ADVANCED QUANTUM MECHANICS

An introduction

mc

—mc

Dominik Tschimmel



This page intentionally left blank.



Preface

Introductory quantum mechanics courses usually focus on one non-relativistic particle
and/or on one space dimension. After the essentials of quantum mechanics are under-
stood, the natural question is, what happens upon removing the restrictions. This is,
where advanced quantum mechanics enters.

Fixing the issues of the Dirac theory, developed in advanced quantum mechanics,
leads to a many particle theory. The description of the relativistic quantum many
body system leads to objects, called Field operators. This is the onset of quantum field
theory. The concepts of canonical quantization and functional integrals are introduced
as outlook on qft.

Some parts of these notes were created, at the time I was learning the corresponding
concepts. So be aware, that there may not only be the usual typos, but possibly wrong
statements. In that sense, read with caution. However, nothing presented here is new,
and usually well covered in textbooks.
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Part |I.

Advanced quantum mechanics

As the name suggests, the topics presented here are usually part of a followup
course to introductory quantum mechanics. Introductory quantum mechanics
focuses on non-relativistic single particles and scattering in one dimension. In
this part, scattering in generalized to three dimensions. Also, a many particle
theory, that goes by the name second quantization is developed. Finally, the
attempt of a relativistic generalization is made by introducing the Dirac theory.
This part concludes by combining second quantization with the Dirac theory,
to solve the problems that arise from the latter alone. This leads in a natural
way to quantum field theory.



Scattering theory

In modern physics, from high energy physics to solid state physics, lots of experiments are essentially
scattering experiments. In that regard, the quantum mechanical description of scattering processes
is of great importance to understand those experiments completely. This chapter is completely
based on [Zirl0], with some aspects from [Alt12].

1.1. Differential cross section

We consider a beam of particles that hits a target. Choosing the coordinates such that
the initial beam moves along the z-axis, the setup can be depicted as follows:

i

Target

The (probability) current density of the incoming particles is j = jo[dz A dy, Or]. The
coefficient jo has the dimension

number of particles

[‘7 ] - time - area

After the scattering, the scattered particles move radially away from the scattering
center, if observed from a large distance. Thus the current density is best described in
spherical coordinates: J = Jy[sin(0)dO A d¢, Or|. The coefficient here has the dimension

[Jo] =

The current density should have the dimension particles/time. Since the 2-form dx A dy has
the dimension length?, there has to be an addition !/area in the dimension of j,. Notice
that some authors use an additional 1/solid angle in the dimension of .J;. However this
dimension is dimensionless in fact, though experimental physicists like to give it a unit,
so we will omit it.

number of particles

time
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Definition 1.1.1.
The differential cross section 3—6 is defined by

do_
aQ  jo

It should be emphasized here, that the differential cross section is no derivative by any
means. Mathematically it is a mere notation of the quantity. From the dimension of
the coefficients jy and Jy it follows that the differential cross section has the dimension
area.

Definition 1.1.2.
The total cross section oy is the differential cross section, integrated over the
full solid angle:
' do 1
Otot “— SzmdQ:% 52(].

1.2. Lippmann-Schwinger equation

So far, quantum mechanics has not entered in the discussion of scattering. In fact, the
previous definitions hold for classical scattering as well.

1.2.1. Representation independent

We consider a time-independent Hamilton operator H , that can be written as sum
H = Hy+V of a free (or known) Hamiltonian H, and a potential /perturbation V.
Suppose |tg) is a solution of the free Hamiltonian Hy|vg) = E|t). We are looking for
a solution of the full Hamiltonian, with the same energy:

H[y) = Hol) + VIv) = E|v) .

Theorem 1.2.1.
Let Gy = (E +ic — Hy)™' be the inverse operator. If [¢b) is a solution of the
equation

%) = |vo) + @onw And |1bo) = (1 — @0‘7)|¢>

then |1) solves f—I\|¢) = E) for e \ 0, if the full Hamiltonian H has eigen
states |x,), that define a Hilbert basis.

Proof 1.2.2.
Rewriting of the equation yields:

[%o) = Gy (@51 - V) [¥) -
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Define G = (E + i — fl\)_l, then from G~! = E+ie — H and Gy' = E +ic — Hy,
it follows that
Gl=G' -V and thus o) = GoG M) .

Left multiplication of the inverse operators results in:

[4) = GGy [dho) = (E + e — Ho) [bo) = ieGtho) -
Hence . o
(E—H) ) =ic (E - H) Gly) -

It remains to show, that (E - H ) @(5) is bounded, such that for ¢ — 0, the claim
follows:

0=(E-H)lp) =  H)=E[).
By assumption there is an eigen Hilbert basis {|z,)}, such that
H|z,) = Eqlz,) = G 'an) = (E+ic— E,)|v,) .
This means, that {|z,,)} is a Hilbert basis of G-
1
E-Boriel

In the following we will use the matrix representation w.r.t. the eigen basis {|x,)}.
This does not need G to be bounded (see remark A.1.8 for this):

WIE — H)Gl) = Y _{d|am)(zm|(E — H)Glza) ()

G lay) = (E+ic— Bz, < Glo,) =

. E—-FE,
= 77;;@/"5@0<$n|¢>ﬁn_}_Z€<55m|xn>
E—-FE,

= 2 Wlem) @) 5= =5 o

E—-FE,
; ) g
Boundedness means that ||(E — H)G|op < 0o. Lemma A.2.5 allows to restrict
to |¢) with ||[)]] < 1. Tt follows that 3, [(z,]1)]* holds, and it remain to show

E—En_| < 1 or equivalentl BBy < 1. For convenience we write x,, = E—F,
E—E,+ie q Y| E= E,+ie
in the following:
Xn _ Xn(Xn - 1'5) _ X?«L g Xn€
Xn+ie  X;teE? Xnt+et oxnte?
4 2.2
:> XTL : — Xn + Xng <
Xn + i€ (X7 +¢2)?

Thus we have shown:
[(WI(E — H)GY)P <1V [v) with |[[)]] < 1
= |(E-H)G|op<1 Ve.
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Definition 1.2.3.
The equation |¢)) = |1)y) + GoV|¢) is called Lippmann-Schwinger equation.
Here it is given in the general form without choice of representation.

1.2.2. Position representation

The Lippmann-Schwinger equation that we have used so far may not be the version
that can be found in all textbooks. Its more common form is the equation that results
using the position representation of quantum mechanics.
Let (as usual) the operators Hy and V' be
. B2 N

Hy = —%VQ and V=V().

Theorem 1.2.4.
The operator G can be expressed as integral operator in the position representation

(#1Gole) = [ dy* (FGol) (7l)
with Green’s function

1 ekl7=7l o
dn|g—g) B

(Z|Gol7) =~

Proof 1.2.5.

Fundamental solution of the Laplace operator V2 in R3:

We consider the function f(Z) = é With V2 = xd x d for functions in R? we
calculate:

V20 de® = / Foxdxdg da

R?\{0} R?\{0}
- fdxdyp = lim /f*dgp . /df/\*d(p
R3\{0} e—0
JENE.(0)  RA{0)

0

_ —/dgo/\*df = lin / gp/\*df—i—/go-d*df |
®31(0) pENB0)  RH(0}

Since f(Z) = % is harmonic on R? \ {0}, i.e. V2f = 0 and thus dxdf = 0, it
follows that:

2 1 T
(VTplel = ~lim [ oAsdf =liy [ aQ
O(R3\ B (0)) A(R3\B:(0))

= —lim @ dQY = —47p(0) .
e—0
9B:(0)
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Hence the fundamental solution for the Laplace operator in R? is

W) = ——

T — .
" 47| 7|

mit

Fundamental solution for E — ﬁoz
Because of rotation invariance, we can simplify calculations using spherical coordi-
nates. The Laplace operator becomes V? = 2921 + Ay 5, where Ay denotes the
angular components, that vanish anyway because of rotation invariance.

The function u(r) = %e“ﬁ“ is smooth, such that u - T), = T, is well defined.

Choose g(r) = —u(r) - h(r), then:
(r) = —2m etkr _2m (1 1- et
T =2 v~ 4w \r r ‘

With V2 = 192 it follows that

1— ik|Z| 1 1— ikr 1— ikr
V() = () e ()
| 7] r r ’ r

k2eikr k2eik|f\

ro [

For the regular distribution 7} that means:

VZTL - VZT 1_eikr =
AR

The energy expressed in terms of the wave number k is £ =

2m

2

—2m
4 h?

VT, = 8(%) + K°T, .

h2E2
2m

Thus T}, is the
fundamental solution for £ — j‘l\ol

B, } H2k?

m

-+ E) T, =94(Z) .
Green’s function for £ — ﬁg:
Using corollary F.2.21 we get the Green’s function

1 79 o

(Z|Goly) = G(Z,9) =g9(Z —7) = —Emﬁ .

]

To be precise, we understand the Green’s function integral operator as inverse of the
corresponding differential operator, as it defines the (weak) solution of the differential
equation by action on the inhomogeneity (see theorem F.2.15).

We finally see, how the Lippmann-Schwinger equation looks in the position

representation:
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1.3. Scattering amplitude

Revisiting the scattering setup from the beginning of this chapter in a quantum
mechanical point of view means to investigate the full wave function ¥ (p) at a point p
that is far away from the scattering center o.

Assuming a scattering potential that has compact support (rapidly decreasing at
least), the full wave function can be approximated by

eikrg (p)

74(p)

b(p) =~ ho(p) + FK k)

with distance function r,(p) = d(p,o). The term f(K k1) is called scattering
amplitude.

Although we have chosen the coordinate independent formulation as starting point,
the calculations from [Alt12] carry over without changes. First, we write the Lippmann-
Schwinger equation in the coordinate free way:

2m, eikrp
= — Va dV
vln) = volp) = g [ VY
Es
To obtain the desired approximation, we need an approximation for r,(g). As Ej is an
affine space, there are vectors & and ¥, such that p = o + Z(p) and ¢ = o + ¥(q). It

follows that

N - ENT xS DR RN
rp<q>=|as—y|=¢|x|2+|y|2—2x-y:|x|dl+W—2W.

By construction we have |Z] > |y, allowing to use the following approximation

P 7 Z
A R, fe AN [, et A
MR ERRT EE

The Taylor expansion /1 —z =14 £ + O(2*) around x = 0 results in

|7~ gl = 7] = = =ro(p)* + K (¢ —0),

where we defined k' = k%, that points from the scattering center radially towards the
detector and has the same norm as the wave vector k. It follows:
om etkrp m etkra (p)—ik'-(q—0)
[Sveav = | V(@)u(a) 4V
r

A h? 2T 2mh? 2 -(p) — v (q— o)

where we have made the ¢ dependence explicit, to make the integration more transparent.
In the case r,(p) — oo, the following approximation is asymptotically valid:

F(E )

m etkrp eikrg(p)
— dV ~
4mh? / V¥

P o (p)
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=

/k///
T

9
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T

Figure 1.1.: Scattering setup

m

. h 7 _
Wlt f(k ? k? w) 27Th2

[ eV gppla) av, -

E3

Choosing ¢ as coordinate origin, the scattering amplitude becomes:

F k) = =5 [ F V@) dy = =5 F V1)
R3

Theorem 1.3.1.
The differential cross section of plane waves is related to the scattering amplitude

by
dO' g _'/ 2
& = fE.R.)]

Proof 1.3.2.

To full wave function v is a super position of the incoming plane wave 1;(¥) = e
and the scattered wave 1, = ¢ — ;. We know that plane waves are solutions of
the free Hamiltonian ﬁo, that is 1y = ;. We thus have:

ikz

ikr
N

b=, R )
r
With the definition of the probability current density 2-form j = % m(y - dy)
we get:
kh
m

and jo = "0 FE ) - £(R, ) [sin(6)d6 A do, R
m
Using the definition of the differential cross section (definition 1.1.1), we get:

do

o= PR R0) - SO ) = L o)
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1.4. Born approximation

To motivate the Born approximation we introduce a generalization of the geometric
series for bounded operators:

Proposition 1.4.1.

Let (X,|| - ||) be a Banach space and T: X — X a bounded operator. If the
o0

Neumann series Y. T" converges with respect to the operator norm ||- ||, then

k=0
(1 —T) is invertible and:

(H—T)‘lziT’“.

Rewriting the Lippmann-Schwinger equation, we can obtain a form to use the Neumann
series:

[9) = (1= GoV) " |o) -
If GoV is bounded, [¢)) can be calculated from a series of operators, acting on |i):

[e.9]

) =3 (GoV)" Ju) -

n=0

In the special case ||GoV||op < 1, the series can be terminated after the first two
summands, called first order Born approximation:

[v) = |vo) + éom%> .

If we assume the incoming wave to be a plane wave,

Lemma 1.4.2.
Let V' be a spherical symmetrical potential V(&) = V(r). For elastic scattering,

ie. |k| = |E’|, the scattering amplitude can be calculated with

2 o0
m rsin(Akr)V(r) dr,

f(E>E,) = f(kvﬁ) = _m
0

where Ak = 2k sin(?/2).
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Proof 1.4.3. .
We define Ak = k' — k. Choose coordinates such that Ak is directed alongside the

z-axis. Calculating f (l;, K ) in spherical coordinates results in:

f(l;, E’) = —277;12 /e”’MTCOS(a)V(T)TQ sin(8)dr d¢ do
wh? J
co 1
2 .
=20 [ [ eSOy ytaceos()) dr
01

2m .
= AR 0/7"sm(Akr)V(7") dr .

The relation between Ak and k can be seen (trigonometry) from the following figure:

1.5. Scattering operator

Technically we have not considered scattering processes so far. Formally speaking, we
have considered perturbations of the free Hamiltonian by a potential. That is, we have
considered a stationary solution of the free Hamiltonian (plane wave) to find a solution
of the full problem. A basic assumption to do so, is the time independence of the
potential (or at least a slowly variation).

Figure 1.2.: Visualization of time dependent scattering. See [Zir10, p. 17] for the original
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With scattering, in an intuitive meaning, we would associate the collision of two
objects, or waves and fields for that matter, that change over time. The time dependence
of the states can be expressed by a time evolution operator, such that

[Wo(t)) = Tilwo)  and  [u(t)) = Vi) -

From the Schrédinger equation we can see the equation for the full interaction time
evolution operator V; and the interaction free time evolution operator Uy:

Zhat‘//; = ﬁ‘//\% and zh@tﬁt = ﬁﬁt .

Here the Hamiltonians need no longer be time-independent. The whole idea of the
time-dependent scattering can be understood from figure 1.2:

Let |1(t)) be the state that describes the particle that is scattered. In the distant
past, the particle will have been far away from the scattering potential and thus be
moving freely essentially. Formally, we assume that there is an eigen state [¢)_(t)) of
Hy, such that

lim [¢_(t)) = lim [(t)) .

t——o0 t——o0
Before we investigate this assumption any further, we will consider the distant future,
as it imposes some difficulty. The state of the scattered particle may contain some
component, that describes a bounded state (non zero projection on the space of bounded
states). This component will not describe free motion even in the distant future. Since
the norm is a continuous operator and thus limit and norm commute, our problem
translates to

i [|Vof) — Tl = lim_[[lo(0)) — [o-(2))]
= || lim_(6)) — lim_J- ()] = 0
bus lim (V1) — ol = Jim_[l(6)) — [ (0)]

t—+o0
= Jim () — Jim [, ()] £0.

To solve that problem, we will have to choose a different [¢)),. To find the condition
that determines |, ), we pass to the non-limit case first.
Any time evolution operator is unitary:

Proof 1.5.1. .
The adjoint operator satisfies —ih@tVtT = V;TH , since the Hamiltonian is self adjoint.
Plugging this in, yields:

0 (Vio|Vip) = 0V Vilw) = (@l VHVi + VO,V [4)
= (81 Vi HV, — VI HV|[¢) = 0 .
But that means:
(Vig|[Viy) = comst.(t) and  (Vos|Vorh) = (6[)
= (ViglViw) = (gl0) -
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The unitarity has the following important properties for our purpose here:
ViVi=1  and V)l = Il = V)] -
These properties allow to write

1Velw) = Uelwos) |l = 1) = Vi Oilwos)| -

Definition 1.5.2.
The Mgller operators W, are defined by

o ’\TA
W:ttlgl:noo‘/t Ut ’

if the limits exist.

The existence of the Mgller operators is not guaranteed. From the physically reasoning
above, we assume W_ to exist. The existence of W, however will be assumed as
problem, that has to be checked for every scattering scenario independently. In the case
of existence, the conditions for |¢4) are:

) =Waldn)[[ =0 & ) = Welps) .

As can be seen in figure 1.2, the Mgller operators map |¢+) to the scattered state |1)
at the moment of scattering. This motivates the following definition:

Definition 1.5.3. . ~
If range(W_) C domain(Wt.), the scattering operator S is defined by

S—Wiw. .

The scattering operator maps |¢_), that describes the state of scattered particle in the
distant part, to |1y ), that describes the free components of the state of the particle in
the distant future.



Second quantization

The name second quantization, motivated by its historic origin, can be misleading. A more
appropriate name for this chapter would be “many particle systems of fermions and bosons”.
Before the formulation of second quantization is introduced, we focus on distinguishable particles
first. In doing so, the Copenhagen postulate becomes a consequence of the quantum mechanical
description of measurement processes. This chapter is based on [Zir10] for the mathematical
background and [Sch08] for the connection to the textbook conventions.

2.1. Distinguishable particles

It is easiest to consider non-interacting particles first. Since a fundamental principle of
quantum mechanics is the indistinguishability of identical particles, we consider different
particles here. Most of this section can be found in [Sch13, Kapitel 20] in a different
mathematical formulation. However, the part about the measurement process follows
[RWO08] closely.

2.1.1. Tensor Hilbert spaces and Dirac notation

Consider two systems, described by the Hilbert spaces H; and Hs respectively. To
describe both systems together, the tensor space H; ®Hs is used. With that information,
from a mathematical point of view (see chapter C), all has been said about the Hilbert
space of non interacting distinguishable particles. However, the contemporary literature
mostly uses the Dirac notation, which needs further explanation.

Let |¢)1 € Hy and |[¢)2 € H be two states of their respective systems. These states
define a state in H; ® Ha:

[P)1|Y)2 = |p)1 @ [¥)2 € H1 @ Hy .

Furthermore it is common to not only drop the tensor product, but also the indices,
writing |¢)|¢), as long as no ambiguities arise. The bra-states ;(¢|,(¢| are defined,
using the isomorphism

(7‘[1 ®7‘[2)* ~ Hik ®H; .

It would also be possible to use (H; ® Hy)* ~ H; @ H;. However caution is necessary,
when using both, not to intermingle isomorphy and equality.
The hermitian scalar product of the tensor space defined by (|¢') @ [¢'), |¢) ® 1)) =

(@'|@) - (4'|1p) translates to
U W) il)2 = (¢lo) - (')
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in the Dirac notation. Loosely speaking, bra-vectors and ket-vectors only connect, if
they belong to the same Hilbert space, otherwise they can pass through each other. This
rule also holds true for the interpretation of tensors as multilinear maps:

(1) @ [0))({¥']) = (W[¥)e) = o (W'l o)])e

and  ((¢'| ® (W'])(19)) = (W(&']0) = (¢ (V]| D)1 -

If the systems do not interact, the probability for the first system to be in the state |x)
and the second system to be in the state |£), should be the product of the individual
properties. Indeed , we find:

P(x,€) = [(x| ® (€llo) @ [¥)* = [{x]8) - (€]} > = [{x|o)|* - [(E[)]?
= Pi(x) - »(§) -

Lemma C.1.10 allows to construct operators for H := H; ® Hs from operators A; €

End(H;) and Ay € End(H,):
A1 = A1 X 1e EHd(H) and A2 =1 X AQ € End('H) .

To check, that A; is the correct transcription of A;, we can calculate the expectation
value:

(An)w = (U A[W) = (¥ [(Ua| A @ 1[W1)[Wg) = (Vy]A;[Uy) - (Wa|1|Wy)

= (A1)w, .

2.1.2. Density matrix

Superposition of states fails to represent classical probabilities. Consider for example
a process, that creates an equal amount of spin up | 1) and spin down | |) electrons.
Encountering one electron, the probability is 0.5 for each state. However, the super-
position | 1) + | J) describe an electron with spin in z-direction (up to normalization).
Hence the need for a new quantity, to describe classical probabilities.

Definition 2.1.1.
Let W; be possible normalized states with probabilities p;. The density operator
p is defined by

p=2_pil¥) (¥ =3 p;|¥;) @ (Y| e HOH" .
J J

The expectation value of an Operator A € End(#) can be calculated using the trace:

(A) = ij@j\A!‘I’ﬂ =Y pi(¥;ln)(n|A|¥;)

n?j

n

=2_(n] (A Zwl%)(%\) n) = > _(n|Apln) = tr(Ap)
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= (A) =tr(Ap) .

A property of density operators is to have unit trace tr(p) = 1. This can be seen from
the previous calculation using A = 1. It could seem annoying, that in calculating the
trace, a Hilbert basis was chosen. However, the next lemma shows, that the trace does
not depend on such a choice.

Lemma 2.1.2.
Let A € End(H) be an operator defined by

A= Zpk:h/)k (] = ZPH% ;

then the trace tr(A) can be calculated as follows (and thus does not depend upon
the choice of a Hilbert basis):

= zk:pk<¢k\¢k>

Proof 2.1.3.
Let {(j|}; be an arbitrary Hilbert basis. Using the completeness relation we see,
that:

A) = ZAjj = Z (71Al7) Zpk (1) (Drlg)

= zk:]?kwk‘ (Z ’J><]|) [Vr) = Zk:pk@ka)

0
Theorem 2.1.4.
The time evolution of p(t) is determined by the von Neumann equation:
ihdup(t) = —[o(t), H] .
Proof 2.1.5.
The Schrodinger equation yields the following equations:
iho|in) = Hly) = —ihd(n| = (Yu|H .
Combining these equations results in the claim:
ihOwp =Y pu(H ) (Wn| — [¥n) (n| H) = [H, p] .
O

For time independent Hamilton operators, a formal solution is given by p(t) =
e_th/ﬁp(O) 6th/h.
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Lemma 2.1.6.
The density operator p is hermitian and positive semi definite.

Proof 2.1.7.
i) (¢lplx) = an D) (Wulx) = an X)) (Vn]9) = (XIP19) = (Polx)

ii) (¢lple) = an (Plv)* >0 V]o)eH

Definition 2.1.8.
A state described by a density operator is called pure, if there is a |¥) € H, such

that p = |U)(¥|, otherwise it is called mixed .

Lemma 2.1.9.
A state is pure, if and only if tr(p?) = 1. Conversely, a state is mized, if and only

if tr(p?) < 1.

Proof 2.1.10.
1. If p is pure, then:

PO TON| = [UNT =p = tr(pY) =tr(p)=1.

2. Since p is positive semi definite, there is a Hilbert basis, such that p =
> n Pn|¥n) (¥n| with p, > 0. From tr(p) = 1 it follows, that

Som=1 = ()= <> pa=1.
Assuming tr(p?) = 1, then:
0=>pa—Y.pe=> p(l—p) =  po=0o0rp,=1.
Yet, since tr(p) = 1, there has to be an ng such that p,, = 1, and thus:
1 n=ng
Pn = { 0 n#ng
This means p = |1y, ) (¥n, |, which would mean, that the state is pure. [

So far, no further structure was imposed on the Hilbert space H. For that reason, the
density operator carries over seamlessly to many particle systems. For example, take
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the Hilbert space H = H; ® Hs, from the previous subsection. With general states
W) = > n [¥jm)|@jn), the density operator becomes

p= Z pj|¢jm>|¢jn><¢jm’|<¢jn’| € ,HI ® H; ® Hl ® H2 s

y / ’
J,m,mi,n,n

where all sums are finite. To define a partial trace operator
Ty H @H; @H1 @ Ho — Hy @ Ho

that acts as trace on the Hilbert space Hi, we interpret bra-vectors as functionals on the
Hilbert space and ket-vectors as functionals on the dual space. Choosing an arbitrary
Hilbert basis {|¢)} on H;, we define

Ti=> {(|®1x)®1.
0

The action of T} on p yields:!

Tip= > i 3 (im0 (Llthjm) | Din) (Ds|

=20 (Z/ij'ij)) (Z |¢jn><¢jn’|) :

The normalization condition for |¥;) results in

1= (U;[V;) = (Z ij'\%m)) (Z(¢jn|¢jn’>) :

m,m/’ n,n’

This allows to choose coefficient such that 3, ./ (¥jm|¥jm) = 1. Also, by the multilin-
earity of the tensor product:

DSIONE (St & (Zto) = poibioyl

n/

with |®;) € H,. Finally we see, that

Tip =Y pj|®;) (P,
7

is a density operator on Hs.

Definition 2.1.11.
Let p be a density operator on H; ® Hs, then Tip is called reduced density
operator on Hs. In the same way, the reduced density operator Tsp is defined

on H;.

ITo exchange the infinite sum over ¢ with the other sums, we had to use, that the other sums are
finite.
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2.1.3. Measurement process

A measurement can be understood as two quantum systems, the one to be observed
Ho, and the measurement system Hg, i.e. the measurement device. The full system is
as explained above described by H = Hp ® Hps. The full Hamiltonian, that determines
the time evolution is assumed to be as sum of the observation system Hamiltonian Hp,
the measurement system Hj; and an interaction Hamiltonian H;

H=Ho+ Hy + Hy .

The interaction Hamiltonian, as the same suggests, describes the interaction between
the observation system and the measurement system, allowing measurements to be
taken. An ideal measurement can be characterized as instantaneous, such that no time
development has to be taken into account. Also, a measurement is always defined w.r.t
a physical quantity, that means an Operator A. Assuming |«,) to be a Hilbert eigen
basis of A, the interaction Hamiltonian should look like

= Z o) (| @ Hpr(ou) -

The measurement process (time development) of a state |¥) = |a,)|x) creates a
state |U') = |an)|x(an)), where |x(ay)) is a characteristic state in the measurement
system, corresponding to the state |a,). To idealize the measurement further, the
characteristic states are supposed to have no overlap with each other, such that they
can be distinguished perfectly even long after the measurement process:

(x(em)x(an)) = Gmn -

Just before a measurement, the density operator can be written as follows:
p = [W)(¥] =) ) (W [{x] = Z [ am) (o X) (P (xl m) (cm|
= Zcm,n 1) o) (vl

with ¢ = (nlX) - (X|am). After the measurement, a similar calculation shows, that
the density operator is

pr=2_ cma lam)x(om)){om| (x(am)l -

n,m

To see the effects of the measurement on the observation system, the reduced density
operator on Ho is calculated:

Top= 3 cmn (lx(an))(x(0m)]5) o) (am|

J,mmnm

2 S e el o

= Zcm,m |t ) (|

<w7am|w7an>:5m,n m
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After the measurement, the off-diagonal terms in the observation system have vanished.
The state has become an ensemble of possible eigenstates with probabilities ¢, ,, =
[{cm|x)|?. The meaning of density operators as realizations of statistical ensembles
suggests the Copenhagen postulate, as it does not describe superpositions, but rather
classical probabilities. This means, that after the measurement, the state in the
observation system, has collapsed in one definite eigenstate. Yet which one, is a matter
of the probability ¢,,m = |[{am|x)[*

2.2. Identical particles

(2) (b)

Figure 2.1.: In the first case, the classical picture is illustrated. Each trajectory has infinite precise
spacial resolution, such that particles can be distinguished easily. In the second case, the quantum
mechanical case with high position uncertainty is depicted. Here it is impossible to distinguish the
particles, after they have come into reach of each other, i.e. forming a system.

As mentioned before, identical particles cannot be distinguished. Put differently, it
is not possible to label particles of the same sort in any way, that allows to identify
them later on. The first problem of such an undertaking is, that a particle type is
described by a set of quantum properties, that is the same for each individual particle.
Each electron has the same charge, the same mass and the same total spin. This
is a behavior, not common in classical mechanics, where there can always be found
properties that vary even between identical objects. One could assume, that constantly
observing a system would allow to keep track and distinguish each particle. However,
the uncertainty relations of several observables make this impossible. A high spacial
resolution leads to a high uncertainty of the momentum, i.e. the direction and magnitude
of movement. After the moment, one assigned each particle a number (not physically,
which is impossible, but mentally), it is not clear, which has moved in which direction.
The assignment is of no use for that matter.

On the other hand, having a high momentum resolution results in a high position
uncertainty. It is no longer possible to discern the particles separately, such that any
assignment of labels is of no use again. This is illustrated in figure 2.1.
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2.2.1. Symmetry postulate

A consequence of the indistinguishability of identical particles is, that any exchange of
these particles must not have any change of physical properties. Any description of a
system of particles must satisfy this rule.

We consider a system of n identical particles. In the last section we have seen, that
the Hilbert space for distinguishable particles is a tensor product H®". Hence it is
reasonable, that the Hilbert space for identical particles is a subspace of H®". To find
this subspace, we begin by considering general states

1) ) = (1) @ ... @ [ihn) € HE™ .
A permutation operator P can be defined by
P(|Y1) - |tn) = |¢P(1)> e |?/)P(n)> .

Before we continue to find restrictions for the states of identical particles, we show some
properties of the permutation operator:

Corollary 2.2.1.

Any transposition operator Py; is an involution, i.e. Pj = 1. Any permutation

operator is unitary and all transposition operators are also hermitian.

Proof 2.2.2.
The first claim is obvious from permutations. The second claim follows from the
definition of the hermitian scalar product (-,-) on tensor spaces:

(P>¢1) .- |Dn)), (Y1) - - - [¥n))) = (|6p)) - - - [ér@ )I@/)P )) - [YPm))
1:[ Pp() W)P J) 1:[1 ¢J|¢J
(101) - - Pn), [th1) - - - [¥hn)) -

The last claim follows immediately from the previous two. O
Lemma 2.2.3.
The eigen values p of a permutation operator can only be p = +1 and p = —1.

Also, if p is the eigen value of the permutation operator P for the eigen state | V),
then p' = p for all other permutation operators P’ acting on |¥).

Proof 2.2.4.
Let P;; be a transposition operator, then

P2I0) = 1|W) = (a5)2®) = a=+1 .



2.2. Identical particles 21

Let Pj3|W) = a12|¥), the |¥) is an eigen state to the eigen value a;; = a2 of all
other transposition operators P,; with ¢ # j. This can be seen by writing F;; as
follows:

Pij:P1j0P2i0P12oP2iOPlj = aij:a%j'agi'a12:a12-
Since all permutations can be written as product of transpositions, it follows that
P|U) = ay5|¥) for all permutation operators. O

The tensor space H®" can be written as direct sum of a symmetric and an antisymmetric

space H®" = S™(H) & \"(H):
PylW) = W) V|W)eS"(H) and  Pyl)=—|¥) V[¥) e A\(H).

There could be other subspaces, that mix symmetric states and antisymmetric states.
However, observations show, that this is not the case. Hence we postulate:

symmetry postulate
States of identical particles are either completely symmetric or com-
pletely antisymmetric. Particles with completely symmetric states are
called bosons and particles with completely antisymmetric states are
called fermions.

2.2.2. (Anti-)Symmetrization and scalar products

The symmetric and the wedge product can be constructed from tensor products. For
that purpose we define the (anti-)symmetrization operators:

Sy=> P and S_= > sgn(P)-P.

Pex, Pex,

Lemma 2.2.5.
The symmetrization operator Sy symmetrizes and the antisymmetrization operator
S_ antisymmetrizes states in HE™.

Proof 2.2.6.
Consider a transposition operator P;;, then:

Pi(Sy|W)) =Py > Pl¥)= > (PoP)|¥)= > P(P)¥)

pPex, pPex, pPex,
= Y P|U) = S5,|T) .
Pex,

In the same way:

Py(S-|¥)) = > sgn(P)-(Pyo P)|¥) = >  —sgn(P;;oP)-(P;oP)¥)

Pes, Pex,
=— Y sgn(P)-P|U)=-5S_|F) .
Pex,
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The operators S allow to define a symmetric and a wedge product, with a normalization
factor that is rather uncommon, but necessary to obtain the right scalar product:

WLV - V) = ) Vo i) = jn_!&(wn ... @ ) € S"(H)
Wn A At = ) A A ) = jms_uzm @))€ N'(H

Lemma 2.2.7.
The scalar product induced by the scalar product on H®", has the following form

on S"(H) and N"(H):

BV NGV Vo = T TTWslore)

Pex, j=1
and
(WL A ANl A A ) = det ({1 d5))i5
Proof 2.2.8.
Using the definition of V we find:
1V Vilor V.o V) == > H vpgplorg) = Y T1Wléry))
PP’GEn] 1 Pex, j=1

The second equality used, that the sum over the permutations P’ creates n!-times
the same combinations, since the product is commutative.

For the scalar product of A\"(#) the Leibniz-formula of the determinant will be
used:

det(<¢i|¢j>)zj .= Z sgn(P H 77/J]|g25p (4)
j=1

pPeX,

n

= (A ARG AL A Dy) = i' > sgn(P)sgn(P) [ (Wei|éry)

" PPIES, j=1
1 n
= > sgn(P') [T det((wilo;))i; = det({1hi]d;))i
C pres, j=1

Because the determinant is alternating, the sign of sgn(P’) is canceled out, such
that n!-times the same term is summed over, resulting in the last equality. O

2.2.3. Representation on L?(R?)

Independent, if we are looking for a representation in the position, or in the momentum
space, in both cases we need a representation on L*(R?). All we need to do so, is
a definition for the symmetric and the wedge product. To stay consistent with the
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previous subsection, we define the coefficients different to the literature with a square
root. For U, € SP(LQ(R?’)) or ¥, € AP(L*(R?)) and analogously ¥, we define:

q)p\/\lfq(fl,...,prrq) == \/p'— Z l‘p(l),...,fp(p)) -q/q(fp(p+1),...7fp(p+q)) ,

PeXpiq

q)p/\\lfq(fl,...,prrq) = \/p— Z Sgn (1’p(1),...,fp(p)) -\Ifq(fp(p+1),...,fp(p+q)) .

T pex,iq

2.3. Fock space

So far the description of identical particles lacks one principle of modern particle physics,
the creation and annihilation of particles. To fix this, we pass to the so called Fock
spaces for bosons F; and fermions F_:

— D) =St F )= DN )= \H) |

The direct sum shows a grading of the symmetric and the exterior algebra. The
hermitian scalar product of the last subsection carries over naturally because of this
grading:

{c+v+vVw+tuVoVw+..|d+0+0 V' +d' Vo' ve' +..)

=+ W)y + WVl Vu)sm + ..

Although the descriptions of bosons and fermions share many properties, they are
discussed in different subsections for a clearer exposition, at the cost of redundancy.
The following subsections make use of the section D.4.

2.3.1. Bosons

The ground state, i.e. the state without any particle, is called vacuum state |0) =1 €
SY(H) ~ C. Let |v) € H and (p| € H*. The bosonic Fock space representation allows
to understand these elements as linear maps on S(H) that increase and decrease the
degree respectively. Physically speaking, the representations Dg(|v)) and Dg((v|) create
a particle in the state |v) and annihilate a particle in the dual state |v) respectively:

Dp(|v)) Dp(|v)) Dg(|v)) Dp(|v))

SM)~C  SH)=H SH) SH)
~_ _—

\D,RD/ \“/ W Dp((v])

Definition 2.3.1.
Let {|e;)} be a Hilbert basis of # and {(e;|} a dual Hilbert basis. The creation/

annihilation operators a} /a; are defined by

a} = Dg(le;)) and  a; :=Dp(e) .
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Corollary 2.3.2.
The bosonic creation/annihilation operators satisfy the canonical commutator
relations:

[CL}GM =0 [ay, ax] = 0 [aha;] = Ojkl ¥ hb -

Proof 2.3.3.
This is just a special case of theorem D.4.6. O

Definition 2.3.4.
The occupation number states are defined as follows:

. (a’-ll‘) ! (a’-|2‘) 2 (az> ‘
|n1 T ng >
AP I y e

— ,—nl! —n2! LIS ,—nz! LIS

Using the convention [v)" = |v) V...V |[v), where the symmetric product consists of n
copies of |v), the occupation number state takes the natural form:

0) -

N1, My oy gy le))™ V]ea)™ V... V]e)™ V... .

1
> B \/Hknk!

Theorem 2.3.5.
The occupation number states are a Hilbert basis of the bosonic Fock space.

Proof 2.3.6.
If >, nj # >, ny, the scalar product is zero by definition. Assume >, n), # >, ny
and let n; =n; V i, j:

B 1
[« !

(ny,ny, ...|n1,na, ...) - (n1l{eqler) - nol{eales) - .. ) =1.
If there is one j with n; # n}, the above scalar product becomes zero.

A Hilbert basis of S™(#) is given by {|ej,)V...V|e;.) }ii<..<j,. Forall [i))V...V|in)
it holds that:

0.0, L0, 0, L 0,) = ) Vo Vi)
J1 In

Lemma 2.3.7.
In the occupation number Hilbert basis, the creation/annihilation operators are
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characterized as follows:

(I;|n1, ...,nj, > = \/TL]' —+ 1 ‘nl, ,TLJ + 1, ) 9

aj|n1, cey Mg,y ) = w/nj‘nl, ey Ny — 1, ) 5

Proof 2.3.8.
i)
1 v
allny,...,nj, ...) = m(!el)”l Vie)™ Vo V0™V ety L)
n;+1 1 -
= g (Je)™ V |e2)™ V ... V |e)™ V .. ]ej)™ T v L)
V(nj+ D) /ey !

= \/le + 1|’I’l1, ...77’Lj + 1, >

ii)
1

aj|n1, <y 1, > =n;- W
_ Ny 1 (
,/nj! ,/H#jng!

= w/nj\nl, ceey Ny — 1, >

(Jer)™ V]e2)™ V..V |eg)™ V ...le,)™ v L)

le))™ V ]ea)™ V.. V0™V eV L)

Corollary 2.3.9.
As the notation suggests, the creation/annihilation operators are adjoint to each

other.

Proof 2.3.10.

ro T _ _ /
(n,ny, ...Jajni, ng, ...) = /n; +1 Ontnj+1 [] Oping = /15 Oni—1 n, [] O g
=y P4

= (a; |nf,ny,...), |n1,na, ...)) .

2.3.2. Fermions
In the case of fermions, the description is almost the same, using the fermionic Fock

space representation Dp:
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}K Dr(v) Dr(v) P
0 T T ' \ /\

N(H)=C N(H)~H N (M) N}(H) N
\/ r\_/ N____~— <~

Dr((v]) Dr((v]) Dr((v]) D ((v])

As before, the creation/annihilation operators c;- /c; are defined by

ol = Dr(le;)) and cj = Dr({ej]) .

Corollary 2.3.11.
The fermionic creation/annihilation operators satisfy the canonical anticom-
mutator relations:

{C;[WCZ:} =0 {Cj7ck} =0 {C]“C;[} - jk]l v ]’k ’

Proof 2.3.12.
This is just a special case of theorem D.4.4. O]

The different algebraic structure of A(H) compared to S(H) results in a different
behavior of fermions. Most notably is the Pauli exclusion principle. Due to the
antisymmetry of the wedge product, |v)" = |[v) A...Av) is non-zero only for n € {0, 1}.

Pauli exclusion principle
Given state |v), then there can be either no ore only one particle in
that state, due to the antisymmetry of fermionic states.

The occupation number states are define in the same way as before. As consequence of
the Pauli exclusion principle n; € {0, 1}, there is no need for normalization coefficients
(or=1'=1):

00, Ny -+ =) = (D)™ ()™ (e o)

The occupation number states are also a Hilbert basis for the fermionic Fock space. The
proof carries over without much changes. However, the creation/annihilation operators
look slightly different in the fermionic case, since the operators do not commute anymore:

c}\nl, My ) = (1 — nj)(—l)ziq”i

Ny, .., 1y -+ 1, > .

cilna,..,nj, ) = nj(—l)ziq i

ny,...,n; — 17 > .

2.4. Second quantization of operators

We know already, how to construct operators on tensor spaces. The explicit construction
of the symmetric and wedge products, allows to extend the construction for both Fock
spaces. This will lead to the second quantization of operators, that can be found in
most textbooks. Before we do so however, we have to make some preparations:
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Assume a tensor operator L, of the form

Le=1®..9 L .1,
~—

[0}

where L € End(#). The sum over all postions of these operators becoms:

M=

La(|1)1> V..V "UN>) = ZlLaS+’U1>...|’UN>

= Llv) V..V ]on) + |v1) V L|ve) V... V |vp) + ...+ o) V... V L|vy)

Q
I
—

M=

Lo(Jor) Ao AJon)) = ZlLaS_|v1>...|vN>

= Llvi) Ao Aow) +|v1) A Llva) Ao Alug) + ...+ |v1) A ... A Lloy) .

a=1

In fact, without the construction from tensor operators, we could also have defined the
meaning of L; V Ly and L; A Ly accordingly. However, operators of the form >°, L, are
enough for our purposes here.

2.4.1. Occupation number operator and exchange operators

Definition 2.4.1.
The operators NV; = a;aj and N; = c}cj respectively, are called Occupation
number operators.

Lemma 2.4.2.
The occupation number operator returns the number of particles in the state |e;).

Proof 2.4.3.
Bosons

Nj|n1, cey Ny, > = nja;|n1, ey Ny — ]_, > = 1/nj1/nj|n1, w1y, >
:nj]nl,...,nj,...)
Fermions
Nj‘nl, w1y, > = nj(—l)z"anjC; ]nl, R L 1, >
= (1= nj + Dny(—1)2i<s™ (—1)2i< " |ny, .. my, )

= (2—nj)nj|n1,...,nj,...> = nj|n1,...,nj,...>

We define the one-body exchange operator o,,, by 0., = >, |em){(€n]a, With

lem)(enla =1 ® ... @ |em)(en] ®...0 1.
N——

o
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Lemma 2.4.4.
For both bosons and fermions, the one-body exchange operator acts on the occupa-
tion number states as follows:

Omn|T1,T2y - ) = a:fnan|r1, Ty ...

and  Opn|r1,72,...) = ¢l cnlri,Ta, ..

Proof 2.4.5.
For bosons, the calculation is straight forward:

Z(‘em><6n|)a ’€1>T1 V..V ’emym V..V ’en>rn Vi

Ak

]1
|
Hf

1
=TT + 1ﬁ|rh e+ 1 — 1)
= VT + |y, e rm + 1,0 — 1)

=al ay|ry,ra,...) .

Omn|T1, T2y ) =

e)™ V.V en)™ MV LV ey T L L

Fermions need further attention, for there is no commutation of elements. Yet, no
normalization factors appear (r; € {0,1}). Assume (E n > m. Also let p denote
the number of elements missing between |e,,) and |e,):

Omn|T1, T2, o) = Z(!em><en|)a le)™ Ao Alem)™ A Alen)™ A

(67

= (1 =rp)ralen)™ Ao AN A lem) A

= (—1)Zm<j<nrj<1 — ) Tnle) ™ A LA lem) ™ A LA en)™ T AL
= —(1—=rp)rle)™ A Alen)™ AL A fe)™ AL
=—1—=rp)ralry, o+ 1L — 1,000

In the second line, the coefficients are the condition, that the whole term is non-zero
(rp, = 0 and r, = 1). In the third line, the |e,,), that was on the n-th position
has been exchanged 3°,, ., 7; times, to reach the m-th position. But that means
Tm — Tm+1and r, —r, — 1.
On the other hand, we get (using r,, = 0 in the first equality):
cl cnlri, T, ) = rn(—l)ZKmTj+2m<j<”rjcin|7’177"2; T — 1)
= (1 — Tm)’r‘n(_]_)zj<mrj+2m<j<nrj
. (—l)zj<m”\r1,...,rm—b— Lo.oo,rp—1,..0)
= (1 — Tm)rn(—1)2m<j<"rj|’f‘17 ey Tm + 17 ey Ty — 1, .. >
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In the same way, we define the two-body exchange operator o, by i =
> les)les){exlafeels with

a#B,#£a

lei e {eklalers =10 ... @1 ®|e){er] LR ... ® |ej)(ef] & ..
\T/ T

=11®.01x®|e) (e @1 ® ...
N—_——

[

0ll®..01Qe) e ®1® ...
B

= [ei){erla © lex){eds -

Corollary 2.4.6.
For both bosons and fermions, the two-body exchange operator acts on the occupa-

tion number states as follows:

S N | N N |
Tijke = G; Q0 and  Oijke = C; CiCeCy -

Proof 2.4.7.
Rewriting o yields:

S Jed)le;Menlalerls = (Z\eixem) (;rejxezwﬁ) " Jex) (enle o ) el

B, B o

_ T ) T TooT T
= a;aya;a; — Oy ;a;ag or CiCrCiCe — OpjCiCp -
For Bosons, we get:
T T T _ T T
a; apa;a; — Oy ;a; ag = a;a;agay .
[ax,al]=0; k1
For Fermions, we get:
ToooT T _ Tor N N |
C; CijCg — 5k7jCng = — CZ-CjCkCg =C; CngCk .

{Ckyc;}:(sk,j]l

2.4.2. One-body operators

One-body operators are operators in the usual sense. That is, they are operators that
act on each particle individually, without any interaction terms. The prime examples
would be the kinetic energy and external potentials. These operators can be written as

T:ZTa7
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where all T,, have the same operator 7' € End(#) at position a. From

T=17T1= Z lem) (em|T |en) {en| = ZTmn|em)(en| ,

we see, that we can write T in the following form (the matrix elements of 7" do not
depend upon «):
T = ZTmn Z |em><en|a = Z Ton - Omm -

In the last subsection, we have already investigated, how to express the one-body
exchange operator o,,, differently. We can write down the end result for the second
quantized one-body operator T directly:

> Tyun al a, for bosons
T — m,n

S Ton cincn for fermions
m,n

Remark 2.4.8.

Let @ be the symmetric bilinear form and A the symplectic form from lemma
D.4.1, as well as T = 3, , Tinn|em) (en| be a linear operator on H. Define the
corresponding elements in the Weyl- and Clifford algebra T and T¢ by

TV =T =" Thnlem) o (en| € WH & H*, A)

7€ =T = > Tonlem) o (en| € CUH & H, Q) .

Recalling the definitions of creation and annihilation operators (def. 2.3.1 etc. ),
we recognize T as representation Dg(T") for bosons and Dg(T°) for fermions.

2.4.3. Two-body operators

Besides external potential, there can be pair potentials between the particles. A prime
example are coulomb potentials. To accommodate for these situations, two-body
operators, that have to take into account all interaction between all particles, are
defined.

The pair interaction on H®" between a particle at position o and a particle at position
B can be expressed by

Vag = Y Vigu - lei)lej)(ejlaleds -

1;7]'7]{:7(

As in classical mechanics, instead of summing over all disjoint pairs a < 3, we can sum
over all pairs a # (3, and fix the double counting with the coefficient %:

1 1
V== Y Vag= B D > Vigre leilej){ejlafecs

2 A5 hta a#B B ikl
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1
=3 > VijeOijie -
i7j7k7£

Thus, we get the common form of second quantized two-body operators:

3 Vijke alabagay for bosons
2.4, J (]
‘/ —_— 1’7]7 9’

% ZZ‘/UM ch}czck for fermions
/L'7.j7k’

Remark 2.4.9.
Similar to one-body operators, second quantized two-body operators V can be
regarded as representations Dg(VW) and Dp (V).




Dirac equation

The Dirac equation is an attempt to describe relativistic quantum mechanics. Despite its problems,
that get resolved in quantum field theory, the Dirac theory gives rise to the description of spin
in a natural way. It also suggested the existence of anti particles and it (or its field theoretic
counterpart) shaped the development of relativistic quantum mechanics significantly. This chapter
is again based on [Zir10].

3.1. Motivation

The Schrodinger equation is a quantum mechanical version of classical Hamiltonian me-
chanics. Since we already know, that special relativity generalizes classical mechanics', a
quantum theory is expected to satisfy the energy momentum relation £ = \/p*c? + m?c?.
The first attempt, using the correspondences F <+ ih0, and p? «+ —h?V?2, suffers from
the problem, that an operator

\/h202V2 + m2ct

does not seem to be reasonable. In a power series representation such an operator
would be non-local, containing derivatives up to infinite order. An attempt to fix this
problem is to use the squared energy momentum relation:

—R2O}) = (R*AV? + m*c' ) .

This equation is known as Klein-Gordon equation. We will not inquire this equation
any further, referring to the literature instead, but mention that the Klein-Gordon
equation does not give a continuity equation for a probability density. However, this
was an expectation at the time the equation was developed. The problem arises due to
the second order time derivative.

Motivated by this problem, Dirac sought to find a Hamilton operator H, that satisfies:

e H is linear in all derivatives,
o solutions to H satisfy the squared energy momentum relation.

The second condition has the same reason as before, finding a quantum mechanical
generalization that is compatible with special relativity. The first condition, that can
be regarded as motivation to overcome the problems of the Klein-Gordon equation,
are motivated by the following observation: In special relativity (as well as general
relativity) space and time are described as one structure, having one expect a first order
partial time derivative needing first order spatial derivatives.

'In fact, general relativity is a further generalization. However, so far no one has been able to unify
quantum mechanics and general relativity.
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Guided by these principles, the following ansatz is employed:

3
H = pmc* + ¢ Z ajp? with p; = —ih0y; .
j=1
To recover the energy momentum relation, the following algebraic relations are needed:

=1 poj+a;8 =0, oy + ooy = 20 . (3.1)

From these relations, it is clear that the Dirac coefficients 3 and «; are no elements of
any algebraic field. The Dirac equation then is

ihoyp = Hyp = (chB — ihcia]@%) Y.

j=1

3.2. Spinors and Dirac equation

To find a realization for 8 and «; we define new objects, derived from the Dirac
coefficients:

=8, v = Boy; = —a;f . (3.2)

With the Lorentzian metric g = diag(1,—1,—1,—1) and the standard convention of
special relativity, 2 = ct, 27 = z;, we obtain the new relations:

| Y =20 | (3.3)

Proof 3.2.1.
Assuming, the relations for the Dirac coefficients are satisfied, then:

,_YO,YO +7070 — 252 —9— 2900 7
1 + 97" = BBa; — ;B8 = a; —a; =0,
f)/if}/j + ’yj’)/z = —(Oéi5206j + Oéjﬁ204i) = —(OéiOéj + OéjOél') = —25” = 2gl‘7 .

The other direction follows from the same equations. n

Lemma 3.2.2.
The Dirac equation, written in terms of v, has the form

mc

h>¢:0'

<7“8M +1

This equation is called covariant Dirac equation
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Proof 3.2.3.
0 mc o] 3 mec
0 (v axﬁlhﬂ (Cat ﬁ;a]amzh)w
g2=1 i >
=3 o) = —ﬁﬂmczzﬁ + cZajﬁm].
j=1

3
& ihOyp = me* By — ihe Y ;0,0

J=1

Remark 3.2.4.

The name “covariant” comes from the fact, that the covariant Dirac equation is
form invariant under rotations in the Minkowski space. We will prove this in the
context of electromagnetic fields in theorem 3.3.1.

After we have established the Dirac equation in this new form, using the ~*-s, we can
investigate the relations (3.3), that look like Clifford algebra relations. Remembering
the spinor representation (see section D.3), the v#-s can be understood as linear maps
as well as elements of a Clifford algebra.

The spinor representation in section D.3 was constructed for the Euclidean scalar
product, on the space A(P). Here, we have the Minkowski scalar product, and, as the
position of the indices symbolize, covariant objects. The former will need a different
polarization, while the latter has no severe impact.

Theorem 3.2.5.
Let (R, g) be the Minkowski space with g-orthonormal basis {ey, . .., e3} an choose
the polarization C* = P & P* with

1 1
P = spang {cl = 5(60 +e3), = 5(61 — ieg)} :
P* = spang {01 = 5(60 —e3), Cyi= 5(61 + 262)} :

Let Dg: CI(C*, g) — End(A(P)) be the spinor representation, then y* = g, =
9" Ds(e,) satisfy the relations (3.3) and have the following matriz representation:

0 __ 0 ]1@2 i 0 0j
7= (ﬂ(c2 0 ’ 7= —0j 0 ’

where o; denote the Pauli matrices.
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Proof 3.2.6.

That the relations (3.3) are satisfied is a direct consequence of the homomorphy of
Ds and the diagonality of g. Also, we will only show the claim for 4°, as the rest
follows in exactly the same way. Before we do so, we calculate ¢} (c;):

ci(er) = 20(ci, 1) = 3 (oev, o) — gler,en) = £(1+1) = 1.

The basis of A(P) is {1,¢; A ¢, 1,2}, where we chose this strange order, to
obtain the desired matrix representation. The actions of ¢; and cj are:

Ds(Cl)l =C, DS(Cl)Cl = 0 s Ds(Cl)CQ = C AN Co , D5(01)01 AN Cy = O s
Ds(c))1 =0, Ds(c))er =1, Ds(cy)ea =0, Ds(ci)er ANeg = co .

Since eg = ¢; + ¢} and Dg is also linear, we can read of the action of e:
Yl =Ds(eo)l =c1, 71 =Ds(eo)er =1, 2 =Ds(eg)ca =c1 Nea,

Yoc1 A ca = Dg(eg)er A eg = o .

Thus the matrix representation of v° = ¢~y = 7, choosing

{11 Nea,cr,00) = {(%) ’ (%) ’ (%) ’ @)}

is

0010
o |00 0 1| [0 Ile
771100 0] \1ee 0 )
0100
The other v#-s follow in the same way. [

Remark 3.2.7.

These matrix representations of the y#-s are called Dirac matrices, in the so
called Weyl representation. There are other matrix representations of the
Dirac matrices, for example the Dirac representation. Define the matrices

A:L I, —1o A_1:L I, 1
\/§ I, 1, \/§ =1, 1y) °
The Dirac representation is given by D(e,) = A~ 0 Dg(e,,) o A, resulting in the
Dirac matrices in Dirac representation:

T2 0 ; 0 o
0 __ C J J
= ( 0 —]lcz) ’ T (-O'j 0) '

Whatever the explicit representations of the Dirac matrices, they have in common to
act on A(P) (or A(P*)). Hence ¢ € T(R*, A(P)), that is, : R* — A(P).
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Definition 3.2.8.

The states 1, that the Dirac operator acts on, are called spinor fields. The
representation used for the Dirac matrices gives the kind of spinors, e.g. Dirac
spinors and Weyl spinors.

For the rest of the chapter, we will consider Dirac spinors, if not specified differently.
Furthermore, we denote the Dirac representation also by Ds.

Remark 3.2.9.
For Dirac spinors, the matrix representations of 3 and «; are:

. 1@2 0 o 0 0j
5_<0 —]]_(ﬁ) ’ aj_(O'j 0) ’

To find the transformation behavior of spinors, we consider the general case of maps
f: X — Y, that form a vector space Y~*.? Let G be a group with group actions
Dx:GxX = X and Dy: G xY — Y. A representation of G on Y can be defined
by

D: G— GL(YY), D(g)f =Dy(g)o foDx(g)™".

As group representation D defines an action D: G x Y* — YX. Then one can fix an
element g € G and observe, that the following diagram commutes:

X%

Y
Dx(g) kDy (9)

X D(g)f Y

Example 3.2.10.
Let R € SO(3) be a rotation and v: R* — R? a vector field. Rotations act
naturally on R®. Vector fields transform under rotations as

(Rov)(x) = Ru(R ') .

To adopt the general construction for spionor fields, we recall the spinor representation
Dy from section D.3, observing that Spin(R?*, g) € CI(C%, g), and the homomorphism
p: Spin(V, Q) — SO(V, Q) from subsection D.5.2. Since SO(V, Q) C GL(V), p is also a

representation.

Definition 3.2.11.
Spinors transform under the spin group Spin(R?, g) as

(D(a)y)(v) = Ds(a)i(p(a)"'v) , V¥ a€Spin(R,g).

2 Additional structure for Y is needed to define a vectors space structure on YX.
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3.3. Non-relativistic reduction and spin

There does exist a reduction theory for the Dirac equation, that allows to take higher
then linear order effects into account, called Foldy—Wouthuysen transformation. Here
we will only consider the first order approximations derived by physical reasoning, as
they suffice to result in the Pauli equation. The focus here is to give meaning to the
Dirac equation, and how spin arises in a natural way form the theory.

3.3.1. Dirac equation with electro magnetic fields and covariance

The Faraday form F' € Q*(M,) on the Minkowski space M, = (R%, g) , better known as
antisymmetric field strength tensor, is generated by a potential A € Q(My):

F=dA =  F,=0,A-0.A,.

The property d? = 0 gives rise to the gauge invariance under closed 1-forms, that are
also exact on My. This means, that for all y € C*°(M) and all F' = dA it holds that:

A=A+dy = F=dA .

The choice of a x is the choice of a gauge. The theory of electromagnetism is gauge
invariant. From the Schrodinger equation with non-relativistic electromagnetic fields,
we know the gauge transformation ¢ — eiX¢). The Dirac equation is supposed to be
gauge invariant. The principle of minimal substitution is the substitution 9, — 9,
such that the equation with J/, becomes gauge invariant. We find that

9, (au - Z;AM>

satisfies our needs. The Dirac equation with electro magnetic fields is

’ _ie) C =
’y(&ru EA) Y +in =0,

Theorem 3.3.1.
Let v be a solution of the covariant Dirac equation and a € Spin(R*, g). Then
D(a)y is a solution of the covariant Dirac equation

e

7 (9 = 5 (P@A),) Dla) +i%D(a) =0,

with gauge transformed potential:

The gauge transformation law is just the natural transformation of the 1-form A,

Remark 3.3.2.
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i.e.

Proof 3.3.3.
This proof follows [Zir10, section 2.12].

First, we recall the definition of p(a) as p(a)x = axza™", where the left side is in
the spin group. Thus, with ~, as representation of e, in the spinor representation,
we find:

1

ae,a”' = pla)e, = (p(a))”, e

1 T v

=t = 7 (pla)’, e = (pla)), "

Since p: Spin(R%, g) — SO(R?, g) it holds that p(a)” = p(a)~!, which looks in
Ricci calculus as follows:

= age,a”

= ae"a"t = (p(a)H)7 e" .

Applying the spinor representation, which by definition is a homomorphism, on
both sides, yields:
Ds(a)y Ds(a)™ = (p(a)™")",0"
& Ds(a)y" = (p(a)™)",0" Ds(a) .
Starting from the Dirac equation
e .mc

7" (amu - hAu(x)) (@) +io—t(x) =0,

we multiply with Dg(a) from the left, and use our previous findings:

(pla) 7" (8, = £AE) ) P(@) () + i3 Dis(a)ib(z) = 0.

Next we transform the arguments, using

e )

Oy = oy Oyt Oxv

where y = (p(a) ™'z and z(y) = p(a)y:

e

0= (p(@) )" ()"0, = 5 Au(pla) ")) Dsla)s(p(a)a)

+ im-Ds(a)(p(a) ')

= (pla) ™ pla)” (00—
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.mc

+ Z?D(a)w
=8 (00 = FOWAL) D@y + 1Dl
— (00, = S(OA)A),) D@} + " D)y

Corollary 3.3.4.
If ¢ is a solution of the free Dirac equation, so is D(a)i.

3.3.2. Continuity equation

Writing out the Dirac equation with electromagnetic fields, in terms of # and «, yields:

. : 9
(at + zeq)> YreY (aw - “Ag) o)+ i B =0 . (3.4)
h 7 h h

For the spinors, we have chosen a basis of \(P) ~ C*, which allows to construct a
hermitian scalar product (-,-): C* x C* — C. We assume, that this hermitian scalar
product has a meaning beyond its construction here.

The scalar product allows to define dual spinors 1! € (C*)* by 4" = (,-). The
hermitian adjoint matrices 37 and ole are defined as always. A short calculation reveals
£ and ay to be hermitian. The adjoint equation thus is

. . 2
(- Fo)ul + B> (00, + A ) Wl + i =0 (3.5)

Calculating the term ¢7(3.4) + (3.5)%, results in a continuity equation:

Oy + 3 Oy cdlap =0 = Gp+V-j=0.
~—~— P N——

=p =Je

3.3.3. Non-relativistic limit and Pauli equation

As is the case for any generalization of a theory in physics, the former should be a
limit case. In this case, the Schrodinger equation has to be recovered from the Dirac
equation in the non-relativistic limit. Since we may choose A = 0 at any point, we will
use this opportunity to discover a first order correction for the Schrédinger equation,
the so called Pauli equation.

Writing the Dirac equation with electro magnetic fields in matrix form, we get

(%mc + %825 - %AO)R? 200, — %Aj) . ) Yy g
0= ‘ _ A with Yy = .
— Zj Uj(ag;j - %.Aj) (%mc — %815 + %Ao)ﬂg w_ wi,i
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To shorten the notation, we write

o (A B (vx . 0=Ay + By
C D) \v_ 0=Ciy + Dip_

Assuming that D is invertible, or an inversion can be approximated in the non-relativistic
limit, we may write

Y. =—D'Ci, = (A—BD'C)ipy =0 (3.6)

The non-relativistic limit for weak fields is characterized by the fact, that mc? > 7 Ao
For that reason, the main contribution to the time evolution is determined by

_ (%mc—l—%@t)lg 0 (U (0) _jme?y
0‘( 0" Gme—tagw)\w) T VT

With this contribution, we can approximate D~!. Using —Lopp ~ %1/}, we find

— 2imc? —~_ h
Dy = o — D'~

, 2
2imc?

Using {0, 01} = 20,1 and [0}, 0] = 20 Y-, €000, the operator BC can be calculated:

By - (z i (0, - i;Aj)) (Z 7 (02 - i_fAk)> v
_Z<8@Ugak< - Ak) AUJUk:( - A’f))w
6 2
- zzj: (amjamj - i;amjAj - i;Ajﬁxj + (Z;) A?) 0

> ojok (waxj./lk + ZeAjaxk) Y

Ik, k#i
—2%" (0, - ) V=TS oo (0, A) v
J J#k, k#ﬁ
> ojok (wAkaxj + Ajaxk)w
J#kk#] h h

=0

22 (é?xj — 7;6 ) P+ - Z €kt (axjAk) (0
J

]kf

e 2
(22 (&EJ — h.A]) 1+2 ZO'ZBE) w .
J 14
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Since D! is proportional to 1o, it commutes with B. Inserting the operators D! and
BC in (3.6) results in the Pauli equation with energy shift mc*:

, h? ie  \? eh
zh@t¢+ = (m02 + €©)¢+ - % XJ: (8;,;] - hA]> ¢+ - % %:Ongw_f_ .

Here, B, are the components of the magnetic field and ® = —cA, is the electrical
potential.

3.3.4. Spin

The Pauli equation has an additional contribution to the energy, of the form % > 0eBy.
In classical mechanics, a charged particle, moving on a circular orbit, creates a magnetic
moment of the form g = ﬁl_f In a magnetic field, the potential energy is £ = ~B- i
For that reason, o; could be considered as component of some intrinsic rotation. However,
the commutator relations have an additional factor 2, that needs to be fixed, in order
to understand the energy contribution as something related to angular momentum
(compare theorem B.3.2). This has the following consequences:

o There is an intrinsic pseudo rotation®, called Spin with the operator S; = gaj.
o The additional factor % needs a gyromagnetic factor g = 2, such that u; = g5-.5;.

That spin is no classical rotation can be understand, apart from its mathematical origin,
from the gyromagnetic factor g = 2, that does not fit classical electrodynamics.
For Dirac spinors, the spin operator is defined by

_h O'j 0

The appearance of spin % shows, that the Dirac equation describes only spin % particles.

3.4. Total angular momentum

The Dirac equation gives rise to a new quantity, called spin. In the non-relativistic
reduction, new terms appeared, that we interpreted as some kind of intrinsic angular
momentum. In fact, this point of view is not only an assumption by comparison to
classical physics, but has a mathematical foundation. The total angular momentum
is the generator of spatial rotations of spinors. To see, how such a generator acts on
spinors, we choose X € spin(R*, g), such that exp(tX) € Spin(R?) C Spin(R?, g).

Lemma 3.4.1.
Let Jp = — 3, kcejue; @ ey for £, 5,k € {1,2,3}, where {¥,} is the dual basis of

31t cannot be a proper rotation, since the Pauli matrices generate the SU(2) and not SO(3).
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{ec}. Then it holds that

(X)) =2iJ, , where Dg(Xy) = (%ﬁ 3@) :

Proof 3.4.2.
Using [0, 0%] = 2i Y, €jk000, we find

1
5[%‘,%] .

ek Ds(Xy) =

Hence, in the Clifford algebra it holds that
7

Y= §€ij[6j, ek -

From proof D.5.10, we read of (Q(e;,ej) = —0d;;), that [[e;, ex], en] = —4(dkne; —
d;ner). Plugging in yields:

T(Xo)en = X4, en] = —2i(0knej — djner) , for egp=1.
A direct calculation shows, that
Jzen = —(5,mej + §jnek s for Evjk = 1.

Thus:
T(Eg) = QiJg .

We have already met the representation of elements g € Spin(R*, g) on spinors:

(D(9)¥)(v) = Ds(g)v(p(g) 'v) .

To find a representation for X € spin(R*, g) ~ so(R*, g), we use theorem D.1.14.

Theorem 3.4.3.
Let X € spin(R*, g), such that s0(3) > 7(X) = Xy coJy, where J; are the genera-
tors from the previous lemma, then it holds that

4]
dt|,_,

d

D(etx)l/f = %

Df

Ds(e™) otp o p(e” —Z (Lo + So)y
4

Proof 3.4.4.
The second equation is a generalization of corollary D.1.18:

d

d
dttzoz/wp( ¥)=Dyo - p(e‘tx)'

dt|,_
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Using p(e v = e Xy we find:*

d

p tzoz/; o p(e_tX) =—-Dyor(X).

By assumption, we have 7(X) = ¥, ¢;Jy. For the same reason as in the proof of
that corollary (D¢ = >, 0;1da?), we get

d _
—1 Yople™) Z ceLpp = —— Z ceLgt)
dt|,_,
with Ly = —ih 3>, i €ejnv;0. Using, that Dg is an algebra representation, and thus

'Dg(etX) — etDs(X):

d
dt|,_,

d

tX _
Ds(e )077/}_ dt -

P50 o 4p = Dg(X) o) |

Since 7(X) = ZZ ceJy, which is equivalent to X = >, ¢,77(Jy). The last lemma
tells us, that 77(J,) = —%Eg. Plugging in, and using the spin operator &, =
"iDg(5,) yields:

s /s &)y

d
dt|,_,

Ds(e) oy =Ds(X) o= —1 Y S00
J4

In total, using the product and chain rule, we get

d
dt|,_,

Ds(e™) o pop(e™™)! Z (L + S))
a4

]

As a result of the last theorem, we know that L, + S, generate rotations of spinors. We
define:

Definition 3.4.5.
The total angular momentum operator is defined by J;, = Ly + ;.

3.5. Problems of the Dirac theory

Although the Dirac equation looks promising at first sight, the problems of the Klein-
Gordon equation still exist.

4Similarly we could have calculated %L::o ple ) = 4| et XpetX = _Xv +0X = —[X,0] =

it 1=
—7(X)v.
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3.5.1. Solution of the free Dirac equation

To solve the free Dirac equation (for § and «;), the plane wave ansatz ¢(t,Z) =
e w(Frt=P %)y with u € C* is used. This results in the following eigen value equation:

PR mc*ly  eX op;) [us
PA\u_ ) \eX.op; —mc®ly ) \u_ )~
j OiP;

In the case of zero momentum, the Dirac Hamiltonian has the two eigen values Fy =
+mc?. In general, it holds that (using the shorthand 3°; 0;p; = 7 - p):

(B, — mc*)uy — (- plu_ =0
(B, + me®)u_ —c(G - plu, = 0.

—mc

Figure 3.1.: Energy spectrum of the free Dirac Hamiltonian.

Plugging the second equation, which reads u_ = EC(_‘E;Z')CQ u,, into the first equation
P
results in

(E, —mc®)(E, + mc*)uy — (3 p)*uy = 0.

A matrix calculation shows (& - p)? = p?, such that

E, = £\/p*c2 + m2c* .

We see, that the free Hamiltonian is neither bound from above nor from below. Unbound
operators are no rare thing in quantum mechanics. Yet, having no lower bound poses
a drastic problem. The absence of a lower bound means, that there is no ground
state. This could lead to infinite transition in lower states, allowing to pull an infinite
energy out of nothing, in the presence of strong electromagnetic fields, which certainly
contradicts all observations.
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3.5.2. Conclusion

Further investigation of the Dirac theory that we have introduced so far, reveals, that
while there is a continuity equation, scattering allows for larger than unity reflections,
hinting at two adaptions to be made. The continuity equation does not hold for
probability densities, but for charge densities and the Dirac theory is not a single
particle theory, but a many particle theory. This attempt, a modern version of the
famous concept of the “Dirac sea”, leads to quantum field theory.



Stable second quantization for the
Dirac theory

As mentioned in section 3.5, the Dirac theory still poses serious problems. As hinted at in the
conclusion, the modern interpretation of the Dirac theory is a many particle formulation that allows
to fix the negative spectrum and will result in a field theory. To arrive at the modern formulation
from the perspective of a many particle theory, this section follows [Zir10, Sections 3.6.3 ff.] and
[Zir14].

4.1. The Dirac sea and normal ordering

To fix the problem of an unbound negative spectrum, Dirac utilized the Pauli exclusion
principle, and effectively reduced the Dirac theory to fermions. His idea was to interpret
the vacuum as “sea” of electrons, i.e. all negative energy states being occupied by an
electron. Thus, there can be no transitions of electrons into the negative spectrum,
since all these states are Pauli blocked. Still, there is the possibility for the sea electrons
to be promoted to real electrons, leaving a hole in the sea, that would be perceived as
negative electron, today better known as positron.

(e7,et)-creation

Figure 4.1.: Creation of a particle-hole pair in the Dirac sea picture. (See [Zirl0, 3.6.3 The idea of
hole theory.])

To sketch, how this idea can be realized, we pass to the simplest case, i.e. H ~ C
and thus H = h € R. Then there is one pair of creation/annihilation operators (c', c)
and H = hc'e. If h < 0, the operator is negative and the naive vacuum |0) has to be
changed, i.e. |vac) = c|0). Also the second quantized operator has to be adapted to

—

H = h(cfce—1),

such that H|vac) = 0.

In modern physics, the concept of the Dirac theory has been replaced by QFT. There
might be more elaborate properties of the Dirac see, that have not been validated by
experiment. Yet even in the early days of the theory, it was criticized several times. It
is a great leap of faith to assume an infinite amount of charge and energy to define the
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vacuum state, that is not symmetric in the positive and negative spectrum despite a so
far symmetric theory.

However, there is an equivalent way to fix the negative spectrum, without changing
the vacuum state. In the previous case, the operator ¢! acts as annihilation operator
and c as creation operator on the new vacuum:

cflvac) = c'(c'|0)) =0 and ¢|vac) = cc|0) = [0) #0 .

So we define ¢l = band c = bl. Also, we had to exchange c'c by c¢fc —1 in the expression
for H. Hence: .
H = h(bb' —1) = h((1 = blb) — 1) = —hb'b .

By construction, H|0) = 0 and Hb|0) = —2[0), so H > 0.

Definition 4.1.1.

The process of normal ordering : O: of an expression O is the reordering of
operators, such that the creation operators are further left than the annihilation
operators. For bosons a and fermions ¢ normal ordering has the following rules:

i) :ajaj: = agaj and :clcj: = cchj.
N PR | R T
i) :a;a}: = aja; and Cicy: = —CiC;.

iii) creation operators /annihilation operators change positions among themselves
as usual (ccer- and car-relations).

iv) normal ordering is extended linearly.

With the concept of normal ordering, the construction of H can be realized as :H:.
Choosing a polarization, such that creation and annihilation operators exchange their
roles on the negative spectrum, i.e. H_, then:

H_: = :hbbl: = —hbib=H .

4.2. Stable second quantization

Let H be a Hilbert space and H € End(#) with neither lower nor upper boundary for
its spectrum and no zero eigenvalue, e.g. the Dirac operator. Also assume the existence
of eigen states that define a Hilbert basis. Instead of choosing the natural polarization
H & H*, we are looking for a subspace P C H & H*, such that the normal ordered
second quantized operator :H: is non-negative with respect to that polarization.

By the choice of H, there are orthogonal projections II, and II_, with

KHZKH+@/H,, with Hi:HiH.

Let |h;“> be the eigen states to positive eigen values and |h;) those to negative eigen
values, then I, & can be written explicitly:

I =Y |h7)(h7] .

J
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In other words, the Hilbert space has been decomposed into two orthogonal subspaces,
one consisting of positive eigen states and their linear combinations, and one consisting
of negative eigen states and their linear combinations.

Lemma 4.2.1.
Define Hy := 11 HIl, then it holds that:

H=H,+H._.

Proof 4.2.2.
Let h; be the eigen value to |hf), then H can be written as follows:

H= Zhj]hﬁ(h;l + Zh;|h;><h;| :
J J
Since (h |k, ) = 0 for all j, k we find for H,:

Hy =T HIL = 37 hf R (il | ) (R ) (R |

3kt

= > hf bl ki) (R | =D IhS ) (T
Y j

In the same way:

H_ =3 hylh;) i1,
J

which proves the claim. ]

Definition 4.2.3.
The stable second quantization is the second quantization with respect to
the polarization

P=H,0oH , P=H oMH_.

The corresponding ferminoic Fock space is A(P).

Remembering remark 2.4.8, the second quantized operator H equals the representation
of the corresponding Clifford algebra element H¢. For that reason, it is worthwhile
to look at the representation again. Let |ef) be Hilbert bases of H. and (ef| the
corresponding dual bases of H%. Further, let |[v*) € H, and (w™| € H*, then the
representation Dp works as follows:

Dp(lef)) (Jo") + (w]) = lef) Ao™) +|ef) A w]

De((ei]) (I + (w]) = Q ((ef s [v) + (w]) = {efo*) +0.

Similar rules apply to Dp((e;|) and Dp(]e;)).
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Dp((ej [) (Jo") + (w]) = (ej | AJo™) + (e | A w]
Dp(lep)) (o) + (w[) = Q (leg), v*) + (w|) = 0+ (w|ej) .

It can be observed, that elements in P = H, & H* still create and elements in

= H’ ® H_ still annihilate. Also annihilation is again generalized as anti-derivative
to A(P). To keep the notation short, we adopt the creation-/annihilation operator
notation:

Dp(lef))=ch;,  De(lefh=cry,  De(legh=cl; . Deller)) =cy.
Thus, the Clifford algebra form of H is:

H=H,+H_ =) lef){e]|Hilef)el| + Z le5 ) (es [ H -[ey;) (e |
j?k ]

=D (H)julef ) !+Z ~)iwles ) er |
jk

= HY =3 (Hi)uley) o (ef| + Z -)jles) o {ex |
7.k
= DP(HC) = Z(H+>Jk’ C+gc+k + Z )ik chCT k
gk ak

The normal ordered second quantized operator is:

H: = :Dp (HC>: = Z(H+)Jk Ciij+’k — Z(H,)Jk chc,,j .

J.k 4.k

Remark 4.2.4.
Since normal ordering has the prerequisite of second quantization (here), we will
drop the special notation for second quantization and only write : H:

Lemma 4.2.5.
The operator :H: is a derivation on \(P).

Proof 4.2.6.
The first step is to observe, that the pair of creation and annihilation operators
(cljjci,k) is a derivation on A(P). To see that, let v € P and £ € A(P), then:

chern(wng) =l ((crav) ANE—vAey i)
= (c jerpo) AL (v A eqpf)

= (ciyjcﬁkv) NE+UA (cﬁﬁjcﬁkf) :

The same holds true for C]L_ij_Jc, which proves the claim by linearity. O]
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Theorem 4.2.7.
The operator :H: is a positive on \(P).

Proof 4.2.8.

The operator :H: is a derivation on A(P). Hence it is enough to show positivity on
P=H,®H". On H, the operator :H: acts as H,, which is positive by definition
and on H* it acts as —H! , being also positive, because of the minus sign. O

4.3. Stable second quantization of the
Dirac Hamiltonian

To apply the stable second quantization to the free Dirac Hamiltonian, which does not
have a discrete spectrum, we understand the meaning of eigen vectore more liberally,
and ignore mathematical subtleties. Also, for simplicity we follow [Zir10], that is, we
fix an inertial frame and set ¢ = 0, not using the relativistic invariance.

In this case, the single particle Hilbert space H is the space of spinor fields. Since
we will chosen a basis anyway, this space is (not canonnically) isomorphic to H =
L*(R3) ® C*. Thus, H becomes a matrix (H,.). In the momentum space, for fixed
k, the Dirac equation does not contain any derivatives and becomes a usual matrix
equation.

B0 = (s ") ) = B0
The square of H(k) is (hw(k))?1, where
hw(k) = Vm2ct + h2k2E2 |
i.e. the energy momentum relation. Then it follows that:

H (k)% (k) = (hw(k))*(k) = E(k) H(k)(k) = E(k)*) (k) .

This means, the eigen values are +hw(k). For the two eigen values, we define eigen
states:

H(k)uy(k) = +ho(k) ug(k)  and  H(k)oy(k) = —hw(k) v (k) |

where the index s € {4, —} denotes the two-fold spin degeneracy for each eigen value.
Here we follow [Zirl4] and choose the non-conventional but simpler normalization
conditions:

ul(k)ug (k) = 049 = vi(k)vg (k) and ul (k)vg (k) =0 .

The hermitian adjoint is to be understood as the adjoint with respect to the hermitian
structure of C*, defining a bijection to the dual space. For the spin degeneracy a
common choice is, that s denotes the helecity, i.e. the eigen value with respect to the
operator (see lemma 3.4.1) ﬁ >t Ds(3)ky.
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Dirac Hamiltonian 2

By the choice of the eigen states, and with the isomorphism between linear maps and
tensors, we can write I1(k) explicitly:

Le(k) =Y wd@ul(k)  and  TL(k) = v(k) @ vf(k)

= L=> us(k) ®@ul(k)+ > vs(k) @ vl(k) . (4.1)

The procedure of stable second quantization now proceeds by turning these operators
into the corresponding Clifford algebra elements and to represent them as operators on
the exterior algebra. To be more transparent, we reiterate the steps:

1. First, we define the positive /negative subspaces Hy = II.H, and choose the
Fockspace \(H & H*).

2. The choice of eigen states for H (k) defines a basis for fixed &k such that we define
for the positive subspace:

cho(k) =Dp(us(k))  and ¢y (k) = Dp(ul(k)) -

Here, there is no mistake in the positions of f, since u' is an element of the dual
space and thus corresponds to annihilation.

3. In the stable second quantization, the Hamilton operator acts as —H® on the
negative subspace, which fixes the negative spectrum. However, then Dp(v](k))
creates a particle with negative momentum —k since p — —p’. Furthermore, the
created particle has also the helecity —s for the same reason. To keep the notation
meaningful, we have to define:

cl (k) =Dp(l,(=k)) and  c_ (k) =Dp(v_s(—k)) .
4. The Hamilton operator for fixed k is:
HH (k): = hw(k) - T (k) 4+ (=hw(k)) - T (k) = hw(k)(I14.(k) — T (k) .

Applying the the stable second quantization and summing/integrating over the
momentum space with measure dk? yields:

(2m)?

H: = / (;ii; hw(k) ; (Cl,s(k)@r,s(k) + cT_y_s(—k;)c,’,s(—k))

-/ (jjj)g heo(k) 3 el (k)er (k)

+f (;li;

-/ éli)s Ro(k) 3 (chsBews(k) + e (k)e-(k) -

S

hw(k) Y-l (=R —o(—k)

In the last equality we used, that we sum over all s and integrate over all k, where
w(k) = w(=k) allowing to ignore the minus sign.
L(E in one dimension:

| avemisen = [ aen wensm = - [ aen w-nsm
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Lemma 4.3.1.
The electron/positron creation /annihilation operators cl’s(k) and
ct s(k) satisfy the following anti-commutator relations:

{Cas(k), ¢ (K)} = (27)°8aplesd(k — k) ,

{cho(k),ch o (KN} = 0= {cas(k), ca (K)} -

Proof 4.3.2.

The operators cjbs(k) and cy (k) have a momentum dependence. Let cLs(x) and
¢t s(x) be the corresponding position dependent operators, related by Fourier
transformation:

crs(k) = /dx3 e*ikxci,s(x) and c;s(k) = /da;3 eikmclys(x) )

The operator fields have to satisfy the canonical field anti-commutator relations
(as used in canonical quantizations):

{Ca75<x>7 CTB,S/ (SC/>} = (533’5a5(5<1‘ - QZ/) ,

{cho(@),ch o (2")} = 0= {cau(2), co(2)} -

The Kronecker-deltas d,s and d,3 are motivated by theorem D.4.4 and the fact,
that different indices correspond to different “elements” in the Hilbert space.

Hence, using lemma F.3.4 in the integral kernel notation together with quantum
mechanical Fourier normalization:

{exalh).cho(K)} = [da? [y e Hes (o). o)
— 5ssf/dl’3/dy3 eiikxeikly(S(;L’—y)

— by [ da® ) — (2m)8,05(k ~ ) |

The remaining anti-commutator relations can be shown in the same way. ]

4.4. Dirac field

So far, we have only found an expression for the Hamiltonian, that fixes the issues of
the one particle Dirac theory. One could try to apply the stable second quantization for
other operators, trying to find mutual compatible splittings H = H, & H_. Yet, since
a modern description is a field theoretic description anyway, we will adopt a concept

_ _/jo —dk w(k)f(k) = /Oo dk w(k)f(k) .

— 00
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called field operator. Here we introduce it from the perspective of second quantization,
rather then canonical quantization (since it yields the same result in this case).

Let |j) be a proper Hilbert basis, |x) and |y) be position states respectively, then,
using the pseudo completeness relations:

H=3 [j)(lHIk) K~ H=) (jlH[k)e,

k/l?j ]7k

H =Y (jlH k) = [do* [dy 3 (Gl) ol Hla)alk)ler

Jk

J

= [a2? [y’ (g HI2)W () ¥(a)

_ /dx3/dy3 (y|H|z) (ZC?(JM) <Z<$Vk>ck>

k

Definition 4.4.1.
The field operators are defined by

Vi) = c(jlz)  and  ¥(2) = (zli)e; ,

J J

where {|7)} is a Hilbert basis of the single particle Hilbert space and c}, c; are
the corresponding bosonic/fermionic creation and annihilation operators.

With definition E.2.2, the formula for the second quantized operator can be simplified:
H= [di [ dy W () ylHI0)8() = [do® [ dy* '(y)(yla) HO ()
= /dx3/dy3 U(y)o(x —y)HY(2) = /dx3\I/T(x)H\IJ(a:) ,

where H acts on W(x) by its representation on L*(R").

Lemma 4.4.2.
The Field operators satisfy the following (anti)-commutation relations:

[T'(z), PM(y)le =0,  [P(2), ¥(y)]le =0

and [¥(z), ¥ (y))e =d(z —y) .

Proof 4.4.3.

This statement seems simple enough. Yet, to exchange the order of sums, it is
necessary to show, that the limits behind the infinite sums are continuous with
respect to a norm/topology, we are yet to choose. Here we do assume this to be
true.

(@ (@), ®(y)le = D _(zli){ylk)es ele = D _(z]i){ylk) - 0=0.

Jik gk
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The same calculation holds for [¥T(z), Uf(y)].. For the last relation, we are sloppy
again, using (x|y) = d(x — y):

[ (), ' (y)] Z( ) (klyde, el = D (ald) (kly)dsm

7.k

Z z]7) (jly) = (xly) = 0(z —y) .

J

]

Since we have already used the pseudo-completeness relations, we may as well drop the
condition of proper Hilbert basis and define

3
W) = [ ralelbdelh)
With (anti)-commutation relations for the creation/annihilation operators using Delta
functions instead of Kronecker deltas, as in lemma 4.3.1. The properties for the Field
operators presented so far stay the same, as can be checked by similar calculations,
using the pseudo completeness relations instead of the proper completeness relations.

For the Dirac field we make the ansatz by a mode expansion of positive/negative
energy states U(z) = ¥t (z) + U~ (x):

dk?
‘If+(l') = / MZUS C+S

U (z) = / (;i?’:)geikfzvs(k)cf_,_s(—k) .

s

The peculiar choice of CL,S(k) is because we already know the meaning of creation/
annihilation operators from the stable second quantization (cy (k) = Dp(ul(k)) and

(k) = Dol (=K))).

Definition 4.4.4.
The Dirac field is defined by

Uw) = | (;Zi) e 3 (uy(k)e,s (k) + vy ()l _o(=K)) -

S

Choosing different spinors us(k) and vs(k), the Dirac field might need different normal-
ization factors, such that one obtains the anti commutation relations form the next
lemma.

Remark 4.4.5.

In quantum field theory, using the canonical quantizations explained in chapter 5,
one obtains the same field operators (after applying Dirac’s hole theory). Using
Noether’s theorem, one obtains the same expressions for the momentum and
charge operators. In this case, the energy-momentum tensor and U(1)-phase
symmetry for charge are used.




4.4. Dirac field

%}

For completeness, it should be mentioned, that in the process of canonical quan-
tization one obtains different creation/annihilation operators, whose physical
meaning has to be deduced.

Lemma 4.4.6.
The Dirac field satisfies the canonical field anti commutator relations:
{Wa(@), ¥ls()} =0,  {¥%a), ¥(y)} =0
and {92 (), Ws(y)} = 935( — 1)
Proof 4.4.7.

First calculate UT(z):

W) = [ e 2 (eba(bul(h) + kel )

To avoid an overload of notation we write u,(s, k) instead of (us(k))q. Then, with
lemma 4.3.1 we find:

{(u(s, k)eq (k) + v (s, k)et (k) ,
(cho(Ouls(r,0) + e™e_ (=0 (r,0)) }
= {u(s, k)ey o (k) ¢ (O)u %(M)}
+ {v* (s, k)el _o(=k), e o (=Owla(r, 0} +0
= u®(s, k)uls(r,0) {C+s<k) ek (0}
+ 0% (s, k)ola(r, 0) {cl _(=k),c. (=0}
= (u(s, k)uls(r, 0) + v (s, k)l s(r, 0)) 6,40 (k — 0)
Finally plugging in and using (4.1), which reads
S ua(s, k)uls(s, k) + v (s, k)vTﬁ(s,k) = 0g :

. dk:3 de
@ st = [ 5o [ Gy

pike —uzyz{( s, k)ey (k) +v%(s, k)e __S( k)) ,
(ch o (Ouls(r, 0) + e (~00T5(r, 0)) }
7/ dk d( pike ﬂlyz:( SkuﬂTf)

+0° (s, kvl a(r, €)) 6,40 (k — 0)

k3 -
278 e Ny (s, k)utg(s, k) + v (s, k)vls(s, k)
T s

ak?
_ sa v ik(z—y) _ sa o
55/(277)36 050(r —y) .
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The remaining anti-commutator relations can be shown in the same way. O]

Theorem 4.4.8.
Let H be the Dirac Hamiltonian, then the stable second quantized Hamiltonian
:H: is given by:

H: = :/ de3 T (2) HU(x): .

Proof 4.4.9.
First we need to evaluate HWU(x). We notice, that H in the position representation
is given by

mc? —iheY; 050y,
—ihcS; 050, —mc? ’
if we use the C* components. This means:

H e Z (us(k)er s (k) + va(R)cl (k)
_ mz H (k) (us(k)ey o(k) + va(k)el _(<k))

where H (k) is the matrix of H in the momentum pace. Thus

HU(z) = / (;li)seikzhw(k)z(us(k)ch,s(k)—vs(k)cl_s(—k:)) .

S

For [dz®VUt(x)HV(z) we find:
3 d£3 dkg 72‘217 ikx
/ AW (2) HY (2 / dz® / g )
> (cl,muiw)us<k:>c+,s<k:> — e (=0)uf(Ovs(k)el _ (k)

7,8

— e (Oul(Ovs(R)e o (=k) + e (=00} (Ous(k)es o(R))

:/<d€3 / dk3 (/dx?, i(h— e):c) heo(k)

(27
> (ks <E>C+,S<k> — e (O (k) b

7,8

(4.2)
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In the last step, we have changed the sign of —k and —s, for the same reason as in
the last subsection. Normal ordering concludes the proof:

[ dr v @) @) = [ (;li; Beolk) 3 (el () a (k) + ¢! (R)e o(R)) = iH: .

S

With similar calculations, the momentum and charge can be calculated:

= e (el = [ 5 by 3 (B + (B )

=:e- /diL‘ \IIT(a:)\I/(x) =€- / <g7]:;_>3 Z (Cl,s(k)CJr,s(k) - Ci’s(k)cf,saf))

s

Remark 4.4.10.

The reason for :p;: to have the same sign for electrons c; and positrons c_ is,
that k; unlike w(k) is not symmetric but anti symmetric. So to go from c_ ;(—k)
to c_ s(k) etc. the sign in front changes. For :(): however, there is nothing of
that sort, such that electrons and positrons have different charge. This is the
reinterpretation of the probability density as charge density.

4.5. Dirac field and time dependence

One way to find the time dependence, one could quantize the covariant Dirac action.
Here we choose the more intuitive way, by splitting the Dirac field in positive and negative
part and adding the corresponding time exponential e~ %", where Ej, = +hw(k), from
the plane wave solutions:

W) = | (;li)?)eikxzs:(us(k)c+,s(k)+vs(k)cT7s(—k))

-/ (Zi) > (e uk)ero(k) + e u(—k)el (k)

3
~ WUz, t) / dr 32( ety (k) ey (k) + e Rt Wiy (“k)el (k) -

Next, we use the four-wave-vector k = (= E:k ,k) and the four position x = (ct, z),

together with the Minkowski metric kx = g(k,x) = w(k)t — kz to find:

U(x) = / dk33 ( e (k)ey s (k) + eikxvs(—k)cf_v_s(k)) :
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4.6. Relativistic conventions and useful relations

In the last sections, the relativistic covariance of the Dirac theory has not been em-
phasized, to keep the focus on the many particle interpretation. However, as most
textbooks use the relativistic formulation with appropriate conventions (compare for
example [BD94, section 3.1]), it is worthwhile to consider them as well.

To adopt the conventions of [BD94, section 3.1] we follow the remarks of [Zirl4,
appendix of the quantization of the Dirac field].

4.6.1. Useful relations of the ~v-matrices

Recalling subsection 3.3.2, the hermiticity of 5 and a, lead to a continuity equation,
that corresponds to charge conservation in the many particle interpretation of the Dirac
theory. The hermiticity so far is a result of the Dirac representation of the y-matrices
and (3.2) This hermiticity is promoted to an axiom of the theory. For the y-matrices,
this axiom reads:

()" =%

Using (3.1), this can be seen as follows:
T
B=p8"=(1") =1 =86 =8,

N ,
(v) = (Bay) = a}f" = a5 = B0 = B(Bay)B = 2"+"" .
For the trace identities of gamma matrices, that do not depend on the chosen represen-

tation, we introduce a shorthand notation, often used in field theory and relativistic
quantum mechanics:

Definition 4.6.1 (Feynman slash notation).
Let A = (Ap, A1, Az, A3) be a family of four objects, then

A= At

Another convention is the definition of 7°:

A5 = in0nln2e3

Remark 4.6.2.
We make the convention here, that with gamma matrices we only mean the original
four ~*.

Corollary 4.6.3.
~® has the following properties:

i) (75)T=75 i) (75)221 i) {y°,7*}=0.
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Proof 4.6.4.
i) Using (7°)? = 1:

P
(75) :_Z(VO)T(WI)T(VI)T(Vg)T_ A e S R R R e

—i7' Y0 = iy P = 4P

ii) Using that the gamma matrices anticommute and (7°)? =1, (19)? = —1:
2
(7*)” = =1"v"** 0y = —(-1)%(-1)*1 =1 .

iii) Since Y#4¥ = —y"~* for pu # v there are always 3 interchanges, such that

]

We conclude this subsection by stating some representation independent identities for
the v-matrices. Most of the proofs can be found in [BD94, section 7.2].

VA =g =41, b =24, yudby =4a-b 1,
Tudbgr = —%W and wﬂffdv“ = 2(ddb¢ + ¢bdd).

tr(y" .. M) =0, tr(7°) = 0 and tr(y°y#1 ... y#") = 0 for odd n.

tr(¢h) = 4a - b 1.

o tr(d Zi: 1oaj te(d, o).

tr(fy5¢l5) =0 and tr(75¢]5¢¢l) = 4i€a375aabﬁcvd5 1.
tr(d,dy . ..y, ) = tr(d,, .. dott,).

4.6.2. Construction of u.(k) and vs(k)

To construct the Dirac field, positive and negative solutions with eigen spinors ug and
v, have been used. The k£ dependence has not been specified up to the convenient
normalization conditions ul(k)uy (k) = dss = vi(k)vy (k) and ul(k)vy (k) = 0. In the
relativistic version, one constructs the k& dependence from the static solution k£ = 0 by
lorentz boosts, which will give rise to new normalization conditions. We start form the
static situation k = 0 for the relativistic Dirac equation:

at zmc? 0 0 0
. P imc?
0 mmc B 0 O + "5+~ 0 0 B

0 0 O —0; + ””C
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imc? imc
As ususal, the ansatz is 1 (x) = w,(0)e™ "% ¢ = w,(0)e~* """ with spinors w,(0),

where we have defined:
{ 1 , r=1,2 positive energy solutions
Ep = o

1 , r=3,4 negative energy solutions

For the positive/negative energy solutions, we choose the spinors (in Dirac representa-
tion):

— o O o O O =

— OO0 oo ~o

0

In general, not using the Dirac representation, one demands that
w,(0) %W, (0) = .6y

To define w, (k) for non-zero k, we consider a general solution v,.(q) = w, (k)e=sr*kue" (@),
The idea is now, to Lorentz boost the static solution ¥(*)(q) to a solution 1,(q). Formally
we consider a Lorentz boost (special Lorentz transformation) L = eX € SO(R?, g), with
X € so(R* g). From subsection D.5.2 and definition 3.2.11 we know, how Lorentz
transformations act on spinor fields:

D(L)(a) = Ds (¢7 X)) (L ™'q) .

From the condition

!

DL (q) = w, (k)e =™ (@ =, (k)e =" | (4.3)
we read of the spinors at k # 0 (using lemma D.5.13):

w, (k) == Dg (eTﬁl(X)) w,(0) = Dg (eéxaﬁ[ea’eﬁ}) w,(0) = S(L)w,(0) .

Remark 4.6.5.
Comparing the exponentials yields:
me o _me

L—lu v —7L_10 vo_ v L_losz‘y.
(L 0) = L = k> (L), =

To calculate Dg (eéx&ﬁ[ea’eﬁ]) explicitly, one would have to express
esXasle™e”] iy the Clifford basis. However, for the purpose of the textbook normalization,
it is enough to observe, that the exponential map and the representation commute and
thus:

S(L) — DS (e%Xaﬁ[eaveﬁ]) — GDS(%Xaﬁ[eaveB])

— 6§XQB[DS(BQ)7DS(6ﬂ)] — eéXo‘B['ya’fyﬂ] . (44>
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Since X5 € R, it follows that
S(L)T — e8Xaslr 1N _ 05 Xasl(VP) ()] 5 Xas? 0P

— (=5 Xaplr* "Dy _ yoe—éXQahaﬁﬁ]VO =1°S(L)"1° .
To obtain the second line, we have used, that
(Y1) = A Y = T

This result, together with the construction of w, (k) from the already normalized w,(0)
leads to the following normalization:

Lemma 4.6.6.
It holds that

us(k:)ffyous/(k) = 04y and vs(k:)TfyOvsf(k:) = —0,y .
Proof 4.6.7.

wy (k)1 w, (k) = w,(0)1S(L) 158 (L)w, (0) = w,(0)'7°S(L) 17 S (L)w, (0)
= w,(0)17 W, (0) = £,0, .

]

This normalization condition is the reason for a notation in the literature, that is easily
confused with complex conjugation:

Definition 4.6.8.
Let ¢ be a spinor, then one defines

4.6.3. Lorentz boost of spinors

So far, the abstract rules for the action of SO(R?, g) on spinors have been enough to
prove important properties. To find further identities for us(k) and vs(k), an explicit
expression for S(L) is needed. To find such an explicit expression, the generator X of
L has to be found first.

Lemma 4.6.9.
Let L be a Lorentz boost that boosts (3¢,0) to (%) ), where

w(k) = \/(mth)Q + ||k||2c2. Then for

xt, = L SRt + 880)
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with — 0(k) = cosh ™ (p(k)) and (k) = 1+("k"h>

mc

it holds that

Proof 4.6.10.
First we consider

1 i i
Y, = o RO+ 88)

0 K/l K/ikl ik
kY |1k 0 0 0

= Y=l o0 o0 o
ikl 0 0 0
We calculate:
YEYY = HkIP Z k'K (8061 + 61,64 (858% + 846y) = HkH2 Zk:’k:] 8164 0%035)
2,7=1
(k26460 + Kk 68%) = o469 + R
WZ( ; )=k + HkHQ 2
0 0 0
oy [0 EE e ME kg B e

K2R kij2 K2R 2 K2R /2
KR g2 K2R 2 KPR /g2

o O O

And also:

v A VA 0 V2D 0 i
YEYY Y HkH ST R (8967 + 6407) (5*‘5 ||k||2 Zk kﬂd%ﬂ)
- V4 |13v4 i1l 05y
L (505” TN >
1
SRS — S K05
] 2= )3
1
= Wzg:kf(agag +0,05) = Y*,

Thus we see that Y3 =Y or in general:

y?n = y? and y>’tl =y |

It follows that

exp(X) =exp(fY) = >




4.6. Relativistic conventions and useful relations

63

92ny2n 92n+ly2n+1
1+§: + D o
neN ! neNp <2n + 1)
92n+1
—1+§:

+ Y oY
G g e
=(1- Y2) + Cosh( )Y2 + sinh(0)Y
Now we have to show that exp(X)(%¢,0) = (B k).

c

For the zeroth component we calculate:

COSh(@)@ — cosh(cosh™ @ = (,0720

i "f,l’ch Jmc )+ ke = 4O

For the i-th component one uses sinh( cosh™ =+Vx?—1:, to see that

%

Remark 4.6.11.
For further calculations, it is useful to observe that

\/m204 + R2||k||>c?

mc mc?

Lemma 4.6.12.
Let L, X and 0 as in lemma /.0.9, then it holds that

- 053 kinOys
S(L) == Dg(e™ X)) = exp <2||k?||M> :

Proof 4.6.13.

Becaus of (4.4), it only has to be shown that
1 0% k'Y’
*Xa [7(1776] ==
37 2 [kl

First we calculate:

0 */ikl Kkl F /il
—k/ |1k 0 0 0
(Xap) = —E /e 0 0 0
—k/ k| 0 0 0
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Then with [7°, 7] = 299!

OO I i SRR NN I SN
oc/3'7>7 _8 gt ||kf||7’7 j:1 ||k‘||77ry
WE K T kigdy
=5 YLYl =3
I e

Theorem 4.6.14.

It holds that
E + mc? he . :
L — = ]l = 1.0 1 )
S(L) V' 2mec? ( +E—|—m02 <;k77>>

Proof 4.6.15.
First we calculate (32; kv°9%)". Using v'y/ = —494* for i # j:

2
(Z kz,yo,yz> _ +Z(k,z)2:ﬂ_ _ kle(,yl,YQ +'V2'71) _ k1k3(’71’}/3 +7371)

— E'E (77 +4%°)
= [[KIIP1 .

2n
= (Rer) =

2n+1
and <Z ]{ZZ’)/O’)/L) — ||k||2n <Z k27072> ]
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This allows to calculate:

e 92, K \"
exp (9 Y1 kw%’) _y 2 A _
2 ||k ot n!
0 2n
_y (a) ( )
neNy < )
2n+1 i1
2\|ku i
ki
* 3 e (297
0 2n (9 2n+1
2 2 0_i
= I+ ( 77)
n%\:lo (2n)! Hk;|| n%o 2n + 1)! Z

(
9 smh
= cosh ) < k'~ z)
2 H’fH

)

Using the trigonometric identities cosh(L cosh™ (p)) = V\%r we find:

b Q B | E + mc?
o’ 2/ 2mc?

Another trigonometric identity is tanh(¥) = —tanh(e) __ Gince we already have
)=

144/ 1—tanh(p)?
‘kw , we get tanh(f) = @ Thus:

e
tanh <9> _ i _ I%]|7e _ _lIKflne
2) 1+

/1 — HM\;Z%Q B \/E2 —n2|k|2e2  E—mc®
Plugging in, we obtain:

w0 (st ()

seen that cosh(f) = ¢ = -Z; and sinh(6

4.6.4. Further identities for u.(k) and vs(k) in Dirac
representation

In theorem 4.6.14 we have found an explicit expression for S(L). Using that 799" = a;
and the Dirac representation (see remark 3.2.9), one obtains the matrix from [BD94,
(3.7)]:

3 —_
p7c p c
1 0 E+mc?2  E+mc?

2 pte —pic
sy =/ Erme | O L Foe Fme
22 _pc  _pc 1 0 ’
E+mc? E—i—mc2

+
p_c _p c
E+mc? E+mc? 0 1
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where p? = hk? and p* = A(k! £ ik?). With this explicit matrix representation, the
following identities boil down to direct calculations:

E

us(k)Tusl(k) = W(SSS’ = vskTvsx(k)

S uy(k) ® (k) = ; (11 + 59”’“#)

s

= S (k) (k) = ; <]1 * hk):

S mc

B 1 o\
= Zsjvs(k) 0u(k)s = —5 (11 — mc%) ;
= ZUS(k) Y as(k> - Us(k) & US(k) =

4.6.5. Dirac field with relativistic conventions

With the spinors constructed in this section, the Dirac field gets a new normalization
dk?
)3

coefficient:
v(x) = [ e hgf]z);(eikxus(/c)c+,s(k)+eikxvs<—k)cf,S(k))

The new normalization coefficients appear because of the following: In the proof
of the anti commutation relations of the Dirac field in lemma 4.4.6 , it was used
that us(k) ug (k) = 65 = vikTvg (k). With the relativistic convention the line reads
usktug (k) = %(585/ = vy(k)Tvy (k), such that each u and v need an additional coefficient

me2




Part Il.
Quantum field theory

The search for a relativistic covariant quantum theory has lead to a reinterpre-
tation of a single particle theory to a many particle theory. In the course of
this reinterpretation, a new object, called field operator appeared. This is the
starting point of quantum field theory, where one studies quantum fields and
their emergence from classical field theories. Another quantization approach
that is introduced in this part is the concept of functional integrals.



Canonical quantization

Morally, quantum mechanics as detailed theory of the microscopic scale has to give rise to classical
mechanics for a large amount of particles in the meter scale. However, classical theories are well
understood because of their ususal readiness for experiments. In contrast, it took years and still
does to test even simple quantum mechanical hypotheses. Thus, most of the time, one tries to
generalize classical theories to a quantum theory. This process is called quantization of a (field)
theory. However, there is no unique, perfect quantization scheme. Instead, numerous quantizations
have proven to be more or less efficient for different problems. One such quantization scheme is
the canonical quantization, inspired by the historically first transition from classical mechanics
to single particle quantum mechanics.

5.1. Reminder: Analytical mechanics

As preparation for the canonical field quantization, the basics of analytical mechanics
are briefly summarized. This section is more or less inspired by [Zir15].

5.1.1. Lagrange functions

Let (A, V,+) be an affine space. A classical Lagrange function L, for a system with f
degrees of freedom is a map:

L:AXx .. XxXAXAX.. xXAXR—R,

f-times f-times

(1,47, v1,...,0p,t) = (q,v,t) — L(g,v,1) .

In the context of physics, v = v(t) describes the velocities and ¢ = ¢(t) describes the
positions, i.e. v = ¢. Also, the Lagrange function is the difference between the kinetic
energy 1" and the potential energy U: L =T —U.

The action of the Lagrange function is defined by S(I') := [/*(L o v)(t) dt, where
t — ~y(t) is a parametrization of the curve I'. The equations of motions follow from
Hamilton’s principle of stationary action, i.e. dS(I', ) = 0 for all curves ¥ with
P(t) = 0 = 1(ty). With the methods of chapter G, the equations of motion, better
known as Fuler-Lagrange equations follow:

0L(g,¢,t)  d O0L(q,q,1)

— =0.
dq; dt  0q;
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5.1.2. Legendre transformation and Hamilton function

Let f: X — R be a continuous function for a vector space X. This function is called
convex, if

Vo,y € X flz+1t(y —2)) < fl) +1(f(y) — f(x)) VEe01].

Graphically this means, that the value of the function of points on the straight line
between x and y is less than the corresponding value of the line in R between f(x) and
f(y)."! In the case X = R it can be understood as the function being always below
secant lines.

Definition 5.1.1.
The Legendre transformation £ maps convex functions C°(X) onto functions
CU(X*) by

(££)(p) = sup{p(z) — f(2)} .

zeX
Lemma 5.1.2.
Let f: X — R be convez, then the function F,: X — R | © — p(z) — f(x) is
concave.
Proof 5.1.3.

Let z,y € X be arbitrary and ¢ € [0, 1]:

p linear

Fp(x+t(y —z) " =" plx) +tp(y) — p(z)
f convex

> p(r) +t(p(y) — p(z
p(x) — f(x) +t(p(y) — fly) — p(z) + f())
Fp@) + t(Fp(y) - Fp(x)) .

\_/l
|
= Z
8
\_/+
=
==
Kh|
~~
& &
|
-
—
=

Theorem 5.1.4.
Let f € CY(X), then the Legendre transformation is given by

(£f)(p) = p(h(p)) — f(h(p))

where h: X* — X is defined as the inverse of the map g: X — X*, x — (df),.

Proof 5.1.5.
Define the function F,(z) = p(z) — f(z). By definition, the function F,(x) has a

1Usually, the condition is written differently as f(ty + (1 —t)z) < tf(y) + (1 —t)f(z).
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global maximum in z,, such that

Fy{ay) = sup Fy{a) = sup{p(z) = f(@)} = (£)(0) -

zeX

Since X has no boundary points as vector space, the global maximum is also a local
maximum, such that (dF,),,(v) = 0 Vv € X determines z,. Since F}, is concave
(lemma 5.1.2), z, is determined uniquely, such that we need no further condition
like the Hessian etc.. We calculate”:

d

(@)elo) = 5| platsv)= T pla) s opo) =plo)

s=0 s=0

Hence:
(de)xp (U) = p(U) - (df)acp (U) =0 < P = (df):vp = g(‘rp)

&z, =h(p) .

Finally, plugging in the expression for x, proves the claim:

(£1)(p) = Fyp(xp) = p(h(p)) — f(h(p)) -

Corollary 5.1.6.
The relation between p and x, is given by

z,=h(p) and  p=(df)s,

Let {e;} be an arbitrary basis of X and {9'} the dual basis of X*. Then:

(Lf)(p) = pih'(p) — f(h(p)) ,

where we have used the summation convention and p = p;9® and h = he;. Furthermore:

9 A
p=), =T | =

(5.1)

Theorem 5.1.7.
Let f € C*(X) be a convex function, then the following equalities hold:

i) DySf = h(p) i) (S(L1)(x) = f(x) -

The latter means, that £ is an involution, i.e. £* = 1.

2The isomorphism of X and X** allows for the even shorter calculation dp(v) = v(p) = p(v).
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Proof 5.1.8.
First we calculate D,(po h). Let v € X*, then:

Dypo b)) =

jg i p(h(p + sv)) + sv(h(p + sv))

= p(Dyph(v)) + v(h(p)) = (p o Dyh)(v) + (h(p))(v) -

Thus we find the first claim:

) (p+ sv)(h(p + sv))

Dpﬂf =po Dyh+ h(p) — Dh(p)f o D,h
=po Dyh+ h(p) — g(h(p)) e D,H
:ponh—l—h(p) —pODpH:h(p) .

For the second claim we define h: X — X* as the inverse of p — D,£f. With
D,Lf = h(p) it follows that h o h = 1. Using the canonical isomorphism X** = X,
we know that h(x)(z) = z(h(x))

]

The Hamilton function is defined as Legendre transformation of a Lagrange function for
fixed ¢ and t, i.e. f: ¢ L(q,q,t): With theorem 5.1.4 and corollary 5.1.6 this means:

Y

QZQP
For the momentum (5.1) then reads

J0L(q, ¢y, 1)

bi = o

It is common practice to identify ¢ and ¢, notationally and simply write

_ 9L(g,4,1)

The Euler-Lagrange equations become Hamilton’s equation:

. OH . OH
P = ——7— and k. = R
p
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5.1.3. Extension to fields

The extension of Lagrangian mechanics for fields is covered in chapter G, here we will
only adopt further physical conventions. The Lagrange function L(¢%, ¢%,) is defined
in terms of Lagrange densities (also called Lagrangian) £(¢%, ) by

L(8h,0h,) = [ £6h, 04,0 da' .. da"
The zeroth coordinate corresponds to the time and is given by 2° = ¢t in Minkowski-

spacetime. Since the difference is only a factor ¢ we will consider the Euclidean case
and use 2° and t interchangeably. The action is as usual defined by

= [ L6}, 04,) da® = [ £(9h,05,) da®...da",

in accordance to chapter GG. In said chapter, it is shown that:

55 _ 0L(0).0h,) _, OL(0h.0),)
oy~ ek M agl,

Following [AS10, chapter 1], we define:

Definition 5.1.9.
Let L£(¢;,0;¢;) be a Lagrangian. The canonical momenta ,, conjugate to ¢,

is defined by
Db
If the relation between 7, and @ is invertible, i.e. gbg can be written in terms of

the m;: ég(qﬁj, 7;), the Hamilton density # is defined by

ijvﬂ'] Zﬂ'ﬁ ¢€ ¢]78¢j) °

Ty ==

Lemma 5.1.10.
Let L = [ L dz'...dz"™ be a Lagrange function, then the canonical momentum is

given by
oL

% .

7'('@(1‘) =

Proof 5.1.11. . ' )
The Lagrange function defines a functional L[¢;] of ¢; but not ¢;. The Euler-
Lagrange equations for ¢, and ¢; (note that (%fé = 0) yield:

Loy = [T gy det e L[5 o da”
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oc ot
Oy S

Theorem 5.1.12.

Let H be a Hamilton density, derived as Legendre transform from a Lagrange
density and H = [H dx'...da"™ the Hamilton function. Then, the canonical
equations of motion read

: 0H , oH
¢g = 5_’7'@ and Ty = —m o

Proof 5.1.13.
The first equation is immediate, since H depends only on m; but not 7;, such that
0H oL ddp -
+) m — = Qv ,
(Sﬂ'g ¢é Z k@ Ty Zagbkaﬂ'g Z
where 2 W = 7, was used. For 2 5o ¢ , the Euler-Lagrange equations yield:
0H OH 5 OH 8£+8 Lo oL ) oL
— == = — s =Ty — — .
S0 0be " O(Oie) o0 T TR 0(0kde) "
Since we want to find solutions, that satisfy Hamilton’s principle of least action, it
holds that 5% = 0, which leads to the claim. O

5.1.4. Noether’s theorem

Noether’s theorem relating symmetries and continuity equations, that lead to conserved
quantities with proper boundary conditions, also exists for fields. For this subsection
we follow more or less [Weil4, section 1.3].

Remark 5.1.14.

This subsection should be read with caution, as the author is not sure, if the
definitions do work in the general context. The goal is, to define symmetries and
conservation laws, without the use of infinitesimals. So far, this does only work, if
the Lagrangian does not explicitly depend on position/time.

Definition 5.1.15.
Let £(¢y,0,¢,) be a Lagrangian density. A continuous symmetry is a differ-
entiable one parameter group (¢, )s with (¢,)o = ¢,, such that

d

% E(((bu)s,a‘u((ﬁy)s) — auK“ :

s=0
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I for some K*.

This definition of a symmetry allows to formulate Noether’s theorem without the need
of infinitesimals.

Let (¢,)s be a continuous symmetry with 5

=3, (aam )X — K", then on-shell, i.e. if the ¢ satisfies the equations of
motion, it holds that:

Theorem 5.1.16.
% » (¢)s = X, and

0,5" =0 .

Proof 5.1.17.
Before using the assumption of any symmetry we can calculate ( using (¢,)o = ¢, ):

d oL d oL d
GO S o IRt IS
oL d oL d
-3 (o a3 (e )

3 (aa}j@) = <¢,,>5)
Z(Za (agfb = <¢V>s)
(o5 -3 (vager)) 7, )
=350 (g5,) %+ 7%

Since (¢,)s is a continuous symmetry it holds by definition, that:

L (60 0u(00).) = K"

Defining

and plugging in, yields:

. oL . oL
aHKM = au]“ + (%K“ + 6¢VXV = (%]“ == —?%XV .
If the field ¢ satisfies the equations of motion, then 2 ¢ = 0, which concludes the

proof. O
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Next we consider the case of translation invariance, which are known to correspond to
energy (for 2°) and momentum (for 7). Let T'(s,v) define the shift operator, defined
by

(T'(s,v)f)(z) = f(x +sv) withseR, veR".

Using a Taylor expansion, the action of the shift can be written as:
(T(s,v)f)(z) = f(p) + 0, f(z) - sv” + O(s?) .
Then, the family (¢,)s = T'(s, v)¢, has the following parameter derivative:
d

Xy(x) = as| (¢)s(x) = zg ) ¢y (x + sv)
— CZS » (¢u(l’) + s 0°0,¢,(x) + (')(52)> = 07,6, () .

If the Lagrangian does not depend explicitly on z, i.e. L(z) = L(¢,(z),d,¢,(x)), then

d

I T(s,v)L=v"0,L .

s=0

Note, that the partial derivatives commute with shifts by constants (here sv) in the
argument, such that 9,7'(s,v)f = T(s,v)0,f. Since the only position dependence arises
from the fields, and partial derivatives commute, we observe that

4 L(T(s,v)p,(x),0,T(s,v)p,(x)) = 4 T(s,v)L =v"0,L =0,K" .
ds o0 ds o0
Thus we see that K* = v*L and obtain:

on p m p n — P
] = EV ( X V)U 8p¢,,—v L= (EV <) EH y) 8p¢l,—5p£> =a’l o

o'=0 = 09a1% =0 = 9, 1" =0.

The tensor with raised index T*" is called the energy-momentum tensor:

™ =3 oL 8¢y — gL and 9,1 =0 (5.2)
00,0

n

5.2. The quantization

The canonical quantization is a well covered topic in the literature. Here we briefly
cover the idea, that can be found in [Sch08; section 12.3] for example.

To understand the motivation behind canonical quantization, it is helpful to recall the
historical quantization. The initial theory is a classical mechanical theory, formulated
in Hamiltonian mechanics. That is, there is a Hamilton function H(p;, gx). Then the
momenta p; and positions ¢, are promoted to hermitian operators p; and gy, such that
the following commutation relations are satisfied:

@k, Dj] = 1hd; | @, qr) =0, [Dj,Dk] =0 .
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In the case of a field theory, the Hamilton density H(¢;, 7;, z,t) defines the Hamilton
function by H = [H dV. Here the “variables” of interest are the fields ¢;(z,t) and
7j(x,t). The fields are promoted to operators ¢ and =, that have to satisfy the following
equal time (anti) commutator relations for bosons (fermions):

[ij(f)?,t),gbk(y,t)]i =0 ) [ﬂ—j(x7t)u7rk(y7t)]:l: =0 ;

[qu(I', t)v 7Tk<y7 t)]:t = Zh5]k5($ - y) y

where [-,-]_ is the usual commutator [-,] and [-, ], is the usual anti commutator {-,-}.

Remark 5.2.1.
The Delta functions are used, since 7; and ¢; are momentum and position densities,
such that

/ dz® [6;(x, 1), oy, )]s = ik .

To find expressions for the quantum fields, one can try to follow the harmonic oscillator
analogy further, and try to bring the Hamilton density in the form H, = -, ﬁwjz +

me? 42 e.g. by Fourier transformation. Then, from the harmonic oscillator H =

2 7y
2 .
p 1 2.2 _ mw 7 .
a—+ ymw?q®, where a = /%5 (q + ~=p), one defines:

mw .
a; =\ 5 (85 + 557)

calculates a} and expresses ¢; and 7; in terms of these creation/ annihilation operators.
Finally, the meaning of these creation/ annihilation operators has to be found, e.g. as
in subsection 5.4.2.

Another approach to obtain the quantum fields is to construct the field operators
form second quantization, as we have done in section 4.4.

5.3. From particles to quantum fields

As a first application of the canonical quantization, we consider the 1d harmonic chain,
as presented in [Zirl4]. That is, a collection of N identical masses m connected by
identical springs with spring constant c.

c m ¢ m ¢ m ¢
Uj—1 Uy Ujt1

Figure 5.1.: Harmonic chain in one dimension.

This section also motivates the field theoretic description of systems, that are discrete
or even finite.
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5.3.1. Discrete equations of motion

Denoting the deviation from the equilibrium position of the j-th mass by u;, a standard
result from analytical mechanics is the Lagrange function:

Loms . ey )
L(u,u) = EZUJ - 52(% —uj_1)*,
=1

Jj=1

where we have used periodic boundary conditions (uy = uy) for convenience. From the
Euler-Lagrange equations, we find the equations of motion:

mu] = —C(QUJ‘ — Uj+1 — uj—l) .

To bring the equations of motion in a more suggestive form for later comparison with
the continuum limit, we introduce the discrete 1d Laplace operator

Ajjr = =205 + G+ T 05—y = (Au); = (=205 + w1 + w1
Denoting \/% = 2, the equations of motion become:

1.
et~ (

AU)]‘ =0.
For fixed j’, the eigen vectors of the discrete Laplace operator are
W = e2m'%
with eigen values
Ey=-2+ XN 4 e 2R = 2 4 2008(2%%) =—4 sin2(7r%) :
Thus the normal modes (principal solutions) for the equation of motion are:
W' (t) = T with w =0 E; =Q|2 sin(ﬂ%ﬂ

The solutions can also be brought in a suggestive form, by labeling the components of

the vectors with z = j % = ja, where a is called lattice constant. Also, defining the

2m j°

- &, the normal modes can be written as

wave number by k =

Y(x,t) = ehe=t) with  w = Q2sin(%2)|

5.3.2. Continuum limit

Often it is easier to calculate in a continuous setting, using the results from analysis,
instead of solving the original discrete setting. The idea/ hope is, that the following
diagram commutes:

Lagrange system continuum Lagrange system
discrete approximation continuous
variational | principle variational | principle

equations of motion continmum _ equations of motion
discrete approximation continuous
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In the case of the harmonic chain, the continuum approximation amounts to the
substitutions:

u](t) (b(xvt) ) U](t) ’ ¢(xat) ) ug(t) - uj—1<t> ” aam¢(xat) )

N 1 L

> [T

ot a Jo

Hence, the Lagrange function of the harmonic chain becomes:
Y L'm 12 ca L ol
Lo.dd) = [ 26 - S0 de = [ £(6.6.6) do
0 2a 2 0

Since £ only depends on ¢’ and (;.5, but not ¢, the variational principle reads:

58 oL oc
00 _ 9% 19, % 0
56~ %95 T “og

where S = [ L dt. We find:

a‘c_m '2_@"2 %__% 2 "
@a—é = 2aat8¢gb = a Qb and 835 8¢ = 5 8338(1,/925 = CCLQZS

the equations of motion become the 1d wave equation with speed of sound v, = a\/% ;
1 -
Sb6—¢" =0,
/US

The normal modes of this partial differential equation are

o(x,t) = e'ke=et) with  w = v|k| .

Comparing the discrete with the continuous solution, we see that

discrete continuous

normal modes Y(z,t) = ellthr=wt) oz, t) = eilke—wt)
w Qf2sin(%)] = /£ [2sin(5)] | vilk] = ay/ 5K

Noticing, that the first Taylor approximation of the discrete frequency w is the continuous
frequency, the continuum approximation works for small wave numbers k.

5.3.3. Scalar bosons and quantization

An application of the 1d harmonic chain is the usage as model for scalar bosons in 1d.
For the quantization the Hamilton function is needed, such that we calculate:

oL 0L m; a5 ca
W—d—é—ag.ﬁ— agb and E(gzﬁ,ﬂ)—Qm?T 2(/§
= H= Lg%

2m 2
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To shorten the notation we write - = i as mass density and ca = s as elastic constant.
Then, the Hamilton function reads:

N Ll 5 5 g
H(gb,w)—/o TR

The next step is to use the Fourier transformation, or in this case, because of the
compact interval [0, L] the Fourier series. Because of the half interval [0, L], one could
develop the series only in real sine or cosine modes (Half range Fourier series). However,
for computational ease, it is worthwhile to use the general complex series:

1 A 1 ‘
Qb(x) = I Z gbkelkx and 7T(:L‘) = \/; Z ﬂ.kezkaz ’
keF ke2rz

where we have used k£ = %T” for the wave number. The Fourier coefficients are

O = \/E/OL e kg (x) da and = \/E/OL e *n(x) do .

For the Fourier coefficients it holds that (f’), = ik fy as in the Fourier transformation
case (theorem E.1.6). We calculate, that there is a result, similar to lemma F.3.4,
producing the Kronecker delta’:

L 1 /L , A
/ ¢/2 dr — _Z/ Z kggbquge—z(k-i-ﬂ)ar dr = — Z 5k,—fk€¢k¢£€_z(k+£)x
0 0 ke k0
= K onpr -

k

In the same way one finds fOL 7% dv = Y, mpm_p. Also, noting that (after formally
promoting the fields to operators)

_ L L .
oL = = ﬁ | e 6w) do = ﬁ | o) da = o

and similarly for 7, so it follows that

OOk = |¢k|2 and TET -k = \Wk|2

Plugging all in:

|7lk|2 %]{IQ 2
H= E + — 10) = E H; .

3Tn general:

27 L ) ; L
Omn = S emmT gy = 1 P dy = 1 'Oy qy

Also note that 6, = dge for k = %T" and ¢ = 272m.
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Following the general procedure, we define:

muwp

—\V on

F mwi

(& + 7o Tk) = ay, W(Qb—k — o Tk)

Qg
where we have set wy, == |k:|\/% and m = p. Solving for the fields, we obtain:

h

s (ak + aik) and T = —14/ hrr;wk (ak — &LJ )

For the field operators we find:

1 h ikx —ikx T
== +
gb(ff) L ke%ﬂz 2mwk (6 K € ak’)
1 hmwy, 1 ikr ik
W(x):—mz Y 5 k(ekak—e kaz) :

2
ke L7

O =

Using the exponential representation of the Kronecker delta, one can calculate the
anti commutator rules for ¢, and 7, from which the anti commutator relations of the
creation/annihilation operators can be calculated:

bomd =7 [ [ e low),m)] dedy

1 /L (L .

= Z/ / e’kxewyihé(x —vy) dzdy
o Jo

5oL

Zf ; k=0T dy = il .

The remaining anti commutators can be calculated the same way. We deduce, that the
creation/annihilation operators satisfy:

[ag, a}] = Ore and lay, a] = 0 = [a}, al] .

From ¢} = ¢_j, it follows that (a})’ = a_y, which is used to calculate:

h
H= )Y Hy,= > W;wk (akaL +aika,k)

2 2
ke TZ ke TZ

= Hi= Y Fm;wk (azak + aT_ka_k)

2
kerz

Using that wy is symmetric in k, one can calculate:

P
H: = Z hmewy, aLak = hu\/;|k| azak )

2
ke2rz
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5.4. The free real scalar field

In this section we will consider an example of the canonical quantization, where the fields
are not confined in a one dimensional compact space region. To focus on the essential
steps, natural units and real field will be used, unlike usual in quantum mechanics. This
will become noticeable in the momentum operator for example.

This section follows [Weil4, Sections 1.4, 1.6 and 1.11].

5.4.1. Quantization
We consider the Klein-Gordon equation in natural units (¢ = A = 1).
o2
(2—V2+m2>¢20 .
%

Since qft was introduced as relativistic description for quantum systems, we use the
covariant formulation with metric ¢ = diag(1,—1,—1,—1) and 2° = ¢. Then the
Klein-Gordon equation can be rewritten as

(90" +m?*) ¢ =0.

The next step is to fin the Lagrangian (or directly the Hamiltonian). Unfortunately
there is no unique way to find Lagrangians. The next best thing we can do, is to guess,
and to check that the equations of motions are correct.

Lemma 5.4.1.
The Lagrangian L(¢, 0¢, x) = 50,00"¢ — 3m>¢? yields the Klein-Gordon equation.

2

Proof 5.4.2.
All we need to do, is to calculate the Euler-Lagrange equations:
9 2
%‘C =—-m ¢ )
0 1 1 1
— g — v Z g
a(au(ﬁ)ﬁ 8LI7M’IN—8#¢29 Tnly 29 5ur]$u + 29 5/wxu B
1 u
=590, + 9" 0y9) = 0"¢
= 0 LE = 0,0"¢
*0(0,0) a ’
oL " 9 " 9
= 0:%:—(@8 +m>¢ & (8,49 +m)¢:O.
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As the proof shows, one could also have chosen —£, but would loose the convenient
analogy to L =T — V. The next step is to find the canonical momentum 7:

oL 0
T 56 0d

Note that in the relativistic case ¢ = dy¢ is meant here. In this case, the Hamiltonian
density is rather simple to be found, because of ¢(w) = m:

L=6.

1 2
H(o,m) = = S (n* + 0,000 9) + m*¢” = 3+ ((w) +m?¢?) |

At this point, one formally applies the canonical quantization, here in the time-

independent form. To develop further insight, we continue with a mode expansion, i.e.

consider the momentum space (p = k since h = 1).

o(x) = / (;i?]:>3 &(p)eim and m(x) = / (;ii)?) 7(p)e® .

In the momentum space, the Hamiltonian H = [dz® H “decouples”, i.e. becomes
diagonal in the momentum. To see that, we calculate, using theorem E.1.6:

(V) = (v / (;Zﬁ; 65<p>eim)2

3

=50, ([ s s o (f o o)

J

s ( / (;if:;g iquz;(p)eipx) ( / (;i‘i)giqj@(@ei”)

J

= / dgf)%g (=p- )’ 0 G(p)(q) -

Considering [ dz® (V¢)? with lemma F.3.4 in the kernel notation:

/dx (V)? /d 3 /ddeq (—p - q)e"PT7¢(p)d(q)

(2m)°
dpgdq 3 zp—i—q
:/ 2m P / da
- [ b 03 ' s(p — (—0)

-/ (jﬁ)g Vo)1)

In the same way, one can calculate that ¢? = [ (gﬁ 33 gg(p)&(—p) Since the scalar field
in the position space is real, we obtain self adjoint operators, and it holds that

0'(p) = o(p) = [ d® e o(a) = [ da® e CP(w) = G(—p) |
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such that ¢(p)d(—p) = |g’5(p)|2 Thus the Hamiltonian becomes:
1 1 ~
§|7~T(p)|2 +5 (7 +m?) o)

d 1 1 5~ dp® ~
= / (;)3 TP+ 351608 = [ 505

where we have defined w, = v/p% + m? and H, = 3|7(p)[* + %wﬁ\qz(p)]? Inspired by the

harmonic oscillator, we now define:

alp) =2 (50) + 7)) = ) =22 (3(-p) - Z7(-p))

Solving for (E(p) and 7(p), as is done for the harmonic oscillator, we find:

o) = (| —

2wy

(ap) +al(-p)  and  7(p) =i (alp) ~ o (-p)) - (53)

Plugging these into the Fourier-transformation for ¢(z) and m(x) and using

[ s = [ap jo

we obtain the mode expansion of the free field operators:

o) = [ o g a0+ al e

m(z) = —z'/ (;li)g % a(p)e™ — al(p)e " .

From the commutation relations for ¢(z) and 7(x) we calculate:

N = [ da® dy’ e e o), w(y)
= /dx dy? e PreT Wi (x — y) = Z’/dx36—i(p+q)x
=i(2m)°3(p + q) -

In the same way, we see that [¢(p), d(¢)] = 0 = [7(p), 7(q)]. From that and (5.3), we
deduce:

[a(p),a(q)] = 27)*6(p—q)  [a'(p),a(q)] = 0 = [a(p),al(q)] .

These commutator relations show, that a'(p) and a(p) are of bosonic nature. If we had
choosen {-,-} for the field quantization, we would have got fermionic operators instead.
The last step is to calculate the normal ordered Hamiltonian in terms of the creation/
annihilation operators. We notice from (5.3) and ¢'(p) = ¢(—p), that (af(p))f = a(—p),
such that:
1

1 = 2 1 217 2
Hy = 517+ 50216 )]
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= L2 (alp) — o' (=) (alp) - ol (p)'
o () + ) (a0 + ()
=2 (alp) = ') (o' (=) ~ )
+ 22 (a(p) + ol (=) o/ (-p) + alp))
== 22 (alp)a’ () + o' (~p)al(-))
= M= % (o' (P)a(p) + a' (=p)a(-p)) -

Since w, = v/p? + m? is symmetric in p we find:

H: = / (;ii; Wy a'(p)a(p) .

5.4.2. Momenta exitation

We want to find an interpretation for the a(p) and af(p). It will turn out that these
operators create momenta, such that it is pertinent to consider the momentum operator
:P:. Recalling the energy momentum tensor, we are looking for T%, given by equation
(5.2). We calculate:

oL oL
9(0o9) 9(0o0)

The momentum is then given by p’ = [da® $d$. Inserting the mode expanded
operators, where ¢(m) = 7, we find after normal ordering:

=y = TV = Fo—gVL =00 .

P = [ s vl el

Summarizing the Hamilton operator and momentum operator to the four momentum
B = (H,P,... P3?), a direct calculation shows that:

[B*,a’(p)] = p*a’(p) and [B*, a(p)] = —p"a(p) ,

with p° = w,. Since the operators 3" are hermitian, there exist (pseudo) eigen states
|k*) with real eigen values k*, such that:

P = kR
From the commutator relations we see that:
Pral(p)|k") = (ol (p)P" +pal(p)) k") = (k" + p") k") .
In the same way:
Plalp)[k*) = (K" —p")|K") .

This means, that a'(p) excites the state |k*) with the momentum p* whereas a(q)
decreases the momentum by p*.



Functional integrals

In its best known form, integrals take region in space which is evaluated by an expression, i.e. a
function or differential form. Functional integrals however take regions in the set of functions.
This chapter does not focus on the theory of functional integrals in general, but introduces the
important concepts for quantum field theory.

6.1. Feynman path integral

A prime example for functional integrals in physics is the Feynman path integral, whose
interpretation leads to the saying, a quantum particle does not take one, but all paths.
This section is mostly based on [Zirl4, chapters I and II] and [AS10, chapters 1 and 3].

6.1.1. Construction of the path integral

We consider an autonomous system, described by the Hamilton operator H. Autonomous
means, that H does not depend explicitly on the time. In section 1.5, we have already
used the time evolution operator U;. Here we employ the slightly more general form
Ul(t,to), defined by

ihiU(t,to) = HU(t,t) and |W(t)) = Ul(t, to)|W(to)) -
From the definition it is clear, that the time evolution operator maps a state |¥(¢y))
at time ty to the state |¥(¢)) at time ¢. This means, the operator U(t,ty) takes states
at time ty and has them evolve naturally under the Hamiltonian H until the time ¢,
hence the name. For autonomous systems, the time evolution operator can be written
explicitly as
Ut tg) = e #iT(=t0)

We pass to the position representation and define:

Definition 6.1.1.
If there is a “function” K (¢, q,t',t), such that for all ¢,¢" and ¢, ¢’

() = U, )¥(d,t) = / dg® K(¢,q,t',¢)¥(q, 1)

holds, it is called propagator of the system.

The word function in the definition is to be understood in a broader sense, as things
like delta-functions are usually included. The motivation behind this definition, is the
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convention of the physical literature (also discussed at the end of section F.3) to write
also singular distributions GG as integration-operator with integral kernel g:

Glyl = [ da" g(a)ela) -

A better motivation fo such a definition might be the suggestiveness of Dirac notation
together with the pseudo completeness relation [ dq" |q){q| = 1:

(g, t") =(¢|¥(t) = (U, 1)[W(t)) = /dqn (dIUEt)|q) (gl (t))

= /dq” K(d,q,t',t)¥(q,1) .

In the physical literature, the propagator (¢'|U(t',t)|q) is understood as the (¢’, ¢)-matrix
elements. However, formally one should be careful with such terms, as a Hilbert basis
needs to be countable, whereas |q) is not.

The spacial case U, := U(t,0) reveals further structure of the set {U; };er. This set is
a one-parameter group. Indeed, the explicit form U, = e~ 77 allows to easily see, that
U, oUg = Uyys. Another important result follows from the observation, that the action
of U(t,ty) on |W(ty)) is independent of the argument of |¥), since U(t, tg): H — H,
where H denotes the Hilbert space. This allows to see, that:

U(t,t0)| ¥ (to)) = e #" O W(tg)) = U4y | (t0))

= U(t,to) = Uity € {Ut}ter -

Hence, the problem can be reduced to {U, };cr, which offers helpful structure as one-
parameter group. In terms of propagators, the group structure becomes (using Fubini-
Tonelli):

U(g,t+s) = (q|Us|V) = (q|U; o U| W)
— (aUU,%) = [ da(alU) (@] U] )

= [ da" (alUi]a) [ dy" (alULly) (y/@)
ET. /dyn </dac” <q|Ut|x><:c|Us|y>) (y[¥) .

From the formula above we read off, in accordance to the pseudo completeness relation:

(alUriold) = [ dy" (alUlg)ylULlg')

Also the calculation shows, how the kernel representation works for the composition of
operators in general:

(q|Ao Blqg) = /dy" (q|Aly)(y|Blq') .
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Remark 6.1.2.

The concept of the Feynman path integral is to split the time evolution operator
Ur in a sequence of propagators Uy, o...o Uy, an then to take the limit N — oo.
In terms of propagators, this will result in a bunch of integrations, that will be
called path integral.

For the Feynman path integral, at least in this introduction, the simple form H =T+ V
is used for the Hamilton operator. For the time development operator Ua; in the limit
of At — 0 we want to find a product of operators, that are more handleable. First it
holds that:

Up, = e #HD — o= hTA- (VAL

On the other hand, using theorem B.1.3 it follows that:

2
o5BetALSB _ 3B (65A+§B+54[A,B]+(’)(e3)> _ S(A+B)+O(E®)

Hence for ¢ = —*¢;

—GEV o BT o= GV IR THV)O(A) —RLHAO(A%)

€ € =€

In the case of bounded operators T" and V, the O(At?) terms could be ignored for
At — 0, also for the first derivative, that generates the Schrodinger equation. Yet T is
not bounded here and for most cases, neither is V. Still, the assumption is, that

JAN JAN JAN JAN
e H ~ 6_12)‘1, e “R Te_l2h,v

holds for At — 0 (at least for reasonable physical states). To utilize this assumption,
that separates the potential and kinetic time evolution, we calculate the propagator (with
the help of the pseudo completeness relation [ (2?%)” |p){(p| because |p) are eigenstates

of the momentum operator p)lz

(el 588 ly) = s [ (ol B 1) ol
= o | " el ol
_ (27;)” [ dpre= it

1 ( )p< i)
= . Xp| ————~
Gy \| 2 2

fr ( m )2 eQiZt(y_:E)2 .
2mihAt

! Although there do exist methods to make these completeness relations rigorous, one has to be careful
of the domain. However, as there are several instances of sloppiness in this section, we do not
bother to proof the result any further.
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To obtain the last line, corollary 6.1.5 was used. The potential kernel is much easier to
find, since |y) is already an eigenstate of y:

1At V 1At V 1At Viy

(ale™ 2 Wy) = 73V (aly) = eV D5(a —y) .

In the At — 0 limit, the full propagator becomes:

1At 1At V _ LAtT _ zAt

(zle™m Hy) ~ (x]e” 2V |y)
n m —wat _ibstpy ) Aty
= [ [ g™ el 5V o lale RV g lem FV )
)2 /dqn/dqm - 2Ahtv( )ezignt(q/_q)2e_i§7tv(ql)
3(q — 2)3(d — )

m % _iAtV(Z,) ﬂ(y_$)2 _iAtV(y)
= e 2h € 2At e 2h
<2mhAt)

- (%gmt)g P (iét (nzl (y;tf)z - ;(V(:c) + V(y))>>

With these preparations done, the announced concept of the Feynman path integral
can be realized. That is, we intend to compute the kernel (z|e~%#|y) by discretizing
the interval [0, ], setting At = £ and taking the limit N — co:

N-n
_itpr . 2 n n
(zle™*"ly) = e <2mhAt) /]R“ da - '/Rn AR
iA N (m(gj —q)? 1
exp (h > (2]+At2 - §(V<Qj+1) +V(g;))

i=0

- <2m'hAt

aN =T
q0=Y

The right hand side is called Feynman path integral. There are several assumptions
that are involved and that follow. Most importantly, it is assumed without proof (here),

that the limit exists, though there is a factor N % in front, due to At = % The next
assumption is, that

iAt Z (2 quAt?(J)Q _ ;(v(qu) +V(qy'))>

o L [ = Via) dr =+ [ Dla(r) dr = 3 Sla(0)]

of course with the boundary conditions ¢(0) = y and ¢(t) = z. To obtain the notation
of the literature, the product of infinitely man integrals (together with the coefficients
in front) gets denoted by [ D|q(t)]:

(wle™ 7 ly) = /D[q(t)] ciSla®)]
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6.1.2. Interpretation of the path integral

To understand the meaning of the path integral, in the sense to give a physical intuition,
it is essential to understand the composition of propagators. For that reason we consider
again:

(@lUsi-ly) = [ da (xlUila) (alU-ly) -

Figure 6.1.: Illustration of propagator composition in R.

| /y Yy
J}ll/ — X6

() (b)

Figure 6.2.: Example path in the N slicing case (a) and the continuum limit (b).

The integration can be interpreted as summation over all possibilities. Namely, the
particle takes each path (here ignoring their form for intermediate times) from y to
each point ¢ and then from the respecting point to . Each point ¢ has an associated
probability density, contributing to the probability amplitude (z|Us,.|y). Taking two
time slicings, the summation/integration runs over all probabilities, that the particle
moves like y — ¢ — ¢ — .

The same holds for N time slicings. In the limit N — oo, the points ¢; become
smooth paths ¢(t), the particle travels along, as illustrated in figure 6.2. Each path has
a contribution to (z|U;|y), that can be interpreted as proportional to the probability of
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the particle taking that path. The contribution is determined by ens 9] where S is
the action, arising in the continuum limit.

6.1.3. Gaussian integral and zeta function regularization

It might help to recall some properties of Gaussian integrals in R"™ as well as analytic
continuation in complex analysis:

Gaussian integrals in R™

Lemma 6.1.3.
Let a,b,c € R with a > 0, then the following equations (each of which is a
generalization of the previous one) hold:

1) / e dr =7 2 / e~ T gy = \/Z

o 5 T 2
3) / emaThere gy = [~ etaTC
() a

Proof 6.1.4.
The equations will be proven consecutively to benefit from previous calculations.

1) Using d(r*) = 2rdr the standard trick is:

oo 2 oo 2w
(/ e’ d:v) :/ e~ @) gy dy :/ / e rdy dr
) R2 0 0

o —r2 r 2
:27T/ e T‘dT:ﬂ'/ e drf=m.
0 0
Taking the square root proves the first equation.

2)

/ e—a(:l:—f—b)2 d.’L’Z/ e—a(av—I—b)2 d(l’—|—b)=/ e—ayQ dy

o0

Y R d(ﬁ) = 1/00 e dz

_ \/7
3) Using the previous equations, it is enough to bring the exponent in a suitable
form:

A AN
—aa:2+bx+c:—<\/5:c+2\/5> —|-4a~|—c:—a<3:—|—2a> oot

2,2
—az?+bz+c — e—a(r—&-%) Y .

= e e4a

The rest follows from 2) since the last multiplicand is constant.
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O]
Corollary 6.1.5.
Let a,c € R with a > 0 and b € R™, then
/ e—ax2+b.m+c d.%'n _ <7T>2 6%4-0 )
R™ a
Proof 6.1.6.
It is enough to see, that the exponential function factorizes:
n n
e—ax2+b-:v+c _ GZj:l —a$§+bj$j+c — € H e—al?§+bjac]'
j=1
—az?+b-az+c n c o —ax?+bx; "
= e dz" =e e MTN dy;
n 00
n b2. n 2
= I1 \/zeﬁ = (W) et
=i Va a
O

Lemma 6.1.7.
Let A: R™ — R" be a symmetric positive definite matriz, then:

dz" e—a(x,Ax) _ (71-)2 ;1 )
a/ det(A)?2

R

Proof 6.1.8.

Since A is symmetric, there is an orthogonal matrix S, such that Dy = SAST,
where D, is the diagonalized matrix of A. The property of positive definiteness
means, that all values of D4 are positive. To evaluate the integral properly, we
understand R™ as manifold with coordinate map y:

da™ e~ @AT) — / e WA gyt A A dy™ .
R” n

Define the map f: R® — R" in coordinates by y(f(p)) = STy(p). The push
forward then is f, = ST. Since S is orthogonal, i.e. det(ST) = 1, the pullback of
the differential form is:

Ayt Ao o ANdy™) =det(f,) dyt AL Ady™ = det(ST) dy* AL ANdyt =dyt AL A dy"
Hence the integral becomes (f~}(R") = R"):

dg" e~ @A) — / e AY) dyl AL AN dy"

n

Rn
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— 7a(y7Ay) 1 n
= e dy- N...Nd
/f(fl(R")) Y Y
= Jen fr (e‘“(y’Ay) dy' Ao A dy")

= e ¥(57y,A5Ty) dy' A N dy"

R

— dx" efa(STm,ASTz) — dx" efa(m,SASTx)
R™ R™

— dz™ efa(a:,DAx) — dr™ efazix?(DA)“
R™ R™
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Analytic continuation

First, we will repeat some properties of analytic functions without proof, since they are
covered in most courses on complex analysis, e.g. [Swelb].

Let f: U C C — C be a function. This function is called analytical in zy € U, if there
is an 7 > 0, such that f can be represented as power series with radius of convergence
larger than r:

f(2) =" an(z — 20)" V z € B.(2) .
n€eNp
While not true in the real case, the complex case allows, that a holomorphic function
on an open set U C C is analytic with the taylor series as power series. In fact:

f is analytical on U < f is holomorphic on U .

Theorem 6.1.9 (analytic continuation).
Let Uy, Uy C C be open and connected and f;: U; — C be holomorphic functions.
If there is a zo € Uy NUsy and an r > 0, such that

fi(z) = fa(z) ¥ z € B(z) ,

then, for every open, connected set A C Uy N U, it holds that

filz) =faz) VzeA.

A consequence of this theorem is a unique continuation the the following sense. Let
f:U — Rand F: V — C be holomorphic functions with nonempty open sets U C
V c C, such that

f(z)=F(z) YzeU.
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The function F' is called analytic continuation of f. Assuming there is another function
G:V — C, which is also an analytic continuation, then, if V' is connected, it holds that

F=4G,

i.e. the analytic continuation is unique. This follows immediately from the last theorem,
as U C V is open and thus allows for r > 0 such that G(z) = f(z) = F(z) on B,(20)
for any zp € U. Also, since VNV =V is open and connected, F(z) = G(z) on V.
The uniqueness of analytic continuation allows to define a complicated function on a
small region, where it can be defined easily, and then to continue it to larger domains.

Remark 6.1.10 (Not true in R™).

The analytic continuation relies on the strong concept of complex differentiation.
One might think, that the theorem is trivial in the sense, that it is also true for
real functions on R™. However this is not the case. Recalling the bump functions
from theorem F.1.8, we know that j; and j; are defined on the whole R" with
supp(j1) = Bi1(0) € supp(j2) = B2(0). So clearly ji # ja. Yet on Bi(y) for
|ly|| > 3 it holds that ji(x) = jo(z) = 0 for all z € By(y).

Zeta function regularization

From the proof of lemma 6.1.7, it could be hoped, that in taking the limit, creating a
countable infinity, the lemma generalizes to

1
\/H]o'il >‘j ’

for an operator A with eigen values \;. However, in the generic case, the product
sequence need not converge. One way to deal with these infinities is the so called zeta
function regularization. Additionally to [Zirl4] we will also follow [Dun09].

/D[x(t)] o (@(),42(8)

Definition 6.1.11.
Let A be a positive self adjoint endomorphism on the vector space of paths with
Hilbert eigen basis and eigen values A, , then the zeta function for A is defined
by

Cals) =D N° for s e C.

neN

To demand for an Hilbert eigen basis is a technicality that allows to calculate the
functional trace as sum of eigen values. From a physical point of view, if the path
integral exists, it comes from a limit from the finite dimensional case, where a positive
self adjoint operator is diagonizable.

Ignoring the convergence domain for a moment, we can calculate formally:

Cals)==2_In(A) - A" = ((0)=—> In(\)=—1In (H )‘n)

neN neN neN



94 Chapter 6. Functional integrals

= det(A) = [] M= e a0

neN

Similarly for a quotient of determinants, we obtain formally:

¢4(0) = C(0) = = >_ (In(An) = In(n,)) = —In (H A")

neN neN Tln
HnEN T

det(A) _ Thaen A _ ¢, 0-ch0)

det (B) HnEN Mn

Returning to the problem at hand, the whole regularization is necessary because the
determinant is not finite. Also, the power series representation is not necessary valid
for s = 0, as is the case for \,, = n. However, sometimes the complex zeta function can
be analytically continued, such that (4(0) and ¢’4(0) exist. One famous example is the
Riemann zeta function A, = n, for which it has been shown, that ¢(0) = —3. If the
zeta function (or the difference of two zeta functions) is analytically continuable, we
hence define:

det(A)
det(B)

det(A) = e=4O®  and _ (0600
This definition enables us to give the determinant a meaning for a larger class of
operators, even if the power series diverges.

First application

A first application for the functional Gaussian integral is the first order approximation

of a path integral. Recalling the Taylor polynomial for regular functions’ we want to

approximate the action functional. Let S be an action and z(¢) be a critical path,
S

Le. 5 = 0. Writing an arbitrary path as () = x(t) + h(t), where h(t) is a small

fluctuation around x(t), we approximate:
Slz(t) + h(t)] = S[x(t)] + 0S[z(t), h(t)] + ;525[93(75), h(t)]
= Sz(t)] + ;525[35(0, h(t)] .

The first variation vanishes, since x(t) is a critical path. Rewriting in the standard
physical notation, the approximation reads:

ﬂﬂﬂ+mmmﬁhﬁﬂ+;/ﬁ/mﬁw%ﬂ§i“Wﬁy

With the Gaussian integral in mind, we set

"

2f(z) & flwo) + f'(wo)(x — x0) + f" (o) (z — 20)? leads to f(xzo + &) ~ f(z0) + f'(z0)e + " (z0)e*.

mwﬂmm:;/ﬁ/thwéi
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and plug in into the path integral:

/ Dlg(t)]ersla®] ~ / DI[h(#)]eh SEOI+ ). 400) )
— oSl / DIA(t)]ek BO:-Ah0)
— 1Sl / DIh(t)]er Zh(o). = An()

0 I S
det(™A/in)

6.2. Functional integral for fermions

This section is greatly inspired by [Zirl4, V Functional integrals for fermion and bosons]
and [AS10, 4 Functional field integrall.

6.2.1. Berezin integral in finite dimensions

Let A(V*) be the exterior algebra of the n-dimensional C dual vector space V* with dual
basis £#. The generators £ are called Grassmann variables in the physical literature.
By lemma D.2.10 we know that elements of the exterior algebra are polynomials of the
form:

F=fO43 fWer 4 3 fDengr 4 fm g g

u<v

where we have omitted the wedge product, as is common in the literature.

Definition 6.2.1.
The partial Grassmann derivative with respect to a generator " is defined

linearly by
0 )

a—g“lzo and 85#5 =(5ﬂ.
Lemma 6.2.2.
Let {,} be the basis to which {&*} is dual, then
0
oer ~

where &, denotes the interior product.

Proof 6.2.3.
The proof is immediate. [
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Corollary 6.2.4.
The partial Grassmann derivative is an anti derivative, i.e.

9 9 ) 9
oa79) = (85 ) g+ (—1)ys0) g ((%g) .

Proof 6.2.5.
This is a property of the interior product. O
Corollary 6.2.6.
The partial Grassmann derivatives anti commute:

g 90 B o 0 . o

oEr OEv Qv Ogr OEHOEH
Proof 6.2.7.

O]

This is a property of the interior product.

Lemma 6.2.8.

Let &4 =3, A* (Y, then the partial Grassmann derivative transform as the usual

partial derivative:
0 1, O

per ~ 2 g

Proof 6.2.9.
For the bidual basis it holds that §, = ZV(A*)”#Q, . Plugging that means:

8 —1\v — -y a
ggr = G = DA G = 2A g

]

So far, the partial Grassmann derivative behaves like a derivative, as the name suggests.
Apart from differentiation, the partial Grassmann derivatives can be used to integrate,

in a broader sense, on the exterior algebra.

Definition 6.2.10.
Let f € A(V*) be a polynomial in the exterior algebra, then the Berezin
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integral [, f d¢" is defined by

n "
/Afd§ = 9en g

Remark 6.2.11.

There are different notations for Berezin integrals. Among the most common ones
is [ f. The defining operator % is called integration form. Its ordering
determines the Berezin integral.

For the Berezin integral there is a more general transformation theorem than lemma
6.2.8:

Theorem 6.2.12 (Berezin change of odd variables).
Let o: N(V*) = A(V*) be an isomorphism and " = ©*(().” Then the formula
for the change of variables is:

[ de" = [ 1610 aer™t ( 2op(@))

Since the base space in an algebra, there is a well defined product, which allows to
define the exponential function. This also holds true for A(V & V*). Thus we can
define:

V12

‘ i

exp(p) = for pe A\VaoV*).

' Y

3

Since the dimension of V is finite, the sum terminates after finitely many terms.

Lemma 6.2.13.
Let A", be the coefficients of A € End(V') for the basis {£,} of V and let {C"} be
a basis of V*, then:

[ exp (44,676, d(&,0)" = det(4) ,

82

where the integration form is [[;_, 52,505 -
m

Proof 6.2.14.
Let n be the dimension of V. By the definition of Berezin’s integral, only the terms

3The index is to be understood as reference to the basis element of A (V*) regarded as vector space.
This includes pH1#%(() for py < ... < pg.
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of length 2n, i.e. terms of power n, where all generators appear, do not yield zero:

[ explarcre,) dic, o
1
n' (A“ ¢YE )™ d(&, Q)"
/ SooA AT T ey T Wy d(E, Q)"

T, €Sy,

Since the Berezin integral is actually a derivative, that yields 1 for properly ordered
generators, we use the anti commutation relations to find:

1 / ™ mn
/Aexp(A“yC’ﬁu) A&, Q" = o Z sgn(m)sgn(n') A (1)7T,(1) AT )W/(n)

tmml €Xn

= > sgn(ﬂ)A”(l)l AT = det(A) .

TI'EEn

Here, the reordering yields to sgn(7), where 7 € ¥,. Yet the splitting V' @& V* is
kept, such that 7 can be written as product 7 = w o 7’ for m, 7’ € X,,. O

Corollary 6.2.15.
For later use, we also show that:

[ e (~4,¢6) d(6,€)" = det(4) .

Proof 6.2.16.
82
Aexp (_Auygygu) d(c:ﬁ)n = H 8( 85 (_AHVCVSM)TL
nOSu
E[ guagu I/C SH)

= (0" ] asu% (A,€°6,)"
= [ exp (47,076, d(€.)" = det(4) .

]

This lemma allows to define the Determinant of a matrix. In a different context, the
Gaussian Berezin integral can also be used to define another matrix invariant. To be
more precise, an invariant of a skew symmetric bilinear form, that can be identified
with a matrix.
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Definition 6.2.17.

Let A: V®V — C be a skew symmetric bilinear form. Choosing a dual basis
{&"} of V*, the bilinear form can be written as A,,&* ® £, with A4, = —A,, .
Then, the Pfaffian of A is defined by

PE(A) = / exp( A, £1€") de™

with the standard integration form %.

Corollary 6.2.18.
If dim(V') = n is odd, then Pf(A) = 0.

Proof 6.2.19.

The terms of exp(A4,,£"£”) that are non-zero under Berezin integration have to
have length n. Yet since (A,,£"¢")F yields only terms of even length but n is odd,
the only possible result of Berezin integration is 0. [

The Pfaffian is closely related to the determinant. Let I: V* — V be the isomorphism
induced by the choice of bases (in the case of euclidean vector spaces it becomes
canonical). Then the associated matrix of A = A,,&" ® £ is

A= @D)(A) = A I @ = A6, 0 = Ahg, @ =A .

Theorem 6.2.20 (Cayley’s theorem). ~
If dim(V) = n is even, then Pf(A)? = det(A).

6.2.2. Fermionic coherent states

While coherent states in the bosonic case are discussed quite early in quantum mechanics
(in terms of excitations), cohernet states of fermions pose much more difficulty. In
the many particle case, a fermionic coherent state would need to fulfill the relation
¢;1€) = &. However, because of the anti commuting annihilation operators, & cannot
be a number:

Cicj|§> = 5j0i|§> = §jfi’§> = —Cj0i|§> = §i§j|f> =  &&; = —&;&i.

To formulate a theory of fermionic coherent states, we loosen our restrictions from
the previous subsection and allow for possibly infinite dimensional spaces V and V*.
We consider creation and annihilation operators ¢!, ¢; € CI(H# @ H*) and Grassmann
generators &;,&; € A(V @ V*). The notation for §; € H* is motivated by the following
definition:
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Definition 6.2.21.
The complex conjugation in the exterior algebra is defined by &; — & and

Zi = ZZ = &;, such that:

af; + B¢ = @E + 5_53' and % =§&; -

Corollary 6.2.22.
It holds that

| d&or exp( Zm)— ,

where we have chosen the more conventional integration form [, d(E,&)" =

62
H] 9E;0¢;

Proof 6.2.23.
This is a special case of corollary 6.2.15 using A*, = 0~. O

Furthermore, we make the following convention:

Grassmann generators and creation /annihilation operators
- : Pt
anticommute, 1.e. ficj = —cj& etc. .

Before we continue with the Berezin integral, we consider some important states, called
coherent states:

Definition 6.2.24.
The states |£) defined by

_exp( e )|o )

are called fermionic coherent states, where we defined § = 3°, cL{M. Further-
more we define € = > Cﬂzu

For the adjoint state we find:

(€l = 16)! = 0)f exp(&)! = (0] exp ((zcm) ) — (0] exp (x)
= (0] exp(—§) -

Before we show the properties of coherent states, we need a statement about the
exponential function.
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Corollary 6.2.25.
The following commutator relations hold:

7’) [ ,p y ] =0 > [CM,CJL@/] = 5uu§u > [CL,CVEV] = 5uugy'

i) [uché] =0, [€,.c6]=0, [ ad]l=0, [{,c&]=0

Proof 6.2.26.

i) The first equation hold because of anti-commutativity and two exchanges. For
the second and third commutator, we calculate:

[ C:%V] = Cucigv - Clgvcu = (Cuc:fj + Cicu)f,, = 0wy .
[C}Lu C,,g,/] = CLCVEV - CVEVCL = (CLCV + CVCL)EV = 5/1ng

ii) All commutators vanish, since there are always two exchanges.

Lemma 6.2.27.
It holds that:

=G, [&C=0=[],

and that higher commutators vanish.

Proof 6.2.28.
We calculate the following commutators, using the anti-commutator relations:

—€.¢ =& -] = [Z CL&L ; ngcﬂl = chgﬂzpcp - ZpCPCLgu
= - ZC Cp +¢pc )fu
= _Zcp Opp S = _Zzufu )

For the remaining commutators:

[CL@“ C;Cn] = CLgucI;gn - CI;C?]CL&L = CLS;ACJ;CU - CL&;ACJ;CW =0
= led= |Tde . Yoo =0
7 n

and similarly [€,(] = [Zg c Zg Cp} -

Higher commutators vanish, because of corollary 6.2.25. ]
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Lemma 6.2.29.
It holds that exp <Z cL@L) =TI + &)
17

I

Proof 6.2.30.
Because the variable pairs Cqu commute, we can write

wFV

exp (Z CLSM + clfy) = exp <Z CL€M> exp (cl{u) i
I

For the case n = 1 it is clear that exp (cLéﬂ) = (1+ cL&Q?Because of the
factorization of exponential functions above, the induction is fairly easy:

exp (Z ¢, & + CT&,> = exp <Z cT§u> eXp( Tf,,)
w#V
=TI+l +cfe) =TI+ cl&) -

HFV H

Lemma 6.2.31.
Fermionic coherent states have the following properties:

0
i) cul€) = &ul€) i) Ci|§>=—¥|§+d§u>

O (z AAR

Proof 6.2.32.
i) For the first property we observe for a coherent state ) not containing s
cu(l = 5MCL)|%> = _Cugucu;@ = £MC#CL|/‘{> =&uly)
=0 = &) =80-&d)w
Using the product representation of the exponential function yields:
ule) = cuexp (z ) 10 -
O H ch)0) = cu(1 = &uel) T[T (1 = &cf)]0)

vEp

4Although the variable pairs szu commute, they still vanish upon quadration. This is also the
difference to the exponential function in symmetric variables, where the case for n = 1 is different.
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=& [T = &e)0) = &1 = &) [T (1 = &eh)lo)
v vEL
— =gl
ii) For the second property we use:
_8iy(1 + Clgl/) - Cj/
and the commutativity of variable pairs from corollary 6.2.25:
— D exple+ ) = — (14 el TL(1+ )
85,, SV 6§ 114 iy USH
H 1 + CTgu exp(f) .
ptv
iii) The last property is a direct calculation using
(011 + Coen) (1 + ¢f)0) = (01(1 + el & + Coew + Gl 0)
= (0|1 + (,0,,£,.]0) .
Thus we find:
(6= (0|10 + G + )| 0) = (0|11 + G o)
v
= <0 11+ 0> = exp (Zgu@) .
p 1
O

Theorem 6.2.33.
The identity operator on the Fock space can be expressed as follows:

= [ @9 exp< Zm)lg

Proof 6.2.34.
We consider the Hilbert basis of the Fock space:

Ing, ...y = ()™ .. (ch)™ .. ]0) .

Then by definition and lemma 6.2.31 the following holds:

<m1,... |n1,...> = H(Smjnj y
J

(ma, . &) = (0]... &M E) = .. &
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(Elny,..) = (€& .0y =& ...
Next we consider the operator O = [, d(£, &) exp (_ > Eufu) |EV(E]:

nl,...> .

Since each term of exp (— M Eufu) is even in the total number of generators,

(ml,...|(9|n1,...>:<m1,...

6.0 e (- T8 e

it commutes with (my,...|. Furthermore, (£;)™ and (§;)"™ commute with the

coherent states, as well as exp (— > Eﬂgu), for the same reason. Hence:

(ml,...|(9|n1,...>://\d( exp( Zé gu> (ma, .. €€, ..
- /A d(E,€) exp (—Zg@) e
o
- [d€9 o (- T66 ) rEEE
o

where we exchanged the order in the last line (always an even number of exchanges).
Furthermore:

[t oo (- Xas ).
I
k
- [agor (-Xes) emge
= [ o) ( >, @) FEEEE

= [ d&o ( 55)5?11“152‘222

= Ol = [aE€9) (- XE6 ) enee

Assuming at least for one j, that m; # n;, since exp (Zu Eﬂé’u) consists of generator
pairs, there is no term containing all generators (needed for the Berezin integral),
since §; has no “partner” Ej or vice versa. Thus we can assume m; = n; for all
J. Since all generator pairs commute, the terms of proper length can always be
ordered, such that

(mq,...|0|nq,...) :H(Smjnj' =(my,...|ny,...) .

J
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Lemma 6.2.35.
Let 1) and |) be states, then it holds that:

[ e (- ;5,@) e Eld)
- [ a9 exp< S, ) —€l6) (1)

m

:/Ad(z,g) exp( Y&, ) (Elo) (] =€) .

0

Proof 6.2.36.

Let |nq,...) denote an arbitrary Fock space Hilbert base state. By linearity”, we
only need to consider (my,...|§)(&|n1,...). To keep the notation short, we define
J=[,d(£€) exp (— > Eufu) in this proof. Using the proof of theorem 6.2.33 we
find:

/<m1,...|g><g|n1,...>:/...g;mz?...:/Hamjnj...g;ﬂ%;“...

~ni
:/...?161 el

If €' ... is of even length, so is ... &M, such that &' ... = (=€) ... and thus:
CEmEN = Mo ()M m
Similarly for odd length, £* ... = —((=£)*...) and:
LEMEN = ") = (€)M o

So in general we see that:

/<m1,...|g><g|n1,...>:/...g?lz’fl...: (—E)m ... "

The second equality can be shown in the same way. O]

6.2.3. Functional integral for fermions: The grand canonical
partition function

To illustrate the functional integral for fermions, we consider the grand canonical
partition function. As a reminder, in classical statistical mechanics, the grand canonical

Sassumed to exchange with Berezin integration by continuity. Though this lemma is used for the

trace only, where one could defined the trace naively by allowing only the occupation number basis,
the continuity still would be needed for the calculations.



106 Chapter 6. Functional integrals

partition function is given by

Z=> e PEmuND 1 with B = kpT .

In elementary quantum mechanics, we would define an extended Hamilton operator H
with normalized eigen states |r), such that H|r) = (E, — uN,), and find that:

Z — Z e_B(Er_#Nr ZB_B(ET ,U'NT | > — Z<T|€_B(ET_HNT)|T>
T
= Z rle”™r) = ( SOF
This is taken as general definition of the partition function, such that we want to
develop a functional integral representation for Z = Tr(e ?). We assume, that H is
even in the number of creation/annihilation operators’, and that it is already normal
ordered, otherwise we could consider :H: instead. In case of a fermionic system, with

an arbitrary ordered Hilbert basis |n), using theorem 6.2.33 and lemma 6.2.35, where
(¥] = (n| and [¢) = 6_5H|n> we calculate:

Z = Tr(e #H)

= Sl ) = 5 [ 4.0 exp (= 28,6 ) Gle)le )
:/Ad(f,é’) exp (—XM:S ); ElePH|n)(n| — &)
- [ A0 e (‘ ?m) (€le) —¢)

In the last line we used the completeness relation Y, |n)(n| = 1. Having a theory
of fields in the continuum limit in mind and recalling the general definition of field
operators, being an infinite linear combination of operators, we understand ¢ and £ as
“vectors”, with ££ =37, € ,&,. Following the general procedure, we split the exponential
and insert completeness relations:

Z:/Ad(gu&)---/Ad(gMan) exp(—Epéar) - - exp(—&,&1)

(Earle™ 0| En W Emrale P |E0s o) . (Exle W PH | — &4))
= [ d@E&)... [ d@EuEn) exp( 36 5])

<5M|e-ﬁﬁﬂrsM_1><5M_1|e-ﬁﬁH|sM_z> o AElem P —g))

In the second line, we used that pairs of Grassmann generators commute. Next we
consider the essential building block (€|e=7%#|¢). We will expand the exponential up
to the first order, as we intend to set M — oo. Since H is normal ordered, we can
exchange creation/annihilation operators with the corresponding Grassmann generators,

6Which is true most of the times.
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because of lemma 6.2.31. Then, because of evenness w.r.t. the number of generator, we
can use commutation with fermionic coherent states:

(Ele™32HIC) = (€1 = FBH (ch,)l¢) = (€)1 = BH (E QIC)

Plugging in these results and demanding the condition —&,; = &, we find":
M

2= [dE.&)... [ A& exp (Z(—sﬁj + &) - AZBH@]-,&H))

J=2

—8

A6 [ ) e (—52@3&‘1 +H<§j,fj_1>) .
A A j=2

Assuming the continuum limit M — oo to exist, which leads to 6 — 0, we understand
§ — ¥(j) and &; — 9(j) as continuous fields. Also:

//\d(gh&)-“//\d(ngfM) —>/D@,¢) ,

J

M g =& =& —
5;—>/0 drand  §E I 0y

Thus we have found a field integral for the partition function:

Z = / D(D, ) e Ja 4 FOOAEEHE 9

The condition —&,; = & becomes a boundary condition:

—y(B)=+(0) and  —(8) =¥(0) .

6.3. Functional integral for bosons

As the section 6.2, this is greatly inspired by [Zirl4, V Functional integrals for fermion
and bosons| and [AS10, 4 Functional field integral].

6.3.1. Coherent states for bosons

While fermionic coherent states needed a new concept of “numbers” to realize the
concept of coherent states, bosonic coherent states arise more natural.

I Definition 6.3.1.

"Because of the commutativity of Grassmann pairs, we can use the usual power law for the exponential
functions.
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Let ¢; € C. The bosonic coherent state |¢) is defined by

[¢) = exp (Z asja}) 0) -

As the name suggests, bosonic coherent states have the same properties as their
fermionic counterparts. However, since the bosonic theory is generally symmetric, while
the fermionic one is generally antisymmetric, the details differ. For example, adopting
the previous convention ¢ = 3, gbja;r-, the bra-state becomes:

<m=w@*:«mmm¢wz<m@@(§;%%).

J

Lemma 6.3.2.
Bosonic coherent states have the following properties:

0
i) auld)=¢ule) i) alle) = %|¢+al¢u>

i) {00)=exp (S0,

Proof 6.3.3.

i) For the first property, we observe. that a, and ¢, commute in general, and
a, and al, if g # v. Since the af, commute with each other, we can order
exp(¢). For that reason, if ¢' =3, ¢,al, i.e. ¢ = ¢ual, + @', it holds that

exp(¢) = exp(@') exp(¢,al,). Also because of a, exp(¢') = exp(¢')ay,, we only
need to consider a exp(¢a')|0). Following the footnote of [AS10, p. 159], we

show that [a, (a")"] = n - (a")" %

[a, (a")n] = a(a’)" — (a')"a = (a(a’)"™" — (a")"a)a! + (a')"~
= fa, (@) ol + (@) = (0= Dfal) el + ()
=n- (a7,

With this result, and a|0) = 0 we conclude:
aexp(¢a')|0) = aexp(¢a')|0) — exp(¢a’)al0) = [a, exp(¢a')]|0)
=3 Zaaty) 10 = ¥ Do @y o)

¢n—1 (a’f)n—l

|0 = éexp(gal)[0)

>y

n—1
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ii) For the second property, we observe that:

alexp(ga’) = a" " cb(;b!) =2 gb(c:ﬂ)“
. 1 0 ¢n+1(a’f)n+1 B ) ”“(a*)”*l
_;n—l—l% n! 87; n+1

B o ¢n+1<a]‘)n+1 i 0 ¢n+1(aT>n+1
"3 w0l a8’ 8%( +1)! H)
B ) ¢n+1(aT)n+1 a

S 005 (n+1) %exp(qﬁa )

iii) We follow the proof of [AS10, p. 159]. From the first property we infer that
exp(X,, 2uau)|@) = exp(X, 2,0,)|¢) for arbitrary z, € C. Thus:

010) = Olexs (S0, ) 1) = Ol (S0, 0
— e (206, ) Ol) = o (S0

Theorem 6.3.4.
The identity operator on the Fock space can be expressed as follows:

1= [G.0) o - > .00 Il

where d(¢, §) = I, %d% do;.

Proof 6.3.5.
This proof follows [AS10, p. 160].

The representation of W(H @ H*) on S(H) is irreducible, such that we want
to use a result from Schur’s lemma, corollary D.1.10. We need to show that

X = [,d(6,0) exp(—3,8,06u) [6)(¢] commutes with every af, and a.
X = [ 1E0) exp (=S80, oo
= [d@.9) (a}lo)) ¢>|exp( >3, m)
= [d(6.6) (95,10)) (¢l exp (— ;mu)
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[ d.6) 10) 00, o (- ;m)
— [ a0 e (- zqsm) L 16) (61(~3,)
_ [ dG.) oo (- zm) 6} (6la], = Xa],.

In the line where we used integration by parts, we used that (¢| = (0] exp(¢') does
not depend on Jg,. The calculation for a,, is almost the same and can be found in
[AS10, p. 160]. From corollary D.1.10 we know that:

[a@.0) o0 (~25,0,) el ~ 1.

To obtain the proportionality constant we consider (0|X0), using corollary 6.1.5
for n = 2:

(01X10) = [ d(.0) exp (—Zm) (0[6)(6]0)
~ 1 248, doyex (Gy0;) = 1.

This concludes the proof. O

6.3.2. Functional integral for bosons: The grand canonical
partition function

The derivation is the same as for fermions, because of the similarity of the coherent
states. In fact, the derivation becomes easier because of commutativity. Some notable
difference are however:

Z = /d@, ¢) exp <_Z¢u¢u> (ple™] +9) ,

leading to the condition ¢y = ¢;. Thus in the continuum limit we obtain again:

Z = / D@, ) e Jo 4 FOOvn+HED ()

yet with the boundary conditions:



Part Ill.
Mathematical methods

Used throughout all of these notes, the mathematical concepts introduced
in this part could be equally well at the beginning. The separation of the
mathematical tools and their application to physical problems is a decision of
the author, to provide rigor when needed at the cost of a certain separation,
that would not be possible in a lecture course. That said, this part is not,
and does not intend to be, as complete or rigorous as detailed mathematical
textbooks, as it spans too wide a range of mathematical fields. However it can
serve as some glimpse into the proper mathematical theory.



Hilbert sapces and Dirac-notation

The foundation of axiomatic quantum mechanics are Hilbert-spaces and operators. In this chapter
we cover the basic definitions and properties of Hilbert spaces, operators and transformations.
Furthermore the commonly used Dirac notation gets introduced (after the mathematical objects
behind the notation have been defined).

A.1. Hilbert spaces

Loosely speaking, Hilbert spaces are a generalization of R™ for infinite dimensional n.
This section mostly follows [KW06, section 10.4].

Definition A.1.1.

Let (H, ] - ||) be a normed vector space. If every Cauchy sequence is convergent
with respect to the norm || - ||, then the vector space is called Banach space.
If there is a hermitian scalar product (-,-) on H and every Cauchy sequence
converges with respect to the (-, -)-induced norm, the tuple (H, (-,-)) is called
Hilbert space.

A hermitian scalar product is a map (-,-): H x H — C that satisfies the following
properties:

Sesquilinearity:
<ZL‘,y—|—Z> = <:L‘7y> + <ZE,Z> ) <I’+y,2’> = <J},Z> + <y7 Z> and <O[$,y> = Q- <l’,y> for
all x,y,2z € H and a € C.

Hermitian symmetry:
(x,y) = (y,x) for all x,y € H.

Positve definition:
(x,z) > 0and (x,z) =0 < z=0forall z € H.

The (-, -)-induced norm is defined as usual by |z| = (/(x,z). The hermitian scalar
product also induces a natural map in the dual space H* = Hom(H — C):

OC:H—H v— L, .

This map is bijective, yet not a homomorphism due to the hermitian symmetry, and is
defined by

Definition A.1.2 (Dirac notation).
Using Dirac notation, elements of H are denoted by |z) and are called ket-
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vectors. Elements of the dual space ¥ € H* are denoted by (¥| and are called
bra-vectors.

This notation convention leads to an illustrative notation for the dual pairing of 7, € ‘H*
and y € H:
la(y) = (@[(|y) = (zly) = (2,9) -

The Dirac notation does not by chance resemble the scalar product, one of the fun-
damental objects in quantum mechanics. Hence the following notation convention is
hardly surprising:

-z +pB-y)=a-|z)+ 6|y Ve,yeH, a,€C.

The hermitian symmetry has the consequence, that bra-vectors behave slightly differ-
ently:

(ax + By| = alz| + Byl -

Definition A.1.3.
A Hilbert basis in an infinite-dimensional Hilbert space H is a sequence
(Zn)nen, € H, that satisfies the following properties:

1) (@Tn, Tm) = S

ii) Let f € H and (z,, f) =0 for all n € Ny, then f = 0 holds.

In the finite-dimensional case Hilbert bases are the same as bases. However, in the
infinite-dimensional case these concepts are related, but differ considerably. That is,
theorems of linear algebra do not carry over, at least not with some effort to show that
they do.

Lemma A.1.4 (Continuity of scalar products).
Let H be a Hilbert space, the following propositions are fulfilled:

i) Let (x,,), (yn) be convergent sequences, then

(i 2 Y ) = Jim ()

i) Let Y ,en, Tnbe a convergent series, then

<Z$m y>= S (xny) VyeH.

nENp n€Ng

Proof A.1.5.
Using the Cauchy-Schwartz inequality shows that

(@, Yn) — (@) = [(Tns Y — ¥) + (T — 2, 90)| < 2| - Y0 — Yl + Yl - |20 — 2| .
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The right hand side is a zero sequence and the inequality shows the assertion. The
second property is trivial, since a series is just a special case of a sequence.

Lemma A.1.6 (Bessel inequality).
Let (x,,) be an orthonormal sequence in H, i.e. (X, Tm) = Omn, then the Bessel

inequality is satisfied:
>z, ) < ISI-

n€Ng

This lemma allows to prove essential properties of Hilbert bases, that also show how
they relate to orthonormal bases:

Theorem A.1.7.
Let (x,)nen, be an orthonormal sequence in a Hilbert space H, then the following
properties are equivalent:

i) (z,) is a Hilbert basis.

i) It holds that H = span{z,|n € Ny}.
i)V feH: f= 3 z,(za f)

n€eNg
w)V f,geH: <f,g>:n§] (f,2Zn) « (0, 9)-
vV feEH: |f|2:n§I (xn, )2

Due to their equivalence the properties (iii) and (iv) get summarized in the Dirac
notation by

1= Z |Zn) (T -

neNp

The previous theorem states, that this condition is equivalent to (x,) being a Hilbert
basis. The equation is commonly called Completeness relation in the physical
literature.

Remark A.1.8.
In the next section we will encounter operators. If the operator is bounded, limit
and operator may be exchanged, and thus operator and series as well:

o) N N
Agcn|n> = AJ\;LH}X) Z%cnm) = A}iinooAZ%cAn}

N—o00 “—

N o0
= lim Y c,Aln) = > ¢, An) .
n=0 n=0

However, this cannot be done, if the operator is unbounded. Yet, for a Hilbert
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basis {|z,)}, the last theorem (property iv and iii) allows to write:

(@A) = > (@l Alzn) alth) = (DIAD |2n) (zal ) |

n

for any operator, without the need to exchange operator and series. For that

reason 1 = Y |z,){(x,| can be misleading.
neNg

A.2. Operators

Physically measurable quantities are represented by self adjoint operators in quantum
mechanics. Most of the definitions an theorems about operators can be found in [Werl 1,
section II.1].

Definition A.2.1.
An operator 7' is a continuous map between Hilbert spaces, T': X — Y.

With point-wise addition and scalar multiplication, the space of operators is itself
a vector space Hom(X — Y'). A special subspace is the vector space of continuous
operators £(X — Y'). Continuity is one of the following equivalent conditions

Definition und Lemma A.2.2.
A linear map T 1is called continuous, if one (and thus all) of the following
conditions is fulfilled:

i) Let (x,) be a convergent sequence in X with nh—>nolo x, =x. Then nhﬁrglo Tz, =
Tz holds.

i) Voge X Ve>0 35>0: ||z —x|x <9I
= |[|[Tx —Txolly <e Ve X.

iii) Let U C'Y be open in'Y, then T-Y(U) C X is open in X.

Two essential properties of operators are:

Theorem A.2.3.
i) Let T: X =Y be a linear map between normed spaces, then the following

claims are equivalent:

e T is continuous on X.
e T is bounded, i.e. 3 K >0: |[Tz|ly < K-|z|]lx VzelX.
e T is continuous in 0 € X.

it) Let D C X be a dense subspace of the normed space X, let'Y be a Banach
space and T: D — Y a bounded operator. Then there is a continuous
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I extension, i.e. a continuous operator T: X =Y withT b= T.

The equivalence of continuity and boundedness allows to define a norm on £(X — Y):

Definition A.2.4.
The operator norm on £(X — Y') is defined by

ITllop = inf {K >0 | [Tzlly < K-|z]x Va2eX}.

Alternative ways to define the operator norm are given in the next lemma:

Lemma A.2.5.
It holds that:

Y
ITlo, =sup IT2ly _ p Tally = sup [Tally -
|zllx  jallx=1 el x <1

For the properties of self adjoint operators we follow [Zir13] here. To define self adjoint
operators, the adjoint of an operator has to be defined first.

Definition A.2.6.
Let T be a bounded operator. The operator 77 : Y — X is called the adjoint
operator of T, if

(Tz,y)y = (z,T'y)x VzeX, yeY.

For an unbounded dens operator T': D(T) C X — Y the operator T : D(TT) C
Y — X, with D(TT) chosen maximally, is called formally adjoint operator,
if:

(Tz,y)y = (&, T'y)x YaeDT), ye DT .

Definition A.2.7.
Let T' € End(H), then T is called self adjoint/hermitian, if 7T = T. The
operator 1" is called unitary, if:

(Tx,Ty) = (x,y) Vr,yeMH.

The completeness relation allows for a basis decomposition, with respect to a Hilbert
basis, of operators:

Ty = Z T - mey Z In<xnaT Z Tm - Imay>

neNy neNy meENy

- Zl’n ATy TT) - (T, y) = an<xn,Txm) Ay, () -

m,n
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Hence the operator can be expressed by

T = an ® ((xp, Txm) - Ly, -

In the Dirac notation this reads

T = Z |xn><xn|Txm><xm| .

m,n

To shorten the notation further, if the Hilbert basis is understood, one simply writes
|n) == |z,). Another convention is to write

(@n| Tzm) = (@n|T|Tm) -

Application of both conventions allows to recognize the completeness relation, that is
used in physics, more easily:

7= X ol )l = (S n)) 7 (S o) = 171

The scalar products (n|T'|m), called matrix elements, are the coefficients of the matrix
representation w.r.t the Hilbert basis.

Example A.2.8.
The matrix elements of the adjoint operator are:

(m|Afln) = (ATn|m) = n[Ajm) = Al=AT=A".

For the special case A = |z)(y| the adjoint operator has a very simple form:

A= ly)(al

Theorem A.2.9.
i) Figen values of hermitian operators are real.

it) The eigen vectors of different eigen values of hermitian operators are orthog-
onal.

Proof A.2.10.
i)
Tlz) = Nz) = (2|T|z) = Mz|z) = Mz|z) = A=X.
if)
Tlx) = Nz) , Tly) = elz) = (@(Tly) = Mzly) = ¢{ly)
22¢ (z|ly) =0
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A.3. Transformation of operators

In the same way, coordinate transformations can be realized passively, choosing a new
chart, or actively by using a diffeomorphism, the dynamics in quantum mechanics can
be incorporated in the vectors or in the operators. In the first case, the Hilbert vectors
depend on the time as parameters; in the second case, the operators depend on the
time. To describe the same physical situation the expectation values, i.e. ultimately
the matrix elements (x|7T'|y), have to stay invariant. Consider a transformation of the
vectors U : H — H, with |2') = Ulz) and |y') = Uly). The condition for the equivalent
transformation of the operator 1" into 7" thus is

(@'[Ty') = (x[T"y) .
Plugging in the definitions of |2’) and |y’) yields
(@ |T)y) = (Uz|T|Uy) = (x|UTTU|y) = T =UTU.

Example A.3.1 (Change of basis).
Let (|1n)) and (|e,)) be two Hilbert bases of H. In the finite-dimensional case a
change of basis would mean to find coefficients c,, ,,, such that

The completeness relation allows to realize this equation by defining c,,,, =

(LI
V) = L) = Z |om) {m|Vn) = Z<¢m|¢n> “Nom) -

m

In the finite-dimensional case, the coefficients c,,, are interpreted as a basis
transformation matrix C'. This matrix is the matrix representation of the basis
change operator C' in the basis (J¢n,)). Let k be the dimension in the finite-
dimensional case, then it folows that

1 Cin k
Clpn) =C 0f = = Z Cm,n‘90m> = [tbn) .
: m=1
. Ck.n
In the infinite-dimensional case the basis transformation operator can be defined
by
1) Cln) = tbn) 2) (om|Clen) = cmn = (Pml|¥n) -

In the finite-dimensional as well as in the infinite-dimensional case, the operator
C' is given by
C=>_ | enl -
k

This means that the basis transformation operator is unitary:

~ ~

Cr =Y lenunl =CT & (Cx,Cy) = (1,C1Cy) = (x,y) .
k
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Now, let T be an operator that shall be transformed with C. As before we use
T =CrC .

Since the basis transformation operator us unitary, we recover the transformation
law known from linear algebra:

T =070 =C'1C .




Generators, rotation groups and
vector operators

Rotations belong to the central symmetry transformation of physics. By Noether's theorem the
angular momentum is tied to this symmetry transformation allowing to define angular momentum
in quantum mechanics. Furthermore, the rotation group allows to define vector like quantities by
analogies to R?. The mathematically foundation of rotation groups is the theory of Lie groups.

B.1. Lie groups and Lie algebras

In this section, we cover the basics of Lie group theory necessary to understand angular
momentum. This section is greatly inspired by [Sch09] and follows it closely in some
parts.

B.1.1. Definitions

Definition B.1.1.
A Lie group is a differentiable manifold G together with a group structure
o: G x G — @, such that the operation o and the inversion g — ¢! are

differentiable.

Let V be a vector space. A map [-,-] : V x V — V is called Lie bracket if it satisfies
the following properties:

Bilinearity
[ax + By, z] = alx, 2] + By, 2]
and [x,ay+ Bz] = o[z, y| + Blz,z] Var,y,z€V a,feK

Jacobi-identity

[z, [y, 2 + [y, [z 2]l + [z [, 0] =0 Va,y,zeV

Alternation
[IE, y] = —[y,l']

Definition B.1.2.
A vector space together with Lie bracket is called Lie algebra.

A common example is the vector space of endomorphisms End(H) together with the
commutator [A, Bl = Ao B— Bo A.
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Theorem B.1.3.
The general Baker-Campbell-Hausdorff formula, for arbitrary A, B reads

eAeB — eA+B+§[A,B]+... :
where we have only written the first two summands. The following summands

are combinations of [A, B],, and [B, A],.

Lemma B.1.4 (Useful relations for commutators, [Sch13, p. 26]).
The commutator on End(H) has the following properties

i) [A,B]=0 = e .ef =eAtB,
it) Let [A, Blmi1 = [A, [A, Bl] with [A, Blog = B then
e’Be " =3 1[4 B],

n=0

D=

iii) If [A, B], = [B, A, = 0, then the following holds: eA*P = ¢4 . P . 721481,

Remark B.1.5.
Property iii) is just a consequence of theorem B.1.3. If [A, B]s = [B, A]y = 0 then

all other higher commutators vanish and especially [A + B, [A, B]] = 0, allowing
to write eA+BT3IAB] = A+Bo3[AB]

A very important property of the commutator is the existence of joint eigenvalues:

Theorem B.1.6 (Compatibility Theorem).
Let A, B € End(H) be two operators. If [A, B] =0, then there exists a joint eigen

basis (|10n))n of A and B. Conversely, if there is a joint an eigen Hilbert basis of
A and B, then [A,B] =0

Proof B.1.7.
The proof can be found on [Wik18]. Here we will not show the general case of
degenerate eigen values, but focus on the principle of the proof.

Let [¢,) be the single eigen vector of A for the eigenvalue a,,. Since by assumption
the operators commute, it holds that

A(Blipn)) = B(Althn)) = an - Blibn) -

this means, that B|iy,) is also an eigen vector of A to the eigen value a,. In the
non-degenerate case, the eigen space in one-dimensional. Hence there is a constant
by, such that Bliy,) = by, - [1,). Thus (|¢,)), defines an eigen Hilbert basis of B
with eigen values {b,}. In the degenerate case, the joint eigen basis needs further
construction, such that not all eigen bases of A are also eigen bases of B.
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Conversely, assume (|iy,)), to be a joint eigen Hilbert basis of A and B, then

~  (AB—=BA)) = 0.

Definition B.1.8.

Let g; and go be two Lie algebras with Lie brackets [-,-]; and [-,-]o>. A Lie
algebra homomorphism is a linear map (with respect to the field of the vector
space) ¢: g1 — g2, such that:

P (X Y]) = [p(X),p(Y): VX,V eg.

Definition B.1.9.
Let G be a Lie group and g € G, then the following diffeomorphisms

Ly:G—G, z—gox=gr und R;:G =G, 2—x0g=uag

are called left translation and right translationright translation respec-
tively.

B.1.2. Lie algebra of a Lie group

Let X(G) denote the set of smooth vector fields on G. On smooth manifolds, tangent
vectors define derivations, such that the vector field commutator can be defined as
usual:

[v, w](f) = (vw)(f) = (wo)(f) = v(w(f)) —w(v(f)) .
The following calculation shows, that the vector field commutator is the same as the
Lie derivative:

(P_y)ev — (Pg)sv (P_y)v—v

(Luv) () = lim === () =l = ()
_ @1 (@_).v(f) = v(f))
~ lim 1@@“ o f) = v(f))

= lim (10 f) — o(f) + {Bulp-e0 )}~ {Fo(po0 )
. " O of—-f . CIJ*_t{v(f)} - U(f)
= lim ®; {v (t)} + lim ;

t—0 t—0
~limo <<I>f—f> i 20} — o)
t=0 t t—0 t

= 0(Luf) + Lu(v(f)) = ulo(f)) —v(u(f)) = [u,v](f) -
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Lemma B.1.10.
Let ¢: Gi — G4 be a differentiable map and let X, Y be smooth vector fields in
X(Gy), then

¢ ([X,Y]) = [ X, 0.Y] .

Proof B.1.11.
By linearity it is enough to show ¢.(X oY) = ¢.(X) 0 ¢.(Y):

P(X oY) (f) = (X oY)(fog) =X(Y(fo9¢)) =X(.Y(f) o)
= (2. X)((2.Y)(f)) = (9. X 0 0.Y)(f) -

Remark B.1.12.
In the last proof we used the extension of push forwards for vector fields. In
general, the push forward (or differential) is a map

Os: TGy — Ty Ga, v — @0 .
In the case of vector fields, i.e. with variable base point, this means:

Xp = (0:X)o(p) = (02X 0 D)y -

A different notation for the push forward, we will also use, of a vector field in the
point p is D,¢.

It has been shown so far, that (X(G), [e, e]) defines a Lie algebra. However this is not
what is meant by Lie algebra of a Lie group. Instead one uses a sub-algebra:

Definition B.1.13.
Let L, be a left translation. A vector field X € X(G) is called left invariant, if

(DpLg)Xp = X1,) VP EG .

The terminology has the following reason: Using the definition of the push forward,
understanding tangent vectors as derivations, one can write (only for left invariant

fields)
((Lg)X)(f) = X(f o Ly) = X(f)o Ly .
A left translation of a left invariant vector field results in the tangent vector of the

vector field at the image point of the left translation. Thus the vector field has not
changed.

Theorem and definition B.1.14.
The set of left invariant vector fields, together with the vector field commutator,



124 Appendix B. Generators, rotation groups and vector operators

l is called the Lie algebra g of the Lie group G

Proof B.1.15.
It is enough to show, that if X and Y are left invariant, so is [X, Y].

XY (folg)=X(Y(folLy))=XY(f)oLy)=X(Y(f))oLy=XY(f)oLy,

and similarly: YX(foLy)=YX(f)oL,.

Subtraction shows:

(XY =YX)(foLy)=(XY-YX)(f)oL, = [X,Y]eg.

Lemma B.1.16.
The Lie algebra g of a Lie group G is isomorphic to the tangent space in the
one-element:

g=1T.G .

Proof B.1.17.
Let X € g be left invariant and g € G arbitrary chosen, then:

Xg(f) = XLg(e)(f) = Xe(f © Lg) = (DeLgXe)(f) = Xe S TeG .
€T,G

The isomorphisms are:
g—T.G X+— X, and T,.G =g, X.— DL,X, .

The commutator is carried over by [X,Y] = [X,, Y.]. O

B.1.3. Exponential map

Definition B.1.18.
Let (G,-) be a Lie group. A continuous one parameter group {®,};, C G is
a group together with a continuous group homomorphism:

(R, +) 22 (G, ) .

Theorem B.1.19.
Let X € g be a left invariant vector field and ®x the associate integral curve
through e € G, i.e. %(I)X(t) = Xo, ) with ®x(0) = e, then the following claims
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hold:

i) ®x(t) is defined on R.

i) Px(s+1t)=Dx(s) Px(t) Vs, teR.

iii) ®x)(t) = Bx(s-t) VsteR.

Proof B.1.20 (from [Bau09, proof of theorem 1.2]).

ii)

iii)

Let ®x be defined on I = (t,,,ty) C R. Choose a fixed s € I and define the

curved
fiIo>7— Ox(s) - Dx(1) €CG
he (tm — Sty —8) 27— Ox(7+5) €G .

Both of these maps define smooth curves, that are integral curves of X through
O x(s), i.e. f(0)=Px(s)=g(0) and

d d

Ef (1) = Doy (r)Lay(s) (CZT‘Px(T)) = Doy (r)Lay(s)(Xay(n)
d

= Xex(ax(s) = Xjn) 7-h(7) = Xax (st = Xaer) -

Since integral curves are unique, f and h have to agree on their common
domain I N (t,, — s,ta — ), such that

Py (s) x Px(t) = f(t) = h(t) = Px(s+ 1)
for all t € I N (¢, — s,tym — s). The extension to all of R follows from the next
property.

Assume (t,,, tpr) to be the maximal interval, that ®, is defined on, with ¢, < oo
and let o = min(tyy, [t]). Define the map f by f(s) = ®x(5) - x(s — §).
Then,

f(0) =2x(3) Px(—%) = Px(0) =e
and with g :== ®x(§) also

d d .
257 (8) = Do (2L <ds‘1>x($ - 2)> = Xo (@ ax(s-2) = X1 -

But this means, f(s) is an integral curve of X through e, that extends ®x
beyond the assumed maximal interval /. Similarly it an extension beyond the
lower bond t,, can be shown, such that I = R.

Consider the map f(t) = ®x(s-t). Then f(0) = e and £ f(t) = sX (). Thus
f(t) is an integral curve of sX through e, which means ®x(s-t) = @ x ().

O

This theorem is the motivation to define the exponential map (of Lie group theory):

125
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Definition B.1.21.
The exponential map is defined by:

exp: g — G, X — exp(X) = Px(1) .

Lemma B.1.22.
Let 0 be the zero vector field of g, then:

Dyexp =1, .

Proof B.1.23.
First we will show, that Dgexp is a map in End(g):

DO exp : Tog = g — Texp(O)G = TeG = g.

The second isomorphism has been shown in lemma B.1.16. The first isomorphism
is the general isomorphism between vector spaces, treated as manifolds, and their
tangent spaces. Since differential are linear by definition, the claim Dy exp € End(g)
follows.

Let X € g, then v(t) =t - X describes a curve in g with the properties v(0) = 0
and 7/(0) = X. For the differential it follows, that:

d d
(Doexp)(X) = 2| (exp(0+1- X)) = 2| @ux(1)
t=0 t=0
= i Px(t)=X. =X
Codt|,, T e T

A direct consequence of the previous lemma is

exp(tX) = (Dopexp)X = X .
t=0

Corollary B.1.24 (Properties of the exponential map).
Let s,t € R and X € g, then:

iii) exp((t+s)X) = exp(tX) o exp(sX).

Theorem and definition B.1.25.
Every one parameter sub group {g;}ier of G is generated by an element of g, i.e.
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there is an X € g, such that

{gt}teR = {exp(tX)}teR :

Such an element is called generator.

Remark B.1.26.
If the Lie algebra is a matrix algebra, that is closed under multiplication, then
the exponential map is the well known e-function:

exp(A) =et =3 — .

n=

This can be seem as follows: If e exists, so does f(t) = e/, With f(0) = 1 and
d tA 4 — tA
%f(t) =e“A=c¢ AtA = (DtALetA)AtA = AetA = Af(t) s

we see that f(t) is the integral curve of A through 1, i.e. ®4(t) = f(t). Thus:

exp(A) = ®y(1) =t = .

B.2. Rotation group and vector operators

A part of physical quantities, known from classical physics, are vectors in R3. However,
the meaning of a vector in this context is not the mathematical one, i.e. being element
of a vector space, but the geometrical one. This discrepancy leads to the necessity to
define vector operators, to recover the geometrical properties of vector like quantities.
In this section we will briefly cover the concepts of rotation groups and vector operators,
as can be found in [Zir13] and [RWO08].

B.2.1. Rotation group and its generators

A one parameter group of unitary operators {U;}cr is called strongly continuous
group, if for all ¢y € R the following limit

lim Ut = Uto

t—to

is valid, as well as the condition that U; defines a local flow:
Us+t = Us o Ut .

The concept of strongly continuous groups allows to formulate a very important theorem
for the connection between generators and symmetries:
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Theorem B.2.1 (Stone’s theorem).
Let {Ui}ier be a one parameter group of unitary operators that is strongly con-
tinuous, then the following is true:

i) For every Uy there exists a hermitian generator, i.e. a hermitian operator A
such that U, = 4.

i) Let A be a hermitian operator. Then this operator generates a one parameter
group of unitary operators : {4} ,cp.

In consideration of the Schrodinger-equation ihoy|i(t)) = H|i(t)), generators are
defined with an additional coefficient —i/n:

For the rest of this subsection we will denote the standard scalar product of R with

<,>

Definition B.2.2.
The rotation group SO(n) is defined by

SO(n) ={R:R" —» R"|(Rz, Ry) = (z,y) V z,y € R",det(R) = 1} .

The maps R are called rotations. With Rz we denote a rotation around the
axis €, with rotation angle |d|.

Definition B.2.3.
The space of skew-symmetric maps

so(V):={A:V = V|AT = A},

together with the commutator is a Lie algebra. For the special case V = R" it is
denoted by so(n).

It can be shown, that SO(n) is a Lie group of dimension @ with Lie algebra so(n).

In the special case of n = 3, the dimensions of rotations and space agree, allowing
an Isomorphism between so(n) and (R?, x), often used in introductory books about
classical mechanics.

Lemma B.2.4.
A rotation R, with angle ¢ around the xj-axis has the following generator in
50(3):
Ji = —Zé?z‘jké} RET .
j.k

Here {&;} denotes the standard basis of R® with dual basis {€’} }.

Proof B.2.5.
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(E for j = 3 we consider a rotation around the z-axis:

cos(p) —sin(p) 0
R, = | sin(yp) cos(yp) O
0 0 1

For R, = e¥/s differentiation at ¢ = 0 yields:

d d
Jy=—| eP=—| R,.
dy o=0 de =0
Hence:
0 -1 0
J3: 1 0 0 :_’2®€_“{—_)1®€_’;
0 0 0
The remaining axes can be shown similarly. ]

The proof allows to read of the Lie algebra of SO(3) easily, by checking the dimensions:

Corollary B.2.6.
The Lie algebra of the Lie group SO(3) is s0(3).

A straightforward calculation results in the following lemma:

Lemma B.2.7.
The generators of the s0(3) satisfy the following commutator relation:

3
[Jis Jj] = €ijrdi {Z Js, JZ} =0.
j=1

With the quantum mechanical convention for generators, we find

0 0 O 0 0 :h
L,=1ihJ; =10 0 —ih L,y=ihJy=| 0 0 0
0 «h O —ih 0 0

0 —ih O

L,=ihJs=1[|th 0 0

0O 0 0

The commutator relations assume the following form:

3
[La, Lg] = (ih)*cas, L, lz L2, Lﬁ] =0.
a=1

I Theorem B.2.8.
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A rotation around & with rotation angle |&| has the following generator

3
Z - J; €50(3) .

Q1|

Thus the rotation map has the following form: Rz = el = eial.

Proof B.2.9.
Theorem B.1.25 allows us to deduce, that Rz is an element of SO(3). It remains
to show that is has the eigen vector @ to the eigen value 1, and that the rotation
angle is |a.
A calculation shows
T = —lal* T -

This equation can be extended to
J|2n+1 — ( ) \@\Qnﬁa\ and J‘2n+2 — ( 1)n’d”2nJ|%| )

Separating the exponential series in sine and cosine yields

R|Cﬂ — eJ\&‘ = Z EJ|O‘| ‘]‘a| + Z ‘]|O¢‘ + Z J|0‘|

n€ENp n€2N0+1 ’I’LEZN
1
+ Z 2n+1+ Z J%?ZH-Q
nENo ) nENp 2 +2)' I‘
(— 1) &> nrlalP o,
=1+ Jia + R
ngN:O (2n +1)! ngN: 2n+2 |
sin(|d]) 1 —cos(|al) o
1 ——Ja =7 Ja
|| ||

= 1+ sin(|@])J + (1 — cos(|d]))J2

One can calculate that Ja = 0. Hence R|5z@ = &. The third property of corollary
B.1.24 assures that the rotation angle scales linearly with |@|. So it is enough to
check the rotation angle for only one value. A short calculation shows that Rz for
|@| = 7/2 is indeed the rotation with rotation angle /. O

B.2.2. Vector operators

As announced in the beginning of this section, we will use the rotation group SO(3) to
define vector operators here.

Definition B.2.10.
Let A = (Ay, As, A3) be a set of operators Ay : H — H. Then A is called vector
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operator, if the operators transform like a vector in R? for rotations. That is:

A Al -
R|Ay|=[4,] and A, =R'AR.
As Al

Here R is a rotation and R its representation on the Hilbert space.

This definition uses the geometrical definition of vectors in R?. However the condition
to be a vector operator can be bothersome to check like this. The next lemma gives an
alternative definition:

Lemma B.2.11.
A is a vector operator, if and only if the commutator relations [Lq, Ag] = iheap, Ay
are satisfied.’

Proof B.2.12 ((E for rotations around the z-axis and Aq).
The first thing to notice, is the equality of %’ . Ali(p) and £[Ls, Ay]:
Lp:

l
[Ls, 1] = £ (LsAr — A1)

_ (je%‘pL?’Al) e #¢Ls

i
h

'

+ enels (dAle_;l“DL3>
=0 dip

T A

e%“’L?’Ale’%“’L?’ = —
»=0 dy »=0

»=0

a
dp

Using the rotation matrix we find:
(R,A); = cos(p)A; —sin(p)As (R,A)2 = sin(p)A; + cos(p)Asg
(RgaA)S — A3 .

Vector operator = commutator relation:
If A is a vector operator, then (R,A); = A|(p). Differentiation at ¢ =0

shows:

d
A, =
2 dQO

Aj(¢) = [Ls, Al

»=0

= [Lg7 Al] = ZhAg .

Commutator relation = vector operator:
We have to show, that (R,A); = Aj(y¢) holds. From the commutator
relations it follows that

d

/ ; d
dy Al(p) = %[Ls,Al] =—Ay= — (R, A); .

=0 ng p=0

IThe reason we use the quantum mechanical definition of generators here is, that the angular momen-
tum operators L, will be the representations of these generators in properly chosen coordinates.
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The last equality can be calculated directly. Hence we find equality up to a
constant (with respect to ¢):

(R,A) = Aj(p) + B .

Chsooing ¢ = 0, we find B = 0, which proves the claim.

Corollary B.2.13.
The generators L = (L, La, L3) define a vector operator.

B.2.3. Pauli-matrices

At this point a short digression on SU(2) and the Pauli matrices seems appropriate.

Definition B.2.14.
The Lie group SU(2) is defined by

SU(2) = {R: C* — C*(Rx, Ry) = (z,y) V z,y € C*, det(R) =1} .

The Lie algebra of SU(2) is su(2) defined by
su(2) = {A4:C* - CHAT = - A} .

Inspecting these matrices reveals that su(2) is a 3-dim vector space with the following

special basis:
(01 (0 —i (1 0
1711 0 2=\ o = \o -1) -

These matrices are called Pauli matrices. The choice of indices and especially of this
basis is absolutely arbitrary. However it is the predominant convention in the physical
literature. These matrices have the following commutator relations:

[O‘j,O’k] = 2i€jk10'1 .

B.3. Eigen states of angular momentum operators

A vector operator of particular interest is the angular momentum operator. For that
reason, the eigen states of angular momentum operators (or in general the representations
of generators of rotations) will be inquired.

B.3.1. Eigen states of generators of rotations
We consider hermitian operators J;, that satisfy the following commutation relations:”

[Ja, Ja] = —€apyJy [J%, Ja] = 0.

2Take the representations (with different coefficients) from corollary D.1.18 for example.
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Furthermore, we define the following operators
3
J2=3" 2 JE = J +iJ, = (JOI=J"

%
i=1

From the commutator relations for the .J;, the following equations can be shown:
[J5, JF] = £J* | [JT,J7] =2Js,
=TT + = Js=J J + I+ 5.
Theorem B.1.6 states, that J? and J3 have a joint eigen basis {|jm)}.

Remark B.3.1.
One could also choose the pairs J2, J; or J2, J,. The choice of J?2, J; is only a
convention.

In regard of the result, the notation {|jm)} was chosen, as is the notation for the eigen
values:

Jljm) = j(j +1)ljm)  Jsljm) = m|jm) .

Theorem B.3.2.
For the eigen value numbers j and m of J? and Js, the following restrictions

apply:
J € NgU %N ,
me{—j,—j+1,...,5—1,j5}.

Proof B.3.3.
The reason for the notation of J* as well as their meaning can be found from the
commutator relations [J3, J¥| = +J%:

JsJEim) = (JEJs £ JF)|jm) = (m £ 1)JF|jm) .

Put differently, the operators J* and J~ map an eigenstate of J; to an eigen state
of the eigen value increased and decreased by 1. Thus we may write

TEjm) = /i(j + 1) —m(m£1) [jm £1)) .

To see, that the coefficient ¢y = \/j(j + 1) — m(m £ 1) is the right one, up to a
phase €, we calculate

e = (JT gm]J T jm) = (Gm[J T |jm) = (Gm|J* = J5 = Js|jm)
=j(+1) —m’—m=j(j+1)—m(m+1),

and similarly for |c_|?. The restriction for the eigen value numbers j and m is a
consequence of the positive definiteness of the hermitian scalar product:

0 <(Jy jml|Jy jm) + (J2 jm|Jz jm) = (jm|J{|jm) + (jm|J3|jm)
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= (jm|J} + J3|jm) = (jm|J* — J3|jm) = j(j + 1) —

& |m[ <0G +1)

Hence there is a minimal m = m and a maximal m = m. Taking into account, the
action of J* on [jm), and that J=|jm) has to be an eigen state of J3 to the eigen
value m £+ 1, we need to demand:

JHimy=0 = j(+1)=m(m+1)
Jlim)=0 = j+1)=m(m-1)
Rewriting the system of equations yields:
m > m
m(m+1)=m(m—1) .
It follows, that m = —m and j = m = —m. Since J* increases/decreases in unit
steps, j as to be in Ny U %N. O

Remark B.3.4.
For the physical angular momentum, additional coefficients i are needed. However,
the statement of the last theorem remains unchanged.

B.3.2. Addition of angular momentum and Clebsch-Gordon
coefficients

We consider a system that allows for two angular momenta/spins. Again, ignoring the
proper units, the total angular momentum operators are

J=h+Jy Jo=Ju+Jn .. JE=J,+iJ,,

where J; denotes the i-th particle: J;,|j;, m;) = m;|j;, m;). As explained in subsection
2.1.1, the system is described by the tensor space of both Hilbert spaces. Thus, a tensor
basis is:

|j17m1 ;jg,m2> = |j17m1> ® |j27m2> .

We are now looking for a joint eigen basis of J?, J,, JZ:

|.]7m> = |j7j17j2am> .

The completeness relation 1 = Y. .. [j1,m1; J2, m2) (J1, m1; j2, me| allows to write

lj,m) = Z |31,m1;32,m2><§1,m1§52,m2|jam>-

J1,J2
mi,m2

Not all coefficients (j1,m1; J2,ma|j, m) are non-zero. By definition, |j,m) as well as
|j1, ma; Ja, msy) are eigen states of J?Z:

jzgz + 1)(51,m1;52,m2|j, m) = <317m1;327m2|‘]i2|j7m>
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= 7i(ji + 1) {1, m1; Jo, malg, m) .

Hence, if j; # j;, it must hold that (ji,m1; ja, ma|j, m) = 0.
Furthermore, J, = Ji, + Jo, causes the addition of eigen values m = my + my, such
that:

m{jr, mu; ja, malj, m) = (ji,ma; jo, ma| .| §, m)
= (j1, my; Jo, ma|J1. + Jo.|j, m)

= (my + ma)(J1, m1; Jo, malj, m) .

If my + my # m, then it must hold that (j,,m.; jo, ma|j, m) = 0 . Finally, taking only
the non-zero coefficients into account, we can write:

Gom) = > |j1,ma; das ma) (Ji, ma; jo, malj,m)
mi,m2
mi1+mo=m

Definition B.3.5.
The coefficients (j1, m1; j2, ma|j, m) are called Clebsch-Gordon coefficients.

So far, the Clebsch-Gordon coefficients are characterized by the condition, that {|j, m)}
has to be a joint eigen basis of the operators J?2, J,, J2. It remains to find coefficients,
such that the condition is met. In fact, there do exist algorithms to find such coefficients.
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Tensors are a vital concept in physics. This chapter tries to introduce the underlying algebraic
concept of tensor products following [RWO05] and [HOO07]. As result, the universal property is the
starting point, allowing to prove existence and the well known properties for calculations. We
conclude this chapter with an introduction to Ricci-calculus, as given in [Jan05], observing the
invariant isomorphisms behind index manipulations.

C.1. Tensor product

Usually (at least in the physical literature) tensors are defined by transformation behavior
or calculational properties. Though this approach delivers a ready introduction for
calculations, the concepts remain non-transparent. The most transparent way, yet
sadly also the most abstract way, is the definition by universal properties commonly
used in abstract algebra. However, the fundamental behavior, the transformation
behavior, follows as direct corollary. An important structure left behind in the approach
of transformation behavior, is the tensor product, that will be the first object to
investigate here.

C.1.1. Existence and uniqueness

The following section is rather technical and can be skipped, if one is only interested in
the behavior of tensors.

Definition C.1.1 (Universal property).

Let V and W be K-vector spaces. Also let (T, t) be a tupel, consisting of a vector
space T" and a bilinear map t: V x W — T'. The tuple is called tensor product
if the following universal property is fulfilled:

Let U be another vector space and f: V x W — U be a linear map. Then there
exists a linear map ¢s: T'— U, such that the following diagram commutes:

V x W f U
\ /

T

Theorem C.1.2 (Existence and uniqueness).

For any two K- vector spaces V- and W, there exists always a tensor product
(T,t). This tensor product is unique up to isomorphy. That is, if (T",t") is a
second tensor product, then there exists a defined isomorphism V: T — T" such
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that the following diagram commutes:

VxW i T

N

T

Proof C.1.3.

Preparations: Let KM denote the set of maps from M in the field K. The set
KM is a vector space with point wise addition. A special class of maps in this
vector space are Kronecker-deltas

1 ,2=m

Om: M — K, z+—— §,(x) ::{ 0 sonst

This gives rise to an embedding ® of M in KM:
oMK, me o,

An important subspace of KM for this proof is the space of maps with f(z) =0
for all but finitely many 2 € M. This subspace will be denoted by K™, Every
element of this space can be written as linear combination of finitely many deltas
Om. By definition the deltas are linear independent and thus forming a basis of
KM),

KM = spang (im(®)) .

Existence:
The existence follows from inspecting a commutative diagram:

V><W V><W)
o \ \
(2)
(b) (o)
KV>xwW) . s U
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()

(b)

As we have seen, there is an embedding, that is, an injective map ®: V x W —
K(VXW).

We define the subspace X € KV*W), Let v,0' € V, w,w’ € W and a € K,
then X shall be defined as linear span of the following elements

5(U+v’7w) - 5(v,w) - 5(1}’,11}) ’ 5(v,w+w/) - 5(v,w) - 5(1)7’[1)/) )

§(av,w) - 6a(v,w) and 5(v,aw) - 5a(v,w) .

The space T can now be defined as quotient 7 := K(">*W) /X Hence T is a
space of equivalence classes with the following equivalence relation:

h~h & 3FzeX:2d=h+zx.

Let m: KVXW) 5 T be the canonical projection, i.e. the surjective map
assigning every h € K(V>W) its equivalence class 7(h) = [h] € KV>W) /X

The map t: V x W — T will be defined by t = m o ®. Due to the choice of X
the map is bilinear:

t((v 42 w) = (v,w) — (V,w)) = T(O(psv/ ) — Ow,w) — Owr,w)) = [0]
= D] = Bewml+0ww] & Hw+v,w) =t((v,w)) +H((, w)) .
The remaining properties can be shown similarly.

It remains to show, that (7, t) satisfies the universal property. So let U be a
K-vector space and f: V x W — U a bilinear map. The image of ® defines a
basis of KV*W)_ Define the map o by

o(®(v,w)) = f(v,w) .

By linear completion ¢ is a linear map K(*") — UU. From the bilinearity of
f follows the bilinearity of o:

o(P(v+v,w)) = f((v+v,w)) = flv,w) + f(V',w) = o(P(v,w)) + (P, w)) .
Hence U C ker(o).

The fundamental theorem on homomorphisms states, that there exists a unique
linear map ¢, completely defined by o, such that the upper triangle of the
diagram commutes. Since o is uniquely defined by f, so is ¢, proving the
universal property.

Uniqueness:
To prove uniqueness we use a second tensor space 1" for U:

(a)

(b)

Since we have already proven the universal property, we know that there is a
unique map V': T'— T’ defined by t'.

Similarly there is a unique map W: 7" — T defined by ¢.
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T T

V X Tt T
T t t T \ /
x / VxW

VxW VxW (c)
(a) (b)

(c¢) Also there is a unique linear map ¢ € End(7"), such that
Eot=1
holds. Furthermore, Idy ot =t holds. Since ¢ was unique, & = Idr.

(d) Combining the diagrams, which commute by definition, shows that the whole
diagram does, too. Hence:

Idp=€¢=T 0oV .

(e) Similarly it follows that Idy = W o W', Due to the uniqueness of ¥, being
determined by ¢ and the uniqueness of ¥/, being determined by t’, theses maps
coincide in both diagrams. Thus finally ' = U1 i.e. it is an isomorphism.

]

C.1.2. Tensors

The tensor product is unique up to isomorphy, so it is common to speak about the
tensor product. The usual notation for (7,t) is (V ® W, ®). As long as the field K is
understood, one can write ®, otherwise one needs to specify the field, e.g. ®g. This is
important, since ® is bilinear only with respect to K:

v+ ) Ruw=vw+v @w,

1R (w+uw)=vw+vv,

(o) @w =a(vw) =1 (aw) .
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Definition C.1.4.
Tensors of the form v @ w € V@ W with v € V and w € W are called pure
tensors

By the construction of V ® W it follows that every tensor can be written as sum of
pure tensors.

Theorem C.1.5.
Let {v;}ier be a basis of V and {w,};es a basis of W for finite dimensional vector
spaces. Then {v; ® vj}ier jes is a basis of V@ W and it follows that:

dim(V @ W) = dim(V) - dim(W) .

Proof C.1.6.
We consider the following map:
-V x W — K(I’J) R (Z X;Uq, Zijj) = Z;Yj - 5(1"]') .
iel jed

Here I and J are the index sets of the bases of V' and W. The map t’ is bilinear and
maps elements (v;, w;) to the basis elements §(; ;) of K"/). By linear completion
there is a unique linear map ¢: K/) — U for every bilinear map f: V x W — U,
defined by

fv,w) = ot (v,w)) VoeV,weW.

Thus the following diagram commutes:

Vx W / U

A

KUT)

Hence the tuple (K7 )t ) satisfies the universal property. With theorem C.1.2 we
find K7 =2 V @ W. The isomorphism ¥ between those vector spaces has the
property Vot = ®, mapping t'(v;, w;) = (;;) to v; ® w;. Since {d(; ;) } is a basis
of K& 50 is {v; ® w;} a basis of V@ W. O

With the universal property we can prove the following isomorphies:

Lemma C.1.7 (Ismorphisms of tensor spaces).
Let VW and U be K-vector spaces, then the following isomorphies are unique
for the stated conditions:

() VRW=EZWRV, vur—w®u.

(ii) UV)@W~UQ VW), (u®v)Quwr—u® (vew).
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(iii) UPV)eW xUW)PVeW) (u,v)@w— (u@w,vQw).
(v) Kk V=V, a®v—a-v.

Proof C.1.8 ((E for (i)).
Let t: V. x W — W ® V be defined by t(v,w) = w ® v. Every bilinear map
f:V xW — U determines ¢: W x V — U uniquely by

plw@v) = flv,w),
such that the following diagram commutes:
Vx W ! U
\‘ /

WeVv

Thus (W ® V, t) satisfies the universal property and is isomorphic to V' @ W due
to theorem C.1.2. The remaining isomorphisms can be proven similarly. O

The last isomorphism (iv) is only valid, if the field used as vector space is the same
as the field used to define the tensor product. If K’ D K is a field containing K as

subfield (e.g. C and R), then statement (iv) fails: K' @x V' 22 V. Yet K’ ®x V' becomes
a K’-vector space. That is, the scalar range of V' is extended to K', by

a-(Vev)=(d -V)euv.

Definition C.1.9.
Let K be a subfield of C, i.e. K= Q or R, and let V' be a K-vector space. The
tensor product V¢ := C ®x V is called complexification of V.

It can be shown, that if {v;};c; is a basis of V, so is {1 @k v;}jes of VK.

Lemma C.1.10.
Let Vi, Vo, Wy, Wy be vector spaces, and ¢1: Vi — Wi as well as po: Vo — Wy be
linear maps. Then there is a unique linear map

P1Rp2: V1 ®Va — W1 @ Wy, (01 ® v2)(v1 @ v3) = p1(v1) ® Pa(V)2 .
This tensor product of linear maps has the following properties:
1. Idvl X ]dV2 = IdV®V2.

2. For two additional linear maps ¢ : Vi — Wi and ¢y: Vo — Ws, it holds
that:

(1 ® 2) 0 (V] ® p3) = (10 ¢]) ® (Y20 h) .

1For example see [RW05, p. 4-5] for (iv).
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3. The map

Hom(V;, W1) x Hom(Va, W) — Hom(V; @ Vo, Wy @ Wh)
(1, P2) = 01 ® 2

is bilinear and injective. For finite-dimensional vector spaces it is an iso-
morphism.

From the definition of the algebraic dual space V* = Hom(V,K) and the isomorphy
K®g V =V the injection

VieVy = (WMeh),

follows as direct result from the previous lemma. Accordingly it is an isomorphism for
finite-dimensional vector spaces.

Lemma C.1.11.
There is an embedding Vo @ Vi* into Hom(V1, V3), defined by the following injective
linear map

Vo® V" —= Hom(V1,V3) , v ® Y1 = Ly,

where Ly, 9, (v) = V1(v) - va. This map can be extended linearly for Vo @ Vi*.

As before, the embedding becomes an isomorphy in the finite-dimensional case.

Corollary C.1.12.

Let {e;}; be a basis of a finite-dimensional vector space V' and {¥;}; the dual
basis. Then, every linear operator L € Hom(V, W) can be written as tensor from
WV

)

Although the tensor product is defined for infinite-dimensional vector spaces, too, the
tensor product of two Hilbert spaces does not need to be one as well. The missing
property is completeness here.

Let H; and H, be two Hilbert spaces. One can define a scalar product on H; ® Ha
by

(V1 ® va|wy @ vg) = (v1|wy) - (va|wa) .

To obtain a Hilbert space, one can take the metric completion with respect to that
scalar product.

We have spoken about bases so far, even in the infinite-demensional case. A basis
allows to linear combine every element of the space with finitely many basis elements.”
Theorem C.1.5 can be extended to Hilbert-bases.

2Contrasting Hilbert-bases, where the sum is infinite. In infinite spaces, a true basis may even become
uncountable.
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C.2. Ricci calculus

In Ricci calculus, tensors are characterized by their coefficients (becoming a list of
numbers). There are three important principles we need to understand:

1) Components define objects
2) Position of indices determines transformation behavior.
3) Summation convention.

C.2.1. Co-and contravarianz

Let V' be a vector space, {e;}i=1,. ., a basis and V* be the dual space with dual basis
{19i}l-:17,_,,n. A vector v € V is called contravariant and is described by coefficients
with upper indices:

n . .
v = szei =v'e; .
i=1

A dual vector ¢ € V* is called covariant and is described by coefficients with lower
indices

P =i .
In the last equation we have already used the summation convention. Over same
indices, one upper and one lower, will always be summed (without having to write the

summation symbol).
Changing the basis e; — €; does not change the element v, but its components:

v =v'e; = e .

By definition there are coefficients, such that e; = A’ ;€; can be written. Plugging in
yields the connection between v* and *:

v =", = vie; = viAjiéj = o* = Akiv" .
For the coefficients of the matrix A, we have already used the Ricci convention. Still,
the first index describes the row and the second index the columns, independent if it is

an upper or lower index.

Remark C.2.1 (Composition of linear maps).
Let A, B € End(V) for a finite dimensional vector space V. Due to the isomorphy
End(V) ~ V ® V*, these maps can be written as tensors:

A=Ae; @0 = Ae; @09 and B = Bfe, 09" .
Evaluating (A o B)(v) for an arbitrary vector v € V' yields
(Ao B)(v) = A%e; - 0" (BFyer - 0 (v)) = A BX9 ()0 (ex) - ¢
= Ajinzﬁe(U) ;f "€ = AjiBizﬁe(v) "Gy
= ((4,B)) e;@0") (v) .
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From the last equality we can read off the coefficient behavior under composition:

(Ao B)je = AjiBiz

If A is a basis change matrix, there is an inverse A~Y. From the above remark we know,
that this can be expressed by A*;(A™")’; = d;. Dual vectors are linear and defined by
¥'(e;) = 0% and respectively U'(é;) = &%, thus we find:

Since the dual vector space is also a vector space, there are coefficients such that
9" = M. Plugging in results in the transformation behavior of covectors:

0 = A0 (&) = AN MO (&) = AN M 0F = AR MY = MR AN, = M= AT
= o=@ = =@ (AT = g= (AT

By definition, basis change matrices are orthogonal /unitary. That is A~! = AT /
A=l = AT Summing up our findings:

coeflicients | transformation basis vectors

contravariant ot = AF ér = (A7) e

covariant Op = (AT)"kgpi 9F = Akif}i

C.2.2. Tensors in Ricci calculus

After we have seen the foundations of Ricci calculus we can use this formulation on
tensors:

Definition C.2.2.
A tensor, consisting of r vectors and s covectors

TeVR.QVRIV'®R...V"
_t./—/ s times

is called tensor of type (7, s). The number r + s is called the rank, also for
a general order of vectors and covectors.

A tensor of type (r, s) can be expanded as follows:

T=T"" € ®.0¢ @¥V®..Q0:.

jl---]s

In Ricci calculus one agrees upon the following identification:

T=T""

Ji-Js
A change of basis results in the following transformation behavior:

L= AT LAY (AT (AT

TN ... N
T m J

210y
1...m Js T J1--Js

This behavior is used to define tensors in the physical literature.
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C.2.3. Raising and lowering indices

In case of a Riemannian manifold there is a fourth principle, induced by the Riemannian
metric:

4) Raising and lowering indices

To understand the invariant meaning behind these manipulations, instead of just defining
them, it is best to use the coordinate free formulation first.
Let g be a scalar product (or Riemannian metric). Then there is an isomorphism

I, : vector — covector v+ I1(v) = g(v,-) .

Remark C.2.3.
In the literature, the isomorphism I; and its inverse I; ' are called flat- and sharp
isomorphism respectively. The usual notation is

L(v) =2 and ITHw) = w# .

These isomorphisms can be applied to individual parts of the tensor, still defining an
isomorphism between tensor spaces. For example, a (1, 1)-tensor becomes a (0, 2)-tensor
if I, ® 1 is applied, and a (2,0)-tensor, if 1 ® I is applied.

Let 0, be a tangent basis and dz” be the dual basis of the cotangent space. Defining
the coefficients of the Riemannian metric by g, = g(d,, d,), there is an inverse matrix
(list of numbers) ¢g"”. By definition of scalar products the matrices are symmetric:
9w = 9y, and hence g"” = g"#. For the isomorphisms /; and I L't follows that:

L(0u) = 9(0y,-) = g,,,dx" and thus’ I7Ydo") = g"o, .
The coefficients transform as follows:

L(v"0,) = g, v"dz” = v,dz” and I (u,da) = g"u,0, = u”0, .

Remark C.2.4.
A contravariant vector v* becomes a covariant vector v, by lowering the index:

vy = g, 0"
Raising an index on the other hand, transforms a covector into a vector:
u = g"u, .

The raising and lowering can be applied for indices of tensors separately:

30, = I (g, dat) = g, I (dat) = g'g,,, Iy (dat) = I (da) = g'V o,
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Remark C.2.5.
The scalar product of two vectors v*d, and v”0, can be written as composition:

m v Y _ vo__ I
g(ut9,,v"0,) = u'v’g,, = uv” = vu" .




Representation theory

In this chapter, the basics of representation theory, that can be found throughout [Zir13] and
[Zir10], are summarized. The definitions and concepts of representations of groups and algebras
as well as important algebras for quantum mechanics and their representations are introduced.

D.1. Overview of representation theory

Representations allow to map structures onto vector spaces to investigate properties in
the well understood context of linear maps. In the following we will consider groups
and algebras.

D.1.1. Representations of groups

Definition D.1.1.
Let G be a group and V' be a K vector space. A group homomorphism D : G —
GL(V) is called representation of G on V.

A group homomorphism is a map H : G; — G5 between two groups, that satisfies
H(gok)=H(g)oH(k) Yg,keGy.

A representation is the special case of G5 being the general linear group of a vector
space.

Definition D.1.2.
If V is a complex vector space with hermitian scalar product (-,-) : V x V. — C
and the representation satisfies

(D(g)v,D(g)w) = (v,w) Yov,weV Vgei,

the representation si called unitary.

Instead of using group homomorphisms, a group representation can be constructed
using group actions on a vector space:

Definition D.1.3.

Let (G,0) be a group and M a set. A group action of the group G on the
set M is a binary operator ¢ : G x M — M wit the following properties for all
g1,92 € G and x € M:

(groge)ox=g10(g9202)
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ecr =1,

where e is the neutral element of the group.

Theorem D.1.4.
Let G be a group and V be a K wvector space. A linear group action of G on V.
defines a group representation of G on V.

Proof D.1.5.
To be linear means, that the group action has the following property:

go(av+ pw)=a-gov+ - -gow Yo,w eV a,f K.
Because of the linear group action, a map ®: G — End(V') can be defined by:
g— ®, mit O, (v)=gov YgeGVveV .

The linearity of ®, is a direct consequence of the linearity of the group action.
Using the properties of group actions show that ®, is a group homomorphism:

Dgiog,¥ = (gl ° 92) oV =g10(grov)= ((I)gl © CDQQ)U :
Let ¢! be the inverse element of g € G, then:
Ppro®y=Pyrpy =P =Idy =... =Pg0Pys = =0, ".
Hence every @, is invertible and thus ®: G — GL(V). O

To close this subsection we will prove Schur’s lemma (as can be found in [Zirl0,
section 4.2]). To do so we need further definitions:

Definition D.1.6.
A representation D of G on V is called irreducible, if the only G-invariant
subspaces if V are {0} and V itself. A subspace U C V is called G-invariant , if

DU =U Vgeq.

Definition D.1.7.
Two representations (G, Vi, D;) and (G, V,, Dy) are called equivalent, if there
exists an isomorphism ®: V; — V5 such that ® o D; = Dy 0 ® for all g € G.

Theorem D.1.8 (Schur’s lemma).
Let (G,V1,D1) and (G,Va,Dy) be two irreducible maps of G on a finite-
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dimensional vector space. If there is a linear map ®: Vi — V4 that satisfies

®oDi(g) =Dy(g)o® Vgel,

then either ® = 0 or ® is invertible, i.e. an isomorphism.

Proof D.1.9.
Let v € ker(®) C Vi, then for all g € G it holds that:

0=>®(w) = 0=Dy(9)P(v) =D(Di(g9)v) = Di(g)v € ker(P) .

Thus ker(®) is a G-invariant subspace of V;. By assumption it holds that ker(®) =
V1, which would lead to ® = 0, or ker(®) = {0}.
Assuming ker(®) = {0}, then ® is injective and thus also bijective by the

rank-nullity theorem. [l

Corollary D.1.10.
Let (G,V,D) be an irreducible representation on a finite-dimensional C vector

space. Then, every endomorphism ® € End(V) that satisfies

®oD(g) =D(g) 0P Vged

is proportional to the identity map, i.e. ® ~ Idy .

Proof D.1.11.
In the complex number field the characteristic polynomial det(® — z - Id,) has at
least one zero (exactly dim(V') to be precise). Let A be the zero, i.e. as eigen value
of ®.

The map & — A dy satisfies

(@ — \dy) o D(g) = Dlg) o (b — Aldy) .

since Idy commutes with every D(g). By definition (® — Aldy ) is not invertible
since the kernel is not zero. Using Shur’s lemma this means

(@ —Mdy)=0 = &=\dy~ Idy.

D.1.2. Representations of algebras

To every Lie group there is a Lie algebra. Thus we are also interested in representations
of algebras.
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Definition D.1.12.

Let V be a K vector space and o: V' x V' — V a bilinear operation, then the pair
(V,0) is called K-algebra. If the operation o is associative the algebra is called
associative algebra

The distinction between associative and non-associative algebras is an important one.
Indeed, an important class of algebras we have already encountered, the Lie algebras,
are non-associative.

Definition D.1.13.

Let A be a K-algebra. An algebra homomorphism D: A — End(V) is called
representation of the K-algebra on the vector space. In the case of a Lie
algebra a Lie algebra representation is a Lie algebra homomorphism D: A —

gl(V) = (End(V), [e, e]).

An algebra homomorphism is a linear map H: A — A’ between two algebras, such
that
H(zoy)=H(x)oH(y) VayecA.

In the case of Lie algebras the condition is
H([z,y]) = [H(z),H(y)] Vaz,yeA,

of course.

Theorem D.1.14.

Let D: G — GL(V) be a smooth representation of a Lie group. The differential
in the neutral element is a representation D,D: g — gl(V') of the associate Lie
algebra.

Proof D.1.15.
It can be shown that GL(V') is a Lie group and gl(V') its Lie algebra. The differential
is by definition a linear map between Lie algebras (see lemma B.1.16):

gl(V) .
D(Y)] holds. O

I

DeD: TeG = g — Tp(e)GL<V)
Lemma B.1.10 shows that D.D([X,Y]) = [D.D(X), D

Lemma and example D.1.16.
A unitary representation of the rotation group SO(3) on the Hilbert space L?(R3)
s given by
(D(9).f)(z) = f(g'z) Vo €R®.
Hence D, defined by
d

D*(X) = DED(X) = @ B

D(e?X)
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is a representation of $0(3).

Proof D.1.17.

To see more easily that D is a homomorphism it is helpful to notice that g € SO(3)
is a diffeomorphism R3 — R3 that can be written in the following way:

(D(g)f)(x) = (g7 ) .
This also allows to prove unitarity, using g(R?) = R? and ¢g*dV = dV:
(D(9)f|D(g) /foglhog v = /fh gt dv
_/ V(f g dV) = /gl(Rg)f-th:/Rsf-th

= (flh) .
Since e#X defines a curve in SO(3) with tangent vector X in ¢ = 0, the second
claim follows from the previous theorem. O]

Corollary D.1.18.
The generators J; of Rotations in SO(3) have the following representation on

L2 (RZS)
Z EijkTj * Oy

With the quantum mechanical genemtors L, = ihJ, it follows that:
. D*(Ll) T —Zhaxl
Il = D*(LQ) = |2 | X —zh@m = IX ﬁ .
D*(Lg) 3 —zh@xg

Proof D.1.19 ((E for J3).
Let f € L*(R?), then:

d

D.(J5)f = o

d
D(e)f = —|  foe®h = df o (~Jy)
©=0 ng ©=0

= (D) f)(E) = —df (J37) = —df (105, — ¥204,)

= —x1 - df (D) + T2df (D)
B 0
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D.2. Some important algebras

Lemma C.1.7 allows to regard tensor products as associative algebras (by isomorphy),
defining the tensor algebra:

o0

RV =PV =KPvEPpVeV)ep..

n=0

D.2.1. Clifford algebra and Weyl algebra

Definition D.2.1.
Let V be a K vector space with K =R or K = C. A quadratic form ¢: V — K
is a map with the following properties:

i) For all v € V and A € K it holds that g(Av) = A* - q(v).
ii) The map Q(v,w) = (q(v + w) — q(v) — g(w)) is a symmetric bilinear form.

The pair (V,q) is called quadratic space.

In the finite-dimensional case, a quadratic form can be expressed by a matrix A, by
q(7) = T AZ. Some authors also call the associated symmetric bilinear form @ quadratic
form, since

Q(v,v) = q(v)
holds anyway.

Definition D.2.2.
The Clifford algebra CI(V, q) is the free associative algebra over V @& K with
the restriction

vowv=q(v) .

The free associative algebra is the set of all “polynomials” with “variables” from V @& K
and coefficients from K. The associative multiplication of variables can be understood
as the building of words from an alphabet consisting of V' & K:

Free(V) > X =Y a; [Jvje aj€eKandvj, e VoK.
=1 ¢

Now, the Clifford algebra is the same algebra with the convention, that two successive
letters can be exchanged with ¢(v). The bilinearity of the algebra product allows to
pull out this number as coefficient for the “word”.

Corollary D.2.3 (Clifford relation for two vectors).
For v,w € V it holds that:

vow+wowv=2Q(v,w) .
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Proof D.2.4.

qlv+w)=vovt+wow+vowtwouw

= 4(0) + g(w) +vow +wou

= wvow+twouv=(q(v+w)—q(v) - qw) =2Q(v,w) .

Remark D.2.5.
Following the literature, we will no longer use a special symbol for the Clifford
product:

€; 0 €; = €;€; .

As an algebra, the Clifford algebra carries a vector space structure.

Lemma D.2.6.
Let dim(V') = n and {ey, ...,e,} be a basis of V' that is orthogonal w.r.t. Q, then

{1, €, eiej, ..., e1...epli=1,....n, i<y, ...}

is a basis of the Clifford algebra C1(V,Q), in the sense of a vector space.

Proof D.2.7.

Assume the set V &K to be an alphabet and let vy ... v, be a word of length k£ < n.
Because of the bilinearity, the word can be decomposed into a linear combination
of words of the length & built from the sub alphabet {1,e;,...,¢e,}. Hence this
sub alphabet generates all words of length < n.

Assume now uv; ... v, to be a word of length n + 1. Using €? = Q(e;), we see
that this word can be decomposed into a linear combination of words with length
n. Thus the set

{1, e, eiej, ..., e1...e,}
generates the Clifford algebra.
From lemma D.2.3, the relation between the basis vectors follows immediately:

€i€; = 2Q(€i, Gj) — €€, = —€5€; .
Similarly to the exterior algebra it holds that
span{e;, ...e; |in < ... <ix} =span{e;, ...e;, } ,

with the left set being liearly independent. Hence the Clifford algebra is generated
by

{1, €, eej, ..., e1...epi=1,....n, 1 <7, ...}
Linear independence follows from the fact, that words of length & < n cannot

be generated form words shorter than k. Formally one could use an induction
here. .. ]
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Similarly to the Clifford algebra, that is defined on a vector space with quadratic form,
the Weyl algebra is an associative algebra defined on a symplectic vector space. That is
a vector space with a non-degenerate alternating bilinear form (2-form).

Definition D.2.8.
Let V be a K vector space with a non-degenerate 2-form A : V' x V' — K. The
Weyl algebra W(V, A) is the free algebra over V & K with the restriction

vw — wv = A(v, w) VoweV.

D.2.2. Exterior algebra and symmetric algebra

Definition D.2.9.
The symmetric algebra S(V) is the free commutative algebra over V @ K, i.e.:

vVw=wVuv Vov,weVand K.
The exterior algebra A(V) is the free “alternating” algebra over V @ K i.e.:

vAwW=—wAv Vo,weVand K.

All of the algebras we have introduced so far can also be constructed by the tensor
algebra modulus some ring-ideal, which would also prove existence. In the case of
the symmetric and exterior algebra it can be seen, that the tensor algebra can be
decomposed into a direct sum @ (V) = A(V) & S(V).

The algebras A(V) and S(V') are graded. This means, that there are sub-algebras
A*(V) € A(V) and S¥(V) € S(V), such that

/\<V>:’§§/\’“<V> and S<V>=§Sk<V>.

The grade k is the length of the polynomial v; A ... Awvg (resp. v V...V vg). Since
vAv=—vAv =0, polynomials of A(V) can only be of length n = dim(V"), such that

AV) = ;@A’“m |

Lemma D.2.10.
Let dim(V') = n and {ey, ...,en} be a basis of V, then

{eil/\.../\eik|i1<i2...<ik}

is a basis of the exterior algebra \*(V), in the sense of a vector space.

Proof D.2.11.
Consider a polynomial v; A ... A v, # 0 of length £ < n. Note that v; = v; for
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i,J leads to v A ... Avp = 0 because of v Av = —v A v. Because of alternating
multilinearity, it follows that polynomials of length £ can be written as linear
combination of e;, A ...e; for i; # i, and i; € {1,...,n}. Hence the set

generates \"(V). Because of the alternation, we can exchange the order, possibly
getting a minus sign, to order the e;, such that 7; <iy... < 1;. Thus

{ezl/\/\elk|21<22<zk}

is a basis of A*(V). O

Lemma D.2.12.
Let dim(V') = n and {ey,...,e,} be a basis of V, then

{1, e, eiej, ..., e1...epli=1,....n, 1<, ...}

is a basis of the exterior algebra S(V'), in the sense of a vector space.

Proof D.2.13.

The proof works in the same way as the one for the exterior algebra. The only
addition is, that v V v has to be admitted, such that i; < iy < ... <, has to be
used in the last step. O

For the physics, one is in general also interested in A(V @ W) and S(V & W).

Lemma D.2.14.
For finite dimensional vector spaces, it holds that

NVow)= EB/\ Yo N w

where the isomorphy is on the vector space level.

Proof D.2.15.
Let {e;}iz1,.» be a basis of V' and fjj:l - be a basis of W. Then

{(e1,0),...,(en,0),(0, f1),..., (0, fr)}

is a basis of V@ W. It is convenient to write (v,w) = v + w here, identifying
(€;,0) = e; and (0, f;) = f;. Furthermore, we change the notation for a moment,
and set e,4; = f;. From lemma D.2.10, we know that

{67;1/\.../\61'17|ik€{0,1,...m+n},i1<...<ip}
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is a basis of A\P(V @ W). So we see, that the basis of AP(V @ W) has the form
{lea Ao ne ) NN AN fio) Taed0,op), i <o <dg, 1 <ooo <Jp, o) -
On the other hand, by theorem C.1.5,

{lea Ao ne )@ (fu Ao AN fi ) i <o <idg, J1 <o < Jpo}

is a basis of AY(V) @ AP79(WW). In the same way, we constructed the basis for
V @& W, we can construct the basis for @;_y A/(V) @ AP~%(W). Up to reordering,
we find, that

{(eil/\.../\eiq)®(fj1/\.../\fjpfq)\qe{(],...,p}, i1<-~-<iq,j1<--~<jpp,q}

~

is the basis. So we can construct the isomorphism ¢: AP(VOW) — @i_g A1(V)®
AP~9(W) by its action on the basis elements:

Qb: (6i1/\"'/\eiq)/\(-fjl/\"'/\fjpfq)'_>(eil/\"'/\eiq)®(fj1/\"'/\fjp—q)'

Extending the map linearly makes ¢ a linear isomorphism. [

Lemma D.2.16.
For finite dimensional vector spaces, it holds that

SPVeWw)= @Sq ) ® SPTY W),

where the isomorphy is on the vector space level.

Proof D.2.17.
The proof is the same as for the exterior algebra, except for < instead of <. [

Corollary D.2.18.
The algebras N(V & W) and S(V & W) are bigraded with
AV eWw) = @/\p"veaw where \™'(VeWw)=AN'V)e \N'(W
SVeW)=g s (VeW), where SPUV W) = SP(V)® SIY(W) .
p,q
Proof D.2.19.

This follows from the previous lemmas and the grading of A and S. m




D.3. Spinor representation 157

D.3. Spinor representation

Let V ~ R?" be an even dimensional real vector space with Euclidean scalar product
(2. Since the dimension is even, the basis can be split up in two parts of equal length.
Let {ey,...,en, f1,..., fn} be an orthonormal basis. To allow for complex coefficients,
we use the complexification VC (see definition C'.1.9). To represent the Clifford algebra,
we intend to use something similar to a polarization of a symplectic space. That is, we
want to define subspaces P and P*, such that V¢ = P @ P*. One possibility, using the
chosen basis, is the construction

P =spanc{ci,...,c,} P* =spanc{c],...,c}

with Cj = %(ej — Zf]) s C; = %(ej +Zf]> :

The Euclidean scalar product allows to regard P* as dual space, since Q(cj, ¢y) = Oxe-
Also, it holds that Q(cx, /) = 0 = Q(c}, ¢;). Passing to the Clifford algebra CI(VE, Q),

the relations for the basis elements of P and Px are
crCe + coc, =0, ey + e =0, CrCe + coCl, = Ok

An important observation is, that C and P are both subsets of CI(VC, Q) and A(P).

Definition D.3.1. i -
Let € P*, the linear operator pu: A\ (P) — /\" " (P) is defined by

i) paa =0 fora € C.

i) v =) =2Q(p,v) for v € P

iil) . satisfies the anti Leibniz rule: @i(€ A1) = (@1€) A+ (=1)8EE A (o).

The operator
k k+1
oA N(P) = N\ (P),

for v € P, is defined as the notation implies. Since every element in v € V¢ @ C can
be uniquely decomposed into v = vp + vp+ + a with vp € P, vp« € P* and a € C, an
operator vo: A(P) — A(P) can be defined by

vol=vpANE+tuvpilt+a-& VEe \P).
Demanding that
(vw)of =vo(wo&) and (a-v+b-w)ol=a-vol+b-wokf,

for all v,w € VE@C, £ € A(P) and a, b € C, allows to extend vo for any v € C1(VE, Q).
Also by construction vo € End(A(P)).

Lemma D.3.2.
The map Ds: v € CI(VE,Q) — End(A(P)) defined by v + wvo is an algebra
homomorphism.
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Proof D.3.3.
In fact, vo has been constructed such that Dg is linear. The homomorphy follows
equally simply from the construction of vo:

Ds(vw)(§) = (vw) 0§ = vo (wo &) = Ds(v)(Ds(w)€) = (Ds(v)Ds(w))§ -
[l

With the algebra homomorphism Dg at hand, we are ready to define the spinor
representation.

Definition D.3.4.
Let V€ = P @ P* be a polarization of the complexified vector space VC. The
spinor representation of C1(VC, Q) on A(P) is Ds.

In the same way, the spinor representation can be constructed on A(P*)

D.4. Bosonic and fermionic Fock space representations

Essentially, the following representations are extensions of the spinor representation
for Clifford and Weyl algebras on Hilbert spaces. The following lemma allows these
extensions:

Lemma D.4.1.
Let H be a Hilbert space and H* its dual. Then H & H* is a vector space with

i) A symmetric bilinar form Qv + ¢, v + ¢') = (V') + ¢'(v),
it) A symplectic form A(v+ o, v + ¢') = (V') — ¢'(v),

forv,v' € H and ¢, ' € H*.

Proof D.4.2.
The vector space property follows from the construction of H®H*. Also, symmetry
and bilinearity of ) can be seen easily, as well as bilinearity and alternation of A.
It remains to show the non-degeneracy of A.

Assume A(v+ @, v +¢') =0 for all v + ¢ € H & H*. Then:

() =¢'(v) YVo+peHBHx* .
Assume ¢ # 0 and v = 0, then ¢(v') = 0, which can only be true, if v = 0.

Conversely for ¢ = 0 and v # 0, then ¢'(v) = 0 is needed, which is only possible
for all non zero v, if ¢’ = 0. Hence v/ + ¢’ = 0. O
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D.4.1. Fermionic Fock space representation

Let H be a Hilbert space with dual space H*. The fermionic Fock space represen-
tation Dp is the representation of CI(H @& H*, Q) on A(H), defined by Dg(v) = vo for
all v € CI(H & H*, Q). The action vo is defined as in the spinor representation and the
symmetric bilinear form is the one from lemma D.4.1.

Definition D.4.3.
The anticommutator{-,-} of two operators A, B € End(H) is defined by

{A,B} = AB + BA .

Theorem D.4.4.
Let v,w € Hand @, € H*, then the representations of these elements satisfy the
canonical anticommutator relations:

{Dr(v), Dr(w)} =0,  {Dr(¢),Pr(n)} =0,

{Dr(v), Dr(p)} = @(v) -

Proof D.4.5.
i) The first anticommutator rule is a direct consequence of v Aw = —w A v, since

Dp(v)Dr(w) =v Aw A€ for all £ € A(H).

ii) Because of linearity, we can restrict to & = x; A ... A . Using Dr(p)v =
@ = p(v) and the anti Leibniz rule, we get

Dr(p)é => (=1 o(z)) 21 A ATjA o Ay
j=1

where 7; is the omission of ;. This results in

LA ATE A AT A e A T
= (=) Dp()Dr(n)€ .

In the second line, z; and x; where exchanged. This is possible, for the
summation is over all possible combinations. However, exchanging x; and
7 tesults in an additional sign (—1)27"2% Let Ak be the number of pair
exchanges, to bring z;, in front of ;. The number of pair exchanges Aj to
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bring z; to the former position of x;, is then one less that Ak, i.e. Aj = Ak—1.
It follows that
(_1)Aj+Ak — (_1)2Ak—1 - 1.

Hence: Dp(n)Dr(p) = —Dr(@)Dr(n).
iii) Again, let £ = x; A ... A x,,, then
Dr(v)Dr(p)€ + Dr(p)Dr(v)§

(=1 o(z) v AT A AT A ATy

S

-

.
Il
-

O(z) VAT AN ANT;N ATy

_l’_
1M
=

V)T A ATy,

I+
5 5
=
o~

D.4.2. Bosonic Fock space representation

Let H be a Hilbert space with dual space H* and A the symplectic form on H & H*
from lemma D.4.1. The bosonic Fock space representation Dg is a representation
of WH@&H*, A) on S(H) similar to the fermionic Fock space representation. As before
Dp is defined by Dp(v) = vo for all v € W(H & H*, A). However, the action vo on
S(H) needs some minor changes:

wof =wVE VEESH), weH

and @ satisfies the Leibniz rule: ¢i(§ V) = (p1&) Vn+ £V (@un).
for all p € H* and all £&,n € S(H).

Theorem D.4.6.
Let v,w € Hand @,n € H*, then the representations of these elements satisfy the
canonical commutator relations:

[Ds(v), Dp(w)] =0,  [DPa(y),Pe(n)] =0,

[Ps(v), Dp(p)] = ¢(v) -

Proof D.4.7.
The proof is very similar to proof D.4.5, yet with less sign changes. O]
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D.5. Spin Group

For the whole section we assume the quadratic form ¢ to be non-degenerate, if not
specified differently.

D.5.1. Spin and pinor group

Definition D.5.1.
Let (V, Q) be a quadratic space. The pinor group Pin(V, Q) is defined by

Pin(V, Q) = {X € CI(V, Q) ‘ X=v...01, k>0, vy €V, with Q(ve,v,)* = 1} ,

From the definition, it is not hard to see, that Pin(V, Q) C C1(V, Q) and that it is closed
under the Clifford multiplication. The pinor group can be understood as a restriction
of the Clifford algebra.

From the universal property of Clifford algebras, which is itself sufficient to completely
characterize Clifford algebras abstractly, it can be shown that there is a canonical
isomorphism «a: Cl(V,Q) — ClI(V,Q). However, since we did not use the universal
property, we will characterize « using a (Q-orthonormal basis {e;} and extend it linearly:

alej, ...ej) = (=1)Fej ...e;, for 1 <j <...<jp <dim(V) .

ChapterStart

Definition D.5.2.
The even/odd Clifford sub algebras C17(V, Q) and C1™(V, Q) are defined by

CI"(V,Q) ={X € IV, Q) | (X)) = X}
and ClI”(V,Q) ={X e Cl(V,.Q) | a(X) = —-X} .

Example D.5.3.
Consider Cly(V,Q). Every element X € Cly(V,Q) can be written as X =
> i<k Xjrejer using the basis from lemma D.2.6. Since eje, = —ege; for j # k on
can also write
X = ZXjkejek where Xjk = —ij .
gk

It is clear, that every X = >:(uv; — vju;) = X;[uj, v;] with uj,v; € V' is an
element of Cly(V, @), since

uv — VU = Zuivj(eiej —eje;) =2 Z UVj€€;
b,J 1,571

i,
= QZ(uivj — Ujvi)ez‘ej S CIZ(‘/? Q)

1<J
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But also the opposite is true:

1
> Xinejen = 5 > Xinlejen —enej) = 3 (ejvj — vje;) = ) _[ej, 5]

i<k Jik#j J J
. 1 ) .
with v; = 5 37; Xjrer. However this means

Clg(v, Q) = {X € CI(V, Q) ‘ X = Z[uj,vj] with Uj, Uj S V} .

J

Lemma D.5.4.
The sub algebra Ch(V,Q) is a Lie algebra w.r.t. the commutator.

Proof D.5.5.

The commutator satisfies all of the conditions to be a Lie bracket. We need only
show that Cly(V, Q) is closed under the commutator. In fact, because of the
linearity of the commutator, it is sufficient to show [e;e;, exef] € Cla(V, Q) for i < j
and k < ¢

leiej, exer] = eiejeper — epereie; = —esepejep + 20 €.60 — epepeie;
= epeiejep — 20;€5€r + 20;1€;€0 — €perei€;
= ... = epereie; — exepeie; — 20epej + 20 0epe; — 20;1e€0 + 20 ,€5€4
= —25¢g€kej + 25j£€kei — 25ik€jef + 2(5jk67;€g € Clg(v, Q) .

Definition D.5.6.
The spin group, Spin(V, Q) is defined as

Spin(V, Q) = Pin(V, Q) N CI"(V, Q) .

Definition D.5.7.
The Lie algebra Cly(V, Q) is called spin algebra, spin(V, Q).

Assigning both the algebra Cly(V, Q) and the group Pin(V, Q) N C1*(V, Q) with spin, is

no coincidence:

Theorem D.5.8 (see [[ri03, Satz 4.2]).
The Lie algebra of Spin(V,Q), for a real quadratic space (V, Q) is spin(V, Q).

The proof of this theorem is not trivial and requires more Lie theory and topology. On
the other hand we could understand Spin(V, Q) as the Lie algebra corresponding to
Cly(V, @), that results from exponentiation in the Clifford algebra. Indeed, Lie’s third
theorem states, that any finite-dimensional real Lie algebra is the Lie algebra of a Lie
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group. The mentioning of exponentiation inside the Clifford algebra is important, since
different Lie groups may have the same Lie algebra.

D.5.2. Relation to the special orthogonal group

The spin group and the special orthogonal group are one example of the aforementioned
fact, that different Lie groups can have the same Lie algebra. But first we have to show,
that these Lie groups have the same Lie algebra:

Lemma D.5.9.
The map 7: spin(V, Q) — so(V,Q) defined by 7(X) = [X,| is a Lie algebra
isomorphism.

Proof D.5.10.

Before we can show, that the map is an isomorphism, we need to show that it is a
well defined map in the first place. Thus we need to show, that for all v € V' the
element [X,v] € CI(V, Q) is indeed an element of V:

(X, v] = [Z(%’yj - yﬁj)a“] = Z([%’ypv] — lyjz;,])

= Zj 2[z;y5,v] — Q(fvj,yj)][l,v])

—9 Z z iy, v] = 2 Z(g:jij — v2,Y;)

=2 Z vy + 2@(?;'7 v) — zjvy; — 2Q(x5,v)y;)
= 42 (v,y;)x; — Q(v,x))y;) €V .

To be an element of so(V, @), the condition Q(7(X)v,w) + Q(v, 7(X)w) = 0 has
to be satisfied:

Q(r(X)v,w) + Q(v, 7(X)w)
:Q([X U] )+Q([X>w]7v)
= 42 (v,9)Q(w, ;) — Q(v, 2;)Q(w, y;)

+ Qw,y;)Q(v, 7;) — Q(w, 7;)Q(v, y;))
=0.

The map 7 is a Lie algebra homomorphism:

T([Xv Y])v = [[Xv Y]»”] = _HU’XLY] - HY>U]7X]
Y, —7(X)v] + [ X, 7(Y)v] = 7(X)7(Y)v — 7(Y)7(X)v
T(X), 7(Y)v

—
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Since the map 7 is linear between finite-dimensional vector spaces, bijectivity is
equivalent to injectivity (rank nullity theorem), which is equivalent to a trivial kernel.
Let {e;} be a Q-orthonormal basis, then X can be written as X = Yicj Xijeie;.
Before we show, that ker(7) = 0, we calculate the following

[62‘6]', ek] = Q(ek, €j)€z‘ - Q(ek, ei)ej = 5kj€i - 5ki€j .

Assume 7(X) = 0, then 7(X)v = 0 for all v = >, vgex € V. This is equivalent to

0=2.2> Xijvileiej ex] =D > Xijvi(rsei — Oie;)

i<j k i<j k
= ZXij'Ujei = ZXijviej .
1<J 1<J

The former is only possible if X;; = 0, due to the linear independence of {e;}. To
see that, choose © = k on the left side and j = k on the right side, then it must

hold that
Z ijvj = Zszvz = Z Xjkvj .
k<j i<k i<k
Since v is arbitrary, and the left side only considers components v; for j > k while

the right side only considers components with j < k, it follows that X;; = 0, which
is equivalent to X = 0. O

Since 7 is an isomorphism, there has to be an inverse. To prove the construction for
the inverse map, we need the following corollary:

Corollary D.5.11.
For a Q-orthogonal basis {e,} it holds that

He&v 65]7 61,] = 4<55V€a - 51/0465)

in the Clifford algebra.

Proof D.5.12.

[[eas es], €] = eaepe, — egeqne, — e enes + € ese,
= €086, — 20036, + €086, — €,€0€5 + 20486, — €L€0Ep3
= 2(eqe56, — €,64€5)
= 2(20g,€0 — €atrep — 20,4 + €a€yep)
= 4(0g €0 — Opats) -

I Lemma D.5.13.
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Let X = X% e, ®e” € 50(V,Q), then it holds that

1 1
T_l(X) = gXaﬁ[ea,eg] — gXag[ea,e’B] ,

where X% = X QVP.

Proof D.5.14.
The second equality is just the usual raising and lowering of indices, using the
linearity of commutator and Clifford product. To probe the first equality, it is
easier to prove:

X = 7(AX%[eq, e5)

=4 Xv=X"v"e, = [%Xaﬁ[emeﬂ],v] :

Before we start the calculation, we observe that X € so(V, () means that X is
skew:
Q(Xv,w) + Qv, Xw) =0

< 0= QaVXaBUﬂwV + QayvﬁXﬁwa = X,,BUBU}V + Xﬁyvﬂw

& XP =X & X,5=—Xg, & X=X

v v

With this relation and corollary D.5.11 we calculate:

(X [eq, e5],v] = X" [[eq, €5, ] = 2 X 0" (0pv€0 — uaes)
= %(Xo‘yv”ea — X, Pvves) = %(Xo‘uv”ea — X, “v"e,)
=X v"e, = X0 .

]

In the following we will sketch the relation between Spin(V, Q) and SO(V,Q). A
rigorous relation needs more topology and Lie theory, as was the case for the proof of
theorem D.5.8.

Let X € spin(V,Q) and v € V. A generalization of lemma B.1.4 for the Lie theory
allows to write:

x & 1

oo
GXU€ = Z ol Z

n=0

n(X),,

1
7‘ UZG

Since 7(X) € s0(V, Q) and the exponential function is the exponential map for both
SO(V, Q) and Spin(V, @), eX and e=* are elements of Spin(V, Q) and ™) is an element
of SO(V, Q). It can be shown, that for both Lie groups the exponential map is surjective.
We can define a homomorphism

p: Spin(V,Q) — SO(V,Q) ,  p(g)v=gvg™",

such that the following diagram commutes:
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spin(V, Q) — Spin(V, Q)

g |

exp

s0(V,Q) —— SO(V,Q)

Proof D.5.15.
First we show, that the diagram commutes, i.e. p o exp = exp o7:

((poexp)X)(v) = p(eX)v = eXv(e®)™ = eXve™ = ™y = ((expor) X)v .
The homomorphy follows equally direct:

p(gh)v = (gh)v(gh) ™" = ghvh ™ g™" = p(g)(hvh™") = (p(g) o p(h))(v) .



The Hilbert space L?(R™)

In quantum mechanics the Hilbert space L?(R™) may be the most known Hilbert space, as the
representation of wave mechanics uses this hilbert space. In this chapter we want to introduce the
physical conventions regarding this space, as can be found in [RW08] for example. On the other
hand we want to give fair waring about the mathematical subtleties of these conventions as is
done in [Zir13]. The conclusion of this chapter will be the spherical harmonics. We will follow
[Zir16] very closely, as it provides an introduction that gets rid of the usually annoying ansatz for
solving the partial differential equations.

The set of square integrable functions £2(R™) is defined by
L2(R™) == {f : R" — C|f is integrable and / |f(z)]? dz™ < oo} .
Rn

Using the equivalence relation f ~ g, whenever f and g are equal up to null sets
(Lebesgue measure), we can define the following equivalence classes:

[f] ={g€ LXR")|f ~ g} .

Definition E.O.1.
The set of equivalence classes of functions from £2(R") gets denoted by L*(R")
and is called L? Lebesgue space . The hermitian scalar product is defined to

be
(.9 = [ T@) - gla) da”

E.1. Fourier transformation

Definition E.1.1.
Let f : R — C an integrable function with [|f(z)|dz < oo, i.e. f € LY(R).
R

Then: !
f=Ff:R—C, ka]R/f(x)e_ikwdx

is called the Fourier transformed function of f.
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Remark E.1.2.
For functions f : R" — C the Fourier transformation is defined by

FF)E) = \/21_7Tﬂ [ @ da, x)

Definition E.1.3.
The Schwartz space S(R") is the set of rapidly decreasing functions, defined
by:
S(R™) = {f € C®R")|Va, 3 € N? : sup |2*0° f(x)| < oo} .
zeR?

Proposition E.1.4 (Inverse Fourier transformation).
For function in S(R™) there exists an inverse Fourier transformation:

1 r ikx
flo) = 7= / f(k)e*edk .

Remark E.1.5.

It is not uncommon to choose different normalizations than \/% However, the
right pair of normalization constants for transformation and inverse transformation
have to be used. In quantum mechanics the following normalization is common:

F(f)(k) = /f(x)e—"’“dx and  FHf)(z) = 217T/f(k>€ikzdk .

One reason to study Fourier transformations is the behavior of derivatives under Fourier
transformations. This property can be used to solve differential equations. However
this does not come for free, as the inverse transformation is needed to get the wanted
representation of the solution.

Theorem E.1.6.
Let P be the derivative operator, defined by (Pf)(x) = —if'(z) and Q the
multiplication operator, defined by (Qf)(z) =z - f(x).

(i) Let f € C"™(R) and P"f € L'(R), with m > n, then:

F(Pf) =Q"F(f)

(ii) Let Q™ f € L*(R). Then, for m > n it follows thatF(f) € C™(R) and:

F(Q"f) = (=1)"P"F(f)
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Proof E.1.7.
We will only show the initial case n = 1. The rest follows from a simple induction.

(i) By assumption it holds that grjril f'(x) =0 and thus
lim f'(z)e”™* = 0.'"Hence:

r—+oo

Var F(PF)(k :/ Pf)(x _mdac—/—zf( e ikn

R
—’lf( —tkx i—iooo+/kf zk:):dx

—k/f e = VR QEF(f))

Var FQI(K) = [[2f)e e = [ i f(a)e
= i [ @) = —PF()(k)

Another property of Fourier transformations, that helps calculating the inverse trans-
formation, is the behavior of convolutions.

Definition E.1.8.
Let f,g: R — C be two functions. Then

= [$00te=mr =, = [ o)f e = 1)t = (o2 1))

is called the convolution of f and g.

Theorem E.1.9 (Convolution theorem).

F(fxg)=V2rF(f)-Flg) and  F(f)*F(g) = V2rF(f-g)

Proof E.1.10.
The proof only uses the commutativity of convolutions and Fubini’s theorem, that
allows to change the order of integration. O

Hetlr| =1V zeR
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E.2. Physical conventions

Although we do not focus on physical properties here, we will directly call the following
quantities appropriately:

Position operator: X=71-
Oy
Momentum operator: p = —ihV = —ih | 0,
0.

=

Angular momentum operator: =XXPp

As we have already seen in corollary D.1.18, the angular momentum operator is a
representation of the generators of rotations on L*(R?). Comparing to theorem F.1.6,
one can see that the position operator is the multiplication operator and the momentum
operator is the derivative operator up to a factor A.

Definition E.2.1.
Let | f) € L?*(R3) be a Hilbert vector. For a ¥ € R? the position representation
is defined by

(@f) =f(@) and  (fl7) = f(Z) .
For a k € R3, the momentum representation is defined by
(PIf) = (Ff)(hk)  and  (f|p) = (Ff)(hk) .

Here F is the Fourier transformation with quantum mechanical normalization

convention (Ff)(k) = [gs f(f)e‘”z'fdx?’.

The name momentum representation can be understood from the point of view of wave
mechanics and the De-Broglie relation. The momentum of a matter wave with wave
vector k is p'= hk.

Definition E.2.2.
Let A be an operator. The notation for the position representation of the operator
is

(T]Alf) = Af(D) .

This notation becomes more transparent, when one compares the position representation
of (g|A|f) with the formal definition on L*(R3):

| 9@Af@) da® = (glAlf) = [ (gl (@Alf) da*

Theorem E.1.6 allows to express momentum and position operator in both the position
and momentum representation:
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position representation | momentum representation

»)

- thV,,

P —1hV, p-

Pseudo eigen vectors and mnemonics

The Dirac notation gives rise to the, at first sight subtle, but conceptually important,
question of the meaning of (Z|, (p], |¥) and |p). These objects seem harmless enough.
In the physical literature they are even used to define a (pseudo) completeness relation:

L st =1= o |19 o

RS

The object |Z) is supposed to be an eigen state of the position operator X, with
X|Z¥) = Z|Z). Similarly the momentum state is tired to be defined by p|p) = p|p).

However, these definitions do not work out mathematically. The objects are no
elements of the Hilbert space L?(R?):

£@ = (@) = U = |

= (1) =&@) =" = |p) ¢ LR .

These mathematical inconsistencies are not only a warning to be careful using Dirac
notation, but can serve to understand the meaning of it better. By construction, terms
like f(Z) for f € L*(R™), or in Dirac notation (Z|f), have no meaning on their own.
The reason is, that f € L?(R") does actually mean the equivalence class [f]. Since a
single point is a null set, something like [f](Z) has no meaning, it can be chosen to be
anything. However, since [;;(Z|f) dz? is well defined, the term (Z|f) can be understood
as density function, that has to be integrated over. Put differently, (Z|f) defines the
regular distribution 7. In that point of view, the term (Z|y) = 0(¥ — ) can be made
sense of, by understanding it as the singular delta distribution 4.

E.3. Spherical harmonics

The position/momentum representation of quantum mechanics are the first represen-
tations one encounters. Thus they take a prominent role in solving problems. One
important class of problems involves the angular momentum and its eigen states.

2There is no such thing as a delta function. Indeed it can be proven, that the delta function is not
regular.
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E.3.1. Definitions and propositions

Definition E.3.1.
The solution on [—1, 1] of the differential equation

(1= a2 f(z) = 20+ /(@) + (e +1) - f(z) =0

is called ¢-th Legendre polynomial P, for all ¢/ € Ny. The solutions on [—1, 1]
of the differential equation

2

(1 . 5(32) . fl/(x) —2x - f/(x) (f(ﬁ—k 1) = 1 T—l'j$2> f(x) =0

are called associated Legendre polynomials F,,, for all {,m € Ny with
0<m<U/.

Proposition E.3.2.
The following equalities hold:

2. Pzx) = x /027rx — Va2 —1cos(¢) do

= Pycos(h)) = 217r /027r cos(f) — isin(f) cos(¢p) do
3 _11 Pg([L’)Pg/(LU) dxr = %i_l&g@

5. Ppm(z) = (—1)™(1 — £2)2 <Cic>m Py(x)

Definition E.3.3.
The spherical harmonics Yy, : [0, 7] x [0,27] — C are functions, that solve
the following differential equations simultaneously:

1 1, -
<m39 sin(0)0p + m%) Yom=—LU{l+1)Yom

_18¢Y€,m - mYE,m

Proposition E.3.4.
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The spherical harmonics are orthonormal, i.e.:

~/SQ )/Z,mn’,m’ dQ = 64[’ : 5mm’ .

There is a normalization factor Ny, = \/% %TH Eﬁlzg:, such that:

Yom (0, 9) = Nye™? Py (cos(6)) .

E.3.2. “Algebraic” construction of the spherical harmonics

The word “algebraic” is used rather informally here. Usually, to find the spherical
harmonics, the differential equations defining them are solved directly, resulting in
tedious calculations, giving not much inside at all. Here we want to use a different way
to introduce the spherical harmonics, as is done in [Zir16]:

Before doing so, we need the Laplace operator in spherical coordinates:

Af =xdxd f=%dx (0, f dr+ Opf dO+ 0sf do)

= xd <r2 sin(0)0, f [d0 A d¢, R] + sin(0)0y f [dp A dr, R] + S%(J;) [dr A db, R])
1, 5 1 . 1 2
= % (ﬁ&m o f + m@g sin(0)0a f + 22()3¢f> dVv

1 1 1 .
= <T287~7“2a7~ + ﬁ (Sul@ag SlIl( )89 + <in ( )8¢>> f
= (Ar —|— T%A52)f .

In the last line we defined the spherical Laplace operator Ag:.
We are looking for a differential operator D, of ¢-th order, such that

i) DpoA=Ao D,

1 Fy(z,uz
ﬁ)DgT—A”T”)

e where Fj is a polynomial of degree /.
r

Lemma E.3.5.
The function F, is an eigen function of —Agz2 with eigen value (( + 1).

Proof E.3.6. 1 ) F

O_Af_DAf_Amf_A——_aﬁ%)Hl

i+l + ASQ rl“'l )
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Example E.3.7.
Let e,, e, € R? be orthonormal vectors, then D, = (Eeuﬂev)g is an operator of the

kind we are looking for.

Proof E.3.8.
In Cartesian coordinates (u, v, w) the Laplace operator has the form A = 92+92+92.

The Lie derivative acting on functions is given by £, = ¢(v) o d. Thus
Leu+iev — au + Z@U .

Hence L., i, commutes with A and so does (L., e, )’ commute with A.

With r = Vu? + v2 + w? we see that
1 U+ v

£eu+iev ; =

r2
From L., e, (u+iv) = 0, using an iteration, the claim follows. We have also found

the form of the polynomial F}:
Fy(u,v,w) = (u+ iv)*

Corollary E.3.9.
A special case is the operator (L., i, )t

Corollary E.3.10.
Let Dy = (Le_1ic, )b, then Fy has the form

F, (.7: g, z) = <Z + ix>£ = (cos(#) + isin(f) cos(p))¢ |

rr’r r r

and is an eigen function of —Agz with the eigen values (£ + 1).

The spherical harmonics are given by the following expansion
¢
(cos(f) + isin(0) COS(¢))E = Z CmitYme(0,0) ,
m=—/

and the following conditions:

Yom(0,6 +a) = €™ V;,.(0,6)  and /m,mﬁ a0 =1.
2

The first condition can be used to calculate the spherical harmonics:

¢
F0,0+a)= Y €™ niYmeb,0) .

m=—¢
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We are now looking for the part of F that is proportional to ™ for ¢ + ¢ + a. This
can be achieved by integration:

21 27

l
/B_iman(9,¢+a) do = /G_ima > €M V(0. 9) dov
) 0 m=—/
- 5Ym,€(07 ¢) )

where the coefficient 8 has to be determined with the normalization condition, and
the convention Yy, = (—1)™Y} _,,. It remains to show, that these functions solve the
defining differential equations:

Theorem E.3.11.
The spherical harmonics satisfy:

AV = 00+ 1) Y
_ia(ﬁyvé,m — m}/&m )
ﬁ}/&m — (—1)€Ye,m )

where we define pf(f') = f(-7), (16 is called parity operator).

Proof E.3.12.
The function F; and all relevant derivatives are bounded by integrable functions,
such that integration and derivative can be exchanged:

27 27
—A&@n:—A/Em%M&¢+mda:/é%m—Aﬂw¢+awm.
0 0

Since A = (A, + T%Asz) and 7 = 1 on the 2-sphere, using corollary E.3.10, we have
proven the first equation.
The second equation follows from

nm@¢+m—ndawzhm{f;§n(9@

o a—0 o

imYpm(0,9) .

05Yion = it

== aaeima}/@,m<07 (b)

The last equation can easily be seen, using the parity operator in spherical
coordinates: (r,0,¢) — (r,m —0,¢ + 7). O]

Put in the physical context, the spherical harmonics are eigen functions of the angular
momentum operator:

Corollary E.3.13. ~
The squared angular momentum is L> = —hA. Using spherical coordinates, one
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can show L, = —ihd,. Hence, the spherical harmonics satisfy:

LYy = L0+ 1)RY,,
EzYé,m = thé,m .




Distributions and Green’s functions

Distributions are the mathematical foundation for many informal calculations in physics. The
prime example would be the delta function, that can be found in most physics books. In addition
to a more rigorous formulation, distributions allow to solve linear partial differential equations with
constant coefficients and give the motivation for Green's functions. Here we will follow [Zir16]
and partly [KW06, chapter 12] closely

F.1. Distributions

Distributions are linear functionals on a restricted space of functions, the so called test
functions. The meaning of continuity needs the choice of a topology as well, such that
some work is needed, before we can give the definition of distributions.

F.1.1. Test functions

In the following we will sometimes use the short hand notation Mit [ f d\ to denote the
(Lebesgue) integration of f. If the functions is also Riemann-integrable it holds that

/fdA:/f(x)dx".

Definition F.1.1 (Multi index notation).
A multi index is a tupel a = (ay, ..., a;,) € Nj. The norm of a multi index is

ol = a1+ ...+, -

A common usage of multi indices is the short hand notation of partial derivatives:

o \" o\
— — =0“ .
() (@)
Definition F.1.2.

The support supp(f) of a function f : R" — C, is
supp(f) = {z € R"|f(z) # 0} = {z € R"|f(z) # 0} Ud{z € R"|f(x) # O} .

Let © C R” be open and not empty. The set of C*-functions f : ) — K witch compact
support in 2 commonly is denoted by

CH(Q) == {f € C*(Q)|supp(f) C Q is compact} .
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Lemma F.1.3.
Let f,g € C*(X), where X C R™ can be written as direct product, and let o € N"

be a multi index with |a| < k, then:

/(c‘f“f) g d\ = (=1) /f 9% d) .

X

Proof F.1.4.
It is enough to use partial integration and Fubini’s theorem. Let (B 0% = 0% 0 d,,,

ie. || =|a| —1,. By assumption X = X' U I:

/@O‘f cgd\= / (/ 0% Oy, f (21, .y ) - g1, ..o ) dml) dzxs...dx,
X X \1

= / (aalf(ml, ey T) - g(T1, ""x”)’al
X/
— /ao‘,f(xl, ey T) + Opy g1, ooy ) da:l) dzs...dx,
T

The functions have compact support in X, hence:

0 f(w1, ooy ) - g1, ""35”)’81 =0

and thus:

/ (/ 8al8x1f(x1, ey ) - g(T, ey Ty) da:l) dxs...dz,,
T

X/

I

X/

Repeating the above steps proves the claim.

Definition F.1.5.
C*>-functions with compact support in €2, f € C°(Q), are called test functions.

The set of test functions is denoted by D(2) = C°(Q2).

Lemma F.1.6.
The function f:R — [0,00), t +— f(t) with

o={5" 125

1s smooth on R.
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iy

Figure F.1.: Plot of f(¢) from lemma F.1.6

Proof F.1.7.

1. For t # 0 it is a composition of C*°-functions, and thus smooth.

1

2. Tt is sufficient to show lim &~ = 0:
t—0 t"
G_t e—l n n
lim = lim = lim |—|> lim |—| =0".
t—0 | " T—00 | TN T—00 | % T—00 |

Theorem F.1.8.
For all e > 0 there is a test function j. € D(Q), called bump function, such
that:

Jje >0, supp(je.) = B-(0) and /Qj‘f d\=1.

Proof F.1.9.
Let ¢, : R" — [0, 00),x — 1.(z) be defined by

mEL || < &
¢a xr) = el
(=) 0 else

By construction: supp(¢.) C B.(0). The C*°-differentiability follows from lemma
F.1.6. Thus 9. € D(Q2). Using the following normalization, the last property of j.
can be realized: y

T T dh
Q

Je
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Definition F.1.10.
The convolution of functions f, g : R" — K is defined by:

(f9)@) = [ Fw)- gl —y) dy" .

Lemma F.1.11.
For f € CE(R™) and g € Lio1,(R") it holds that:

i) The convolution is k-times differentiable f * g € C*(R").

it) The first k partial derivatives commute with the convolution integral:
O%(fxg)=(0"f)xg flurla| <k .

iii) supp(f * g) = supp(f) +supp(g) = {z +y € R"|z € supp(f), y € supp(g)}-.

iv) Let A =supp(g), then:

jexg € CP(R") and supp(j-*g) C |J B:(a) .

a€A

Definition F.1.12.
Let f:Q C R" — K be local inetgrabl and set f(z) =0V 2 € R"\ Q. The set
of functions f. = f x j. is called smoothing of f.

Example F.1.13 (Heaviside function).

The Heaviside function is © : R — {0, 1}, & — X[o,00)().

The smoothing of ©. = © x j. strictly monotonically increasing on [—¢, ¢], and
O.(z) =0 for x < —e¢ and O.(x) =1 for x > . These properties follow from the

convolution integral:

O (x) = / O(r —y)Jj-(y)dy = / Je(y) dy

Y O(x)
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Theorem F.1.14.
i) Let f € L} (Q) and f. = f * j., then, for every compact subset K C Q:

loc

lim [|f = ol dA =0
K

i) Let Q be open and f € C°(Q) with supp(f) C Q, then:

Je>0Vr<e: fr=fx*xj €D) and £ =8 F uniformly in Q.

Corollary F.1.15.

o The set test functions is dense in L}, (Q) with respect to the L'-norm.

e The set of test functions is dense in C2(Q) w.r.t. the uniform norm.

F.1.2. Distributions

To define distributions a stronger sense of convergence is needed on D = C°(R"™).

Definition F.1.16.
Let (f.) be a sequence of test functions f,, € D. This sequence is called conver-
gent on Dtest function! convergence with limit f € D, ief:

i) 3 K C R" compact, such that supp(f,) C K Vn € N.
ii) VaeN": 9°f, — 0“f uniformly for n — oo.

. . D
In this case we write f,, = f n — oo.

Definition F.1.17.
A continuous linear map 7' : D — C is called distribution . Continuity means

P2 fF = TR

The vector space of distributions is denoted by D .
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Theorem F.1.18.
Let f:R™ — C with f € L, (R™). The map Ty : D — C defined by

Tilel= [ f-odx firpeD
R’n

1s a distribution.

Proof F.1.19.
Let (y,) be a convergent sequence in D. That means, there is a compact set
K C R"™ with supp(f,) C K, ¥V n € N, such that the integrals exist. It follows:

Trln] = Tylell < L/ f(pn =) d\

< max (@) = p(@)| - [ £ A0,
K

Linearity is a property of the integral. m

Definition F.1.20.

A distribution that can be defined by a function f with the help of integration
T = Ty is called regular distribution. Otherwise the distribution is called
singular.

Definition F.1.21.
Let (T,) be a sequence of distributions in D. This sequence is called convergent
in D’ with limit 7', if:

T.le] =F Tlp] V¢ €D .

In that case we write T, 2.

Considering a function f € C'(R™), then
(Top)lel = [0f -0 dh == [ - 00 A\ = ~Ty[0ig]
Rn Rn

because of the compact support. This motivates the following definition:

Definition F.1.22.
Let T € D' be a distribution and o € N” a multi index. The partial derivative
0°T is defined by:

(0°T)lp] = (=1 T[] .

Understanding functions as regular distributions, the previous definition allows to
differentiate L; -functions. However, since these functions are not differentiable in the

usual sense, these derivatives are called weak derivative.
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Definition F.1.23.
Let f € C®(R™) and T € D', then f - T is defined by

(f Dl =TI[f -] -

Corollary F.1.24.
Weak derivatives satisfy the product rule: 0;(f -T) = (0;f) - T+ f - &T.

F.1.3. Delta distribution
A very important distribution is the Delta distribution d, € D’ defined by
[f] = f(z) -

In physics books one often finds Delta functions, however, the following theorem shows
that no such thing exists:

Theorem F.1.25.
The Delta distribution o, is singular.

Proof F.1.26 ((E for x = 0 and R).
Suppose there is a function 6(z), such that Ts = §y. Then

/5($)-go(x)dx:g0(0) VoeD.

Counsider the function
b2

ex?=02 x| <b -1
T ) = ) =e .
gpb( ) { 0 ’ |ZE| > b O[SDb]

An estimate of the integration results in a contradiction:

= U(S(x) - p(x) dx
b

©(0) = |op(0)] =

/5(x) -~ p(x) do

b
< sup |gp(@)|- [ 16(x)] da
x€[—b,b] 2
—_— —
=¢,(0)

b

For b small enough, it holds that [ |[0(z)| dz < 1, and thus ¢,(0) < ¢ - ¢3(0) for
b

c <1l O

Although there is no Delta function, there are sequences of functions (4,,), called Dirac
sequences, such that

n—oo

lim / 5,(x) - p(z) dz = p(0) .
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Example F.1.27.
As Dirac sequence we use rectangle functions:

7'1.6[_1 l]

t, o [-1,1] — R, mn—>{5 sonst n’n

With the mean value theorem, that says

b

Vel (b)) I¢elat]: [f)de=f() b-a),

a

we find:
11 s 2
n n n—oo
3¢, ——,—: T :/— = —p(,) — — )
VneN3E 6{ " n] ] / 5 P(@) do = Sp(&) - ©(0)
Hence:

38, T = 00

F.2. Fundamental solutions and Green’s functions

Distributions can be used to solve linear partial differential equations. A central concept
therefore are fundamental solutions, that are closely related to Green’s functions.

Definition F.2.1.
Let a € N” be a multi index and ¢, € C°(R") be a continuous function. Then

L= Z Co - O

la|<m

is called a linear differential operator of order m on R".

Definition F.2.2.
The formally adjoint operator L* of L is defined by

L'f= 3 (-1)10%ca- f) -

|a|<m

Lemma F.2.3.
Let o € C"(R") and f € C™(R™), then for every linear differential operator L of
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order m, it holds that:

/fL*gpd/\:/Lf-god/\.
R™ R"

Proof F.2.4.
All we need is lemma F.1.3:

]R[ e d= laj<m ( |a| / fote )

(R Of + (co- ) d)\)
|a|<m

> (R/caaaf gpdA) :/Lf-god)\.
al<m R

Definition F.2.5.

Let L be a linear differential operator of order m. A function u € L},.(Q) is

called weak solution with inhomogenity f € L,.(Q2) of the differential equation

Lu=f,if:
/uL*god)\:/f-god)\ VeoeD.
Q Q

Theorem F.2.6.
Let Lu = f be a differential equation with f € C°(Q), then:

A function u € C™(Q) is a weak solution < w is a classical solution.

Proof F.2.7.

If Lu = f is satisfied, then [QLu-p— f-@ d\ =0V ¢ € D. The reverse direction
is a consequence of the fundamental lemma of variational calculus. The rest follows
from lemma F.2.3. O

Corollary F.2.8.
Let u, f € Li,.(R") and let L be a liner differential operator. Considering the

differential equation Lu = f together with the definition of reqular distributions
T,, we find

LT, =Ty < uisa weak solution of Lu = f .

This corollary motivates to generalize differential equations to distributions:
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Definition F.2.9.
Let L be a linear differential operator. A distribution U € D’ is called funda-
mental solution for L with pole x € R", if:

LU =4, .

Fundamental solutions are not unique. If T is a solution of LT = 0, and U is a
fundamental solutions, so is T+ U.

Definition F.2.10.
Let T' € D' be a distribution and ¢ € D a test function. The convolution 7 x ¢
is defined by

(Tx@)(@) =Tlpom],
with 7,(y) = = — .

Lemma F.2.11.
It holds that: 6y x ¢ = ¢

Theorem F.2.12.
Let U € D' be a distribution and ¢ € D. Then the function u = T * ¢ is in
C>*(R") and

Proof F.2.13 ((E in one dimension).

! _ _ .
) = g M) gy Tloo Tl
= lim 7 | P2 et TP 0T T ot =Tpor] =T *¢

Corollary F.2.14.
Let L be a linear differential operator with constant coefficients, then:

L(Txg) = (LT)*

The reason to consider fundamental solutions is the following theorem:

Theorem F.2.15.
Let L be a linear differential operator with constant coefficients and T € D' be a
fundamental solution with pole in 0.
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i) Let o € D be a test function, then u =T * ¢ is a solution of

Lu=¢.

i) If T is a regular distribution to g € Lj, R" , i.e. T =T,, thenu=gx* f isa
weak solution of

Lu=f.

Proof F.2.16.
1.
L(Tx¢)=(LT)xp=38*xp=1p.

2. Because of I'.2.8 it is enough to show, that LT, = T} holds. Using Fubini’s

theorem:
(LTIl = TulL'el = [ [ oty = @)/ (@)da Lly) dy”
= / / gly— )L p(y) dy" f(w)da

_/T (pom)l(x) f(x)da

Definition F.2.17.

A Green’s function G(y, z) for a linear differential operator L is a fundamental
solution with pole in y: LTy = d,, where T is the regular distribution w.r.t.
z— Gy, x).

Using the delta function notation of physics literature, Green’s functions have to satisfy

LG(y,x) = 6(x —y).

Definition F.2.18.
We define the shift of a function to be

vyf(x) = fly—z) .

For a distribution we set

v, Ulp] = Ulv_yy] -
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Lemma F.2.19.
Let U be a fundametal solution with pole in y, for an L with constant coefficients.
Then v_,U is a fundamental solution with pole in 0.

Proof F.2.20.

L(v_yU)[¢] = Ulv,L*p| = [L*vyp] = LU[vyp] = dy[vy] = oy — y) = »(0) .

Corollary F.2.21.

Let G(y, x) be a Green’s function, then g(x) = G(y,y—=z) is a fundamental solution
with pole in 0. That is: g(y—x) = G(y, ). The solution of the differential equation
Lu= fisu(y) = (g* f)(y). Thus the (weak) Green’s function has the following

defining property:

u(y) = [ 9ly— o) f@da" = [ Gly,x)f(@)da" .

R

Proof F.2.22.
All that has to be shown here is, that v_,T; = T with G'(y,z) = G(y,y — x):

vy Telpl = Talvyp] = /]Rn Gy, z)p(y — z)dz" N

L, Gy = 2)p()dz" = Tl

F.3. Fourier transformation of tempered
distributions

Using the Schwartz space together with a stronger sense of convergence allows to define
a tempered distributions, that act on a larger class of functions:

goki>g0,k—>oo s 2°0%, — ¢ Ya,BeND.

Definition F.3.1.
A tempered distribution 7" on R” is a continuous linear map S(R") — C.
The vector space of tempered distributions is denoted by S '(R™).
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test functions: CXR") =D[R") C S(R") C C(R") =C*(R")
distributions: D'(R") > S'(R") D C'(R")

It can be shown, that distributions with compact support are tempered distributions.
The motivation to define this kind of distribution is the Fourier transformation:

Definition F.3.2.
The Fourier transformation F7of a tempered distribution 7" is defined by:

FTlp] = T[Fy] .

Theorem F.3.3.

i) The Fourier transformation of a tempered distribution is again tempered.
ii) The Fourier transformation F : S ' — S ' is a bijection.

iit) The multiplication and derivatives behave as usual:

F(0°T) = il FT and  F(koT) = (=1)lel gl Fp

A common usage of tempered distributions in quantum mechanics is the connection
between Delta distributions and exponential functions e,(z) = e

Lemma F.3.4.

Proof F.3.5.

Fouliel = 0.0F¢] = (Fo)la) = s [ 7 pla) da”

= ((\/217),1 ' Te—a) [SO] )

FL ) = TelFol = | M (Fp)(k) dk" = (Vo) F~(Fy)(a)
= (V2m)"p(a) = (V27) 4[] -
[]

Adopting the notation of physics textbooks, that is writing also singular distributions
with integral kernel, the delta distribution has the formal representation as delta
function, d, ~> d(e — a). Thus the action of the delta distribution can be written (only
symbolically) as integral

dal) = | da"d(x —a)p(z) .

Rn
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Converting the last lemma to this notation, we get

(Va0

fla) = e f(k)=06(k—aq) .

Using the lemma in this notation leads to some kind of orthonormality normalization
of the integral kernels €® and e~%:

1 . . 1 .
VT fen € " = e [ € 0 = 60— ).

Proof F.3.6.
Using the integration kernel notation, we find:
FI,[ ! e [ e () dp da”
eq o] = (\/ﬂ N . P
1 ) )
— T o —1pT ] ,.n do™
o 72 o € 0)
= dglel = | 0p—a)e(p) dp” .

O

It should be mentioned, that the last equation is only symbolical, meaning that
d(p — q) needs to be understood as tempered distribution, that has to be integrated
against. We might be in some trouble, since 6(p — q¢) = d(¢ — p), and it could be
suggested to integrate over ¢ instead of p. However, formally we also have

1 Ryt — — 1 . 1 eila=p)z J.n _
(v2m)" 7T = (v2m)" (\/%)n/w de" =0lg-p).



Variational calculus for fields

In this chapter we cover the fundamentals of variational calculus. We introduce the mathematical
notion of functionals and the concepts, as well as properties, of their derivatives, following [Werll,
chapter I11.5]. In the second section we focus on the important class of functionals that can be
expressed by Lagrange-densities, deriving the Euler-Lagrange-equations. We conclude this chapter
by discussing notations of the physical literature, used in [AS10] for example.

G.1. Functional derivative and variation

In variational calculus (e.g. in the context of least action) the goal is to find functions,
that minimize or maximize a given functional. In general a functional is a map from
a normed space X into its number field. Recalling, that for functions f: R — R a
vanishing first derivative is a necessary condition for extrema, we are looking for a
similar computational tool in the case of functionals. We will see, that there is a concept
of derivative, that is not only connected to the concept of variations, but also the
computational tool we are looking for.

Definition G.1.1.

Let F': U(zg) C X — R be a functional defined on a neighborhood containing
x9. The n-th variation 6" F(zo; h) of F in direction of h € X is defined, if it
exists, by

5" F(20: h) = L F(zo + th)

dtm .

The variation resembles the directional derivative of multivariable calculus. This leads
to the following definition:

Definition G.1.2.
Let F be a functional as before. If §F'(zo; h) exists for all h € X and there is a
linear continuous functional L: X — R, such that

L(h) = 6F(x;h) VY heX,

the functional is called Géteaux-diﬁ’erential)le in 2y. The linear continuous
functional is called the Gateaux-derivative G, F of F'in xy. Accordingly F is
called Gateaux-differentiable on X if it is Gateaux-differentiable in all x € X.

As in multivariable calculus, we are not only interested in the directional derivative, but
also for the derivative itself. Even in the finite-dimensional case, the existence of the
directional derivative in every direction is not enough to prove the existence of the total
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derivative. Writing the definition of the Gateaux-derivative slightly different reveals the
generalization necessary to define an analogue to the total differential:

iy [F (0 + th) — F(ao) — tGy F(R)

t—0 t

=0.

In this form one can see easily the similarity to the directional derivative. In the
finite-dimensional case one demands the sequence to be uniformly convergent to define
the total differential, motivating the following definition:

Definition G.1.3.
Let F': U(xg) C X — R be a functional on a neighborhood around xy. The
functional is said to be Fréchet-differentiable in g, if there is a continuous
linear functional L: X — R such that

. |F(zo + h) — F(xo) — L(h))|

lim

=0.
X>h—0 ||h||X

The continuous linear functional L is called the Fréchet-derivative D, F' in x
of F.

From the definitions it is clear, that if a functional is Fréchet-differentiable in x is is
also Gateaux-differentiable in xg and

Dy F(R) = Gy F(h) = 5F (o3 h)

The condition to be Fréchet-differentiable can be reinterpreted as linearization of the
functional. The existence of the limit is equivalent to

‘ ) r(h)
F(zo+h) — F(ao) — Dgy F(h) =7(h)  with gﬂw%x:“

In introductory texts about analytical mechanics the concept of functional derivative
is introduced as follows: If the change of the functional F'(z¢ + h) — F(zo) can be
written as sum of a part L(zo, h) that is linear in h and a part R(x¢, h) that decreases
faster than ||h||x, i.e.

F(xo+ h) — F(x¢) = L(xo, h) + R(zo, h) = Dy F'(h) +r(h) ,

the functional L is called functional derivative of F' in xy. With the knowledge about
Fréchet-derivatives, one can clearly see, that theses texts introduce the Fréchet-derivative,
which can be defined in even more general cases. The Fréchet-derivative of an operator
F: X =Y can be defined as before, using || - ||y instead of |- |.

Theorem G.1.4 (Properties of the Fréchet-derivative).

i) The continuous linear operator L defining the Fréchet-derivative is unique.

it) If F' and G are Fréchet-differentiable in xy, so are F + G and A\F for all
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A € R, and it holds, that

Dyo(F 4+ G) = DyyF + DyyG and  Dyy(AF) = AD,, F .

iit) If F and G are Fréchet-differentiable in xq, then F-G is Fréchet-differentiable

and the Fréchet-derivative satisfies the product rule:

Dy (F - G) = G(20) Dy F + F(20) Dy, G

i) Let X,Y,Z be normed spaces, and F: D(F) C X — Y, as well as
G: D(G) C Y — Z be Fréchet-differentiable operators with F(D(F)) C
D(G). Then G o F is Fréchet-differentiable and the chain-rule applies:

DwO(G 9 F) = DF(IO)G 9] DwoF .

The first property allows to speak about "the” Fréchet-derivative. Also it allows to
prove the remaining properties in the same way one does in the finite-dimensional case,
by using the uniqueness of the linearization. If Fréchet-differentiability is given, the
same rules apply to the Gateaux-derivative and hence also for the first variation. Yet
the opposite direction is not true.

By the similarities we have encountered so far, it is hardly a surprise that a vanishing
Fréchet-derivative and thus vanishing variations for all h, is a necessary condition for
extrema. Sufficient conditions, unlike in the finite-dimensional case, are however more
complicated. In most cases, at least for physical theories, it is not important if a solution
is minimizing or maximizing. Otherwise, usually there is an easy way to determine
what kind of extremum it is, by physical reasoning.

G.2. Variation of Lagrange densities

In most physical applications the functionals of interest can be written as integration
over a Lagrange density. A Lagrange-density L is an object, that maps functions to
functions and thus defining itself a function of functions (and its variables):

where ¢: U C R" — R is a proper function. Furthermore, the functionals S(¢) of
interest often have Lagrange densities that do only depend on the components of the

fields ¢, , and their partial derivatives ¢*°, ; :

S(0) = [ L(6"", ax) 6™ 4 lx).x) d'o.

Here U has to be a compact subset of R™. In the case of invariant theories on Riemannian
manifolds one can also use covariant derivative instead of partial derivatives. We shorten
the notation of tensor components in the following, using ¢, = ¢*, .
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Theorem G.2.1.

Let S(¢) = Jy L(¢], @5, x) d"x be a Fréchet-differentiable functional with two
times continuously dzﬁerentiable Lagrangian. Then the first variation over fields,
vanishing at the boundary OU, can be written as follows:

. _ a£(¢J= J?) 08,6( J 751") n
5s<¢,¢)—/U( w" Zau %’“ )¢§dx

Proof G.2.2.
Assuming Fréchet-differentiability we know that the Gateaux-derivative exists and
can simply calculate the first variation for the proof:

S(6+10) = S(0) = [ L0} +twh,6h, + 0], ) = L(6), 05 ) d'a

The difference of the Lagrange-densities can be Taylor-expanded for small ¢, which
is given, when we take the limit.

£(¢§+t¢§7¢§,y+t¢§,ya ) (¢J7 J;u )

il
dt|,

+ O(t2) .

L(¢h + 1], ¢h, +t] @)

Thus the integrand becomes:

£(¢{I+t¢§>¢§,p+tw§,w ) (¢J7 J,w )

G| Lol 0l

+ O(tz) :

Evaluating the parameter derivative, using the parameter chain rule', we find

OL(DY, Oy ) 1 = DL(BY, B0 )
LO5+ 105, @)y + 1) = =5 Py + 3 oty
p=1 Jop

dt|,_,

Also we observe that

8£( QI]7¢§,HJI>¢€1]’“_ g <a£( 8¢ J,uv )¢§> . ( 0 a/:((bJ? Jopo ))w{]
Jop

097, O op  0¢h,
Inserting our findings in the expression for S(¢ + ty)) — S(¢) we get:
. a‘c J;,U ) a aﬁ( JN’ ) I
S(6+t) - t/( bl O T 7l KL

a aﬁ( Jo J,,uv ) I n 2
+t/UaM< A &z + Ot) .
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The integral in the second line can be rewritten using Stokes theorem (better
known as Gauss-theorem or divergence theorem here). By assumption ¢} = 0 on
oU we find:

0 (L), dh, 1) OL(6}, 0l )
— ! M dn = oM IdQ: .
I, 0u< ST ) e [ T =0

Finally with 6S(¢;¢) = %1—% %S(qb + ty) — S(¢) we get an expression for the first
variation:

oL , "9 OL(¢h, Y, o
5s<¢;¢)—/U( ((%1‘”‘ Zaf (% “’“x))wﬁd;c

]

It is common practice to imply the sum over p by using 9, instead of % in the sense of
Ricci-calculus.

Lemma G.2.3 (Euler-Lagrange-equations).
A smooth field ¢ extremizes the functional S(¢) = [iy L(¢T, @5, x) d*x with the
boundary condition ¢%|sr = 0 if it satisfies the Euler-Lagrange-equations :

OL(8}: ¢h,na) _, OL(8), B, )
967 " o0l

=0.

Proof G.2.4.
All we need to do, is to show that §.5(¢; 1) = 0, is equivalent to the Euler-Lagrange-
equations. From the last theorem we know that

. B 85( J ,-T) a‘c( {Ta 5, 737) I m
5S(¢,w)—/U< 7 v )w"d !

If the Euler-Lagrange-equations are satisfied, we are integrating over the zero
function, such that 6S(¢;1) = 0. The opposite direction is harder to show. Yet,
there is an important theorem, called Fundamental lemma of calculus of
variations, which states that an integrable function f: 2 C R” — R is identically

zero, if
| f@g@) d'x =0

for all g € C* with compact support. Since we assumed U to be compact 1} has

a compact support. ]
d - Som(t)) d

17 - .
prEACELOM Zz 8:1:1 i)
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G.3. Physical conventions and notations

In the physical literature there are different notations and conventions for variational
calculus. For example, arguments of functionals get square brackets S[¢]. Most notably
however, is the notation and concept of the functional derivative. As we have seen, the
functional derivative (Fréchet-derivative) of a functional S defined by an integration
over a Lagrange-density, can be written as integral operator

OL(Sh, ¢ w) . DL(GY, ¢, @)
DS = dr DL —0 M .
5=, x( 0} T )

J

The domain of the functional is the set of smooth tensor fields on a compact subset of
R™. Also the Lagrange-density had to satisfy differentiability and dependence conditions.
We notice, that the integral-operator defines a distribution over a function, commonly
denoted by 5 ¢,

05 _ DL, 0hu) o DL 0l

00h 09} Y09,

The term ¢, is also called functional derivative. This is possible, as a function

defines a regular distribution by integration. However, we had to restrict the domain of
the functional, that can be defined on a larger set. However, if one does so, the term
5 ¢, defines no longer the Fréchet-derivative. We have seen so in the proof, where we
could ignore boundary terms, which enter in a general setting. The physical jargon of
this is: the field variations vanish at the boundary.

However, even with relaxed conditions, % is called functional derivative in the
physical literature. The reasoning behind this iJs, that although it does no longer define
the Fréchet-derivative, it still defines the variation with respect to fields 1), that have
vanishing variations on the boundary:

S(0.0) = [ St v

The field ¢ is not necessary an extrmum anymore, since only variations in special
directions vanish.

Also, the condition of U to be compact can be relaxed, as long as the variation fields
1 have a compact support.

Remark G.3.1.
More carefully one should be with concepts involving the delta function. An
example for this would be the definition of functional derivatives:

08 1
—— =lim to(x —y)| — S :
oty = lm (516 + t5(e — )] = ST
As a means of notation, this works for Lagrange-densities. However, the delta-
distribution is not regular. Hence, the above definition for functional derivative
fails for more general functionals.
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