1) =0 . (E.1.3)

127
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Here we have combined the co-variant 4-vector d,, and the contra-variant 4-vector
j*(x) to the Lorentz-scalar zero. The Lorentz invariance of the continuity equation
implies that charge conservation is valid in any inertial frame, independent of the
motion of an observer.

Of course, the charge and current densities themselves are dependent on the
reference frame in which they are considered. If a general (non-uniform and non-
static) charge and current density is transformed into another reference frame, one
must also transform the space-time point x at which the density is evaluated, i.e.

7M@) = A () = A (AT ) (E.1.4)

From the scalar potential ¢(Z,¢) and the vector potential A(Z,t) one can con-
struct another 4-vector field

Al (z) = (o(Z, 1), Au(Z, 1), Ay(Z, 1), AL(Z,1)) . (E.1.5)
Under Lorentz transformations it again transforms as
A (2") = A" AV (A1) . (E.1.6)

Scalar and vector potentials transform non-trivially under gauge transformations

=

1 - R
POT, 1) = (1) + 0T 1), PN = A@ ) - Ve(@ . (BLT)
In 4-vector notation this relation takes the form
YA () = A¥(x) + 0P p(x) . (E.1.8)

Here (z) is an arbitrary space-time dependent gauge transformation function. This
function is a space-time scalar, i.e. under Lorentz transformations it transforms as

'(a) = (A1) . (E.1.9)

The Lorentz gauge fixing condition
1 — —
—0,p(Z,t) + V- A(Z,t) = 0 (E.1.10)
c
can be re-expressed as
0,A"(x) =0. (E.1.11)
In the Lorentz gauge the wave equations take the form
1 1 by - 1 -
c c c

which can be combined to 1
OA*(z) = —j*(x) . (E.1.13)

Cc
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E.2 Field Strength Tensor

It may not be entirely obvious how to express the electric and magnetic fields E (Z,1)
and B(Z,t) in relativistic form. We need to use

B(7,t) = —Vo(@,1) — 0,A(5,1), B@E 1) =V x A& 1) . (E.2.1)
C

Obviously, E(Z,t) and B(Z,t) are constructed from the 4-vectors O and A*(z). The
scalar product of these two 4-vectors

0, A" () — %a@(f, N+ A (F.2.2)

appears in the Lorentz gauge fixing condition but does not yield the electric or
magnetic field. The 4-vectors 0" and A*(x) can also be combined to the symmetric
tensor

DM = o A¥ () + 0" A (x) (E.2.3)
as well as to the anti-symmetric tensor
Fr = ot A (z) — 0" A (x) . (E.2.4)
Under gauge transformations these tensors transform as
DR = oMY AY(z) + 0" YA (x)
= O'AY(x) + 0" p(x) + 0" A¥(x) + 0V 0" p(x) = DM 4+ 200" p(x)
PR = OFPAY(x) — 0V YAH(2)
)

= OMAY(z) + 0"0"p(x) — O AP (z) — O p(x) = FM (E.2.5)

i.e. the anti-symmetric tensor F*” is gauge invariant, while the symmetric tensor
DM is not. As a consequence, it does not play any particular role in electrodynamics.
Since the electromagnetic fields are gauge invariant, we expect them to be related
to F'*. Let us consider the various components of this tensor

FOz) = 3°A(z) — ' A%(z) = %@Am(a‘:’, £) + 8, $(Z, 1) = —E,(T,1) ,

FP(a) = 0" 42(x) — 0P A(w) = 0L, (71) + 0,0(7,1) = ~ B, (,1)

(7,1)
B.(

(
y(

(1) = 0P 4%(z) — PA(x) = ~OAL(T.0) + D.0(F.1) = ~F.
(x) Af(x) — (x) = =0, A,(Z,t) + 0, A, (T, t) = —
FB(z) = 824%(z) — P A%(z) = —aA (Z,1) + 0,A,(T,t) = —B,
(1) = 0°AY(2) = ' 4°(0) = —0.AL(T, 1) + AT, 1) = B

I

ﬁl 81
~ ~+ o~
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Hence, the anti-symmetric tensor indeed contains the electric and magnetic fields as

0 —E,(2,t) —E,(Z,t) —E.(,t)
E.(7,t) 0 —B.(Z,t) B,(Z,t)
wy _ AT z\4& Y\
PO=\ By B@y 0 -B@ (5:27)
E.(Z,t) —B,(z,t) B,(Z,t) 0
The co-variant components of this tensor are given by
0 E.(z,t) E,(z.t) E.(Z1)
| —Eu(71) 0 —B,(7,t) By(Z,t)
B =\ g B@n 0 -B@D) (29
—E.(Z,t) —By(7,t) B,(Z,t) 0
E.3 Maxwell Equations
Let us first consider the inhomogeneous Maxwell equations
— — = g 1 — 1 g

These are four equations with the components of the 4-vector current j#(x) on the
right-hand side. Hence, on the left-hand side there must also be a 4-vector. The
left-hand side consists of derivatives, i.e. of components of the gradient 4-vectors
0y, and of the electromagnetic fields, i.e. of the components of the field strength
tensor F*¥. Hence, the 4-vector J, and the tensor F*” on the left-hand side must
be combined to another 4-vector. This can be achieved by forming 9, F*(x) and
thus by contracting (i.e. by summing) one co- and one contra-variant index. The
various components of this object take the form

0, F"(x) = 0,E.(%,t)+ 0,E,(7,t) + 0.F.(%,t)
= V-E@1t) =p(@t),

D, F" (z) — —%&Ex(f, 1)+ 0,B.(F,1) — 0.B,(%,1)
= (9 Bl 0 - SOE(E ) = @)
D, F"(z) = —%@Ey(f, 1) — 0, B.(%,t) + 0. By (. 1)
— [V x B, (1) — %&Ey(f, t) = %jy(f, t)
" (x) — —-at (7,4) + 0.B,(7,1) — 9, Ba(7,1)
L | 1
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Indeed, these equations can be summarized as
1
0, F" () = —j"(x) . (E.3.3)
c

At this point the usefulness of the compact 4-dimensional notation should be obvi-
ous. Inserting eq.(E.2.4) into the inhomogeneous Maxwell equations, we obtain

D, F () = 0,(0" A™ (&) — 0 AP(2)) = DA (2) — 6", A" (z) = % (x) . (E.34)

If the 4-vector potential obeys the Lorentz gauge fixing condition d,A*(x) = 0, this
is nothing but the wave equation eq.(E.1.13).

How can we express the homogeneous Maxwell equations

=

— — — 1 —
V-B@t) =0,V x B@t) +-8,B(#t) =0 (E.3.5)
C

in 4-dimensional form? Except for the vanishing right-hand side, they look very
similar to the inhomogeneous equations. All we need to do is to substitute E(Z, )
by —B(Z,t) and B(Z,t) by E(Z,t). Such a substitution is known as a duality
transformation. Under this operation the field strength tensor turns into the dual
tensor

0 B.(Z,t) By(Z,t) B.(Z.t)
o= gy By o hwe | B39
—B.(Z,t) —E,(Z,t) E.,(Z,t) 0
and the homogeneous Maxwell equations can thus be expressed as
O F" (x) =0 . (E.3.7)
The co-variant components of the dual field strength tensor take the form
0 B,(Z,t) —By(Z,t) —B.(Z,t)
e W BT e (R:2.5)
B.(Z,t) —E,(Z,t) E, (1) 0

It is obvious that the field strength tensor F*’(x) and its dual E“,(:U) consist of
the same components, namely of the electric and magnetic fields E(Z,t) and B(Z,t).
Hence, there must be a relation between the two tensors. This relation takes the
form

1 loa
B (@) = Seupn F™ (1) (E.3.9)
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Here €,,,, is a totally anti-symmetric tensor with components 0 or £1. If any of
the indices pu, v, p, and o are equal, the value of €,,,, is zero. Only if all indices are
different, the value of €,,,, is non-zero. The value is €,,,, = 1 if purpo is an even
permutation of 0123 (i.e. it requires an even number of index pair permutations to
turn pvpo into 0123). Similarly, €,,,, = —1 if prpo is an odd permutation of 0123.
For example, we obtain

~ 1 1 .
F()l([E) = §€OlpUFpU(ZE) = 5 (60123F23(l‘) - 60132F32<l’>) = F23(ZL’) = —B$(ZE, t) s
(E.3.10)
as well as
~ 1 1 B
Fia(z) = 5612,)an0($) =3 (1208 () — €103 F () = F¥(x) = —E.(Z,1)
(E.3.11)

Inserting eq.(E.3.9) into the homogeneous Maxwell equations (E.3.7) one obtains

O F(2) = %(—:nga“F’”(x) _ %ewpgaﬂ (PA7(z) — 7 AP(2)) = 0 . (E3.12)

Due to the anti-symmetry of €,,,, and the commutativity of the derivatives 0" and
07, this equation is automatically satisfied. This is no surprise, because the original
Maxwell equations were also automatically satisfied by the introduction of the scalar
and vector potentials ¢(Z,t) and /T(a?, t). The homogeneous Maxwell equations can
alternatively be expressed as

OMFP + OPFOM 4+ 7 FH =0 . (E.3.13)

Indeed, multiplying this relation with €,,,, and applying cyclic permutations to the
indices p, p, and o, one again arrives at eq.(E.3.12).

E.4 Space-Time Scalars from Field Strength Ten-
sors

Which scalar quantities can be formed by combining the field strength tensors F'* ()
and F"(x)? First, we can construct the combination

)P () = ¢ (B0 - BEay?) | (.4.1)

which will later turn out to be the Lagrange density of electrodynamics. Then we

can construct 1 1
TFu(@) (@) = 5 (B@n? - B, 0?) | (E4.2)
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which is thus the same up to a minus-sign. While the electromagnetic fields them-
selves are obviously not Lorentz-invariant, the difference of their magnitudes squared
is.

One can also mix the field strength tensor with its dual and one then obtains

1 Ty D= =g

ZFW(JE)F“ (r) = E(Z,t) - B(Z,t) . (E.4.3)
Similarly, one obtains

1 -~ — —

1 Fw (@) F*(2) = E(Z,1) - B(T,1) , (B.4.4)

which is thus equivalent. Interestingly, the projection of the electric on the magnetic
field E(Z,t)- B(Z,t) is also Lorentz invariant, i.e. it has the same value in all inertial
frames.

E.5 Transformation of Electromagnetic Fields

Since they form the components of the field strength tensors, it is obvious that the
electromagnetic fields E(Z, ) and B(&,t) are not Lorentz-invariant, i.e. they depend
on the motion of the observer. Under a Lorentz transformation the field strength
tensor transforms as

F‘“”(x’) = A”pA”UF””(x) = A“pA”GF”"(A_lx/) . (E.5.1)
This can be rewritten in matrix form as

= F'(2)) = AF(A'2))AT . (E.5.2)

[

Fr(al) = A Fe (A1) AT

E.6 Action and Euler-Lagrange Equation

The Lagrangian for the electromagnetic field interacting with a charge and current
distribution j* is given by
1 1
L(A,,0,A) = _ZFWFW —=A,5". (E.6.1)
c

The corresponding action is obtained by integrating the Lagrangian over space-time,
ie.

S[A] = /dt Pz L = /d%« ! (—%FWFW — lij”) : (E.6.2)
C C
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The action can be viewed as a functional (i.e. a function of a function) of the electro-
magnetic 4-vector potential A*. The Euler-Lagrange equation of motion resulting
from the principle of least action now takes the form

5L oL 1
A — wy gV
Ous A A OuF" = =" =0. (E.6.3)

Indeed, this yields just the inhomogeneous Maxwell equations
vV 1 -V
0 F" = A (E.6.4)

The homogeneous Maxwell equations are automatically satisfied as a consequence
of FF = grAY — 9V A+,

E.7 Energy-Momentum Tensor

Let us consider the energy-momentum tensor of the free electromagnetic field (i.e.
in the absence of charges and currents)

™ = —F"F", — Lg", (E.7.1)
which obeys the continuity equation
0,T" = 0. (E.7.2)

The time-time component of the energy-momentum tensor is given by

1 -, 1, - 1, = =
T = —FYF| + 1F F7g" = B*+ 5(B* = E°) = S(E*+ B”) . (E7.3)
which is the energy density of the electromagnetic field. The space-time components
of the energy-momentum tensor take the form

) . 1 ) = =
T = —F*F° + 1 w77 g" = €1 E;By, = (E x B); . (E.7.4)
Here €, is the completely anti-symmetric Levi-Civita tensor and E x B is the
Poynting vector which is known to represent the momentum density of the electro-
magnetic field. The continuity equation that represents energy conservation takes

the form '
0, T = 9yT™ + 0,1 =0 . (E.7.5)



Appendix F

Why Physics Exists

In the following, I present a few thoughts that may shed some light on the question
why physics exists. People seem not to talk about this very much. All I'll have to say
is therefore wide open for criticism and far from being well established. While this
appendix also addresses some questions at the interface of physics and philosophy,
it does not comply with the conceptual rigor of the latter discipline. For example,
in the text below the notion of “existence” is not defined or clarified further in a
philosophical context. The reader is assumed to be familiar with some notions of
modern physics, such as, for example, the concept of an effective field theory.

F.1 Structures and Physicists

Physics is the man-made observation and experimental investigation as well as the
theoretical mathematical description of Nature. As such, the existence of physics
requires the existence of physicists, i.e. the existence of curious minds and capable
brains. Of course, it is equally important that there is something “out there” to
be discovered, i.e. that Nature does contain structures that can be adequately de-
scribed in mathematical terms. Both such structures as well as curious minds and
capable brains obviously do exist in our Universe. Of course, we can easily imagine
much simpler hypothetical “Universes” that follow some strict mathematical laws
of Nature. For example, we can imagine a “Universe” consisting of just two New-
tonian point particles, to be called Sun and Earth, orbiting their center of mass
in elliptical orbits for the rest of time. While such a simple system can easily be
understood from outside, it is obvious that it cannot understand itself from within.
Remarkably, by evolving the human subspecies of the experimental and theoretical
physicist, in some sense our Universe is “thinking” about itself. This requires an

135
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enormous degree of complexity.

F.2 Space, Time, and Separable Entities

In order to understand something from within, one must still be able to distant
oneself from the object of study, at least to some extent. It is the existence of space
and time that allows us to do just that. While we currently do not understand
the origin of space and time, the related puzzles lead to the deepest questions we
can currently ask in physics. After all, space and time are fundamental ordering
principles, deeply rooted in physical reality, that allow us to separate ourselves from
other more or less independent entities. In this sense, space and time are necessary
prerequisites for doing physics from within the system. It should be pointed out
that we can easily imagine a mathematical “Universe” without invoking the concept
of time. For example, equilibrium statistical mechanics follows strict mathematical
rules, but knows nothing about time. Indeed, a “Universe” following just the rules
of equilibrium statistical mechanics would have a hard “time” understanding even
part of itself from within.

F.3 Space-Time Locality

Along with the concepts of space and time comes the concept of space-time locality.
Indeed without locality, space and time would loose their meaning as the most basic
ordering principles, and would therefore cease to be useful concepts. In our hypo-
thetical “Universe” consisting of just Sun and Earth interacting via instantaneous
Newtonian gravity, there is locality in time but not in space. As a consequence,
space is not even a very useful concept in a hypothetical world like this. The coordi-
nates of the two particles as well as their distance are completely sufficient. Thinking
about the particles as existing in an otherwise empty space seems natural to us, who
live in a much more dynamical space. However, in the very restricted two-particle
“Universe” the whole concept of space is to a large extent an unnecessary luxury.
The situation changes drastically when we endow the two point particles with Ein-
stein gravity (i.e. general relativity). Then there is a metric attached to each point
in space-time, which becomes a dynamical entity governed by local laws of Nature.
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F.4 Hierarchies of Scales

The existence of curious minds and capable brains is likely to require the existence
of vastly different length scales. If every separable entity would be of a similar size,
for example, if everything including the potential physicist would exist at atomic
scales, it is unlikely that physics would ever have taken off. This is because, in that
case, one must identify the correct “Theory of Everything” (TOE) before physics
can get started. In a hypothetical “Universe” consisting only of atomic scale enti-
ties governed by the rules of quantum mechanics, even if something like a “brain”
would exist, it would almost certainly not be capable enough to discover quantum
mechanics (which we may think of as the TOE in that world), in one gigantic strike
of genius.

F.5 Anthropic Arguments

Although we don’t know why they exist in our Universe, we have identified the
existence of mathematical structures including space, time, and locality, as well as
hierarchies of vastly different length scales as necessary prerequisites for the existence
of physics. Today it is all too popular to invoke the anthropic principle. Still, the
above mentioned prerequisites for the existence of physics may very well be necessary
conditions for the existence of curious minds and capable brains as well. Hence,
we can argue that potential physicists (i.e. curious minds and capable brains) can
only exist in a world in which the basis for doing physics also automatically exists.
Invoking the anthropic principle, i.e. using the fact of our own existence, we can
then “explain” why the basis for physics exists as well.

F.6 Effective Field Theory

Once we have mathematical structures, space-time locality, hierarchies of different
length scales, as well as curious minds and capable brains, we are suddenly in busi-
ness for doing physics. In particular, thanks to space-time locality and the existence
of hierarchies, we are free to do physics at some length scale, without the need to
discover the “Theory of Everything” before we can even get started. Identifying the
relevant degrees of freedom at some scale, and constructing the most general local
dynamics while respecting the relevant symmetries is the technique of systematic
effective field theory. Being able to understand aspects of the world step by step
in scale, is a major reason why physics is so successful. An effective field theory
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always contains some a priori unknown physical parameters, whose values can be
fixed, for example, by comparison with experiments. Eventually, one may reach a
deeper level of understanding by matching these parameters to a more fundamental
effective theory valid at shorter length scales. In this way, by matching effective field
theories, we may patch together a “quilt” of mathematical descriptions of Nature
that may eventually cover the entire landscape of physical phenomena.

F.7 Renormalization Group, Universality, and the
Benefit of 4-d

The success of the effective field theory method relies on Kenneth Wilson’s renor-
malization group and the related concept of universality. Universality implies that
the physics at long distances or low energies is insensitive to the details of what
happens at much higher energy scales. In the process of renormalization, the dy-
namics is attracted to a renormalization group fixed point that is characteristic of a
universality class. Theories which may differ substantially at high energies may still
flow to the same fixed point at low energies. This implies that we need not know all
about physics (i.e. the TOE) before we can start to explore the low-energy regime.
As a flip-side of the same coin, it is practically impossible to infer the correct TOE
from low-energy data. In view of universality, doing successful fundamental physics
is reduced to identifying the correct renormalization group fixed point, which makes
life a lot easier. This is also thanks to the dimension of space-time. In particular,
in the 4-dimensional space-time we live in, there are relatively few non-trivial fixed
points of the renormalization group, namely those related to non-Abelian gauge
theories. Indeed, it is non-Abelian gauge fields that dominate the physics of the
Standard Model of particle physics — our most fundamental theory today. In a 2-d
space-time, for example, the situation would be very different. In 2-d, there is an
enormous number of non-trivial fixed points, such that identifying the correct one
would be much more difficult than in 4-d. As Martin Liischer from CERN once said:
in 2 space-time dimensions, physics would be as complicated as politics. Thanks
to our 4-d space-time, as complicated as physics may seem, it does, in fact, exist
because it is not too difficult (for the more capable brains).

F.8 The Theory of Everything

By moving towards ever decreasing length scales (and thus ever increasing energy
scales), we may (or may not) eventually discover the true “Theory of Everything”.
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Already the Standard Model of particle physics is based on fundamental objects such
as quarks or W-bosons, which are precise embodiments of abstract mathematical
concepts. Even if physicists may eventually discover the ultimate TOE, which would
obviously be a tremendous achievement, this would in no way obviate the need
for effective field theories covering the low-energy domain. Just as the Standard
Model is extremely powerful at particle physics energy scales, but pretty useless for
understanding the complex dynamics of condensed matter, the TOE would be really
useful only at the shortest distance scales. In this sense, the “Theory of Everything”
may very well be a “Theory of Nothing” relevant at presently accessible energy
scales. Furthermore, just as Bertrand Russell’s Principia Mathematica, a “Theory
of Everything” may suffer from Godelian incompletenesses. We may have to be
content with consistency, instead of urging for completeness.

F.9 Model Building

When doing physics, it is often useful to build models. Our model “Universe” con-
sisting of just Sun and Earth is a good example. In this way, by mentally or even
experimentally isolating a small part of the world from external influences, we have
a chance to completely understand it. In some sense, Newton’s classical mechanics
is the theory of everything that is important to understand the dynamics of slowly
moving macroscopic objects under the influence of gravity. Similarly, the Hubbard
model describes the “world” inside doped antiferromagnets. Experts argue whether
or not the Hubbard model is the theory of everything that is necessary to under-
stand the origin of high-temperature superconductivity. Quantum Chromodynamics
(QCD) is far more than just a model in this sense. In fact, it is an integral part
of our most fundamental description of Nature — the Standard Model of parti-
cle physics. While (due to its “triviality” in the renormalization group sense) the
Standard Model is necessarily “just” an effective theory, thanks to its asymptotic
freedom, QCD could hold at arbitrarily high energy scales. In this sense, it may
be considered as the “Theory of Everything” about the strong interaction. Isolated
“worlds” like the Hubbard model or QCD are still sufficiently complicated that we
cannot understand them completely analytically. In that case, effective field theory
again plays an important role. The low-energy regimes of both the Hubbard model
at low doping and QCD at low baryon density can be described by systematic low-
energy effective field theories. Although they cannot be derived rigorously from the
underlying microscopic theories, the physical consequences of emergent phenomena
like antiferromagnetism or chiral symmetry breaking can then be addressed quan-
titatively in the low-energy effective theory. The matching between the underlying
short-distance and the emergent long-distance theory works, because it connects
two local theories which are mathematically formulated using the basic concepts of
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space and time.

F.10 Numerical Simulation

To accurately investigate model “worlds” such as the Hubbard model or (lattice)
QCD, numerical simulations play an important role. For example, the low-energy
parameters of the corresponding effective theories can be derived numerically from
the underlying microscopic models. Still, in several interesting cases accurate nu-
merical simulations are prevented by severe sign or complex action problems. For
example, the exploration of high-temperature superconductivity in the Hubbard
model is hindered by a severe fermion sign problem, and the exploration of the
“condensed matter physics of QCD” (as Krishna Rajagopal and Frank Wilczek
from MIT have called it) is hindered by a severe complex action problem of lattice
QCD at non-zero baryon chemical potential. Quantum simulation, i.e. the use of
special purpose quantum analog computers, is currently arising as a promising tool
that may eventually help us to overcome such problems.

F.11 Different Layers of Reality and Limits of
Physics

As we have discussed, in physics we patch together effective theories valid at different
length scales. Indeed there are different layers of physical reality, each with its own
appropriate mathematical description. While the dynamics at the shortest presently
accessible distances are described by the Standard Model of particle physics, atomic
nuclei are described by their own effective field theory valid at larger distance scales.
Stepping further up in length scale, we reach atoms, molecules, and then condensed
matter, which are all described by their own effective theories. While the resulting
“quilt” of effective theories may eventually cover all physical phenomena, it is very
unlikely to cover even a small fraction of other layers of reality. After all, the success
of physics relies on the identification of subsystems with a sufficiently structured dy-
namics in space and time that can be described mathematically. While mathematics
is a universal language that even Nature uses to express herself in, it is not a useful
tool for talking about other layers of reality, such as art and poetry, or mind, con-
sciousness, and free will. Those are very unlikely to ever become subjects of physics,
just because mathematics is not an appropriate language for communicating about
these emergent concepts which cannot be appropriately described, for example, in
terms of space-time coordinates. While the subjects of physics are thus somewhat
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limited, the Universe is such a rich and diverse place that there is no reason to think
that physics will be exhausted any time soon.

F.12 Understanding our own Brain

As suggested above, by means of physicists the Universe is “thinking” about itself,
thus enabling an understanding of part of the system from within. This all hap-
pens thanks to the wonderful device we carry around in our head. Will physicists,
biologists, or neuroscientists ever be able to understand the brain itself, essentially
by using it to think hard enough about itself? While Godelian self-referential situ-
ations are likely to prevent complete understanding, there may be no reason to be
overly pessimistic. In particular, numerical simulations of certain brain functions
should be possible. Except for that, however, the brain is probably the last system
a typical physicist is well prepared to deal with. First of all, due to its large in-
terconnectedness, the structure of the brain is to a large degree spatially non-local.
Due to long-term memories stored in the brain, locality in time is disfigured as well.
Furthermore, due to a lack of obvious hierarchies in length scales, it seems difficult
to identify relevant degrees of freedom that can be separated from the rest of the
system. In other words, the physicist’s most powerful tool of effective field theory
is not expected to work in an environment as complex as the brain itself.

F.13 Neuroscience as a “Theory of Everything”
related to Neuronal Activity?

In recent years, some influential neuroscientists including Gerhard Roth and Wolf
Singer have come to the conclusion that free will is an illusion, because conscious
decisions are preceded by sub-conscious neuronal events in the brain. This has
even led them to argue that law should be rewritten, in order to take into account
that people cannot be held responsible for their actions. As a physicist working
with effective field theories applied to different layers of physical reality, I find these
arguments rather absurd. The neuronal scale “effective theory” of the neuroscientist
has not been properly matched to the framework of mind and free will used in the
humanities. Cross-communication between these different layers of reality is hence
not possible in a truly meaningful way. A neuroscientist, who claims that free will
is an illusion, uses his neuronal scale “effective theory” as a “Theory of Everything”
related to neuronal activity. While emergent concepts like free will or consciousness
should indeed not be inconsistent with fundamental theories underlying neuronal
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activity, they can neither be derived nor disproved by these theories. Therefore, the
“Theory of Everything” concerning neuronal activity is very likely at the same time
a “Theory of Nothing” relevant to legislation. Interestingly, based on arguments of
a similar nature, some philosophers including Peter Bieri, David Chalmers, Joseph
Levine, and Thomas Nagel have reached the same conclusion.

If it exists, free will should indeed not be inconsistent with fundamental theories
underlying the brain. Isn’t this the case if neuronal activity precedes our conscious
decisions? As pointed out before, the brain itself is a highly non-local structure
both in space and in time. Indeed, it is a wonderful device that turns chemical
energy, which can be described mathematically by an effective theory using space-
time coordinates, into concepts of the mind, which are subjects of the humanities
that exist beyond space and time. Since a conscious decision is an emergent phe-
nomenon which is not associated with a unique time-coordinate, it does not really
make sense to say that it was preceded by some specific neuronal activity. Since
the fundamental theories of physics are based on quantum uncertainty rather than
classical determinism, they are consistent with free will as well, but cannot derive
it either. At the moment, we simply don’t know how to match the two separate
layers of reality in which we can talk about either mind or matter, but not about
the relations between both of them.

F.14 Matching the Mind and Matter Layers of
Reality

The mind-body problem, i.e. to understand how mind and matter are related, and,
if possible, to explain how mind emerges from matter, has been around for a long
time. Since effective field theory does not work for a structure as complex and non-
local as the brain, physics is currently nowhere near contributing to the solution
of the mind-body problem. As argued before, neuroscience or any other natural
science isn’t either. Perhaps simulation by very powerful future computers (either
involving classical randomness or quantum indeterminacy) may eventually mimic
something like a “brain”. While this may contribute to bridging the gap between
mind and matter, it will not necessarily lead to deep understanding. In physics,
renormalization group theory leads to deep understanding and enables us to match
the different layers of physical reality separated by different length scales. Similarly,
one may speculate that a future “Theory of Mind and Matter” may be able to match
the natural sciences’ space-time description of matter with the humanities’ descrip-
tion of mind beyond space and time. Developing such a theory, and thus eventually
solving the mind-body problem, is a tremendous challenge for both natural science
and the humanities. Most likely, time is not ripe yet for this endeavor, because the
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individual disciplines still need to sharpen their tools before they can address the
problem in a meaningful manner. However, it seems very well worth keeping the
solution of the mind-body problem on the agenda, as a potential common long-term
goal of natural science and the humanities. Negating the problem, by declaring
neuroscience as the “Theory of Everything” related to neuronal activity, is much
easier but completely misleading.

F.15 Evolution, Brain Chemistry, and Physics

After this exploration of the limits of physics and other sciences (including neu-
roscience), let us return to the question why physics exists. While all necessary
conditions for physics are indeed fulfilled in our Universe, we should not forget that
physics exists also because it is a lot of fun. Indeed it is the pleasure of figuring
things out that is driving many new discoveries. The reward system in our brain,
which evolved in order to help our ancestors outsmart predators as well as prey, also
seems to encourage the creativity that one needs today as a physicist. However, in
order not to paint a too naive picture of what drives physicists, we should also not
forget that the power of physics to advance technology, unfortunately including the
one used to fight other nations, has also motivated numerous research projects. In
any case, mankind’s well-being for the rest of the century is likely to benefit from
physicists whose imagination is spurred by more honorable causes, including, for
example, advancing climate research or medical applications of physics. Still, based
on my own experience, I think that curiosity-driven basic research in physics benefits
tremendously from our brain chemistry.

F.16 Summary

To summarize, as far as I understand, physics crucially depends on the existence of
mathematical structures, space-time locality, as well as large hierarchies of length
scales. These may all be necessary prerequisites for the existence of curious minds
and capable brains of potential physicists as well. Invoking the anthropic princi-
ple, taking into account that physics in 4-d is not too difficult and can actually be
quite useful, and knowing that it is a pleasure to figure things out, it is perhaps not
surprising that physics does indeed exist. To a large extent, the success of physics
relies on the powerful tool of effective theories. Model building and numerical simu-
lation are very important tools as well, which are about to be enriched by quantum
simulators. Of course, as usual when one invokes the anthropic principle, many
questions remain unanswered. As curious minds, we still urge to understand why
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there are mathematical structures, space and time, locality, as well as large hierar-
chies. There is no reason not to think about these deep questions. Understanding
why there are curious minds seems even harder, and may require a future “Theory
of Mind and Matter” that matches the mathematical language of natural science to
the concepts of the humanities. While the subjects of physics cover only a small
fraction of reality, as far as I'm concerned, there is plenty for a life-time of a curious
mind. Finally, taking part in the process of the Universe “thinking” about itself,
together with colleagues all around the world, is a fascinating and most rewarding
experience (not only in the brain chemistry sense).



