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Introduction

This course, Quantum Field Theory I, gives an introduction to quantum field theory
(QFT), the language in which most of modern physics is formulated. Whether one
wants to describe the basic properties of a piece of copper or the scattering of
elementary particles in high energy colliders, the method of choice is QFT. QFT is
a very active research field driven by experiment and theory. Nature challenges us
to find new types of quantum field theory and new approximation methods.

The course focuses on the formulation of QFT based on functional integrals and
discusses problems motivated by solid state physics. The methods are, however,
equally relevant for high-energy physics. A central goal of QFT I is to learn di-
agrammatic perturbation theory, a powerful tool for analytic and also numerical
theoretical methods. The lecture is complemented by the course QFT II, which
covers topics like spontaneous symmetry breaking, phase transitions and renormal-
ization group methods.

The lecture follows roughly (but not too closely ) the book of Altland and Simon
"Condensed Matter Field Theory”, which is an excellent reference but there are
also a number of other textbooks connecting QFT and solid-state theory, e.g., of
Shankar, Fradkin, Nagaosa and others.

The skrip is partially based on the work of Lionel Jeevan Dmello who has typed
in LaTeX formulas and created Feynman diagrams and most of the figures. In the
winter semester 2024/2025, 1 have filled in the text. Unfortunately, the present
version of the script has very many typos but I hope that it will, nevertheless, be
useful to the reader.

Achim Rosch



1 Classical Field Theory

1.1 Lagrange Formalism: Harmonic Chain

Motivation: We will start the lecture with a simple example: a chain of harmonic
oscillators. This will be our first example of a quantum theory with an infinite
number of degrees of freedom and we will use it to clarify what a field is. We
will use it to define two versions of a field theory: a discreet one and, importantly,
also a continuum version where fields depend on space and time. The chapter also
serves as a reminder of some of the concepts of analytical mechanics like Lagrange
functions, Euler-Lagrange equations and actions. It turns out that these concepts
from classical mechanics will become extremely important when formulating QFT.
If you are not familiar (any more) with Lagrange functions and related concepts, it
is now the best time to consult your favorite book on analytical mechanics.

1.1.1 A simple example: harmonic chain

Figure 1: Harmonic oscillator chain with rest length a

Consider a chain of point particles with masses ‘m’ coupled by harmonic springs
(figl). If the rest length of the springs is ‘a’, then, when the chain is in equilibrium,
the position of the i mass is given by:

R=R)=a-i (1)

Using this, we define the position of the ¥ mass with respect to its equilibrium

position as:
¢; = R — R? (2)

Therefore, we can write down the Lagrange function of the harmonic chain in terms
of ¢. As usually, the Lagrange function is given as the difference of kinetic and
potential energy.

1 .
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The corresponding action is the time-integral over the Lagrange function

sl = [ " Lo b dt ()

1

The corner stone of analytical mechanics is Hamilton’s principle. It states that the
equation of motion can be obtained by asking the following question: for which
functions ¢(t) is S extremal provided that we fix the fields at the initial and final
time ( ¢;(t;) = ¢l and ¢;(t2) = @), In short, we required that S does not vary
to linear order, 0.5 = 0, when we consider small variations of the fields, ¢;(t) +d(t).

Outlook: Why is Hamilton’s principle valid? While one can derive it from Newton’s
equation of motion, classical physics cannot give an answer to this ‘why’ question.
Surprisingly, we will find that we will be able to explain this after we have understood
how actions enter the quantum theory. But for this, we will have to wait for chapter
3.

1.1.2 Continuum limit

For the moment, we use our knowledge from analytical mechanics, where we learned
that Hamilton’s principle can be used to derive the Euler - Lagrange equation

d (0L oL
dt (az) ~ 9, )

Below, we will show how such a derivation works.

Our next goal is to develop a theory for weak excitations of our chain which is valid
for wavelength A\ large compared to the lattice spacing. We assume A > a and

Giy1 — ¢ L a.

In this limit, the individual particles labeled by i are not important any more and
we can instead use a continuous field ¢(z,t), with

Vag(a-n,t) = éu(t) (7)

The prefactor y/a in the second line is a convention. Note that ‘@’ in the above
equation acts as a label, similar to ¢ before, and should not be confused with the
operator z in single-particle quantum mechanics.

As we are interested in the limit of smooth fields, a < A, we can use Taylor expan-
sions in a to analyze the theory

Oni1 — Pn = \/5(¢(1' + a) — ¢($)) ~~ ari—

For example, we can approximate

Ly 200\ 2 L 79\ ?
Z(¢n_¢n+l)2%/o Jdz (@2%> :@2/0 (%)

n



We can use a similar manipulation for the first term in the action (4) to arrive at

to L
S = d dx L (P, 0x0, 0 9
it [ dr206.0.0.00) ©
2
L(6, 059, 019) = 56" — - (0:9)? (10)

Here L is called Lagrange density which depends in our example on the field and
its spatial and temporal derivatives. It is related to the Lagrange function by

L
Lig) = /O L6, 0,6,0,6)da

1.1.3 Euler-Lagrange equations for field theories

To obtain the equation of motion, we apply Hamiliton’s principle. Thus we consider
small variations (e < 1) of the fields, while keeping them fixed at the initial and
finial time.
o(z,t) = ¢(x,t) + en(z, t)
with e << 1, and n(z,t1) =0 =n(z,t,) Vo

(11)

Our goal is to search for solutions

!

65[¢] =0 (12)
where we compute the change of action linear in € from

0% o . 0%
5S = S[6 — e — S[o) :g/dm 55 3 s O

The next step, is to perform a partial integration of the second and third term using

07 . d(&f) d 0Z

0@i0)" ~ dat \"o(,0)) ~ "t 0(010)
0L , _d( 0% d 0Z
00,0) " " dx (”6@@) 4z 9(0,0)

to arrive at

dtd 0L d 0% d 0%
/ vt ( 06 dto(D)  du (@ccb))

0. |7 oz |”7F
—l—e/dmn +€/dt77 =0 (13)
(at¢) t=t1 (ax¢) =0
t=t
where the second term vanishes due to our boundary conditions (11), [ dzn % =
) lt=ty

0 . The third term will be discussed below but for now we focus on the first term.



Equation 13 has to hold for all possible n(z,t). This is only possible, if the bracket
vanishes

i 0% d 0% 0% o
#909) T & 00.9) 08 (1)

Equation 14 is the Euler-Lagrange equation for Lagrange density .Z.

In the example above, we were considering a single real field ¢(z,t) in one space
dimension. We can easily generalize this to vector field ¢(Z) in d dimensions with
T = (xg, 21, - ,xq), To = t. In this case, the Euler-Lagrange equation is written as

- (15)

Z d 0% 0L
=0 dil?u 8(8“@) 8¢Z

where the sum includes both time and space derivatives.

We have still to discuss the last term in Eq. (13). It describes the effects of spatial
boundary conditions at x = 0 and x = L. Here, we usually need some input from
physics. What situation do we want to describe? We consider the following cases:

« Fixed bounday conditions: Figure 2a. Here ¢(0) = 0 = ¢(L) = 7(0) =
0 = n(L). This is, e.g., relevant for the string of a violin which is fixed at its
ends.

« Periodic boundary conditions: Figure 2b. Here ¢(0) = ¢(L). This is the
most ‘convenient” boundary condition for theoretical calculations, because the
resulting system is translationally invariant, but it can only be used in cases
where one is not interested in boundary effects.

o Open boundaries: Figure 2c. Here 1(0),n(L) are arbitrary. This implies,

from the boundary condition in equation 13, that a(%f P = 0. Here,
e =0
&ﬂﬂiié = 0, which means there is no tension. This is relevant, e.g., for

the boundary of a solid.



S—

(a) Fixed boundaries ) Periodic boundaries

«—> >

- - @ TNT-@- TN @- TN -@- TN T-@

(¢) Open boundaries

Figure 2: Boundary conditions for harmonic chain

1.1.4 Solution of the Euler-Lagrange equation

Now let us quickly solve the harmonic chain in the continuum limit. The Lagrange
density was given by

L(¢, 0, 0,0) = —mez's - —( 0,9)* (16)

Plugging this into the Euler-Lagrange equation (equation 14) we get the following
equation of motion

mo — ka?d%¢p = 0 (17)
which is the familiar “wave equation”:

82925 82¢

— =0 18

a2~ a2 (18)
where we can identify the constant ¢ = % with the velocity of sound.

For an infinitely large system, a general solution of the equation can be written as

o(z,t) = or(x — ct) + ér(x + ct),
with ¢g, ¢, being arbitrary functions.

For fixed boundaries i.e., ¢(0) = 0 = ¢(L), it is convenient to expand the solutions
into standing waves

o(x,t) = Z p, Sin(Kpx) cos(wpt + pn),

with k, = 2% and w? = ¢*k2.

Outlook: Above, we considered the wave equation as the solution of a toy model.
It turns out that such simple wave equations (or, more precisely, their quantum
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version) can be used to describe ezactly the sound excitations of solids in the long
wavelength and small amplitude regime, even for complex solids. In this case, one
can view the Lagrange density (16) (and its three-dimensional generalizations) as
the leading term in a Taylor expansion of £ in terms of field and their derivatives.
One can then show, that higher-order terms have a vanishingly small contribution
whenever the wavelength is much larger than the lattice constant.

1.2 Functional analysis

Motivation: In this section, we learn to know a few basic terms from functional
analysis which are useful. We are not aiming at any rigor and we will not discuss
any complicated situations (like fields defined on curved manifolds).

The central object is a field theory is — obviously — the field.
Field:
A field ¢ is a map from a manifold M to a target manifold 7.
o M+—T
zEMvr— ¢(2) €T

Example: Manifold M = [t;,ts] X [0,L], z = (t, x). Target Manifold " = R or
T = {Operators on some Hilbert space}

Central to our program are objects like the action. An action is a number computed
for a given field configuration in space and time. Such objects are called functionals.

Functional:

A Functional F' maps fields to real (or complex) numbers.

F:¢r— F[¢] €R

1+

Fl¢]le IR

v

Figure 3: Visualisation of a mapping from fields to real numbers



Example: Action S[¢] = [[ dwdt L(p, 0ip, 0:0)

As a next step, we generalize the notion of derivative from functions to functionals.
A standard partial derivative is defined as

Of(F) _ J(F+eé) — J(@)

0x; €

(19)

e—0

where ¢é; is a unit vector in direction ¢ = x,y, z. The analog of the partial derivative
is the functional derivative.

Functional derivative:

0Ffg] _ . Flo(z) +ed(z — )] — Flg(z)]
0¢(20) =0 2

(20)

where §(z — zp) is the dirac delta function centered at z = z;. Here we change the
argument of the field only at one point zy and track how the functional changes. If
the field is defined as function of space and time, we use instead 6%(7 — 7)d(t — to)
when calculating the variation with respect to the field ¢(7,%y). And in case of a
mulicomponent field, we multiply the ¢ function with é;

(5@51'(7“0, to) e—0 £
We also generalise the standard Taylor expansion
f(@+oi 7) + Z 5:@ +0(022) (22)
from functions to functionals and obtain
/ 5F /
Flon+Ad] = Flon + [ a2/ S50580(2) + 0(a6) (23)
(24)

Note that the summation has been replace by an integral over z.

To check that we did everything correctly, let us consider A¢p = £§(z — z5). We
obtain

ed(2 — 2z) + O(?)

Floo +26(z — 20)] = Floy] + / 0
SF
5¢(20)

which is, indeed, consistent with our definition (20).

(25)
= Flgo] +¢



As an example, we recall, how we derived the Euler-Lagrange equation by consid-
ering variations of the action S[¢] = [[ dadt L (¢;,0,¢;). We obtained

0L 0L
0S =S|p+¢ // dxdt en;(z,t) ( -0 —) + boundary terms
e 10 55~ o @,00 ’
Comparing this to Eq. (23), we can identify
0S 0z 9 0L
0pi(zo,to)  0¢y " O(Dui)

Thus, we have a new way to write the Euler-Lagrange equations

05 =0 % =0 <= Euler-Lagrange. (26)

Finally, we would like to point out that one can use standard product and chain
rules for functionals, for example

« Product rule: 5(5F¢G) = ‘;—Z -G+ I %

e Chain rule: L =g(F)- ‘;—g
where we denote functionals by capital letters, F', G, and functions g by small
letters.

1.3 Hamilton’s formalism

Motivation: Besides the Lagrange formalism, the Hamilton formalism is the second
cornerstone of analytical mechanics. It is especially useful to take the step from
classical mechanics to quantum mechanics (by replacing Poisson brackets by com-
mutators). A similar step (called canonical quantization) can also be taken in field
theory — but we will later also find an approach of formulating quantum theories in
terms of the Lagrange formalism only. For now, we will focus on the question of
how to generalize concepts of momentum and Poisson brackets to fields defined in
the continuum.

We start with a reminder of how one introduces momenta and the Hamilton function
in classical mechanics. Starting from the Lagrange formalism the momentum p;
conjugate to position ¢; is obtain from

oL
0g;

pi = (27)

Thus, we can easily also define a momentum field using our new knowledge of
functional derivatives

oL L (¢, 00, 019)
5¢( ) 0(049)

II(z) = (28)



Similarly, the Hamiltonian function in classical physics is defined by

CImpl szat% - qza ath)’thz—thz(qj Pj) (29)
where, importantly, one has to replace all time derivatives of fields by momenta
using Eq. (27).

We can generalize this directly to our field theory by defining

Hamilton density: J2(¢,0,¢,11) = 11 — L (6,0,0, )| .
$=¢(9,0:¢,IT)

Hamilton function: H¢,II] = / dT A

As above, one has to eliminate time derivatives of fields using Eq. (28).

Let us apply this to our prime example of a field theory, the harmonic chain in
the continuum limit. Using the Lagrange density from Eq. (16) to calculate the
momentum field we obtain

a$(¢7 a$¢7 at¢> ]
II(z) = =mao(x).
(x) = =g e
From this we can calculate the Hamilton density and hence the Hamilton function:
I 112 ﬁaZ
H— o o 2
H2 2
:>jf—2—+m(x¢) (30)

Mo = [ do (QH— + " 0,0) )

We can easily recognize the kinetic and potential energy expressed in terms of the
two fields II(z,t) and ¢(x,t).

Finally, we want to see how Poisson brackets are modified in a continuum theory.
Poisson brackets are extremely useful: one can use them to write the Hamiltonian
equations of motions in a simplified way, they are convenient to discuss the things
like canonical transformations or the mathematical structure of time-evolution, and,
finally, they are useful for the step from classical physics to quantum physics, where
commutators take over the role of Poisson brackets.

To introduce Poisson brackets, we take a step back from the continuum theory to

the discretized theory where we originally started. For discretized field ¢, and the
_ OL(¢n.$n)
Obn

0A 0B 0A OB
By =2 311, 36, ~ a6, a1,

associated momenta II,, = , the Poisson brackets are defined as

With this definition, the fundamental Poisson brackets of positions and momenta
are given by

{Hm Qbm} = Onm (31>

10



Now we have to take the continuum limit of those equations. As a first step, we
recall that we definied ¢,, = \/a¢(x = na). To be consistent with our definition of
II(x), Eq. (28), we have to identify II,, = II(an) - \/La Using these prefactors and the
usual rules for approximating sums by integrals, Eq. (8) we obtain

0A OB 0A OB 0A 0B 0A 6B
ABY=3 3 a6, ooom, — B /d%nmn 50, 11,

Iy &m | _ Oom x),o(x )} =6(x — 2
{Srleltn o ). 0)) = b - o) (32

Finally, we can use the definitions collected above to write Hamilton’s equation
of motion in a compact form

Mz, ) = {H,(x, 1)} = _5‘;7(62)
j SH(t) (33)
oz, t) = {H, d(z,t)} = S Gs

In this first section, we have — with very large speed and without providing detailed
derivations — sketched how we can obtain classical field equations. We were able
to use the formalism typically introduced in analytical mechanics classes to analyze
field theories. Our prime example of a field theory has been the harmonic chain
but we can use very similar approaches to discuss, e.g., electrodynamics and the
associated Maxwell equations.

Our next major goal will be to find a way of how to quantize the classical field.

11



2 Second Quantization

The figure 4 gives an overview over different routes which can be taken to obtain a
quantum field theory. One option is to begin from classical field theory and to derive
quantum field theory via a procedure known as ‘canonical quantization’, which will
be subject of the following chapter. Later, we will learn about a direction connection
of classical actions and quantum field theory using directly the action. Here, one has
to note that one cannot ‘derive’ a quantum theory from a classical theory — while
there is no problem in proceeding in the opposite direction. A more reliable approach
is, however, to start from our knowledge of few-particle quantum mechanics, which
we will be able to generalize to quantum field theory, using a procedure called second
quantization, which is the focus of Sec. 2.2.

; X,P]= it
N CLAssucm. 5cmzon>me.en [x.7] Qumrum
ParTicLES Heisengere P=1H¥ Mecuanics
N—=> e, 2" QuanTIZATION
Continvum Limi (2.2)
(2.1)
(/LA%ICAL CANomCAL Qumnzmou, QUANTUM
Fieo  Tueory Functionae IntegraL Fiewo Tueory
(3

Figure 4: Different ways to arrive at QFT

2.1 Canonical Quantization

Motivation: In this chapter, we learn a relatively straightforward way to quantize a
field theory, called canonical quantization, which is based on simply replacing Pois-
son brackets by commutators. This works perfectly for the example of the harmonic
chain and allows to introduce phonons, the quantum exciations of a vibrating solids.
As a side effect, this section will serve as a reminder on how one solves harmonic os-
cillators problems algebraically. The corresponding algebra will be important when
learning the math of second quantization in the next chapter.

12



2.1.1 Commutator

The transition from classical physics to quantum physics is not unique. This is
obvious from the fact, that we have to replace commuting fields by non-commuting
operators. If you have an expression like AB (e.g., A = x and B = p) in classical
physics, it is unclear whether you should replace it by AB, BA or something like

\/_ B\/Z on the quantum side, if A and B are non-commuting operators.

But a successful rule of thumb for the transition to quantum mechanics, is to replace
the Poisson brackets from classical physics by commutators following the recipe:

H(Pqu') — ﬁ(ﬁi,dj)

| (34)
{pi:Qj} 5@] — [Pu%] - h(sz]

What is the justification for that? The reason is that we want to keep the equation
of motion compatible

HA = {H, A} — —ihd, A = [H, A (35)

Thus, we can hope that the quantum theory will reproduce in the classical limit the
correct equations.

Therefore, canonical quantization means that we follow precisely those rules also
in a field theory by postulating that we simply replace number-valued fields by
operator-valued fields

{I1a(2), ¢5(Z)} = dapd (T =7') — [ﬂa(f), $5(T)| = —ihdapd (F—F) (36)
where 7 and gg are now operators. The following remarks apply

e ¢, II are real-number valued fields in the equation above, and, thus, 95, IT are
Hermitian operators (which have real eigenvalues).

e To define a quantum theory, we should better fix the Hilbert space — we will
do this later.

o For fermions there are similar rules, where one uses anti-commutators instead
of commutators, but we will not use this in the lecture but go for “second
quantization” instead.

e The does not work directly if II; = ( ¢ ) has no unique solution which hap-
pens, e.g., in Gauge theories, with a{xo) = (. For such situations, there exist

alternative methods for quantization (quantization with constraints) invented
by Dirac, but we will not do this in this lecture.

13



2.1.2 Phonons

We want to apply this program directly to our harmonic chain. The Hamilton
operator is obtained by replacing in the Hamilton function, Eq. (30),

L T2 2
N II*(z)  ka .
= [ d —(0,9)? 37
H/Ox<2m+2<¢>> (37)
To obtain something which looks more familiar and to simplify the theory, we write

this in the momentum basis by Fourier transforming the fields as follows: Fourier
transformed fields:

2 1 1 —iknx
o) = 77 2 One ™
A 1 A )
I(z) = — II,, et*n® 38
2
with, k, = %n for periodic boundary conditions

Inverse Fourier Transforms:

R 1 L .
b = = /0 dz "7 (x)

. 1 L N
I, =— dx e ] (z
and, ¢} = ¢y, 11l =11 with ¢(z) = ¢(z) as I (z) = II(z)

(39)

Using this we can compute the commutation relations of the Fourier-transformed
fields

o 1 (L L ‘ R R o
|:Hkn7 ¢kmi| = _/ dx / d‘r/ eilknx |:H(.§L’),(b($/)i| elkmx = —’lh(snm
L Jo 0
where we have used [ﬂ(x), qg(x’)} = —ihd(x — 2’) (40)

1 [* :
and Z/ dy e kn=km)z — Ok o
0

We now rewrite the Hamiltonian in terms of the new fields and obtain after some
straightforward algebra

N 1 ~ - Ka? 95 2
"= o in e, + ==K P Pk (41)

where we used again that 1 fOL dy eFTilknthkn)z — 5, What have we gained?
In the new Hamiltonian, the momenta are decoupled, £, only couples to —k, and
we ‘almost’ obtain for each k, something like a Harmonic oscillator with a spring-
constant #(k,a)? and a corresponding oscillator frequency wy, with

ka?
wr =\ —|k| = c|k|
m

14



where ¢ is the speed of sound defined above.

It is now the time to recall how one solves the harmonic oscillator problem in quan-
tum mechanics using simple algebraic models. Here we use it as a ‘trick’ to simply
our problem, later we will see that the math is useful way beyond the problem of a
harmonic oscillator. Below, I assume that the reader is familiar with this solution —
if not it is time to look this up.

The solution of the Harmonic oscillator starts by introducing new operators a and

a’ defined as
af = ,/”;—;” (:@-%p) La = (aht (42)

The prefactors in the formula above have been chosen for two reason: first, to obtain
simple commutation relations

[a,a'] = % {x + p,x - mip} =1 using, [Z,p] = ih (43)

The second reason for choosing the prefactors was to simplify the Hamiltonian

52

p 1 -2 t 1

H="—+-—mw’i®=hw(aa+=
om 2 ( T3

The operator 7 = a'a can then shown to have integer eigenvalues and corresponding

eigenstates |n) , with n|n) = n|n), n € Ny. The groundstate of the Harmonic

oscillator can be obtained from the equation a|0) = 0.

It turns out, that we can apply exactly the same trick to our field theory (“hats” on
operators are dropped for convenience). We define raising and lowering operators
for each momentum k separately

W=\ 55 Tk <¢k p— —k) ; GL =\ 25 Tk (¢ k— Zwkﬂk> (44)

This gives rise to simple commutation relations

[ak, a,i,] = 5kkz’ (45)
lax, ax] = [a}, al,] =0

and we can reexpress the original fields in the new operators

5 :
h Z\/ 2hmwy(al, — a_y) (46)

1
_ = Ty 1. =
o 5 mwk(ak+a ), =g

Substituting equations (46) into the Hamiltonian, Eq. (41), we get: (using wy =
c- |kl =w-)

1 1
H = Z %Hkn—k + Emwiaﬁm_k

1 1 2h
_ng 2mhwk( —a,k)<aTk—ak)+2mwk4 Wk(ak—l—a a_x +al)

_%
4

]

(—alaik + azak +a_ga', —a_gay + ara_y, + akaL + aika_k + aikal)

15



Using [ay, ap] = [al, al,] = 0, Eq. (45) we get
== Z(alak + a_kaT_k + akaL + aT_ka_k)
k

Finally, we simplify this using akaL =1+ aLak and a_kaT_k =1+ aT_ka_k using

Eq. (45). Thus we obtain a very simple result
H=> hu i o = (47)
I * 2

We can also rewrite our field operator in terms of a,TC and ay using our definitions,

- 1 —ik-& 1 h —ik-&
(T) = ﬁ;qﬁk@ i ﬁ; \/ 2mwk(ak +GT_k)€ g

to arrive at

= 1 h ik-% T
qs(x):ﬁz,/zmwk (a,tek + ape ) (48)
k

Now we come to the most important and most interesting part of this exercise, the
interpretation of the result.

We start with a perhaps, unexpected, question. What defines a (quantum) particle?
First, a particle is something you can count, one can have 0, 1,2. .. particles. Second,
we expect that it carries momentum Ak and an energy E(p) = FE(hk) and we should
be able to count how many particels we have with a given momentum k,,. (With
a classical particle, one can also associate both position and momentum with, but
in quantum physics this is not done directly because of Heisenberg uncertainty
principle. To approximate a classical particle one has to build wave packets using,
e.g., superposition of different & modes).

Now we look at our Hamiltonian. The operator a,tak, has spectrum Ny. We now
take the bold step of interpreting this as the number of particles with a given
momentum hk. Those quantum particles get the name phonons. Their energy is
hw, = c|lhk. Thus, the total energy of the system is obtained by multiplying the
energy of a particle with the number of particles then simply hwy, times the number
of particles.

Here, the operator a£ ‘creates’ a phonon with momentum k. Why is this so? It

increases ng = a,tak by one. Similarly, af can destroy a phonon. We will come back
to these formulas in more detail in the next chapter.

One cannot overemphasize the importance of this insight which follows from a
straightforward reinterpretation of the math. We found that the excitations of the
harmonic chain are a new type of particle, the phonon, whose property has almost
nothing to do with the particles from which the chain is made. Phonons describe
quantized collective excitations of the harmonic chain and like other particles, they
are characterized by momentum and energy.
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Note that precisely the same physics and same arguments can be used to quantize
the electromagnetic field by introducing photons — this is a topic covered in the
advanced quantum mechanics course.

2.2 Identical particles and Second Quantization

Motivation: We will now take a completely different route to quantization of many-
particle systems. We will start from the quantum theory of single particles and build
from there the Hilbert space of a many-particle system. We will see that the main
insight will come by thinking about the question that two elementary particles can
— as a matter of principle — not be distinguished from each other. We will see that
this determines the mathematical structure of the theory and will also guides us to
find the ideal type of operators to be used in such settings.

2.2.1 Hilbert Space

Our starting point is single-particle quantum mechanics, where we pick some arbi-
trary (but complete) set of basis states of the single particle Hilbert space. Basis:
1-particle Hilbert space 74 with basis |a;) or corresponding wave functions ;(7)

Now we want to consider n quantum particles instead. For the moment, we assume
that they are distinguishable (we have, e.g., one neutron, one proton and one elec-
tron. Thus, the Hilbert space s2¢ of n distinguishable particles is just the (tensor-)
product of n single particle Hilbert spaces. For an N-dimensional single-particle
Hilbert space this means that there are now N basis vectors , the dimenation This
means, that the N™ basis vectors |, )|a,) - - - |,)

%Ld:%®...®%

~-
n times

) = Chrjoin lg)ag,) - la,)
h’—' N NV d

amplitude  particle k in state jg

Alternatively, we can use the position basis and the wavefunction has the form

1#21/}(7”1,--- ,Tn)

In the latter formulation, we just specify where each of the particle sits and ¢ (rqy, -+ ,r,)
is the corresponding quantum amplitude.

But what should we do when two particles are indistinguishable? Take two elec-
trons (with the same spin). Consider ¢ (a,b) and ¥(b,a). The 1 (a,b) describes that
particle 1 sits at position a while particle 2 is located at b. In contrast, ¥ (b, a) is
the quantum amplitude for particle 1 being at b, while 2 is at a. But this makes no
sense, when 1 and 2 are indistinguishable! In this case,

¥ (ry,79) and 1(re, r1) have to describe same state.

Next, we have to find out, how we can adjust the mathematical formulation to take
into account this fundamental fact.
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Let us try to formalize this idea. For this, we introduce an operator P;; with the
job to exchange particle ¢ and particle j (this is sometime called transposition). It
is defined by

Pij¢(rla"' ,/r,“... ’rj7...) :¢(r1,... 7Tj"” 77"’“...)
or, equivalently,
Pijlom,) - - lam,) - - lam,) - |am,) = lam,) - lom,) - lam,) - lam,)  (49)

Now, we demand that for indistinguishable particles |¥) and P;;|¥) have to
describe the same state. From this, we conclude that

Py V) = ef | W) (50)

not
observable

where the factor €’® has been introduced because we know that two states differing
only by a global phase cannot be distinguished in any experiment.

The operator, which we defined above, has another important property: when we
apply it twice, we obviously get back the same state

2 _
P2 =1 (51)

This harmless equation appears to be a trivial consequence of how we defined per-
mutations. From a more fundamental point of view, we should, however, have asked
a different question. What are mathematically consistent ways to define the ex-
change of two particles and how would we do this physically? This is a subtle and
deep question (which we will not address here). It turns out that the answer to
this question depends on the dimension of the system and the topology of space. In
three dimension Eq. 51 has to hold, while in two dimensions also Pfj # 1 is allowed
(this is related to the fact that a loop around a point can be contracted in 3D but
not in 2D). We will ignore this subtlety and just assume that Eq. (51) is valid.

2 2 2ip i _

P,,=1 = Pjp=e""Y =9 = €&9==1
Thus, our mathematical analysis shows that there are two possibilities allowed math-
ematically, €!* = 1. We now have to go back to experiment and ask which of these
options is realized by nature. The answer is that for some particles it is the first

option while it is the second option for other particles. Thus, there are two types of
particles

Bosons: ¢? =1 <& (r;,m) =9%(rs,m1) <  symmetric wave functions
and
Fermions: ¢ =—1 <<  4(r;,ry) = —(ro,r)) < anti-symmetric wave functions

As mentioned above, in two dimensions, further options are possible, which are
called anyons (realized as excitations in certain quantum Hall systems). For Lorentz
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invariant theories, there is a further constraint, called spin statistic theorem,
which states that bosons always have integer spin (0, 1,---), while fermions carry
an half integer spin (%, %, e ) For excitations in a solid, there is no such constrait.
Our next goal is to formally define the Hilbert space of n indistinguishable bosons
or fermions. For this purpose, let us introduce S, the set of all permutations
P of n particles. A general permutation operator P is obtained by the product of

several two-particle exchange operators
P=P

R

—1) odd number of exchanges
1 even number of exchanges

111" 22 ©

(1 = ={

We can use this, to define the Hilbert space of n bosons. We only allow for those
wave functions, which are symmetric under the exchange of particles.

A = {l¥) € A |Ply) = [¢) VP € S} (52)

Note that this Hilbert space is much smaller than the Hilbert space of distinguishable
particles 72 as we declared all non-symmetric wave functions to be not physical
and thus not part of the Hilbert #° space.

Similarly, we define the Hilbert space of fermions, which is only allowed to contain
anti-symmetrized wave functions

0 =) € 27 |Ply) = —[$) VP € S,} (53)

Two examples of allowed wave functions are

W(r,ra) + (re,ry) € K
U(r,re) — Y(ry,r1) € AL

For fermions one can use the fact that determinants are completely anti symmetric
to define so-called Slater determinants

T#m (Tl) 77D061 (T2) e wal (Tn)

1/}041,...,04" (Tla . ;Tn) = \/—171—!(316)6 waQ:(rl) - N c %A (54>

wan'(rl) R . wan (7nn)

They can serve as basis states of 4. An example for n = 2 is

L e wal(rl) ¢a1(r2) :i r ro) — r r
st [ ot ] ) (12) = s 12

An important consequence of the anti-symmetrization is the Pauli principle: Two
fermions cannot occupy the same state. This follows from

Pizla)la) = [a)|a) # —[a)la) = |a)la) ¢ 2.
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2.2.2 Fock Space

Motivation: It is important to realize that we did something ‘stupid’ in the previous
chapter. We obtained the physical Hilbert space of indistinguishable particles J#4
or #° by embedding it in an unphysical Hilbert space #¢. We made the mistake
to use objects like ¢(ry, ra, ... r,) which labels the particles with indices 1,2, ... and
then, we had to repair this mistake by symmetrization or anti-symmetrization. And
we had to pay a high prize for that. Consider, for example the Slater determinant,
Eq. (54). When one would try to write it out, it would contain n! terms. Already
for 100 fermions, these are more terms than atoms in the universe!

Can we avoid working with ¢ (rq,rs,...7,) and thus avoid working with an unphys-
ical Hilbert space ##? Here the key insight is that there is one thing one can do
with indistinguishable particles: one can count their number. Thus, our strategy
will be

Indistinguishable particles:
just count how frequently a given state is occupied

Before introducing formal definitions, let us make a simple example. Starting point
is always the choice of a single-particle basis. For example, let us use the three-
dimensional single-particle Hilbert space . with basis vectors {|aq), |ae), |as)}.
The associated single-particle wavefunctions are ¥y, (1), Ya, (1), Vg (7).

Now, assume 2 bosons in state |a;), 2 in |az). This information uniquely defines a
wave function which we write as |2, 0,2) (with an hopefully obvious notation). More
precisely, this wavefunction is defined by

12,0,2) oc Y Plar)|an)|as)|as) o Y Pty (1) ey (r2)ta (73)t0ay (14)
PeSy PeSy
(we are omitting the normalization factors here for simplicity).

We can do the same thing for fermions. Consider, for example, two fermions, with
one fermion in the first state, and one in the third state. We write the wave function
as |1,0,1) which is defined by

1 1
1,0,1) = E(Ia1>|a3> — lag)|an)) = 7

Let us generalize this properly. We start by defining a new Hilbert space, the Fock
Space, which is the sum of the Hilbert spaces with 0, 1, ... particles

(wal (r1)¢a3 (T2) - ,lvbazs (Tl)wal (TQ))

A for Bosons

F=FDF1DF P with 7, { A4 for Fermions

Here %, is the 1-dimensional Hilbert space with basis |0) = [0,0,0,---) which
describes that there is no particle present.

To define a basis in the Fock space, we first need a single-particle basis |a,).
Then, we simply count how many particles are in a single-particle state. Using the
notation introduced above, our Fock-space basis vectors are given by

20



o T n; € Ng  for Bosons
|1, ng, - -+ ) € % with, { o € (0,1 For Moo

and a general wave function can thus be written as

‘¢>: Z Cn1,n2,~--’n17n27”'>

ni,nz,...

The advantage of the Fock space and its basis is, that we work from the beginning
only with physical states and avoid the overhead of having to symmetrize or anti-
symmetrize wave functions. This is a major gain. There is also a useful side-effect:
we can now describe superpositions of state which have different numbers of
particles, which was not possible before. This is necessary for all processes where
the particle number changes, like the emission or absorption of photons or phonons,
or the annihilation of electrons and positrons. It will also be essential for a theory
of superconductivity.

Note that bound states of an even number of fermions behave as bosons, while
bound states of an odd number of fermions behave effectively as fermions. The rea-
son is simple: when one exchanges n fermions, one obtains a factor (—1)". For exam-
ple, protons and neutrons are bound states of three quarks and therefore fermions.
A hydrogen atom, one proton and one electron, acts like a boson in situations where
it can be approximated as a point-like particle. In contrast, its isotop, a heavy
hydrogen atom with one proton, one neutron and one electron acts like a fermion.

2.2.3 Creation and Annihilation Operators

Motivation: After we have defined our Hilbert space, the next step is to consider
operators acting on the Hilbert space. We started our introduction of the Fock
space from the observation that the one thing which we can easily do with identical
particles is to count them. Therefore, we will have to find out which operators can
be used for counting. Furthermore, we will have to learn of how to change particle
numbers, i.e., how to do +1 and —1. Thus, the goal of this section will be to find
operators which just do that.

To count bosonic particles, we need an operator with spectrum Ny. We had precisely
such an operator in the algebraic solution of the harmonic oscillator. Thus, we want
to borrow the math without borrowing the physics. We have already discussed in
Eq. (42) how creation and annihilation operators show up in this context. But in the
following, we just need their algebra, and, importantly, the spectrum of the counting
operator 7 = afa. The essential properties of the Harmonic oscillator operators were

[a,a'] =1, Aa=a'a, an)=nln),n €Ny

a'ln) =vn+1|n), aln) =+/nln—1), al0)=0

This motivates us to define a new operator which acts on the Fock space. We can
fully define an operator, by specifying how it acts on the basis vectors of a Hilbert
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space, which were given by |nq,ng,...) with n; € Ng for bosons and n; € {0, 1} for
fermions.

f

Motivated by the harmonic oscillator example, we define creation operators a; and
annihilation operators a; by
a/z|n1,... 7ni’...> :w/ni_‘_1|n1,... 7ni_‘_1,...>
ai|n17..‘7ni7...>:\/n_i|n17'..7n2‘_]‘"'.> (56)

Note that there is no harmonic oscillator anywhere in the problem and what we are
doing is completely independent of whatever the Hamiltonian will be. The operators
af and a; remove bosonic particles in given single-particle states.

Can we do something similar for Fermions? In this case, we have to make sure that
the operators know about the Pauli principle. We define creation and annihilation

operators in this case by

a;r|n1, -+, 1,-++) = 0 Pauli principle

aflng, -+ ,0,---) = (=1)Zi<i™ |ny, -~ ,1,--)

ailng, <+ ,0,+) =0

ai|ng, -, 1,00 ) = (_1)Zj<inj |7y, ,0,-++) (57)

Note that we included a strange-looking factor (—1)>i<i™ in the definition. It
depends on how we ordered the single-particle states and appears to be non-local
and complicated. The opposite is true. This factor in the definition will help us to
encode the antisymmetrization of fermionic wave functions in an elegant way. This
can, for example, be seen by showing that

a}aﬂ()} = —a;ra;|0>.

The reader is encouraged to check how this relation follows from the definition and
that it is valid independently of whether ¢ < j, 7 < i or ¢ = j.

Both for fermions and bosons our definitions were designed such that
a; = (ah)f.

Also, in both cases, it follows from the definitions that

a;|0) =0, where |0) is the vacuum: |0) =10,0,0,---)
1 n
co0l) = | | — (af
|n17n2? > i \/n_l' (az) ‘O>

where in the case of fermions the ordering in the product plays a role. We order the
terms such that the creation operator aZ with ¢ < j is always to the left of a;r-. Thus,

we avoid complications with the factor (—1)2i<i" in the definition.
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Our next step is to work out the algebra of the operators starting from their
definition. For the bosonic case we find directly

1#£ ] { ZZIZE z Zg Z% } = symmetric wavefunction
i=j: aal —adlalng, - ng, )
= ((VFD) = ()" I
= g, g

We can collect this insights into the bosonic commutation relations

[ai,aﬂ — [ai,a}] = [a;,a;] =0

Here [A, B] = AB — BA is the commutator between A and B.

Now we proceed in the same way for fermionic operators and find

Z#] : { a%{a; = _a}aj } _due to (—1)Zj<inj

= antisymmetric wavefunction

Z%]{ aiai‘nh... 7ni7"'> i(l_n1)|n17 7ni’...>
ai|n17...’ni’...> _ni’nl’...7nl.’...>

Again, we can collect the result in a compact form, the fermionic anticommuta-
tion relations

{ai,al} = 8ij, {al,a}} = {ai,a;} =0 (58)

where, {A, B} = AB+ BA is the anticommutator between A and B. Importantly,
the ‘ugly’ term (—1)%s<i™ nowhere shows up in the algebra.

The anticommutation relations ensure automatically, that the wave function is com-
pletely antisymmetric, for example,

ajaba|0) = —ajafa}|0) = abaiaf|0)
We have achieved this property without having to work, e.g., with Slater determi-
nants (54)!

Above, we started from a definition of the Fock space, followed by a definition of cre-
ation and annihilation operators, which lead to the corresponding operator algebra.
An alternative route is also possible: one can start from the operator algebra, postu-
late the existence of a unique vacuum state |0) and then used creation operators to
build the state of the Hilbert space. The Stone-von Neumann theorem guarantees
that (up to unitary transformations) this program gives a unique construction of
our Hilbert space.
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Let us work out a few consequences of the operator algebra. From {al, a}} =0

2
follows for ¢ = j immediately that (af) = 0. This is the Pauli principle, there can
be only one fermion per state.

Both for fermions and bosons, it follows from our definitions (please check) that the
operator

ﬁi = agai

counts the number of particles in state i,
ﬁi’n17... 7ni"'.> :nl‘|n17'.. ’ni"">'
Thus we find
hall o) = al (A +1)[ )
Both for bosons and fermions, we thus obtain the ‘counting algebra’

T

3

| =]

[, a i [, 5] = —a;
which encodes the physics that a;r and a; raise and lower the value of n; by one,
respectively.

The reader is encouraged to check this relation explicitly for, e.g., the fermionic case
using only the fundamental commutation relations, Eq. (58), and the definition of
n;.

[a;rai, az] = aj-aiaj — aIaZai = a;r — QGZCLICLZ' = aj-.

An important strategy to solve such problems is called normal ordering, which
describes the procedure to use commutation and anticommutation relations to move
all creation operators as far to the left as possible and all destruction operators as
much as possible to the right. In the case shown above, one can then also use that

(a)? = 0 for fermions as discussed above.

Above, we considered a system with either one species of bosons or one species of
fermions. But we can easily extend this to a system with several types of bosons
with creation operator bj’a and several types of fermions with creation operator fi 5
Here oo and § enumerate different types of particles, e.g., for fermions this could be
electron, proton, neutron for 5 = 1,2, 3. In this case, the commutation relations are
given by

(o fla} = 01468 {fip fin} ={fla fls} =0
[b ! bT ] = 6i,j5a,a’a [b]}Oé’a bi,a] = [bT bT ] =0

7,0 Vi« 7o’ Vi«

[bj,on f;r,/j] = [fj,ﬂ’ b;r,oa] = [fjﬁ? bi,a] = [fj,ﬂ’ b;'r,a] =0.

In this section, we have defined the stage on which quantum field theory takes place:
the Fock space. Importantly, we avoided the introduction of unphysical Hilbert
spaces and reduced the definition of basis states to the counting of particles. We
also learned about operators n; = ajai which can be used for counting and learned
how to do +1 and —1 with the help of creation and annihiliation operators.
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2.3 Operators in Fock space

Motivation: Our next goal, will to express all observables and all other operators
— especially, including the Hamilton operator — in terms of the creation and anni-
hilation operators. We will find that this is not only mathematically elegant, but
also simplifies the formulation of many-particle systems considerably. Moreover, it
often allows for a straightforward and simplified interpretation of physical processes.
Thus, a central goal of the section is not only to understand the math but also to
build physical intuition.

2.3.1 Basis change

When defining creation operators ai, we did this relative to a previously fixed single-

particle basis |\) with
[A) = a}|0)

Thus, we first explore what happens when we change the basis.

Let us thus introduce a new basis |\) with
X =D VAR
y
with the unitary matrix Uz, = (A\|A)

We now want to introduce new operators EL; in such a way, that they create particles

in the state |\). Thus, we have to demand that
X) = akj0) =) Uszallo)
By

Therefore, we chose the new operators as
(59)

We should now check, that the new operators obey the same (anti-) commutation
relations as the old operators. Let us do this check for fermions by computing

{alarn} = 2O EN) {alav} = NN = KA =555 (60)

AN

Indeed, using that both |A) and |A) form a complete normalized basis of our Hilbert
space, we find that our new operators obey the correct algebra.

We will use the basis change frequently in the following sections.
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2.3.2 Field operators in Real and Momentum space

A very useful and frequently used basis are position eigenstates which allows to find
directly a description in (real) space. Position eigenstates are ¢ functions, §(77 — ¥).
We use the following notations and relations

7)) = 0(F — 7)
(Z|¢) = / d’r (7 — 2)p(7) = ¢(7) (61)
(7|7') = /d37" O(F =)0 (F = 7') = 8°(¢ — ')

Note, that the eigenstates are not normalized to one, (Z|7) = §(0) = oo, thus we
will have to adapt slightly the formulas of the previous section.

Our central goal will be to define a field operator '(¥) which creates a particle
in a position-eigenstate localized at position ¥

Y1(#)[0) = |7)

Using Eq. (59) and a set of creation operators ai\ which creates particles in the
single-particle wavefunction ®, (%) = (Z|)), we define

Yi(F) = Z(Mx) a\, where a)\ = /d3x o(2)T(Z)

A

This leads to
/d%@ Z/CP N|Z)(Z|\)al, = Z/d3 (N|A)al

Let us try to interpret this formal result

- / Pz gy (@)1 () (62)

How to we create a particle with the wavefunction ®,(Z)? We use the operator
UT(Z) which creates a particle at position # and build a superposition weighted by

O, (7).

Here, it is important to emphasize that U(z) has nothing to do with a wave-
function. The use of the letter W is, perhaps, unfortunate (but common). ¥(Z) is
instead an operator which destroys a particle at position Z. Also Z is (other than
in single-particle quantum mechanics) not an operator, it is just a label which
tells at which point in space the particle is removed. A similar statement applies
to the field operator ® (&) which we introduced to describe the harmonic chain, see
Eq. (48). Also this is an operator, acting on position Z is just a certain operator
acting on the system at position Z. The same is true for the electric and magnetic
fields, E(Z) and B(Z) which are promoted to field operators in quantum field theory.
Operators like W(7), ®(Z), E(T), or B(Z) are called quantum fields acting in real
space.
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By repeating the calculation of Eq. (60), we find that the (anti-) commutators
of our field operators are given by

Let us do a few examples with the goal to practice the use of our quantum field. As
discussed above, a single particle wavefunction ¢() is obtained from

6) = / 0 $(Z)0 (2)0)

Now let us compute the amplitude that the particle is located at position Z, by
calculating the overlap with |Zo) = ¥7(%)|0). We assume that we consider fermions
here but the result has to be the same for bosons (as we consider a single particle
only)

(@lo) = Ofu(@) [ P o@)! (@)0)

m/fw 7)[0) - m/&w YU () (72)]0)
= ¢(Zo) (0]0) = P(Zo)

To obtain the second line, we used {¥ (%), ¥(Z)} = §*(F — Zy) or, equivalently,
U(Z)UH(%) = 63(F — ) — VI (F)¥(F) for normal ordering, which means for
putting the destruction operators to the right and creation operators to the left
with the help of (anti-) commutation relations. To get the third line, we can the
simply use the definition of the vacuum, ¥(%)|0) = 0.

Our next goal is to discuss another very important single particle basis: momentum
space. We need operators, which create particles in momentum eigenstate. Single
particle eigenstates of the momentum operator have the form e*% but we need a
convention for their normalization. This is done differently by different textbooks
and different publication. We will use the following convention: we consider a box
of length L in d dimensions with periodic boundary conditions, which enforces that

momenta k (written here for d = 3) take discrete values

k
. m 2
fn = kny | Km0t =k n€Zi=1,....d
. L
n3

In this finite box, we simply normalize the eigenstates of the momentum operator
to 1

L eiE~£

v

Thus, using the results of the previous section, we the operater creating a particle
in this eigenstate is given by

(nlkm) = 07 ¢, (k) =
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and the resulting (anti-) commutation relations are

for Fermions: {cévcjéf} = <E‘ _'/> = 512,12’
| e (64)
for Bosons: |cj, Co| = 5k i

In practice, we will most often use the thermodynamics limit V' — oo resulting in
Ak = 2% — 0. In this limit, sums over momenta are written as integrals.

1 oo L
Z:A_/%;Akxbﬂ/dkx (65)

T

or in d = 3, we get for V — oo

&k
g---—w_(%)g...

For example, the total number of particles is written for V' — oo

V=Y = [ e = [ erowon (66)

In a finite volume, & f Brein—Fm — g while for V — oo

Frykm
/d3—' k@ (277_)353<E)

which follows from the rules for Fourier transformations. Thus, one can write (within
our definitions) for, e.g., the anti commutator of Fermions

WP o
{CE, CEI} = %53(16 — k') for V.— o0 (67)
This is equivalent to Eq. (64) but usually it is more convenient to use Eq. (64) only.

The formula above is mainly used to match to definitions used by other textbooks
or publications.

As a result of this section, we now know how to create quantum particles either in
position or momentum space.

2.3.3 Single particle operators

Our next goal is to write all types of operators using creation and annihilation
operators. Consider, for example, the Hamilton operator describing N interacting
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electrons, which we can split into two parts

Y p? 1
H = Z — + V{(r;) +§ZV(Ti—Tj)
i=1

2m
TiFET

-~ N "

. . TV
single particle operators two-particle operators

We will first consider single particle operators, which are written as a sum over
particle index ¢. Within the N-particle Hilbert space, we write such an operator
(for either bosons or fermions) as

First, we want to promote this to an operator acting on Fock space
A=A p AV g A g ...

To make progress, we introduce the eigenbasis {|A\;)} of A1), In this basis, the
single-particle operator A1) is diagonal

AW =3 A

For this specific basis, we introduce Fock-space eigenstates |ny,, ny,, - ) where the
|ny,) specify how many fermions or bosons occupy the state with quantum number
A;. For this basis, we know exactly how A acts

A’n)\unz\zv to > = Z)‘Zn)\z UONERIOVT R > = Z)‘iai\ia&‘ Mxyy Mgy - >
Therefore, in this basis we find
A= )\iaT,a,\i = <)\i|A(1)|)\~> al ay., (68)
21: \ 2]: j) ah,ax,

5/\1.)\].)\]'

where we will soon see, why we use in the second equation a more complicated
formula. For this specific basis, we now know how A looks in second quantization.
Thus, our final task is to use the results from the previous section to choose any
other basis. Let us assume, that we want to introduce creation operators a/,, which
create particle in the single-particle states |«;). Using the results of the previous
section, the previous operators can be expressed by the new operators

a, =D fowAal,, oy, =D Nlaw)aa,

k k!

Using this in Eq. (68), we obtain

— A= Z <Qk|>\i><)\i|A(1)|)‘j></\j|ak'>alékao‘k’

i’j’k’k/

and we arrive at our final result
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A= Z(ak|A(1) | )al, aq,, (69)

kK’

It is useful to practice how to interpret such terms. To this end, let us write the
single-particle operator in this basis

AW =3 o) (e AY o) (| (70)

kK

The physical interpretation of the operator is that it transfers a quantum particle
from state |ax) to the state |ag) with the amplitude (a|A™ |ay). We can literally
use the same interpretation for our many-particle operator A in Eq. (69). aq,
removes a particle in state |ay), while af, creates one in |ay) and this happens with
the transition matrix element (ay|AM|ay).

Let us consider a few examples. First, the total momentum of an N particle is given
(in first quantization) by P = Zf\il —ihz2-. In momentum and real-space basis, the
relevant single-particle matrix elements are given by
(K'| — ihV|k) = hkd;
— a —
(Tl — ihV|&)) = / 476 (7 — 7,) (‘%T?) S(F — &) = —ihN6(Fy — 7))

thus, we obtain in second quantization
P = Z hk cj;c,g
k
— | dany (ik)3 0 — )0 w)bly) = [ dowi(a) (=it ) v
0

Similarly, the kinetic energy T = S | ;—fjﬁf and the potential energy U = 3", U (r;)
are written as

8 e = [ i) (o) i) = [ e 1o (Fui@)(Fvia)

2m

r-%
U= / PoUEW @),

We would like to emphasize that the description in terms of second quantization is
much more elegant and efficient than in first quantization. To describe, e.g., the 1023
of a solid, one has to introduce in 1st quantization 10?* coordinates 7, by labeling
each electron with a label ¢+ which is unphysical as they are indistinguishable.

One way to see that these are really unphysical coordinates consider the operator
7y, the x-coordinate of the first particle. As electrons are indistinguishable, this
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operator has no physical meaning. Mathematically, r{ is also not a legal operator
as it does not map elements of the Hilbertspace H4 of totally antisymmetric wave
functions onto itsself, 7¥|¥) & HA.

In contrast, in second quantization, one never introduces unphysical operators.
Quantities like the kinetic and potential energy are written as simple integrals or
sums over creation and annihiliation operators.

2.3.4 Two-particle operators

As a last step, we have to translate two-particle operators into the language of
second quantization. Here the prime example is the potential energy, which in first
quantization is written as

V= ZVTZ,TJ ZV i, 75)
i<j %#J

For a given basis |);), one first calculates matrix elements in the 2-particle Hilbert
space

</\1|<)\2|V(2)’>‘2’>|>\1'> :/d3T1d37“2 ¢§1(Tl)¢§2(r2)v(7‘1,T2)¢A2/(7’2)¢A1/(T1)-

Using these matrix elements one can write (we do this here without a detailed
derivation) the operator in second quantization in analogy to Eq. 69

1
V=3 Z A X2V A, Aodal al an, an,, (71)

Mgy Ay

both for bosons and fermions. Note that the order of operators is here important as
@y, @y, = —ay,ay, for fermions.

The electron-electron interaction V™ = 237 V(7 — ;) with V"(7) =

47r€ 7"]
written in second quantization in the real space basis as

Vi = % / &’z &z’ V(T — 2 ) (@)N (@)@ (D)

Let us derive more carefully how the same operator is written in momentum basis,
as we will need that later

o 1
(krks| V™ (1 — 2) |} k) = /d3r1 dBry e Fr—F gilky—R)mayrint .y

VZ

using 7] = R+—, =R — - and H

[\
l\')l‘%l

= 7% Br R ei(Ei+E§—(E1+E2))ﬁVint(f')ei(Ei—El—(E’Q—EQ))F
1

= =0

int /7 7
DOk gV (B — k)
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T

where we used the Fourier transformation of the potential, Vi (k) = [ &3z Vi (Z)e
Thus we obtain

int _ 1 ﬂﬁﬂﬂint_)l__)ﬂﬂﬂﬂTTﬂﬂ
VI =5 2 ki V(R k1>5k1+k2,k;+kgcg1CI;QCk;Ckg
1 Vint T T
=—) = = _ cL.  Ci CpcCp
2V Zkhk%q <q_> ki+q ko—q k2 k1

We will later heavily use simple pictures to display such formulas. As a first example,
we can use the following picture for the formula

El‘“f Ez—(f

Ky

— —

k’l k2

Here incoming lines denote destruction operators, outgoing lines creation operators.
The wiggly line stands for the interaction potential. Each line is labeled by its
momentum. Note that at each vertex the sum of incoming momenta is equal to the
sum of outgoing momenta.

We have now reached a major milestone: we know how to write all relevant physical
operators in terms of second quantization.

2.3.5 Hamiltonian with spin

Up to now, we have omitted one important detail: electrons carry an extra quantum
number, the spin. But also for other quantum numbers (e.g., the color index of a
quark or the band index of an electron in a solid, discussed later), one may ask
how they can be added to the formalism of second quantization. That turns out
to be very easy: one just has to add an extra index to all creation operators. For
example, in the case of spin we write 0 =1/ | = j:% and introduce corresponding
field operators

YI(¥)  or c%a creates particle with spin o =1/ |

Let us practice using that operator. In first quantization, the wave function of an

()

electron with spin is written as a two-component spinor J(7) = ((p ( 7:,)> Here
1

¢, (7) € C is the quantum mechanical amplitude that the particle is at position 7
and has the spin ¢. In second quantization the same single-particle wave function
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is written as
0) = [ 2 e@ul(@) + eu@ul@N0)

Our next goal is to write the Hamiltonian of interacting electrons in presence of
magnetic field, 5; = spin of particle i, now taking into account the presence of a
magnetic field

Sy Z V(7 — 75) — gupB(7)5:

i=1 rﬁérj

Here the magnetic field enters twice, both via the vector potential, V x A(7) = B(7)
and also by the Zeeman coupling term of magnetic field with the spin.

We can directly write this Hamiltonian in it‘s second-quantized form using the field

operators ¥ () and (7)
H = oo Pl @ A @) U@ @@
+3 Yoo | B2’ VI(E — T)WWL@)WL(
_Q,Ubfd?)xé( D) = T/iw (7 )Tﬁw ()

Describes almost all properties in solids! Compared to the previously derived for-
mulas, we simply added the spin index to the field. The local charge density is, for
example, now given by the operator

= Z ¢l(f)¢a(f), (72)

o=1/1

which enters the potential term U(Z) and also the Coulomb interactions. To obtain
the last term, one can simply use our master-formula Eq. (69). Here one can use
that the single-particle matrix elements for the single-particle wave function F(7) =

(ZZTE?)) are given by [ J(7) (B(7) - 2)3(7) and as basis states one uses 0(77 —
i
70)(1,0)T and 6(7 — 7)(0,1)T for the two spin components.

For later use, we also give the formula for the Hamiltonian in momentum space for
a special case, namely U(7) = 0, A =0, B = 0. In this case, one obtains

H = Z Ze(l;)c;%yac,g Z V( @) Crido ,;/ 700K o' Cho

o=t/ & Ja’k’k’

Graphically, the interaction term takes the following form
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Note that the lines entering the left and right vertex carry the spin index o and o’,
respectively. In the Hamiltonian one sums over those indices. The physics reason
for that is that the Coulomb interaction couples to the total charge density p(Z).

2.3.6 Dynamics of quantum fields

Finally, it is an instructive exercise to write the Hamiltonian equations of motion
for field operators.

Let us start with a reminder that one can use in quantum mechanics equivalently
use the Schrodinger picture and the Heisenberg picture. In the Schréodinger picture
the time-evolution arises from Schrédinger‘s equation ihd;|v) = H|y).

Here it is useful to introduce the time-evolution operator U; defined by |¢(t)) =
Ut (0)) with

ih@tUt = HUt

solved by U, = e~""/" for a static Hamiltonian. The expectation value of an operator
is then written as

(A) = (WO Al (1) = (¥(0)| U] AT[(0))

When using the Heisenberg picture, one re-interprets the last equation: while one
uses a static wavefunction [¢(0)), the operators obtain a time dependence given
by A™(t) = Ul AU,. From this definition, one obtains the well-known Heisenberg
equations of motion (we assume that A is time-independent in the Schrodinger
picture)

ihO, AT (t) = [AT(t), ]

The goal of this section is to obtain the Heisenberg equations of motion for the field
operator. As an example, we use the Hamiltonian

—3x—h—2Tfo 2)Y1 (2 (2
W= [ (o) 6@V@ + U@ @)
. % / P dis' V(T — ) (@) (@)@ )0(E)
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Using the commutation or anticommutation relations for field operators, we find
after some algebra both for fermions and bosons the Heisenberg equations of motion

ihoyp (7, t) = [(7t), H]

_ P ) U@ ) + / a2 (@ (@ OV (@ — P t)

2m

Outlook: These equations have a remarkable similarity with the Schrodinger equa-
tion but it is important to realized that this is an equation for a field operator
and not for a single field. Thus, due to the product of three operators in the last
term, this is an equation which is in practice impossible to be solved directly. We
will later learn, that for Bose-Einstein condensates one can approximately replace
the operator v (t) by its expectation value ®(¢) = (¢/(¢)). The resulting non-linear
Schrodinger equation (or Gross-Pitaevskii equation) can be solved numerically and
is useful to describe experiments with ultracold bosonic atoms.

2.4 Electrons in solids

Motivation: In this course we will use mainly examples from solid state theory when
applying methods and concepts of quantum field theory. Therefore, we we will need
throughout the course basic notions of solid state theory. In the following three
sections, we will develop some central concepts. At the same time, we use these
sections also to practice the use of creation and annihilation operators. A major
goal will be to obtain an intuitive understanding for them.

2.4.1 Defining solids

We start with a number of useful definitions. A solid is build from an array of
periodically arranged atoms. To describe such periodic structures, we use a Bravais
lattice, see Fig. Ha with

R, = nidy + nady + nazds , n; € Z.

It is very useful to classify such lattices by their symmetries (rotations, mirror,
etc.). There are 14 symmetry different Bravais lattices. The one with the highest
symmetry is the cubic lattice where

The Bravais lattice with the lowest symmetry is,. e.g., called ‘triclinic’ where all |d;|
are different and point in arbitrary directions.

It is useful to think about the 3D lattice as a set of unit cells connected by vectors
of the Bravais lattice. One possible choice of such a unit cell is the Wigner Seitz
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(b) Face centered NaCl crystal (red =
(a) Bravais lattice vectors Na, blue = Cl)
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(c) Wigner Seitz cell (area inside dashed lines)

Figure 5: Sketches of a 2-dimensional Bravais lattice, the atomic configuration of
NaCl and for the construction of a Wigner-Seitz cell.
cell, see Fig. 5c, defined by

C= {fe R ‘ 7| < |7 — Ro|V7i # {o,o,o}}

This choice of a unit cell has the advantage that it has — by construction — the same
symmetries as the Bravais lattice.

Unit cells are a useful concept as they allow for a unique decomposition of a position
vector in a Bravais-lattice vector and a rest

F=R,+7 i€C.

A key quantity for our analysis of electrons in a solid will be the periodic potential
created in such systems

UF+ R,) = U(P).

230 different so-called space groups describe the possible symmetries of U.

We next study the Fourier transform of U(7)
U(F) =Y Ug,e“.
The periodicity of U puts strong constraints on the allowed Fourier components,
U(F+ R,) =U) = % =1V G, R,.
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Only Fourier components can contribute which belong the reciprocal lattice with
reciprocal-lattice vectors

én = nlél == ngéz + 713@3, n, €2
with C_jz&} = 271'(51‘]', Z,j = 1,2,3

where the d; are the basis of the Bravais lattice. The reader can check that G’ R is
always an integer multiple of 27 with these definitions, and therefore eiGifin = 1 for
all i and n. For the above case G is given by:

= o X a
G, =op 279
dy - (dg X d3)

and 6273 are obtained by cyclically changing indices in the formula, 1 -2 — 3 — 1.

An important concept, frequently used by us, is the 15¢ Brillouin zone, which we
abbreviate by 1. BZ. Is is defined as the Wigner-Seitz cell in reciprocal space,

\.BZ — {E c R

F < |F = Gal V7 # 10,00}

We will use it to obtain a unique decomposition of vectors K in reciprocal space

K =G, + R, where i € 1.BZ.

Let us consider as an example the case of NaCl. In this case, one obtains a so-called
face-centered cubic lattice (see Fig. 5b, the blue balls are located on the edges and
in the middle of the faces of a cube). As basis vectors of the Bravais lattice one can
choose

a 0 a 1 a 1
6125 1 75225 O ,6325 1
1 1 0
The Na and Cl atoms can then be found at positions
B 0 . a 0
Naat R,+ | 0], Clat R,+=10
0 21

where Rn are the vectors of the Bravais lattice.

From this, we compute the basis vectors of the reciprocal lattice

1 1 1
. 2 2 .
G=1 ) G="L(-1).G.=""11

“@\ 1 a\ 1 a \_1

The corresponding Bravais lattice forms a space-centered cubic lattice (corners of
cubes plus a point in the middle of the cube).
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2.4.2 Bloch theorem

A central question concerns the form of single electron eigenfunction in the presence
of a periodic potential. The Bloch theorem puts strong restrictions on their shape:
they are ‘essentially’ plane waves but modified by a periodic function. Furthermore,
it shows how the band-structure is defined with the 1. BZ.

Theorem: The eigenfunctions of a single-particle Hamiltonian with a periodic
potential,

72 , ,
i = ——V2 + U(7), with U(F+ R,) = U(7) VR,, in a Bravais lattice

can be chosen as

—

G it(F) = €5 Uy (), With U z(F+ Rp) = U z(7) ¥ R,

Here, m is the band index, K € 1.BZ
The eigenenergies &,,(7) are periodic, e, (R +Gp) = en(R) for G,, € reciprocal
lattice. They define the band-structure of the system.

While the Block theorem is a theorem on a single-particle Hamiltonian, it is still
instructive to use the language of second quantization for its proof.

Proof: We start by writing the Hamiltonian in momentum space.

H = Z hk *Ck+ZZU cﬁé Z?—b

RelBZ

AR . hQ(H + Gp)?
=D, CH+Gn n,m F{+Gm with Ay, o Onm+Uq, G,
G G

Importantly, by translational invariance, the momentum k only couples with mo-
menta k + G,. This allows to split the Hamiltonian in sectors labeled by a vector &
in the first Brillouin zone. For fixed &, A” is a hermitian matrix. By diagonalization
one obtains eigenvalues ¢; z, i € N and eigenvectors eigenvectors u, . 5 . We can use
those, to bring our 2nd quantized Hamiltonian into diagonal form

=D D enidyadns (73)

n RelBZ
by defining
dl ;= Z €L i G = % / dr ¢ 5 (P)Y1 (7)
Gm
Here, we define the single-particle wave function by

i( /{+G
¢nn § € 1R, Gm
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Note that the operator CL = creates electrons in band n with energy ¢, k.

Setting dnz(7) = e u, 2(F) we get:

U i(F) =€ n = g (F 4 Ry) = 5 (7)
By construction the matrix Az has the property A. s = Az and therefore the
eigenenergies have to be periodic, ¢, - FtGr = CiR which completes the proof of the
Bloch theorem. Note that the proof is constructive: we can use the description
above also as a numerical algorithm to compute the bandstructure and the Boch
wavefunctions.

2.4.3 Fermi sea and Fermi surface

Let us for now ignore the effects of electron-electron interactions and focus on the
properties of non-interacting particles in a periodic potential. Remarkably, it turns
out that the picture developed here remains qualitatively correct even when one
properly considers interactions — why that is the case, will become clear only much
later in the lecture.

For now, let us start with the question on how to obtain the groundstate of the
Hamiltonian Ho = Y, > =cipz Eni d ﬁdn,.g, Eq. (73), when we add a macroscopic
number of electrons, N, to the system such that the electron density n = N/V is
finite. Using Pauli principle, the state with lowest energy is obtained, if we fill up all
states up to a maximal energy, the Fermi energy. The ground state wavefunction
is therefore the so-called Fermi sea with

Fsy= [ 4.

Em, R<EF

where N = (N) = (FS|Y,, - d! dz|FS) = 3

moi o i 1 is the number of occupied

Em,R<EF
states (the spin-degree of freedom can be absorbed in the band index m, if bands

are spin-degenerate, each band contributes twice to the sum).

As we will see later, all physical properties of metals are dominated by electrons
with €,z = ep (as kgT < €p even at room temperature for most metals). We call
the area in the 1. BZ with ¢,, s = ep the Fermi surface.

We will later mainly study grand canonical ensembles with the density matrix p ~

e=BHo—1N where N = Do &, Edn % is, as above, the operator counting the number

of electrons. Thus, we will often consider

HO - ,UN = Z(‘C’:mﬁ - ,u)dinﬁdm,f{
Sometimes, we will simply include p in the definition of energy, €,, z — €mz — . In
the limit 7" — 0, Fermi energy and chemical potential become equivalent

lim pu=c¢ F
T—0 H

39



Sometimes it is useful to interpret |F'S) as the new vacuum of the system. We can
do that by defining

o { d . for epme > p
M,k i forep,z<p

With this definition it follows that
fmgFS) =0Vm, Rk

which justifies calling |F'S) the ‘vacuum’ The Hamiltonian in these variables is
given by
Ho — uN = Z |€m,,.; - M|f;7gfm,f{ + constant

-
m,K

and one can see directly, that any excitation relative to the ground-state costs a
positive energy.

2.4.4 Lattice models

Motivation: An important step for the understanding of physical phenomena is the
use of simplified model systems. Often one asks the question what the simplest
model could be which describes a given effect. Furthermore, even if one aims at a
full quantitative of, e.g., a material, one does not need to know all the details at
energy scales of several electron volt (1eV corresponds to a temperature scale of
10000 K) but one is only interested at low energies. Thus, one can focus on a few
bands which contribute to the Fermi surface. Furthermore, our goal is to obtain an
intuitive but (semi-) quantiative picture, how electrons move in a sold.

Starting from the observation, that the electronic wavefunctions remain peaked close
to atomic orbitals, we want to develop an intuitive picture based on electrons, which
tunnels from an atomic orbital n at site ¢ to another atomic orbital m at site j with
rate ¢;7".

’-7

We can translate this physical picture in a very direct way into the language of second
quantization by introducing a creation operator ajw» which creates an electron at site
i in orbital n (we will discuss later that nominally one should replace the atomic
orbitals by orthonormal Wannier functions, but we can ignore this detail for the
moment). We can now simply write the Hamiltonian as

_ E n,m § T
Ho = ti’j Ay, U An,mamﬂ'amia
1,7,M,M 2,M,m (74)

T _
{am,ja Qni ¢ = 5i,j 5n7m

where A,, ,,, encodes the rate of hopping and local energies between different orbitals
at the same site. Often one chooses a basis, where this term is diagonal, A, ,, =
€n0nm. Models like H, are called “tight binding” models. They are both intuitive
and can give a precise quantitative description of the electronic band structure close
to the Fermi energy by either using the ¢;';" as fitting parameters or by determining
them from more refined calculations, see below.
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Consider for example, a cubic lattice, where electrons reside in s orbitals. Typically
the hopping rate will be largest for nearest neighbors on the cubic lattice, and thus
one obtains (suppressing the spin index)

Hy = —tz ala; (75)
(i.5)
with hopping rate ¢ and the symbol (i,j) = denotes that we sum over nearest

neighbors on the given lattice. This problem can be diagonalized by using creation
operators in momentum space

—mRJ C

CTR: \/_Ze”‘Rﬂaj, and aj \/_Ze
Neighboring sites in the cubic lattice are connected by 6 vectors &n, n=1...,6

R, = R;+ A, where A, = (£1,0,0)7, (0, £1,0)7, (0,0, £1)7

where a is the lattice constant. Such an extremely simple approach can already
gives semi-quantitatively good descriptions of many systems, which can easily be
refined by including, e.g., next-nearest neighbor hopping rates.

Using these definitions in Eq. (75) we obtain

R R
t Cm gz 1 I
HO - e m(R]JrAn)em ]C,TQCE’ — ¢ § - E el(n R)R; €MAnCLC;{/
N | , — N &
R,k n,j R,K' 7

_ } : } : iRAn | T }:

= (—t e ) Cn.Crp = €z CxCr
R n R

Thus,
= E er cLeg, e =—t E R = —2t(cos(kpa) + cos(kya) + cos(k.a))
R n

Above, we described how one can make a reasonable guess of the band structure of
a materials with a small number of fitting parameters. One can also proceed the
opposite way. Let us assume that one already has a full solution of the problem, i.e.,
one knows the eigen energies and the Bloch wave function. How one can obtain those
in a good approximation even for electrons with Coulomb interactions is not part
of this lecture (it is covered in the solid-state theory course) but refined numerical
codes exist which provide precisely that. Then, it is still useful to obtain a proper
tight-binding model. The process of obtaining those is called down-folding. Here
one proceeds the following way. We start by selecting a subset of M electronic bands
ni,ne, -+ ,ny which should include at least all of those, which contribute to the
Fermi surface. We denote the corresponding Bloch states by ¢, z = € u,, z(7),
K € 1.BZ. As a next step, we use those to construct a so-called Wannier-function,
which is localized close to the site ﬁz of an atom.

1 . =
P, (T) = —= UE o, () e

j=1,2,---, M
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There is a substantial arbitariness in choosing the unitary matrix L{,’f;nj. Here,
the strategy is to make a choice so that the resulting wavefunction is as much as
possible localized close to R; (the resulting Wannier functions are called ‘maximally
localized’). If the Wannier function is not sufficiently localized one has to add further
bands.

QOutlook: If one chooses bands with a net topological winding number, which is a
kind of knot in their wavefunctions, then it is necessary to add further bands to
achive a net zero winding number. Only then, the Wannier functions are decaying
exponentially at long distances and only then one obtains a reasonable tight-binding
model based on a localized Wannier function. For the description of various topo-
logical materials (defined here as materials which hosts such bands) one therefore
needs to include a minimal set of bands even for the simplest possible tight-binding
model. While Wannier functions have been introduced in 1937 and have been heav-
ily used since then, this important relation of Wannier functions with topology was
fully realized only 70 years later.

By construction, Wannier functions are orthonormal to each other, even when com-
puted at different sites (in contrast to standard atomic orbitals)

/(ﬁ;ﬁigbn,vﬁj - 5n,n’6i,j

Introducing the operators CL = which creates an electron in the Bloch state ¢, z,

K € 1.BZ, we define the creation operator of electrons in a Wannier state by

1 . L3

T R T —iRR;
a = — E ur c e ¢ 76
m,i /_N - m,n; n;,R ( )

Fits to the band-structures can then be used to determine the hopping rates from
one orbital to the next and to derive microscopically the tight-binding model shown
in Eq. (74).

Up to now, we considered a model of non-interacting electrons. In reality, there will
be interactions. Such an interacting model takes the form

H= Z ti,ja;‘raj - Z Uijkla;ra;['akal; (77)
1,7

—

where we used a compact notation where i = (m;, R;, m,0;) denotes the position,
the band index and the spin-index.

What are the interaction matrix elements? For electrons, their physical origin is the
Coulomb interaction, V(r) = 4722“. Therefore, one might be tempted to compute
the interaction from
? 1 3,73 * - -
Uljkl = 5 / d rd ,r/ (bmi,ﬁi,oi (f)gbjnj,ﬁj,Uj (fl)(ﬁmkvﬁkvak (F)¢mlvﬁlvo‘l <T)V(r o 7:’)
This is, however, not a good approximation because it ignores that the Coulomb
interaction also deforms the wavefunction of all the other bands, not included in the
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tight-binding description and one has to use more refined methods (e.g., recalculat-
ing the bands while fixing the charge on a single atom) to compute the interactions.

In practice, numerical band structure packages based on “density function theory’
can be used to obtain relatively reliable values for the band structures, Wannier
functions and hopping rates in a wide range (but not all) materials. A reliable
calculation of the interaction matrix elements is more difficult but also a lot of
progress has been made in this respect in the recent years.

An alternative and very successful approach is to ‘guess’ appropriate tight-binding
models and interactions (often guided by insights gained from band structure cal-
culations) and considering the unknowns in these models as parameters which can
be varied to obtain different physical effects. We will follow this line of argument in
the next section.

2.5 Hubbard and Heisenberg models

Motiviation: Simple model systems play an extremely important role to guide our
understanding of physical systems. The most important model for interacting elec-
trons is the Hubbard model, the most important for magnetism in quantum systems
is the Heisenberg model. We will discuss both and show how the Heisenberg model
can be derived from the Hubbard model. These models define some of the most
studied quantum field theories in the context of solid-state physics.

2.5.1 Hubbard model

Often in metals one can ignore the long-ranged part of the interactions (due to
screening) and one can focus instead only in interactions arising when electrons
occupy the same orbital. The simplest possible model of interacting electrons is the

Hubbard model

H=—t Z cliacj’(, + Uannm
i

<i1j>7U:T1Jr

with n; , = czacw. The first term describes hopping from one atom to the next (one
most often considers square lattices in 2d or cubic lattices in 3d). When there are
two electrons on the same site (n;+ = n; | = 1), this costs an extra energy U > 0,
arising from the Coulomb repulsion of two electrons in the same orbital.

The Hubbard model is extremely simple, but shows a remarkably rich physics,
which is amazing taking into account that there are (besides the lattice structure)
only three relevant parameters, the strength of interactions %, the density of
electrons n, i.e., the number of electrons per site, and the temperature 7'/¢. It is also
one of the most studied models in physics. A search for ‘Hubbard model’ reveals

more than 17.000 publications.

It can be used to explore and explain, e.g., the properties of weakly interacting
fermions, how strong interactions can induce insulators (see below), how ferro- and
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antiferromagnetism (see blow) can arise, how repulsive interactions can induce ex-
otic superconductivity and many more things. In one spatial dimensions, one can
surprisingly solve it exactly (with massive mathematical effort based on the Bethe
ansatz), in d = 2,3 many features are not fully understood. In d > 1, it is also ex-
tremely difficult to solve (with the exception of a few limiting cases). Monte-Carlo
methods, for example, fail for electronic densities different from 1 electron per site.
(due to the infamous minus-sign problem, which you might have discussed in your
computational physics class) .

For some solids, the Hubbard model may be a decent, but never perfect approx-
imation as electrons have long-ranged interactions. An almost perfect realization
can, however, be realized with fermionic atoms captured in the standing wave of a
laser (the first experiment was done in the Bloch group in Munich while our group
provided the theory, U. Schneider, et al., Science (2008)).

A prime strategy to understand such models is to analyze limiting cases. Especially
easy is the non-interacting limit U — 0, where one obtains a metal with a relatively
simple Fermi surface. This can be the starting point, to analyze weak interactions,
which we will do later in this course.

For now, we will discuss the opposite limit of U > t.

2.5.2 Heisenberg model

We will focus on the case where one has exactly one electron per site, n = 1, also
called “half filling”. To understand the limit U > t, we first solve the problem for

t=20
H—puN =U Z NN, — | Z Nig + Ny

As different sites decouple, we can consider just one site with the spectrum

n=>0 E():O
n=1 Elz—,u

An occupation of n = 1 is obtained when the n = 1 states have the lowest energy,
e.g., for p = % In this case, we have Ey = Fy = 0, while £} = —U/2. Importantly,
there are two states with n = 1. Either a spin-up electron or a spin-down electron
can occupy a site | 1) = c$|0>, 1) = CI|O>. For a system with N sites, the ground
state has therefore a gigantic degeneracy of 2%V, while adding or removing a particle
costs the energy of U/2.

Our goal is to understand what happens when we consider a small but finite hopping
t. First, assume that an electron hops to a neighboring site. This leaves one site
empty and one double occupied. This costs the energy

E2+E0—2E1:U>>t

This huge energy costs implies that the electrons will remain localized on each
site (up to small quantum fluctuations). Such states of matter are called Mott
insulators.
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We want to understand the property of this Mott insulator for U > t but tempera-
tures small compared to U, T' < U. In this limit, we can ignore thermal excitations
with n = 0 and n = 2 electrons (sometimes called holes and doublons). Instead, we
want to obtain an effective theory in the 2V dimensional low energy space, which
we identified above. The rest of the Hilbert space (of dimension 4~ — 2V) will only
contribute by inprinting perturbative corrections on the low-energy space, which we
want to determine below.

How can we formulate a theory in the low-energy subspace? We first have to in-
troduce the relevant operators describing the local degree of freedom for each site,
given by the spin of the system. For this, we use the spin operators

= 1
Si = 5 Zﬁ C;-r’oé(?agciﬁ (78)

When one calculates the operator 5?, one finds that it is given by

3 _ 0 for n; =n;+ +n,y =0,2
’ 1E+1)  form=1

Thus, in our low-energy space, we can set 5;2 and describe the system with the
operators S; only, which obey the algebra

|5, 58] = idue=t757

How can a model of the low-energy sector look like? Suprisingly, one can guess
the answer. First, we expect that interactions remain local, only nearest neighbors
are expected to interact in the lmit of large U. Furthermore, we expect that the
effective model is invariant under rotations of the spin (this is a property of the
original Hubbard model, Eq. (78), which is not fully obvious). This fixes completely
the form of the effective low-energy Hamiltonian, the famous Heisenberg model

H=J) 5.5, (79)
(2,9)

More precisely, this is the spin-1/2 Heisenberg model as in our case the local degrees
of freedom are spin-1/2 objects, S? = % (% + 1). There are also other variants using
spins of size s or classical spins.

We need a small calculation to estimate the value of J. Compare two different states
for two neighboring sites

e | 1,1): no hopping due to Pauli principle

e | 1,4): hopping possible = energy gain

To calculate the energy gain, we use perturbation theory to calculate the change
in energy. The reader may recall from his quantum mechanics course, that for a
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Hamiltonian H = Hy + AH the shift of eigenenergies due to a small AH reads

(n|AH|0)[?

E = Ey+ (0|AH]0) = > | B —E + O(AH?)

To use this formula for our problem, we identify H, with the Hubbard model at
t = 0, set for two neighboring sites

0y =] 1,1) = CITCMO,O), AH = —t Z 01002,0 + cgpcl,a.
o="1,{

Thus, we obtain AH|0) = —t(] 14,0) + |0 1J)). This is an eigenstate of H,, its
energy is U times larger than that of the initial state. From this, we conclude that

=2
E EO U

We therefore conclude that the state | 1,J) gains from virtual hopping processes
energy, while there is no such energy gain for | 1,1) due to Pauli’s principle or,
technically, because AH| 1,1) = 0 . Comparing these two energies, we find
t2
Ew— Ey =2—.
™ N U
Our goal is to determine the parameter J in the Heisenberg model. Therefore we
compute the same quantity for the Heisenberg model.
S o o 11 1 1 J
Ey = By =M [JSS 1,1 = (LIS S 1 =Jds5 -5 —5 ) =5
22 2 2 2
Comparing the two formulas for Ey — Ey; fixes the value of J in the Heisenberg
model in the limit U > t,

t2
T RAL + O /1Y)

This coupling of spins is called exchange coupling, a slightly different variant of
the same physics arises in models where to magnetic atoms are coupled by another
non-magnetic site (e.g., an oxygen atom in a Cu-O-Cu bond). In this case, one uses
the term super exchange coupling instead.

Above, we did not really derive the Heisenberg model but rather made an educ-
tated guess how it should look like, followed by a calculation of the remaining free
parameters. While this works in this specific case and to lowest order in ¢/U, one
needs a more systematic approach to obtain, e.g., corrections to higher order. Be-
low, we give a very brief sketch of this powerful method, which goes under the name
Schrieffer-Wolff transformation. Variants of it can also be applied whenever
one tries to derive an effective low-energy model using a Hamiltonian formalism. It
can, e.g., be used to derive systematically relativistic corrections to the Schrodinger
equation starting from the Dirac equation. In our case, in can be used to derive the
Heisenberg model (and corrections to it) from the Hubbard model at U > ¢.
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To derive an effective low-energy Hamiltonian, one starts by splitting the
Hilbert space into low energy and high energy states |e), |h) and writes the Hamilto-
nian in the form H = Ho+ecAHy,;. In our example, the Hubbard model with U > ¢,
H, is obtained by setting ¢t = 0. H, defines what we mean by low- and high energy
states (typically we choose them as eigenstates of Hy). Importantly, Hy does not
include matrix elements mixing high energy and low energy states, (e|Ho|h) = 0.
For notational simplicity, we also assume that (e|AH|e') = (h|AH|R') = 0 (if not,
we add these terms to Hy. With all these definitions, our Hamiltonian takes the
following form
high  low
\eAN | Ho ) low

if we choose a basis where we sort the basis vectors with the high-energy states first
and low-energy states second. Note that the matrix elements mixing high and low
energies only arise due to AH.

To obtain an effective low-energy model up to corrections of order €", we have to get
rid of all terms (to this order in €) which mix the low-energy and the high-energy
space. Thus, we want to perform a unitary transformation

H — H = e 5N e with S = ST,

such that all matrix elements (h|#|l) vanish to order e”. We will focus below on
n = 1, the most studied case. By Taylor expansion in ¢, we find
1,

H =H —ie[S, H] — 5SS (S H] + -+

1
~ Ho+ eAH —ic[S, Ho| — ie?[S, AH] — 552[5, [S, Hol] + O(?) (80)

For n = 1, we therefore have to find an operator S” with the property that i[S, Ho| =
AH. This will cancel with the eAH which we want to eliminate. In our specific
example, we have Ho = U ) . n;n; | and AH = —t Z@.’j) czacjﬂ and one finds that

t
S=ig ;(WUO — o) = Mo (1= 1i0))e} o Ci0
7‘]

has the desired property. Thus, we found a unitary transformation which cancels
to order € the terms mixing high and low energies. Importantly, the same unitary
transformation creates to order €2 new terms in the low-energy space. Evaluating
these terms in Eq. (80) (we skip this somewhat lengthy calculation here) we obtain
indeed the Heisenberg model with J = %. Compared to our first approach, this is a
much more complicated calculation but it is systematic and can be used to calculate
systematically corrections to higher order in t/U.

Outlook: The method which we sketched above is powerful and can be used to derive
in a Taylor expansion in t/U an effective low-energy model. As low-energy models
play such an important role in physics (even the standard model of particle physics
is most likely an effective low-energy model), it is interesting to ask the question,
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how well justified the method is both from a mathematical and physical point of
view. Like many other expansion methods used in physics, it turns out to be not
a converging Taylor expansion with a finite radius of convergence. Even for very
small, but finite ¢ < U, it breaks down at some point. This can be seen from the
fact, that flipping n* &~ U/J ~ (U/t)? spins in the Heisenberg model, we reach the
energy n*.J ~ U and there is an overlap of high-energy and low-energy states. Thus,
at order € the Schrieffer-Wolff transformation will break down. Experimentally,
one can address this by measuring the lifetime 7, of a high-energy state with energy
U. One finds that the lifetime becomes exponentially large and is roughly given by
o~ (U ~ W/ U/t Thig physics is impossible to access using a Taylor
expansion in t/U only.

Let us discuss some basic properties of the Heisenberg model, Eq. (79), e.g., on a
three-dimensional cubic lattice. At finite temperature, the physics is determined by
the ratio 7'/J only. Thus, it is useful to consider two limits

o for T > J the spins are disordered and point in random directions

o for T < J, there is instead antiferromagnetic long-range order, schematically
something like

e
s
S
e
R

We will discuss excitations in this antiferromagnet in more detail below.

Q

The Heisenberg model was derived assuming that there is exactly one electron per
site in the Hubbard model. What happens when one adds or removes a few electrons?
What is the resulting low-energy Hamiltonian for U > t7 Consider, for example,
the case that one removes electrons, so that the density of electrons is now smaller
than 1, n = 1 — e. In this case, the low energy states have either occupation 0 or 1,
while the doubly occupied states with 2 electrons are still part of the high-energy
Hilbert space. One can follow the program sketched above, to derive again a low-
energy Hamiltonian in the limit of small doping and large U. This low-energy model
is called the tJ model given by

o - 2
Hoy =t T et T8 0 (5 )
1,7 2y

with J = 4t/U as above, for the spin operators one has to use the definition of
Eq. (78) and we use the definition

gf = le.,o(l - nl’y*U)

1,0

to make sure that the hopping terms do not create doubly occupied sites. The tJ
model is also a widely studied model in physics, which will, however, play no further
role in this lecture.
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2.6 Magnetism and Spin waves

Motivation: Understanding the properties of a quantum field theory requires us
to understand the low-energy excitations of a system. In this chapter we explore
magnons, the low-energy excitations of ferromagnets and antiferromagnets. This
will also serve as an exercise in using second quantization and in deriving low-energy
theories.

The starting point of our study is the Heisenberg model defined by

H=1J7)_ S5
{i.9)
(5%, 58] = i€ap0umS.

but in contrast to our discussion above, which was restricted to half-integer spins,
we will allow for an arbitrary value of 52 = s(s 4+ 1) implying that S, can take the
eigenvalues —s, —s + 1,-+- ,s — 1,5, resulting in a (2s + 1) dimensional Hilbert
space for an N-site system, where possible values for s are 1/2,1,3/2,....

Experimentally, larger spins arise from having several electrons per atom with their
spin aligned parallel. The reason for that is called Hund’s rule coupling (due to Pauli
principle electrons with the same spin do not come close to each other, reducing the
amount of repulsive Coulomb energy).

Both sighs of J can occur. For J > 0, one obtains antiferromagnetic order for
cubic lattices considered below (more complex ordering patterns may arise on, e.g.,
a triangular lattice).

J < 0 implies ferromagnetic order, where all spins tend to align parallel. Most
ferromagnets in nature are metals (and therefore not described by the Heisenberg
model, which does not include charge degrees of freedom), because for most in-
sulators a variant of the antiferromagnetic (super-) exchange derived in the previ-
ous section dominates. However, there are also insulating ferromagnets, including
magnetite, Fe;Oy (used first in China to build, e.g., a compass). To obtain fer-
romagnetism in insulators one needs either a more complicated internal magnetic
structure (magnetite is actually a ferrimagnet, hosting internally also an antiferro-
magnetic order) or a more complex orbital structure. We will, however, focus only
on the qualitative properties predicted by the simplified Heisenberg model.

2.6.1 Magnon excitations in ferromagnets

We first consider the ferromagnetic case, J < 0. The ferromagnet has the unique
property, that we know analytically the ground state: all spins align parallel. One
such state is

0) = 11 ),

o o J| zNs?
H0) =T S:5;10) = Eol0), Eoz—u—
(i.9)

4 2

Here z is the number of nearest neighbors of a given site, thus z = 2d on a d-
dimensional cubic lattice, s is the size each spin, and we replace J = —|J| to
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emphasize that the energy is negative. The ground state of a system with N sites
has the total spin S = Ns. For such a spin, the spin in z-direction, S, = >, S7,
can take the values —5,—S +1,...,S5 and we obtain the

ground state degeneracy: 2Ns+ 1.

This is a high-degeneracy in the thermodynamic limit but the entropy per site,
S/N = + In(2Ns + 1) still vanishes in the thermodynamical limit, N — oo (consis-
tent with the third-law of thermodynamics).

To simplify notations, let us now consider s = 1/2 (but almost identical formulas
apply also for arbitary s). Remarkably, one can also give an analytical formula for
so-called one-magnon excitations of the ground state excitation:

Ze ZeikéiSﬂm

(b0,

To show that this is indeed an eigenstate of the Hamiltonian, we rewrite it in a
somewhat more convenient form

sn;e %

with

S =58 —is! = ((1) 8) Sf = ST +is?
si% ‘ S=1

Il —

1
H=—|J1)_ SiSi+5 (S8 +575)). (81)
(i.7)

Next, we want to calculate H|K). For this, we have to compute what S, S, for
neighboring sites

ij )

Here the spin-down moves from site i to site j. Now we use this to compute

— 1 *A — —
(H= B R)=-J| | —=5 +5 Ze’K S S R) = Bg|K)
nearest
neighbours
where the vectors &i, t =1,...,2z connect a given spin to its z nearest neighbors.

The energy of the one-magnon excitation is therefore given by

|J| Z (1 — cos(AK)) ~ % 2a? (cubic lattice)

Note that the energy of this one-magnon mode vanishes for K — 0, E(K=0)=0.
This is an example for the Goldstone theorem: in systems with short-ranged
interaction where a continuous symmetry is spontaneously broken, there exist an
excitation with zero energy, a “massless Goldstone mode”. While we do not prove
the theorem here, it is very intuitive: obviously, it does not cost any energy to rotate
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the spins, but the groundstate is breaks spin-rotation symmetry. Thus there should
be an excitation of zero energy.

Above, we performed an exact calculation which was possible because the exact
wavefunction of both the groundstate and the one-magnon state are known in this
case. In most systems this is not possible and one needs an approximate method. We
mainly want to use this method for the antiferromagnet in the next section, but we
practice it here in a somewhat simpler setting. Our plan is to make a semiclassical
approximation, i.e., an approximation which expands around the classical limit
of the problem. In our case, the problem gets more and more classical, when we
increase the size s of each spin. But let us see how the problem simplifies in the
limit s > 1.

For this, we first look at the commutation relations of the spin.
(2,57 = £S5 0nm (82)
(S, S0 ] = 26,,m5z, (83)
If we are now in a large s ferromagnet, we can approximate the operator S, on the

right site by its expecation value S? ~ (SZ) ~ s and we find that the commutation
relation of ST and S~ look (up to a trivial factor) very similar to that of bosons

ERCA
\/2_87 \/% m,n

But we need a mathematically more rigorous approach. The Hilbert space of a boson
with occupation n = 0,1, ..., 00 is infinite dimensional while the Hilbert space of a
spin of size s has just 2s + 1 states. But we can embedd the spin-Hilbert space into
the larger bosonic Hilbert space. For example, for s = 1 there are three states with
S, =1,0,—1 and we can map those three states to n = 0, 1,2 bosonic particles,

S,=—-1 +— n=2
S,=0 <+— n=1
S.,=1 +<— n=0

With this identification, we should be able to rewrite all spin operators in terms of
bosonic creation and annhiliation operators. The corresponding formula is called
Holstein-Primakoff transformation

N

S-=al (2s — a,Tnam) ,

1
St =(2s - ainam) ® Uy,
S =8 —al am (84)

One can check that the operators on the right side obey exactly the same commu-
tation relation than the ones on the left side. The above formulas are exact but
they include square-root terms, which are unpleasant to deal with. However, the
equation strongly simplify in a semiclassical approximation which is also called
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large-s approximation, when we assume s > 1 and perform a Taylor expansion
in 1/s. We obtain, for example,

N

T 3 1 1
(28 — a,Tnam) =1/2s (1 — agzm) ~V2s — —2_S§ainam + -

and the Hamiltonian is approximated as

|J| N zs*

H ~
2

—|J]|s Z —(a} am + ala,) +al a, + al a,.

(m,n) from Sz ,SZ

The Hamiltonian is easily diagonalized by introducing the operators in momentum
space, a = 3. e* gl and we get

H =~ FEy+ Z exalay + O(S°)
k
ex = s|J| Z 1 — cos(Ak)
i=1

which (accidentially) turns out to be the exact result even for s = % By using
Taylor expansions to higher order, one can study how the spin waves interact with
each other. This problem is much more easy to treat for bosonic variables than for
spins. Therefore this is — even for a ferromagnet — the prefered method to study

magnons.

2.6.2 Magnon excitations in antiferromagnets

Now we want to apply the same analysis to the antiferromagnetic Heisenberg model.
H=J7Y S5, J>0 (85)
(i.5)

The ground state of this model is (at least for d > 1) not exactly known for any
finite s but we can use an expansion in % We consider a “bipartite lattice” (e.g.,
cubic lattice) which can be split up in “A” and “B” sublattices, where all the nearest
neighbors of lattice A points belong to sublattice B.

A B A B
B A B A
A B A B

In this setting, the ground state for s = oo is obtained by, e.g., orienting all spins
on the A sublattice is 2 direction, and all spins on the B-sublattice antiparallel to it

T T
N N N
Tt

52

(86)



We have to adjust the Holstein-Primakoff transformation, Eq. (84), a bit to the new
situation such that

g a’ on A sublattice
a on B sublattice

Therefore, we use different formulas for the A and B sublattice

S_: ’an:

m

al (2s —al am): me A s—al an m e A
(87)

(2s — ajnam)%am me B —(s—ala,) meB
We plug this into our Hamiltonian
z Qz 1 + Q- - qQ+
H=J> 8;5; +§(SZ- S:+S75)
(i.3)

using that the sum is over nearest neighbors only. Thus, when: € A — j € B
and i € B = j € A. After Taylor expansion in 1/s we obtain

H=—NJzs®+ Js Z(ajai + a;aj + aja; + a;a;) + O(s) (88)
(4,3)

Compare to the ferromagnet, a new aspect is that we get terms of the form aj-a;r-.

This implies that the bosonic vacuum |0) is not an eigenstate of the Hamiltonian.
To make progress, we go to Fourier space as in the case of the ferromagnet. For the
new terms one gets, for example,

S afal = %% i 3 6—iE(én+5i)&%e—iE’ﬁna£l
(m,n) i=1

n kK

_ Pt 2

_ZGEG—EQ%C
k

21 —ikA,
Lok

For a cubic lattice, A; = (#1,0,0)7, (0,41,0)T,(0,0,+1)T, i = 1,...,6, and thus
Y is given by

1
e = g(cos(k;xa) + cos(kya) + cos(k.a))

After Fourier transformation, our Hamiltonian takes the form

1 a
H=FBo+Jsz 3 (a ay) (% vlk) (T>
N———

ke€1.BZ
k>0 Ck

where we sum only over half of the 1st BZ, k, > 0, so that each term occurs only
once.
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Our remaining task is to diagonalize C) by a canonical transformation, i.e., by a
transformation which does not change the commutation relations. Such transfor-
mations are called bosonic Bogoliubov transformations. We introduce new

variables

ap = Uupay + vkaik, dik = u*_kozL€ + v pay (89)

or, in a more compact notation,
Qg 7 U Uk
=1\ 1 |, U, = T, o=\ o
a_y U_p U_g

As stated above, for a canonical transformation the commutation relations should
not be modified

[a,a'] = [a,al], [a,a) = [a,a] =0
This condition, we can also write as
[%z,w;:j] =0, = [meﬂl;;ij} = [(Tk%)i,(Tk%); = Tyo* T}
Thus, the 2 x 2 matrix T has to have the property that
o° = TkaszT , or, equivalently, T 1 — O'ZT,IO'Z

Such matrices are, perhaps, familiar from the physics of Lorentz boosts and they

take the form
T — cosh(ny) sinh(ng)
¥~ \sinh(ng) cosh(ng)

While it is not difficult to obtain T} directly, we will avoid that in the following. To
make progress, we rewrite the Hamiltonian in the new variables.

H = Ey+ Z wlewk = Fy+ Z @TMT}%, with T = !

kel1.BZ
k>0

We now want to choose Tk such that C~’k~: TN,I C’ka is diagonal. For this, we use the
following trick. Consider the matrix o,C}

Uzék = O’zj:}j; O’ZO'Z Cka = O'ZTIIO'Z UZCka = Tk_lUZCka
1 F-1
k

From this equation one finds that T}, actually diagonalizes the matrix

1
0°Cy = Jsz (—’Yk 71]"’)

The eigenvalues of this 2 x 2 matrix are simply +Jsz1/1 — 72. After diagonalization,
our Hamiltonian takes the form

H=Eo+ ) Egalag, with Ep=Jszy/1—2 (90)

kel1.BZ
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Figure 6: Old (red) and new (blue) unit cell and 1.BZ

We observe that F;: vanishes not only for k = 0butalso fork = Q = T(£1,+1,£1)7
Let us Taylor expand the energy around those points for a three-dimensional cubic
lattice (z = 6). In this case we find

alk|  for [k| =0
Erx~2Jsv3 SU U .
; Sf{ alk— 3| for k=G| =0

For antiferromagnetic spin waves the energy is linear in the momentum k.

Let us add a bit of interpretation on the role of momentum here. In the anti-
ferromagnetic state, the spins alternate from atom to atom, see Fig. 6a where a
two-dimensional example is shown in the figure. Therefore, one should use a new
unit cell (e.g., the tilted blue square in Fig. 6a). In 3d, the new basis vectors of the
new Bravais lattice (connecting sites with the same spin) can be chosen as a(1, 1, 0)7,
a(1,0,1)", and a(0,1,1)" forming an fcc lattice. A corresponding basis in recnprocal
space is Gy = o(1,1,-1)7, Gy = (1, -1,1)7, Gy = T(—1,1,1)". Thus, the vectors
Cj = (&1, +£1, +1)T are actually all part of the remprocal lattice and correspond

to the vector k = 0 when projected into the correct 1. BZ of the symmetry broken
state. The result in Eq. (90) uses the old 1.BZ. It is more physical to project every-
thing the a new 1.BZ based on the new reciprocal lattice vectors éz If we do this,
we obtain two bands which we can, e.g., define by the creation operators

a

T — T
a z= =0qp 5

.|.
al.
E’ +Gh

7E 7E

Using that Ey, 5 = Ej, we can write the Hamiltonian Eq. (90) also as

H=FEy+ Z 15| ~a1,k +a ﬁdQ’E)

k€new
1.BZ

In the new 1st BZ, E; vanishes only for k = 0 and we get two k = 0 Goldstone
modes, correponding to uniform rotations of the magnetization either around the x
or y axis.

We close this section by discussing a phenomenon called quantum fluctuations.
The ground state of the antiferromagnet is a complicated wave function where, e.g.,
the expectation value (S?) is not simply given by +s. Strictly speaking, a sketch of
the groundstate like in Eq. (86) is not correct. Mathematically, we see that from the
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presence of a'a’ terms in the Hamiltonian Eq. (86). This implies, that the bosonic
vacuum is not the groundstate, both the number of bosons and the amplitude of the
magnetization shows quantum fluctuations.

Let us sketch how one can compute the quantum fluctuations. Consider, for example,
the magnetization at site 0.

(GS|S35/GS) = s — (GS|aja|CS))

where |GS) is the ground state wave function of our antiferromagnet. We can rewrite
the last term using the eigenmodes d}% of the Hamiltonian and the transformation

Eq. (89)

1 1 i N i N
(GS|alao|GS)) = (GS|+ > afaw|GS)) = (GS|+ > (ugaf, + vidg) (upy + vpi’ ,,)|GS)

kK kK

1 B,
=¥ Zvi = / 2n)? sinh®(ng) # 0 (91)
k 1.BZ

Within our approximation, the groundstate |G.S) is the state where no a bosons are

present
az|GS) =0,

while az|GS) # 0. This relation (and normal-ordering) was used to obtain the last
line in Eq. (91). Above, we have not worked out the last integral (as the result
is boring in d = 3) but we have shown that our approximation is able to capture
quantum fluctuations, at least to leading order in 1/s.

Outlook: The expansion in 1/s is a powerful method to compute analytically the
properties of magnets. But does a method designed for large s give reasonable results
for s = 1/2, which is often the experimentally relevant case? This is not obvious
and one can clearly not expect quantitatively correct results. It turns, however, out
that in most systems, including antiferromagnets on cubic lattices, the properties
obtained in large s approximations are essentially correct. While the prefactors
may not be fully accurate, all qualitative features, like the linear energy-momentum
relation at small k, also occur for s = 1/2 as seen both from numerical approaches
and experiments. The situation is more tricky (and more interesting) for models with
frustration. Frustration describes situations where there is no clear candidate for
a groundstate, because, e.g., some interactions prefer a ferromagnetic alignment,
while other favor antiferromagnetism. In such systems highly exotic non-magnetic
states can occur, so-called spin liquids, often desribed by Gauge theories — a topic
of the QFT II lecture.
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3 Path Integrals

Motivation: In this section, we will discuss a way to do quantum mechanics which
- surprisingly - works without wavefunctions and without Hamilton operators. In
this chapter, we will start by considering a single quantum-mechanical particle, but
the concepts developed here, will later be generalized to quantum field theories.

Let us first recall some absolutely basic concepts underlying quantum mechanics.
Arguably, the most fundamental idea underlying quantum mechanics (and quantum
field theory) is the concept of a probability amplitude A; € C which is a complex
number associated to a state. Measurable quantities are probabilities obtained from
|A;|?. A second fundamental concept is the superposition principle, probability
amplitudes are additive. By adding probability amplitudes, we obtain constructive
and destructive interference, which is very different from simply adding probabilities,

|Ay 4+ Aol® # |AL]? + | Ay

Let us consider the probability amplitude for a quantum system to move in the time
interval ¢ from an initial state |i) to a final state |f), Ap(t) = (f|le™7/"]i). Now
we use one of the most important tricks in math and physics, we insert an identity
operator and rewrite this as a superposition of amplitudes

Ap) = (167 = S ele ) = 37 () 4a(5)

C

We have splitted the process |i) — |f) into |i) — |¢) — |f), where each subprocess
takes half the time and we have to sum over all intermediate states |c).

Instead of splitting the process in two parts, we can also split it into N parts,
1) = |er) = |e2) = - = fen—1) = [f)

cach taking the time € = t/N. We obtain

Ar@®) =D D Aren(€) Acser (€) Acyile) (92)

cy e CN—1

If we can find (or postulate) a formula for the transition amplitude A..(g) for very
small €, we can build a new type of quantum mechanics (or quantum field theory)
which is based on the evaluation of a lot of sums. No notion of wave functions
or operators is needed, we only need transition amplitudes A, (¢) for very short
times, e — 0. We will precisely derive such formulas in the following.

3.1 Constructing path integrals

Motivation: In the following, we will derive path integrals starting from the known
formulation of quantum mechanics based on wave functions and operators. Alter-
natively, we could have started with an educated postulate and then used this to
derive quantum mechanics in its usual form.
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For a static Hamiltonian, the time evolution of the wave function is given by

(1) = e "M (0))

The standard Schrodinger equation is formulated for a wave function ¥(q,t) =
(1Y (t)), where |¢) is a position-operator eigenstate (we are using the letter ¢ for
position variables here instead of Z or 7 used in the previous sections). Inserting
1= [d®q|q){(q]|, we obtain

B(@.1) = (@ (t) = / &g {gle~ MM G (G4 (0))

Thus, all information on the time evolution is encoded in the propagator or Green
function defined by

Uz

il s @hfts = @(tf - ti)(Q_ﬂe ey —te) /h|Q>

The propagator describes the quantum mechanical amplitude to go from an initial
position ¢; at time ¢; to a final position ¢y at time ¢;. The 6 function has been added
to ensure that the final time is always after the initial time (we omit this factor in
the following, assuming that ¢; > t;)

In the spirit of our introductory remarks, we spit the time evolution operator into
N pieces. This step is called Trotter decomposition.

, , t
e TN — (e_ZHa/h)N, where ¢ = —

Thus we can write

U = <q—}‘167i?{s/h1 . 1671‘%5/)‘1‘@» (93)

There is some freedom in how to write the idendity operator “1”. We want to
choose it in such a way, that le~/"1 is easy to compute in the limit ¢ — 0. A
very convenient choice (as we will see below) is using both position and momentum
eigenstates.

1-1-1= [ d.1d)(a) / LA (94)

with
(G|, = Pndn/D (95)
Note that we use a different normalization convention here compared to the previous
paragraph. The index n is used to replace the nth identity operator in Eq. (93) when
we count from right to left. When evaluating Eq. (93), we need for H = £— + V(])

—’2

(Frale™™ ") = <ﬁn+1|1—i<2—+V@) £13.) +O(E?)
e—0

Z(p"“ +V(qn)) £

R (Dnt11dn) € +0(e)

As we used both momentum and position eigenstates, we could to leading order in €
evaluate all p'operators to the left and all ¢ operators to the right. Importantly, now
all operators are gone as p?> 41 and @, are just integration variables, not operators.
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Using furthermore

<(jn+1 |ﬁn+1> <ﬁn+1 ’Jn> — eiﬁn+l(q_‘n+l—q‘n)/h

we can also eliminate all wave functions and obtain our first example of a path
integral

(Grle™ ™M Gy =

" /H d*pndy / dipy  -i% fOl(pg,jf+V(qn)—ﬁn+17(§”+g;§"))
11m
(2mh)? (27rh)d

N—0

with ¢y = G, v = G- (96)

where we use At = t/N = e. We will write this below in a nicer way, but we can
start to find an interpretation of the formula. We start by observing that c(l;zjl‘;)idp
integral over “phase space”, the combination of position and momentum space. We
will interpret ¢, = ¢{(t,) (and p,, = p(t,)) with ¢, = ne = $t as the position (and
momentum) of a particle at the time ¢,. Thus, we define a discretized version of a

path in phase space ¢(t') (and p(t’), respectively) with 0 < ' < ¢, see figure.

N

W

’ 4 Y 1"‘"

— —t —)
to t' t‘_ t; t+ t;”' c".‘. ‘t“4 t“ t

Now let us look at the type of integral we are doing. When integrating over ¢, and
P, we effectively sum over all possible (discretized) paths in phase space

1
(2mh)Nd

/9(177(7%- Jim ddQlddQQ"'ddQN—l/ddpl"'dde

- sum over all paths (97)
in phase space with inital point ¢; and final point gy

Here, we have to take the limit N — oo or, equivalenty, € = t/N — 0. This is called
the continuum limit, where consecutive time points come closer and closer to each
other. We write the sum over all paths in phase space [ Z(p,q). The integral (and
therefore the formalism which we develop in this section) is called path integral, or,
more precisely, path integral in phase space (as we will soon introduce a somewhat
simpler version in real-space only).
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A tricky question is whether the path ¢(t') and p(t') become in any sense continuous
in this limit. From the way, how we introduced them, this is far from obvious and
will be addressed later. At least one can hope that too large fluctuations of fields are
suppressed by terms like e7(@=-1) which rapidly average to zero if, e.g., ¢, — Gu_1
are far from each other.

For now, let us just express the warning that there is no reason to believe here in
smooth functions. When we do ordinary integrals over sufficiently smooth ordinary
functions, we know that how discretizations are done precisely should not matter.
We can not expect this to be the case here! Therefore, the path integral is only
defined for the discretization scheme of Eq. (96). Thus, we typically cannot use
a continuum limit for actual calculation but we should only trust the discretized
version.

After all these warnings, it is, nevertheless, nicer to write our results in a continuum
version. We can do this, if we never forget, that actual calculations should be
done in case of doubt with the discretized version. Thus we write for N — oo,
At =t/N —0

N-1 t
AtZ—>/ dt’
n=0 0

§n+1_qn Y o
A7 — gt =1t,)
At 5—"+an1%/¢}1 Lq(t")

where, importantly, H(p, ) is not an operator but simply the Hamilton function
H=L +V(q).

Thus, we will write our path integral over phase space as

(Gl G) = [y P et CTHED)
a0=a;

where, as repeatedly states, the object on the right-hand side is really defined by
Eq. (96).

When we look at Eq. (96), we realize that one can easily do the p), integrals, as they
are simple Gaussian integrals

d —ZAt p,r% _ (Gn—an—1) d im ((An—Gdn—1 2
d Pn e n (Qm Pn At ) _ m 2 6%7( At ) At (98)
(27Th>d 1 At 2mh

We will later derive general formulas on how to do efficiently Gaussian integrals
in all types of situations. As this is our first one, we will do it slowly. The general
strategy contains three steps: (i) First, one completes the square, here

) L (ﬁ _m(qz—q*nl)>2 m((@—qnl))Q
p_n — (Qn - anl) _ n At _ At

om PP A om 2




Second, one shifts the integration variable

(Gn = Gu1)
At

As a final step, one has to do simple Gaussian integrals of the type

/dave_‘””2 = /27 /a.

There is one issue here: in our case a = i« is purely imaginary but convergence is
only guaranteed for Rea > 0. This is an issue also for a numerical evaluation of
path integrals which typically are not converging. For now, we assume that there
is a tiny real part of a = iav + € which ensures convergence and we take the limit
e — 0 at the end of the calculation. Collecting all prefactors, we then end up with
Eq. (98).

Using this formula, we can integrate over all p,, and obtain in d dimensions

Pn = Dn +m

Nd dn—dn—1)2
(o) o T3 (T A
1 At 2mh

and we can identify the term in the exponent

—

m qn — dn-1 1 592 /41 /
— | — ] At= — t)dt
; 2 < At ) /0 M (t)

Collecting all results, we obtain a remarkably simple formula for Feynman’s path
integral

. ar .
(@l g = / 2() S (99)

qi

si= [ ar@i= [ a (Goie)?-vie))

Here the sum over all paths starting at ¢(0) = ¢; and ending at ¢(t) = ¢y is defined

as A
U do 100
/@@ M (z’t27rh) /g 4 (100)

We have obtained a remarkable result. The laws of quantum mechanics are
obtained by postulating that each particles takes all possibles paths from
an initial point to a final point and we have to weight each path by

cislan

where S[q] is the classical action computed along the path. This path is in general
unrelated to the classical path, we have instead to consider all paths. Planck called A
the “quantum of action” (Wirkungsquantum), because of its units, without knowing
that the combination e*514/" can be viewed as the most central quantity in any
quantum theory.
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This extremely elegant formula, mainly developed by Feynman, holds not only for
single-particle quantum system but — as we will see — also in quantum field theory.
It is remarkable, that the laws of quantum mechanics can simply obtained using a
superposition principle, the classical action and Plancks constant to compute the
weight of each path.

Thus, we found a new formulation of quantum mechanics, without using concepts
like operators, Schrodinger equations etc. We could just started with Eq. (99) as a
postulate and derive ordinary quantum mechanics from there.

As discussed above, the convergence of the path integral is mathematically a bit
tricky as one has to be very careful in taking the limit N — oo correctly.

What happens in the classical limit? In this limit the action is large compared to
h,
AS > h.

Consider a few different path which are close by
eiSla/h  gislatoal/h o .
If S varies strongly, then these terms will have the tendency to add up to zero due

to destructive interference. But there is an exception: if S[q] ~ S[7+ dq], then
neighboring paths add constructively. Thus, in the classical limit only paths with

0§ =0
can contribute. We have thus derived Hamilton’s variational principle of clas-

sical mechanics starting from a quantum theory. We can also see immediately, that
both maxima, minimal and saddlepoints are equally valid classical paths.

3.2 Applications

As the simplest example, let us do the path integral “brute force” for a free particle
in d = 1 dimensions. Thus, we have to consider the classical action

t
S:/ dt’ lmat-(t’)2 (101)
o 2

for path obeying the boundary condition z(0) = ¢;, z(t) = gs. Here it is convenient
to use

(') = (qr — @-)%/ + 0Z(t") with 62(0) = 02(t) =0 (102)
This implies
s— L@ : @ /t dt' =m (55(15'))2
Therefore, we obtain O
(T5—7;)>

(@rle” M G) = ena™ T (0]e”H|0)
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Without any work, we have already computed the dependence of the propagator on
coordinates, and the only job left is to calculate the ¢ dependence of the prefactor.
to do this, we go back to the discretized version of the path integral

(0le™™¥*10) = lim (AtQ h> /HdrﬂzehZé g
—00 \17 v

We do these integrals step by step, starting with x; using the method discussed
below Eq. (98). Collecting all terms with z;, we compute

i (z3—=21)? | (z1-2q)?
/d:)ﬁl eﬁ%m( e R ) _ /dIl 6%%ﬂ(2x§+m0+x§ 2z1(zo+2)) (103)
1
2T Ath\ 2 im (zg—22)2
— er 2 2At 104
( 2tm ) (104)
2
To obtain all terms with x5, we have to multiply this result with exp(%% (fo 3) ).

Integrating over zo we get:

1
27TAth % 27T§Ath 2 im (zg— 13)2
- B — eh2  3At
2im (1+21)im

We repeat this for all other integrations. The term xy— x vanishes as g = xny = 0.
In the denominator, we get the product

1+1 1+1 1+ L _2 3.4 N =N
1 2 N—-1) 1 2 3 N-1

Collecting all prefactors, we get

1

0le= /P 0y = (2 )7 . 105
(0l ™4"0) = (5 (105)

Therefore, the propagator (or Green function) of a free particle is given by:

1 o) 2
. m 5 4 (@r—a;)

i) = (qgle ™) = ( ) ehm e 106
G(ar, i) = {grl @) = 5+ (106)
The reader is encouraged to calculate the same quantity within the standard for-
mulation of quantum mechanics, which can easily be done here by multiplying with
the identity operator ), |k)(k| and by performing a single Gaussian integral.

3.3 Statistical physics and imaginary time

Motivation: Above, we considered the propagator of a single particle starting from
an initial state and ending in a final state. For a many-particle quantum system,
like a solid, we typically ask different sets of questions. More often than not, the
system which we want to describe (or its initial state) be a at finite temperature.
Therefore, we have to investigate how to describe thermal states using path integrals
and later functional integrals.
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3.3.1 Imaginary time

A quantum system in thermal equilibrium is described by the density matrix

=—e 7" = —.
P~z kT
Here Z is the partition sum, which is used above as a normalization constant of the

density matrix, but can also be used to compute all thermodynamics properties of
a quantum (or classical) system.

Z =Tr(e P*) = e PE(T)

where F' is the free energy of the system at temperature 7'

Expectation values of operators are obtained from
(4) = Tr(pA).

—iHt/h

Our discussion of thermal equilibrium starts from the observation that e and

e M ook very similar. It seems, that one has to simply do a replacement
t — —ihs (107)

to transform one term into the other. This is called a Wick rotation, which is a ro-
tation in the complex plane. Time is a real-valued variable, which by transformation
goes on the imaginary axis.

The concept of imaginary time is made more precise by deriving a path integral
for the partition sum. Here, we follow exactly the same steps as for the (real-time)
propagator, starting from the Trotter decomposition and the insertion of suitable
identity operators

Tr(e M) = /dd:(: (z]e™PM|z) = /ddx (z|1e PHNL ... 1e PRV |g)

Compared to the previous derivation of Eq. (96), we only have to replace
z(t),0 <t <t — z(7), 0 <7 <hp
t — T =1t
Furthermore, because of the trace we have to use periodic boundary conditions

z(0) = x(hB) or, within the discrete formulation zy = z, (108)

Let us do the replacement t — —ihf directly for the action

ok Jidt! iV (x) e%foﬂw dt' 22—V (z)
t——ihp
t=—ir .
— |dt' = —idr| = 6—%foﬁd’r %1’2(7')-"-‘/(:13(7'))
at/ - ZaT

er Jodt' p)E(W) o= fo7 dr (—i)p(r)i(r)
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Thus, we obtain for our two formulations of the path integral (with and without
momentum integration)

Z:/ @(a:,p)e_spér’p] :/ 9(1‘)6_%
z(0)=xz(hB) z(0)=xz(hB)

[,
S[z] :/0 dr 59’52(7') + V(z(1))

hB
S[x,p]:/o dr (—i)pt + H(p, x)

The action(s) in imaginary time are called euclidian action. This name arises
because the minus-sign in the relativistic metric (As)? = (Ax)? — (cAt)? changes to
a plus sign (As)? = (Az)?+ (cA7)? and one obtains an euclidian metric. Imaginary
time acts similar to an extra dimension. At 7" > 0, the system is, however, finite
in this direction 0 < 7 < Af3, but the size of the system in imaginary-time direction
becomes larger and larger for 7" — 0, or, equivalently, 5 — oco. In this context it
can be useful to realize that the kinectic energy %552(7') has the same form as, e.g.,
the elastic energy §(8x¢)2 of a harmonic chain.

In imaginary time, the action is the sum, not the difference of kinetic and potential
energy,

S = Skm + Spot-
and an other important change are the periodic boundary conditions.

How do we compute expectation values
1 / 1, —BH /
(A) = Tr(pA) = Z dz' (z'|e """ 1 Alx") (109)

of an operator A = A(p,z)?

We have to look up the derivation of the path integral, where we have to compute
(p1|A|xo). Thus, we should normal order the operators & and p such that p is on
the left side. For example, we write

A= 3%+ pa® = 2a° + [, 5] = 20° + 2ihw = An(p,?)

Now it is easy to compute (p1|An (D, Z)|xo) = An(p1, zo)(p1]|zo). Thus, the momen-
tum variable carries the index 1 instead of 0, which means that it is evaluated at a
time-slice AT = % later than z.

_ | 2(p, z) An(p(AT), :E(O))e_TS

A 5
& [2(p,x)e®

h
ith A7t = — 11
, wi T= (110)

These infinitesimal time slices are sometimes very important as they carry the in-
formation on the ordering of operators.

Let us check how the classical limit is obtained for the imaginary-time path inte-
gral
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h,
lim e~ #SPe) = Jim e~ % B> — e PH(p)
h—0 h—0

As the length of the integral shrinks to zero, we just take the values of the fields at
7 = 0. Due to the periodic boundary conditions also 9,2 vanishes in this limit.

Above, we have been careful to keep factors of h. For practical calculations, we will
often set h = 1, effectively measuring time in units of 1/energy.

An important aspect is that functional integrals in imaginary time have much con-
vergence properties. While summing over e**[#/" implies summing over complex
numbers with modulus 1 which is a non-converging sum, a summation over e~ S[/%
is — at least if S[x] is real as in our example — a nicely converging sum of positive
numbers. Therefore a frequently used strategy is to evaluate path integrals (and
functional integrals) in imaginary time only whenever possible. We will learn later
strategies of how to obtain (via analytic continuation) information on what happens
for real times using imaginary-time results.

Let us consider the harmonic oscillator in one dimension as an example. We
therefore consider the eucledian action

m

hB
S = 3/0 dr' (2 +w2?), 2(0) = 2(hB) (111)

Here it is useful to introduce the Fourier transformation of the z(7) taking into
account the periodic boundary conditions, z(0) = z(hf3).

1 & . s 4
o) =55 X €t Gu= [ drea(r)

n=-—o0o
Due to the periodic boundary conditions, we have

2T
Wy = h—ﬁn,n €Z, Uy &= A

The discrete frequencies, which arise due to our periodic boundary conditions are
called Matsubara frequencies. If we rewrite the action in the new variables, we
obtain

B3 1 hB .
/ dT j:2 = 232 Z an‘rUJm (_iwn> (_iwm> / dT e—z(wn—I—wm)T
0 B2 0

(& J/

—~
hBon,—m

1
= ﬁ ; Wianxw_n
Adding all terms, we find

_ @L 2 2 2
S =575 LW + e (112)



In the path integral, we have to integrate over all periodic paths or, equivalently, over
all z,,,. More precisely, we should take into account that z_,,, =z}, (as z(7) € R).
We therefore write

Ty, = Gp + by, x_, =a,—1b, forn>1, Lo =0 = Qo
with a,, b, € R. Therefore, the action in terms of these variables takes the form

1 1 m 2
ﬁé‘:é(W (“ 2y i >>)

n=1

and the path integral is now simply an integral over all a,, and b,. Using standard
Gaussian integrals,

_1...2
fI2€ sardr

S =
fe_io‘xde «Q

we obtain

@ = (o) s == (et red))

Our first goal is to compute the expectation value of the potential energy < Smw x2>
We therefore have to compute

(@O = g D lrantn) = gz S
1 ) = 2y — 11 o
= e ((ao) —1—2;(%—1-1) ) =Gm :Z +w2

= h coth o
 2mw 2kgT

where the last equality can be derived using analytical-continuation techniques which
we will treat later.

The expectation value of the potential energy is therefore given by

g 1 hw) { sksT  for kpT > hw

= —mw*(z?) = heo coth
pot = 9 2%pT hw/4  for kpT < hw

4
In the classical regime, kgT > hw, we recover the classical result %kBT, while for
T = 0 we obtain that half of the ground-state energy hw/2 is potential energy, the
other half therefore has to be the kinetic energy.

3.3.2 Infinities in path integrals

As a next step, we want to calculate %m(xQ) This is simple because we have
calculated above already (x?) and the formulas are identical up to a factor w? arising
from the time-derivatives,

1 11 w?
§m l’ = 5771@ Zw Ly Lo n = 55;&)2—0—0}2 = Q. (113)
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This is clearly a divergent sum as each term approaches 1 at large w,. This has
several consequences: First, the quantity which we calculated cannot be the kinetic
energy. Second, the result tells us, that the paths which we sum over in the functional
integral cannot be smooth and differentiable, as otherwise the average (i?)
would be finite.

To compute the expectation value of the kinetic energy, <§%>, we have to be more

careful. Thus, we go back to the definition of the path integral. Obviously, we have
to use the version where the integral over momenta has not been done,

PN\ _ [P0 z)e® ﬁ;

2m f @ p,
Here, we use the proper discretized definition of the path integral. The integral over
p1 has the form (with ¢ = %)

/dp1 pl %%Hm(xraﬁo)
21h 2m

Shifting the integration variable, p; — p; + M, the integral takes the form

/ dpi (pr + (21 — xo)):—s%—a(@)?’ (114)

2mh 2m

When multiplying out (p1 + %(ml — xo))Q, we obtain three terms. The mixed term
linear in p; vanishes after integration. The p? gives

»?
fdpl P1€ s%

J2th2m -~ . £ = ﬁ
dpy. —55—% 2¢’ N
o €

This contribution is clearly divergent for N — oo, but we have not yet taken into
account the term proportional to (“2(z; — :co))Q = —(mi)%

Adding both terms, we find

1(1 w? 1 5
1 (i Z ) - (s
We obtain that the expectation value of kinetic and potential energy of the harmonic

oscillator are equal and, importantly, both are finite. The total energy is therefore
given by

hw ) kBT for kT > hw
hw/2 for kgT < hw



and we obtain for 7' — 0 the groundstate energy and for high temperatures the
correct classical result.

The main lesson, which we learned from this exercise — worth to remember — is
that at least sometimes it is necessary to use the discrete definition of the
path integral to obtain the correct result. Furthermore, when summing up over
all paths, one cannot expect that the paths are all smooth as (1?) = oo.
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4 Functional Integrals

4.1 Functional Integrals and Second Quantization

4.1.1 Coherent states: Bosons

Motivation: Our next step is to generalize the concept of a path integral from
single-particle physics to second quantization and thus many-particle physics. In
the derivation of the path-integral, a central step was the introduction of suitably
chosen identity operator. In the case of single-particle quantum mechanics, we used
eigenstates of the position and of the momentum operators, |Z) and [p).

Our goal has to find states |@) which make it easy to evaluate (@'| H|d), provided that
H is written in the language of second-quantization. This motivates us, to search
for eigenstates of the annihilation operators, a; or ag, also called coherent
state.

For a single bosonic mode the coherent state is defined by
ala) = ala).

Note that a is not a hermitian operator. Therefore, eigenvalues will in general not
be real and eigenvectors will not be orthogonal, as we will show below.

To find the coherent state, we expand |«) in particle-number eigenstates
ja) = ca(a)"[0)
n

To compute a|a), we move the annihilation operator to the right (normal ordering)
using repeatedly the commutation relations [a, a'] = 1.

ofal)” = (@) + ala(al)"! = - = (! + (al)'a
Thus, we find
ala)y = ch (n(a")* " + (ah)"a) |0) = Z can(a’)™10)

By demanding a|a) = a|a), we obtain the condition
Chiiln+1)=ac, = c¢,=a"—

Therefore, we obtain the so-called bosonic coherent state

aaT
o) = €2[0)

By construction, the coherent state is an eigenstate of the annihiliation operator,
ala) = ala). In contrast, applying a' is equivalent to taking the derivative with
respect to «,

0 0
T = T aal = — aaf = —
a'la) = a'e* |0) 9aC |0) aa|a>.
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As a next step, we have to compute the overlap to two coherent states. Using
(a")"0) = v/n!|n), we obtain

(@lay = 3 (] <O‘n?n N (iinmm) -y (O‘Z?H oo,

n,n’ n

Thus, coherent states are not orthonormal to each other.

Our next major goal will be to find a formula for the identity operator 1 = )" |n)(n/|.
To find this operator, we start from

apal = 3 (j% j‘;—;mxnn.

ni,n2

Next, we use the integral identity

da*da .
—T *\ 1 n
/ € (Oé ) o = n17n2n1!

271

We will discuss such complex integrals (and how they are computed) in detail later.
For the moment, we just note that one can treat a and a* as independent variables.
Furthermore, when needed one can always write a = a; + 1oy with a1, as € R and
integrate over the two real variables oy and as instead using

da*da dayda ) .
/ i fla", ) = / - 2f(041 — i, o + iag).
T T s

a=o1+1ia2
a*=aq—1ia9

where we used that the Jacobi determinant for the variable transformation from o*
. 1 — ‘ .
and a to a; and ay is given by 1 Z.Z = 2¢. Combining these formulas, we find

/ doa*da _ -,
e
2mi

This formula was our goal: we have found a way to write the identity operator in
terms of eigenstates of the annihilation operator!

ol =Y ﬁﬁmxm!)mwn =3 ) (] = 1.

ni,mn2

In a final step, we have to generalize the formulas from one bosonic mode with
annihilation operator a to many bosonic modes with annihilation operators a;. As
the a; commute with each other, we can simply define

@) = o2 %% 0y = a]d) = a|d)
With these bosonic coherent states, the identity operator is written as

doz; doj
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We will see later that this formula will be the key to derive the analog of a path
integral for bosonic systems!

Furthermore, one can compute the trace of an arbitary operator A using Tr(A) =
Tr(Al) =) .(i|A1|7) to obtain

21

dotdao; .
() = [ T[S e Sios(alala)
J

Outlook: We will mainly use in the lecture coherent states as a ‘trick’ to obtain the
analog of the path integral for a many-particle system. Nevertheless, coherent states
have also many important physical applications. For example, the light of a laser is
very well described by a coherent state. Similarly, a coherent state can also be used
as an approximate wavefunction for weakly interacting Bose-Einstein condensate of
bosons.

4.1.2 Coherent states: Fermions

After the successful construction of eigenstates of the bosonic annihiliation opera-
tor, we want to use the same construction for fermions. We would like to define
eigenstates of fermionic annhilation operators

cili) = i)

Here, we face a major problem. Fermions anticommute, c;c; = —cjc;. Using this
operator identity we find

cics|11) = minglm) = —nymal)-
This equation proves that fermionic annihilation operators cannot have complex-

valued eigenfunctions.

At this point, one might be tempted to just give up. Instead, we take a more
courageous step: we define a new type of ‘numbers’, which are different from real or
complex numbers because they anticommute. They have the following properties

N = =N,
N = am; if & € C or a = bosonic operator
micl = —c'n, if ¢ fermionic

These objects are called Gralimann variables or GraBmann numbers.

Formally one can study the associative Grafimann algebra of polynomials with com-
plex prefactors ¢, ¢y m; Cnmp, - - € C of the type

¢+ Zcmi + Z CigNitlj + -+
i=1

ij=1
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n anticommuting Grafmann variables can be written as suitably chosen anticom-
muting 2" x 2™ matrices, but we will not use such a representation. Instead, we will
treat them just as a very special type of anticommuting numbers.

From the defining property n;m7; = —n;n;, it follows directly, that n;7; = n? = 0. This
property will become important, when we define functions of Grafimann variables.
Functions of Graimann variables are defined by their Taylor expansion

f(n) = f(0) +nf'(0).

The Taylor expansion stops after the first term, because n? = 0. A function of two
Grafimann variables therefore always takes the form

f(m,m2) = coo + crom + coinz + crimne,

where the ¢ are the corresponding Taylor expansion coefficients. For k variables the
corresponding formula reads

k k "
f(nlv"' 77776) = Z ( Z 0 f Nin i1 7711) :

o0 iy iy -+ - O, |19

11,02, in=1

We can now also define in a purely formal way a derivative operator using

Oy (1) = 035,
aﬂiaﬁj = _877ja77i7
Opi(nj-) = =10y (), 1 # ]
Using these rules, one finds, for example, that 0,,(n;n;) = —n;. For our purpose, it

will be more important to define an integral over Graimann numbers.

How can we define an integral over an object which is not even a number? What
could be a useful and reasonable definition of an integral? We require that the value
of an integral should be a complex number. Consider, for example, the integral
[ dn;1. We want that (i) the value of the integral is a number, and (ii) that the
object is anticommuting, because dn; should be an anticommuting object. This
leaves only one option: the integral can only be zero, because zero is the only
anticommuting number, 0w = —a0 = 0. Next, consider [ dn;n;. This is the product
of two anticommuting objects dn; (whatever that is) and 7;. We take now the
freedom to define the value of this integral to be 1. We will have to show later,
that this is a useful definition. But for the moment, we define integration over
Grafimann numbers by

dn; =0

dn;m; =1

——
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Let us practice this definition by computing a few integrals.

/ dn f(n) = / dn (£(0) + F'(0)n) = F'(0)

This was suprisingly easy. We were able to compute the integral over an arbitary
function f by using that the Taylor expansion stops after the first term (as n? = 0).
Using that dn; are anticommuting objects, dnine = —n2dn;, we can also compute
more complex integrals

/dﬁldnz (coo + ciom + coimz + ciimne) = —ci1.

We will come back to integrations soon, but first we define the fermionic coher-
ent state

e .CT
) = e™ 2™ |0)

where 7, are Grafmann numbers.

Let us check, whether these are, indeed, eigenstates of the fermionic annihilation
operator. Consider the case of a single fermionic mode and let us first compute

ce™™'|0) = c(1 — net)]0) = —encf|0) = nect]0) = 1]0)
This, we should compare to
—_nct
ne”""10) = n(1 — nch)[0) = 7|0)

As the two equations give the same result, we have shown that

cln) = nn)

Repeating this exercise for many fermionic modes, we can show that

ciln) = niln)

Let us also define a corresponding ‘bra’ states

(0] = (O™ B4 = (0l

Here, we will interpret 7; and 7; as completely independent Grafimann numbers.
The bar in 7; does not have the meaning of complex conjugation here

Here are a few useful properties.

[micl, micl] =0 = |n) = [](1 = nicD)l0).

7
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Multiplication with ¢! can be written as a derivative operator

)
Floy —
ciln) = amlm-

The overlap of two coherent states is given by

(f ) = e
This can be shown using

77 |77 0’ H 1 + 77101 7%0;)‘0) = H(l + 772771) _ eziﬁgm’
where we used the anticommutation relations and <0|CI =¢|0) =0

We will also need a formula for the identity operator. It looks identical to the
bosonic case

1= [ TLdnadna e =)o

Let us check this formula for a single fermionic mode

/dndn (1= 7m)(1 = neh)]0){0](1 + 7¢) = /dndn ((=amI0){0] = n(=m)c'0){0]c)
= [0) (0] + 1) (1]

Let us also compute the overlap of a Fock state [1;) with a fermionic coherent state

i) = ir, i, k) = CT Ciy ’0>
= <i1’ lg, - 7ik|n> = <O|Clk o 'Ci1|77> = Mig * " MigNiy
Our next goal, is to compute the trace of an operator, which we will need, e.g., to
be able to obtain the partition sum. The trace is defined by a sum over all Fock

states and we use our identity operator to rewrite it in terms of fermionic coherent
states

e = S0l = 306 | T dmns e %n) ol Al
i i i
=3 [T o = sty

Here, we assumed that A is a bosonic operator, containing an even number of
fermionic creation and annihilation operators. When going from the first to the
second line, we had to exchange (1;|n) and (n|A|y;). This produced a minus sign
for each 7;, which we encoded in (—n|A|¢;).
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Finally, using ) . [1;)(¥;| = 1 we obtain the formula for the trace of an operator
TrA= / H dijjdn;, e” 2k ™ (—p| Aln).
J

Again, this formula looks very similar to the fermionic case. A major difference is,
however, the minus sign in (—n|Al¢;) which will have far-reaching physical conse-
quences as we will see later.

4.1.3 Functional integrals for Z

We are now ready to derive the formula for functional integrals, the generalization
of path integrals to quantum field theories.

We start by first normal-ordering our Hamiltonian by putting all creation operators
a' to the left, and all a to right. The normal-ordered H takes, for example, the
following form

f[(a*, a)=H — uN = Ztijajaj - ,uz a}ai + Z V;jklaga}akal (115)
i\j i ijikil
where we have already added a chemical potential for later convenience.

In the following, we want to derive formulas which are valid both for fermions and
for bosons. Therefore we need a few definitions:

—1 for fermions
&= { 1 for bosons ’ (116)
Grafimann valued for fermions
Y= ) = { Complex valued for bosons ’ (117)
~ [1, didi; for fermions |¢)) coherent state
d(,v) = dbjd; _ 7T dR()IS() T (118
[, =7+ =1=—-—— forbosons (¢ =)

Now, we are ready to derive the function integral for the partition sum (using A7 =
]ﬁv) by using a Trotter decomposition where we insert the identity operators of the
previous two sections

2 =Ty (e PHel)

= / d(vho,1b0) €~ i toivo; <f¢o|€_ﬁﬂ/N1€_ﬂﬂ/N1 L PN |0)

N-1
B / TT d@n, won) e 20 (€apole™ 2™ o 1) (b a e 27 -+ Jab) (dbr e 27 aho)
k=0

Note the factor £ in (£1)g| which takes into account the extra minus sign which we

found when deriving the trace formula for fermions.
For small A7, we can now easily evaluate the relevant overlaps using e~ 27#(@"a) ~

1 — A7H(at,a) + O((AT)2. We then put the annihilation operators to the left and
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creation operators to the right using that |¢,,) are eigenstates of the annihilation
operator. Thus we obtain

<¢m+l|e—ATﬂ(a*,a)|¢m> — Xi Pmt1;¥m; —ATH@m14m) O(AT?) (119)

where the first term arises from the overlap (41 |¢m)-

Combining the formulas, we obtain our central result, the functional integral in
imaginary time it its discretized version

— i /) —S[,4)

2=t [, H50
YN=EYo

= %nl — 1;71+1i YT
S=ATr Z (Z (T) 77bn,i + H(¢n+la ¢n)>
) Niln:()i 7
2, %) = | d@n,vn)
n=0

The formula is valid both for bosons and fermions but there are important dif-
ferences. First, one integrates over complex fields in the bosonic case and over
GraBimann fields for fermions. Furthermore, there is the harmless-looking but deci-
sive difference in the boundary condition, ¢y = £y with & = —1 for fermions and
& =1 for bosons.

As in the case of the path integral, the continuum limit is ill-defined but is, never-
theless, frequently used to write results in a more compact way. In this case, sums
become integrals and we can write

2= [  9@p)en
Y(B)=¢£(0)

B - _
S— /O dr | 3 G(r)omi(r) +A(, v)

¢ “Berry phase”

B
— /0 dr Z Vi (0 — 1)dij + tij) v, + Z Vigati (7)1 (7)9b(0)341(0)

Z'Ij7k7l

4.2 Gaussian integrals and Wick’s theorem

Motivation: In the absence of interaction, the action is quadratic in the field. Thus,
we will have to perform a variant of a Gaussian integral. A major goal in this lecture
will be how to do perturbation theory in the interaction strength. How this goes is
ruled by the math of Gaussian integrals, which we will study in this section.
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We begin with the well-known Gaussian integral over a single real variable

ax2 2
/dace2 = —ﬂ, for Re(a) > 0,

a

where the last condition is needed for convergence.

Next, we want to do integrals over complex numbers, z = x + 7y. Instead of inte-
grating over x and y, one can also integrate over z = x + iy and Z = x — iy using

the Jacobian
9z oz
oxr Oy o
det ( 0: 2 ) =0
or Oy

dzdz
21

and therefore

= dxdy (120)

Therefore, the Gaussian integral over a single complex number is given by

/ dzdz .. _ / @dy o) Z 1 g1 Re(a) > 0, (121)

21 T a

The corresponding Grafimann integral is computed from the Taylor expansion

/dﬁdn e MM = /dﬁdn (1—amn) =a

Here, the integral is always converging, independent of the sign of a.

Next, we will need the matrix version. To ensure convergence, let us assume that
the n X n matrix A has the property that Re(A) = 3(A + AT) is positive definite
(i.e., all eigenvalues are positive and not zero). Then convergence is guaranteed in
the integral below. Here, we also add linear terms, using the trick ‘completing the
square’

2= z+ A7

*
H dzz le 6—2TAz+sz+zTﬁ1 _
4 2m

)

2t — 2+ wfA—?

*
_ H dzi dz’i eszAz+erA_11I)
4 2m
i

= det(A) w4 (122)

One can most easily show that the integral 1/det(A) if A is diagonalizable: in this
case one first diagonalizes A, then the integral splits into product of integrals over a
single complex variable, Eq. (121), and the determinant is the product of eigenvalues.
The formula is, however, also valid if A cannot be diagonalized.

The corresponding formula for Grafimann variables is very similar. The only differ-
ence is that here convergence is not an issue, A can be an arbitrary complex matrix
with an inverse. In this case, we obtain
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/ T direge =T AT  det( A)e™ 47 (123)

where v, v are independent vectors of Graflmann variables.

Let us sketch briefly how one can prove that. Consider first the case v,v = 0. We
then have to Taylor-expand the integral up to order n (if A is an n X n matrix).
Checking the rules of integrations for Grafimann variables in Sec. 4.1.2, we realize
that the only integral which is finite and can contribute is of the form

/Hdﬁidm Hnjﬁj =L
4 J

What is the prefactor of the integral? Each column and each row of A has to show
up once, Ay, Agp, - -+ App, and the prefactor (—1)? is obtained from ordering of the
Grafimann variables. If one writes this out carefully, one obtains the definition of
the determinant, Z VP A, Aopy -+ Ay, = det(A), if p counts the number of
permutations. Finally, to show that one can use the same ‘completing the square’
trick as in the complex case, one has to show that shifting variables does not change
the value of the integral. For a single variable, we can easily check that

/ dn £ (n -+ 1) £(0) = / dn £(n).

?
(n+n')?=0

In the following chapter, we will need an important identity for Gaussian integrals
, called Wick‘s theorem. Our goal will be to calculate expectation values relative
to a Gaussian weight of the form

. efﬁAn

<...>O_f"

o f e—An

Here the basic trick is to use Eq. (122) and Eq. (123), taking derivatives with respect
to the fields w and v. In the fermionic case, for example, we take derivatives of e 1"
with respect to v, v

o 0 0 0 g4
AN, — U Tn+aTv A M
(Mimj)0 < 0, 81)] > —e"

 w; 9,

v=0

v=0 (124)
= —(A™)j = —{(n;m)
The same trick also works for higher orders

0 0 0 0 gau,

12
<7]1772773774> 81)1 87)2 6113 8U4€ ( 5>

v=0

Thus, we have shown that calculating expectation values in Gaussian integrals is as
easy as taking derivatives ofe? A7, The resulting rules for computing expectation
values are called Wick’s theorem. We will not derive it here (all the relevant math
can be found above) but simply state the rules. It turns out that the formulas are
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the same for real, complex, or Grafmann Gaussian integrals if we set £ = —1 in the
Grafimann case, while setting & = 1 for real or complex Gaussian integrals. The
Wick theorem is written as a sum over permutations and takes the form

(Wijy - i Wi+ iy o = Z f‘mAj_ﬁpl Aj_;m A (126)

jnipn
PESH

where (—1)? = —1 if an odd number of permutations have been performed. Wick’s
theorem is an identity only valid for Gaussian integrals (over complex or Graimann
variables). Only for Gaussian integrals, it is possible to express higher-order correla-
tion functions in terms of correlation functions of the type (¥;1;)o = A; |, encoding
the width of the Gaussian.

ij
For Graimann fields, one finds, for example,
(W1atstha) = A Agy — Ay Ayl
while the corresponding formula for bosnic fields is obtained using only + signs.
<7/11¢2?/_131E4> = AﬂlAgsl + Af31A541

A useful notation to remember and evaluate the terms proceeds in the following
way. One first finds all possibilities to pair ¥; with ¥; and denotes the pairing by
a line. Then, ‘disentagle’ the pairs as in the example below. In case of Graimann
variables, add a minus sign whenever exchanging two Graimann fields. This is best
shown in an example

(1902th3iha) = 7?1#"2_1%3&4 + 19atsthy = ¢|1_Z,E4¢|2_?,Z3 - ¢|1_7,L3¢|2_1,Z4 = A Ay — A A

+ —

Here we denoted by + and — whether the term will receive an overall minus sign (in
the fermionic case) after ‘disentangling’ everything. For bosonic fields, the result is
the same but all prefactors are positive.

Here is an example with six Grafimann fields

(V1023hathsls) = V1Yath3atsths + Y1Yathsasts + V1Yathsats e
=] [ =] [L=

+ J— J—
+ 1909310456 + V10atbahatsths + 11athabas i
n n -
= Ajg Ay Ay — Al A5l Ay — AT A Al
+ A Al Ay + AT A Ay — AL AR Ay
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4.3 Green’s functions

4.3.1 Definitions

Motivation: The quantity which is most easily calculated in a functional integral
are Green’s functions (or Green functions). Green’s functions usually show up in
the theory of linear differential equation, where they describe the response to a
0 function. Here, we introduce them in a different variant, as expectation values
of products of creation and annihiliation operators. In this section, we first focus
on a special variant of the Green’s function: the time-ordered Green’s function in
imaginary time. This turns out to be the object which can be most easily calculated
in the functional integral. Only in later chapters we will realize how we can connect
this imaginary-time quantity to measurable objects (retarded Green’s functions,
introduced later).

We start by considering time-dependent operators in the Heisenberg picture, O(t) =
et/ Oe= /M We want to bring the operators in a special order, called time
ordering. Time-ordering just describes that we put the operator at late times
to the right and at earlier times to the right. Here, we introduce a time-ordering
operator T defined by

T[Ol (t1)02 <t2) T On(tn)] = prm (tm)Opz (tpz) T Opn (tpn)

' —1 Fermions
with t,, > tp, >--- > 1, {= { 1 Bosons

The factor &P is —1 if we need to exchange an odd number of fermionic operators
to reach the desired ordering. Note that T[O1(t1)O5(t2)] # O1(t1)O2(ts) for t; < to
as operators at different times typically do not commute. . What do we do if two
operators are evaluated on the same time? In this case, we use normal-odering, i.e.,
we put creation operators left and annhilation operators to the right.

A very useful application of the time-ordering formalism is that it allows to write
the time-evolution operator U for a time-dependent Hamiltonian H = H(t) in a
compact form. The time-evolution operator, defined by |U(t)) = U;|¥(0)) obeys the
Schrodinger equation

. d
ZFLEU,: = H(t)Ut

For a static, time-independent Hamiltonian, this is solved by U, = e *#¥/" but this
does not work for a time-dependent Ht (why?). The problem is solved (at least
formally) by writing instead

U, = Te™ Il dt' H(t')

Consider, e.g., the second term in the Taylor expansion of exp of %Ut, where one
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has to compute

T[% /Otdtl”;’-[(tl)/tdtg”;’-[(tg)} :T[H(t) /Otdtzﬂ(tg)+/tdt1H(t1>’H<t>}

0 0

— 2H(t) / t dty H(ts)

Only because of the time-ordering operator H(t) is moved to the left of the expres-
sion. This leads to

U, = —~H(t) U(t)

7
h ~—~
largest t on left side!

and thus U, solves the Schrodinger equation.

We want to apply these concepts also in imaginary time. As a first step, we have
to define Heisenberg operators in imaginary time. For creation and annihilation
operators, they take the form

Note that with these definitions, (a. (7)) = al,(—7) # al, (7).

We define next the time-ordered Green’s function in imaginary time

G(a171,02T2) = Gay o (11 — T2) = —<Taa1(71)alg(72)>

_ { —&{al, (12)aay (1)) T2 =T

~{Gey (Tl)alQ(TQ» T2 < T

where (--+) = £ Tr (-- e AN )) denotes expectation values in a thermal state.
We are using grand-canonical ensembles with a chemical potential p. In the following
formulas, however, we will absorb the chemical potential term in H using H — puN —
‘H to make the formulas a bit shorter and more easy to read.

Above, we claimed that time-ordered Green’s function can easily be computed with
functional integrals. To see why, simply insert all of our definitions. We obtain

T2 2 T —§<(IL2 (7—2)0/&1 (7—1)> = _é Tr (6_('8_7_2)% aivg 6_(7'2—T1)H Ao, e—Tl’H)
1
Ty < T1: _<aa1 (Tl)GLQ (7'2>> = _E Tr (e*(ﬁf‘rl)?—l . 67(7'1772)7-[ QLQ 67727-[,)

We observe that the time-evolution operator in each case is simply split into three
pieces. In the first line, e.g., from 0 to 7, from 7, to 7 and, finally, from 7 to .

We can now follow our standard program: we split the time evolution from 0 to
f into N pieces (Trotter), At = %, and introduce N identity operators 1, which
are coherent states. The only difference compared to the functional integral for Z
are the extra operators a,, and aLZ which are easily evaluated with the help of the
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coherent states

Qay |wn1> = wm,oél |wn1>7 <77bn2+1| ai@ = <¢n2+1|wn2+170¢2
S~~~ S——
coherent state coherent state

where n; = N2t and ny = N2 are the time steps corresponding to the time 77 and
T9, respectively. Note that the time-index of the destruction operator is shifted by
1 as we use the coherent state to the left of the operator. Thus, the corresponding
field is evaluated an infinitesimal time step € = /N later.

Thus, we find both in the bosonic and fermionic case that the imaginary-time time-
ordered Green function (both for 7y > 7 and 75 > 7) is given by

f @(2/_}7 V) Yo (71)1/_)a2 (19 + 6)6_3[%“
[ D3, 1) e=Sti]

g(OélTl,OéQTQ) = gozl,CtQ(Tl - 7'2) = -

This holds in general, time-ordered correlation functions of operators can
directly be written as correlation functions of the corresponding fields in
functional integrals.

Let us evaluate the Green function for a time difference of

1

gal,@ (6) = _<aa1 (/B)GLQ (0)> = _E Tr (6_(B_B)H aotle_BHalg)

1
= —z TI' (eiﬁﬂalzaal) = ’Sgal,OZQ (0)

This boundary condition is directly related to the boundary conditions of fields in
the functional integral and we will show later that it has profound consequences

periodic . bosons

The Green’s function Gy, a,(7) is { antiperiodic in 3 for formions

4.3.2 Free particle

As a next step, we evaluate the partition sum and the Green’s function for non-
interacting particles where the Hamiltonian and the action are given by

H - Z(Ea - H)alﬂa

a 5 _
S=3 | drin(m)@e+ (o = )eal)

) (127)
Qéa()
- i Do
? Z (waO wal te waNfl) S(a) :
depettie, DaN_1
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with

1 —a\ < distinguishes bosons/fermions
—a 1
Slo) _ —a 1 azl—%(ea—u)
—a 1

Here, we used the discreet definition of the functional integral, which is the safest
way to obtain the correct the result for the partition sum and the Green’s function.

According to Eq. (122) and Eq. (123), the Gaussian functional integral is obtained
from the determinant of S, which can easily be evaluated

N
Qt(S) = 1(=D¥ g0 = 1€ (1= gea =) = doge e
15t N

L=l

o0

Therefore, the partition sum is obtained as

L 1
E[W - gm bosons

H det(S@) = H 14 e PEa=m  formions

ZOI

which is the result well known from statistical physics.

To compute the Green’s function, we need the inverse of S(®). Due to the simple
structure of S it can also be evaluated analytically

]_ gaN_l é_aN_2 N . o ga/
a 1 EaNt £a?
G 1 a? a 1 £a?
S 1-¢&aN | o a? a 1 :
aV —1 ga]‘\/—l

a~
for i < j: (S(a) 1) =
o=y g 1—&al
E(mi-my) e (s
(O —Flea-m)” " e=0(ri=m)
T B N Nooo 1 — 56_6(‘6“_“)
— =N 1-¢ (1 — 5 (€a— N))

Ee—calB(ri=7)
]_ — 56_6(5O¢_N)

similarly 7 < j : (S(a)_l>” —
ij

Thus we obtain for the Green’s function

Gar o (11 — T2) = (T o, (11)al,(12)) = lim —ue (5(0‘)_1) - = daw Ga(T1 — T2)

N—oo ¥l
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with

Bosons: go(7) = —e®M7[O(1 — &) (1 + np(ea — 1)) + O(—7 + &) np(ea — 1))
1 . B ~J 0 7<0
np(w) = Ao 1 Bose function, ¢ = N 0,0(7) = { 1 >0

Fermions: go(7) = —e®= M7 [O(1 — €) (1 — np(eq — ) — O(—7 + &) np(ea — )]

Fermi function

nF<w) = eﬁw + 1

Let us check what happens when we set 7 to zero.
W (0) = —&latay) = —np(ea — 1)
n(0) = ~€laban) = { e

Thus, we recover that Fermi and Bose functions describe the occupation of particles.
Note that were only able to obtain this result by doing all computations carefully
at finite N, taking the limit N — oo only at the end. Luckily, we will have to do
this somewhat painful exercise only once and the calculations also get easier when
working in Fourier space, which we want to consider next.

4.3.3 Matsubara frequencies

A frequently used standard trick to simplify all types of problems it to do a Fourier
transformation. While we argued above, that the only safe way to do a calculation
is to use the discreet definition of the functional integral, we will now try to work
directly in the continuum limit (but we will have to readjust the resulting formula
slightly in the end).

G
S5=%" / A7 G (7) (D0 + (o — ) 5a(7)
with 16(0) = §¢a(P)

We use standard Fourier transformations
7 1 T iwnT T 1 s - —iwnT
5alr) = 75 3 e bon = | drin(re
1 —iwyT 1 g iwnT
0alr) = 5 S e Von = | drun(e

Here, it is important to recall that the fermionic /bosonic fields have antiperiodic/pe-
riodic boundary conditions, respectively. Therefore, we have to adjust the so-called
Matsubara frequencies accordingly

%’rn bosons
Wy, = . N ,ne’l
- .
5 (n + 5) fermions
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Using foﬁ eilwn=wm)™ = 3§, we obtain for the action
SO = Z Zija,n(_iwn + (504 - ,u))'lvboa,n

which is diagonal in Matsubara indices n.

Also interactions can be expressed in Matsubara modes

B _ _
S = / 07 Ve B (7Y (Tl (7))

1 L
=2 Z Vab’ﬁpwa,nlwﬁ,n2¢v,n3wp,n4 5n1+n2,n3+n4

ni1,n2,n3,n4

where the Kronecker delta describes that the sum of frequencies of destruction op-
erators matches that of creation operators, a formula which we will identify later
with energy conservation.

The functional integral is then obtained by summing over all Fourier modes

We can also express Green’s functions in terms of Fourier modes.
/s 1 —iwn T . W€
gao/<7_) = _<wa(7)wa’(5)> — E Ze " gaa’@wn) &=
B . _
goco/ (an) - / e go‘o‘/ (7—) = _<¢a,n¢a,n>
0

When deriving the equation above, we used that <1/}a’n1;a/7m> = 0 for n # m. This
is equivalent to the observation that our imaginary-time Green’s function depends
only on the time difference, G,/ (71, 72) = Gao (11 — 72). Note the — very important —
factor € in the first equation. This is what we need to recover the correct expressions
obtained from the discreet definition of the functional integral. e can be identified
with 5/N and we have to take the limit € — 0 at the end of the calculation.

Let us consider, how € shows up when computing a Fourier transformation.

/0/3 A7 " Gour (7) = = / p dr ™ (4o (7)o (€)

0

B . 1 ; j /)
_/ dr ewmﬁ Z "Mt e 2 (o my Vot my)
0 o

ni,n2

= - <¢a,n¢_}a’,n> eiwns

Here, taking the limit ¢ — 0 has no consequence. This is different when computing,
e.g., Goo (T = 0), which we will consider in the next section.

=0 for n1#n2

Finally, we compute the Green’s function for Matsubara frequencies in the absence
of interaction. As the action is diagonal

6—30 = e Za,n ’I’a,n(—iwn“‘@a—ﬂ))wa,n
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we can read off the result without the need of any matrix inversion and obtain

gg (an) = -

iy (Ea — m)

4.4 Summations and examples

Motivation:  One of the main goals of the next section of the lecture will be to
develop efficient techniques to compute observables using perturbation theory. For
this, we will use Feynman diagrams, which are a convenient way to visualize formu-
las.

wnl UJnQ

Importantly, when evaluating these formulas, we will almost always have to perform
summations over Matsubara frequencies. In this section, we will learn the necessary
mathematical technique.

Our goal is to calculate a sum of the type

2_7T n bosons
Ié; n+ % fermions

%Z fliw,) with w, =

Here, our plan is to use the magic of complex analysis, or, more precisely, the residue
theorem. Here, we need functions which have single poles at Matsubara frequencies.
Perhaps surpisingly, the Bose- and Fermi functions have precisely this property.

Let us start with the Bose function

1

np(2) = 5

which we now consider as a function of a complex variable z. This function has

poles for z = iw, = %n To see that, let us Taylor-expand ng(z) around iw,

1 1
nB(iwn+Z):W%@f0rz—>o

A similar statement holds for the Fermi function

1

nF(Z) = 65Z+1

when we consider fermionic Matsubara frequencies iw,, = % (n + %),

1 1 1
—— for z — 0.
z

nr(iw, + 2) = — = =~
{ )= D 11 1=~ B
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BOSONS e FERMIONS e

x Re(2) Re(@)

Figure 7: Pole structure of the Bose (red) and Fermi (blue) functions and contour
I" used for the integral in Eq. (128).

We can now use the residuum theory by integrating along a contour enclosing all
poles of the Bose- or Fermi function, see Fig.7. Provided that f(z) is an analytic
function with no poles within the contour, we find

3 Zf iwn) EJG{ —nB/F ) f(2) (128)

where the factor £ = £1 arises as the Fermi function (where £ = —1) has poles of
the type —1/(f%) while the Bose function (§£ = 1) has poles 1/(5z).

Having replaced the sum by an integral may not sound like a big advantage, but now
we can use the power of complex analysis (Cauchy’s integral theorem) to deform the
contour in a convenient way.

Therefore, we will follow the following recipe. (i) Write all sums as contour in-
tegrals, (ii) analyze poles and possible branch-cuts of f(z), (iii) deform the
contour “conveniently”, using, for example, that points at infinity may not con-
tribute to the integral, if n(z)f(z) < & for o > 1.

Let us calculate, for example, the expectation value of (ala,) for the Hamiltonian
H =" (ea — p)ala,, where the Green’s function is given by 1/(iw, — (€4 — p)).
The equal-time expectation value is written as a sum over all Matsubara frequencies,
which we rewrite as a contour integral.

(0.30) = (a(€)a(0)) = —s% 3" g, (i)

1 ; 1 dz 1 ;

(a — 1) 27” z—(ea—p)

e

at z = (g4 — 1), see Fig. 8. As the next step, we deform the contour of Fig. 7 to
that of Fig. 8.

Note the factor e**. In this example, the function f(z) = ; has a simple pole

Next, we have to find out, whether there is a contribution from the circle located at
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Im(2)

x Re(2)

Figure 8: Contour integral for a function with a simple pole.

|z| = oo in the complex plane. Here, we use that

ec? e PRez for Re z — o0
{ — 0 for |Rez| — oc.

e ¥ 1 1 Fe®e for Rez — —o0

In combination with the 1/z factor from the Green’s function, this ensures that the
circle at infinity does not contribute. Note the importance of the e** term to reach
that conclusion.

Thus, we conclude that the only contribution to the integral comes from the pole at
€o — i+ and we obtain the well-known result

i dz 1

(ahaa) = — @ S—np/r(2)

) 3 o e )

z2—(Ea — p
The Bose and Fermi function describe the occupation of states. Apparently there

is a surprising link of the analytical properties of the Bose- and Fermi functions in
the complex plane to their physical significance.

Above, we were considering functions with a single pole. A much more common
situation are branch cuts. As we will see later, they naturally arise in interacting
systems. Here, we consider the free energy of a non-interacting system. In this case,
we have shown above that

e =2 =CT] (wn — (a — 1)) "¢

where C' is some (uninteresting) normalization constant.

Thus the free energy can be written as a sum over Matsubara frequencies, which we
again rewrite as a contour integral.

1 .
F = const + &= In (tw,, — (gq — e'“ne
3 5 > In( (a — 1))

Wn,,Q



R &«
AnAAA~AA~A~ 1) = Re(@)

Figure 9: Branch cut of the logarithm (green) and the chosen contour for the inte-
gration.

Here, we have to consider the analytical structure of Inz. Inz is defined by the
equation e™? = z but there is some ambiguity as one can always add 27 to the
exponent (and therefore to the logarithm). One can, however, not avoid that In z is
a discontinuous function somewhere. For convenience we define this branch cut to
be on the negative real axis. For z = —|r| + ie, we use

In(—r +ie) = In|r| £ir

consistent with e™ "™ = —|r|. Thus, the imaginary part of In z jumps from i7 to

—i7 upon crossing the branch cut in Fig. 9.

Next, we deform the initial contour of integration, the black line in Fig. 9 to the
blue line in Fig. 9, using as before that contributions at infinity vanish as 52 ; — 0.
The two blue contours are at w + =£ie and contribute with opposite sign due to the
different orientation of the two contours. For e — 0, the only contribution can arise
from the discontinuity of In z<

F = C+Z/ —,nB/F W) (In(w + ie — (€q — 1)) — In(w — i — (€4 — 1))

use nB/F(w:I:a):nB/F(w)
up to pole of ng(w)

_C+Z/ = /(@) Im(n(w + 0 = (e = 1))

7r@((6a w)—w)

10 / L
= nB/F( ) iga—ln(lqze "J) =C iTZln(lqu B(ea M))

where the upper sign is for bosons and the lower sign for fermions. One can check
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that this recovers the well-known result from statistical physics

7 BF _ 1, 5.5 e flea=min for bosons
N | II, (14 e Ae=m)  for fermions

These examples show how one can use insights from complex analysis to compute
the necessary sums over bosonic or fermionic Matsubara sums.
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5 Diagramatic Perturbation Theory

Motivation: For practically all quantum field theories, an exact computation of
physical quantities is impossible and one has to rely on approximation methods.
In the following sections, we will learn about the most important approximation
method: diagrammatic perturbation theory. Here ‘diagrammatic’ refers to an idea
introduced by Feynman: instead of writing formulas, we draw diagrams (‘Feynman
diagrams’) to represent those formulas. The backbone of diagrammatic perturbation
theory is a simple Taylor expansions in the strength of interaction but we will learn
tricks to simplify the latter.

5.1 Perturbation theory for Green’s functions

As a first step, we split our action into a part quadratic in the fields, Sy, and the
rest, which we call interactions, Sjy.
S =85+ ASint, Sp quadratic in fields, Sg = Z W (go)
(]

-1

ij b

Our primiary goal in this section is to compute the Green’s function in perturbation

theory. - -

g _ <w & > _ f ‘@<¢7 ¢) 6_(SO+Sint)¢iwj
o RO [ D, 1) e~ (So+Simt)

Thus, we will first do a Taylor expansion in A (or, equivalently, in Sint) and we want
to use Wick’s theorem to evaluate terms like [ €110 (Sint)"

(129)

Here, we face the practical problem that a lots and lots of terms are generated
but it turns out that many of them either cancel with each other or give identical
contributions. I turns out that it is extremely useful to replace the formulas which
we obtain by “diagrams”, schematic picture, which represent formulas. We will
compute once how often each diagram contributes to obtain their combinatorial
prefactors.

Before we do this in full generality, let us do a simple example. We start with the
non-interacting problem Sy

_ o0yl oy J2@,9) (=va)e™
So = ZZ;% (9 )ij Vv = <¢zwy>0 = f@(ﬁa@b) e—So -\ )U

The application, we have in mind is that Sy describes, e.g., Fermions with single
band with dispersion €, which are interacting with Coulomb interactions

SO - Z 'l;n,];’o— (-(an - glg)) ¢n,E,o‘
n,o=1/}
kelB.Z

1 p _ _
Sw=r [ Pods V(@ -2) [ dr 3 a5 T 7T
0 o0

o b ) iqT
= Ev Z %¢E+qﬁ,a¢]§1_q"a/w;;’/ﬂ/@b];?a, Where, V;j' = /d’f’ V(f’)e q

kk.q
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To obtain some intuition, we first consider 1st order perturbation theory, linear in
Sint' _ _
S D) ety
f @(1/_)7 w) e~ (So+Sint)
V(2 -1

_ _ B o
~ —(Yath1)o + <¢2¢1 //0 d1'a’ ¢1'¢2/¢2/¢1'T>
0

G = — () =

V(2 -1

_ p o
- <¢2¢1>0 <//0 dl,d?l ¢1’¢2’¢2’¢1’ 9

> +0O(V?)
0
Here, we used a short-hand notation, where [dl’ = [dr{d¥ is an integral over
both time and space, and ¢y, = ¥(1{, #}) while V(2' — 1") = V (&, — &)).
Next, we will apply Wick’s theorem, Eq- (126))
(Wi gt - Bido = S EPATL ALl LA

) Jnlpn
peSn

for Sy = 1) Arp. For our example, this gives rise to 3!14-2!4+1! = 9 terms. To write these
terms, we use a graphical representation, based on Feynman diagrams (defined
more precisely later). We denote

— (o) = 2 —=<——1

-V(1-2)=1 2

Using this notation and Wick’s theorem, we find (up to signs which we will analyze
more carefully later) that

2 —e—1 2—<——1 9 1
v X
G20 = 2 1+ " + @ + +
1

2/
1, 1/
’ /A/iﬁ/‘/ 1 — 1
+ + — 2 1 +
1 2 9! 1 2
2 2
(130)

These are our first examples of Feynman diagrams. We observe two things: (i) a
lot of terms cancel, e.g., term 2 and 3 cancels with the last two terms. (ii) some of
the diagrams which have topologically the same shape corresponds (possibly after
renaming the integration variables 1’ and 2’ to the exactly the same term. For
example, the following three terms are identical

Our next goal is to identify the general principle behind these two observations.
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First, we analyze under what conditions diagrams cancel. Here, one obtains the
following important theorem

Linked cluster theorem:
All “disconnected diagrams” cancel in perturbation theory when

correlation functions (or free energy) is calculated

Here, ‘connected’ and ‘disconnected’ refers to the Feynman diagrams. Are they fully
connected (term 1,4,5,6,7 in Eq. (130)) or not (terms 2,3,8,9)7

Proof: We consider the expectation value (X(v)), and write (- - -)°™ for fully con-
nected diagrams. Using the Taylor expansion in S, we obtain

n

(X)) T S Sw)), Zow (k> (X () (St 6™ ((St) ")

n!

(2SS, ()
e XS () )

_1\k
=3 E @S

This shows, that the disconnected terms in the numerator cancel exactly the terms
from the Taylor expansion of the denominator.

As a next step, we have to work out combinatorial prefactors. For this, we
consider the diagrams to order n, which contain n interaction lines and n integrals

over time.
'r' ’F‘ f; (X X ) T”

According to Wick’s theorem, we have to consider all possible ways to connect the
ingoing and outgoing lines of the diagram. After we have found a valid connected
diagram, we can just exchange the integration varibles and internal labels 71, - - - | 7,.
Doing so, produces n! diagrams with the same value. This factor n! cancels the
factor 1/n! from the Taylor expansion of e~ut. Furthermore, we can exchange the
top and bottom of each diagram. This gives 2" equivalent diagrams. The factor 2"
is canceled by a factor (%)n form Sy = %ff S
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We conclude that topologically distinct diagrams carry a prefactor +1.

To obtain the correct sign, we observe that all fermionic lines either go from the
initial to the final point of the diagram or, alternatively, form closed loops. Let us
first look at what types of contractions form a closed look. We recall the structure
of our interaction

1 - 1 _ _
Sue = 3 / V(L= 20 = / V(1 = 2yt

where at each vertex (i.e., where an interaction line begins) has an incoming and an
outgoing fermionic line. A closed loop has always the shape

and therefore arises from a contraction of the type

1%11#‘1_@,;2%2_@/?3@@ ...... ZEann — (_1)¢ﬂ1¢£2 .. 'wﬂn

3
L1 [I—

Therefore each closed loop contributes a minus sign.

In contrast, consider a line which starts at the creation operator @b;-r and ends at 9
correspinding to the diagram

f )
Here the contractions have a different structure

ot e = (DDt oot

L

and do not carry a minus sign. We are now ready to collect all of our results in
a set of rules, the so-called Feynman rules, for drawing Feynman diagrams and for
translating the diagrams into formulas.
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Feynman rules for correlation functions

The setting

Feynman rules are used to compute correlation functions and other physical
quantities in perturbation theory in the strength of interactions. We use
the following setting: S = Sy 4+ Syt where the action is either written in
position/time or momentum/frequency space. «; are band indices.

B B \V&
_ d A
SO - ZT:/() dT/d m\yo(m77—)(aﬂ'+ om +,U+V($>)\I/g($,7'>
B _
= Z/ deT//ddCCddCC/ Uo(x,7) (—g5 (2, 752, 7)) U (2, 7')
oo’ V0

= S Uk (—liwn — (6 — 1) Pk aown
kel.BZ,0,a,wn

= Z \I/k:7a,0',wn (_(go);}l,a(iwn)) \I/k,a,mwn
kel.BZ,0,a,wn

S = %Z / P i V(@ — ') ()00 (2 ) U () U ()

T2V arar (4
kvklv%wnvwn’7Qm,0'0'/706i

X \I/k+q,oz4,0,wn+ﬂm \Ijkz’—q,ag 0w = \Ilk’ ,002,07 w1 \Ijk,al T, Wn

Above, we diagonalized the non-interacting problem in momentum space,
which is only possible if the potential is periodic, V(x) = V(x + R,) and
thus go ' (x + Ry, 72" + Ry, 7).

The following Feynman rules have been derived using (i) a Taylor expansion
in Sint, (i) Wick’s theorem which allows to express Gaussian integrals in
terms of Green functions, (iii) the linked cluster theorem to eliminate dis-
connected diagrams, (iv) an evaluation of combinatorial prefactors of topo-
logically equivalent diagrams & an analysis of sign occuring when reordering
Grassmann variables.
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The rules

For perturbation theory to order n, i.e., proportional to V" follow the fol-
lowing recipe:

)

2a)

2b)

consider all connected, topologically inequivalent diagrams with n inter-
action lines »"% and directed propagators — = . Propa-
gators begin/end at interaction lines and/or the creation/annihiliation
operators of the time-ordered imaginary time correlation functions
which is calculated. Spin is conserved at each vertex.

position/time space:

Associate to each vertex a point in space-time. Replace — »
by g0(2,1) = go(wam,z171) = —(¥o¥;) and each >4 by
—V(2,1) = =V(x9 — 21)d(m2 — 11) (note: sign due to e~ Jint])

momentum/frequency space:

Associate with each line the momentum k and a Matsubara frequency
wy, (fermionic for fermionic lines) and further quantum numbers (spin,
band index, ...), such that at each vertex the momenta and frequencies
sum to zero (momentum and energy conservation). Use arrows in the

interaction lines to denote the direction of momentum flow. Replace
q9Qn,

. WA
= Gkaol(iwp) = m and w= =V 0493(q)
where a1, a9 and as, a4 are band indices of incoming and outgoing
lines, respectively. For fermions w,, = %’T(n%— 3) are fermionic Matsub-
ara frequencies. Note that differences and sums of fermionic Matsub-

ara frequencies are bosonic Matsubara frequencies (e.g. €, in Siy).

k, o 0,0

Multiply for each Fermi loop (closed fermionic line without external
vertices) by (—1).

Integrate/sum over all internal variables
position/time space: foﬁ dr [ diz

dlk
(2m)d
spin sums: extra faktor 2 per Fermi-loop

momentum /frequency space: %an J

For bosons (e.g. atoms with even number of electrons+protons+neutrons)
the same rules apply: replace fermionic by bosonic Matsubara frequency
and there is no factor (—1) for bosonic loops (for phonons and photons most
often a different definition of the free Green’s function is used).

The diagrammatic rules for the free energy F' can for example be obtained
from a coupling constant integration(see lecture). Similar rules apply for
other situations. Note that for non-standard actions it is often useful to find
your own Feynman rules.
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As our first example, let us expand the Green’s function up to second order in
perturbation theory. We obtain two diagrams in linear order, n = 1, and ten
topologically different diagrams in second order, n = 2.

gI++i+ o + 7 7

g

where the double line stands for our approximation of the full Green’s function which
contains the interaction corrections. We can compare that to a blind application of
Wick’s theorem, which would have given 153 terms instead. In the next section, we
will discover that one actually has to compute only 4 terms of the 12 terms.

For now, we want to practice to translate the diagrams into formulas. We start with
one example in position space

1 %/—»2 = /dflldT{df/QdTé go(Z\7m, T1m) (=V (7, — 7))
9o(Ty75, 171 ) go(FoT2, TyTy)

Here is an other example in momentum space, where the application of the Feynman
rules gives

G+k—K Qp+w, —w, o

n’

Fermi Spin
loop sum

Note the extra minus sign and the extra factor 2 because the diagram contained a
loop.



Above, we have given Feynman rules for the case of electron-electron interactions.
But one can formulate and derive Feynman rules for all types of other problems
which have the structure S = Sy + Sine provided that Sy is quadratic in the relevant
fields. Below, we sketch a few examples.

o The scattering from a fixed potential is described by

. )
AS = /0 drde 3" U(E) By (7)1, (F)

7
—22 / (2m)3 Uq%%a(m”wg,g(w”)

Ve

Diagrammatically, this can, e.g., be drawn as ! . In a macroscopic

-

ko k+q
sample with disorder, a considerable simplification can be reached by averag-
ing either over the position of the defects or a Gaussian-distributed random

potential, which leads to another set of diagrammatic rules (not discussed
here).

e When electron-phonon interactions or the interaction of electrons with light is
considered, one has to treat actions of the type (written in momentum space)

B _
S = / S 0 Vi (V) (ag(7) + (7)) dr.
kq

where a; is the complex field representing the bosonic creation operator of a
phonon or photon. The function g; 7 barametrizes the strength and functional
form of the electron-phonon or electron-photon coupling. In this case, vertices

describing the emission and absorption of the bosons have the form L

.

Y , respectively, where the dashed line represents the Green’s function of
the boson and the vertex (=the point connecting the lines) gets the weight g; 7
depending on the momenta of the incoming fermionic line and the outgoing

(or ingoing) bosonic line. Typical diagrams then have, for example, the form

e Similarly, one can derive Feynman diagrams for field theories with either com-
plex or real fields (where the two cases have different combinatorial prefactors).
If an action is, for example, given by

B

_ 2 , X3 P4
s= [1(ver+ 5o+ Lo

a typical diagram may be draws as
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where the lines correspond to the propagator of the ® field, ﬁ, while triangle

and square are proportional to the coupling constants a and 5, A = o, 0 = .

1
We end this section with a note on how to calculate the free energy F' = 3 In(Z).

Here, apparently only closed loops contribute

but the weight of each diagram is not 1 anymore, as we now have to do the Taylor
expansion of the logarithm.

To derive the correct prefactors of each diagram, one can use the following trick.
We start from

o BFO) _ / ¢~ (5HASm).

where we have added a factor A in front of Siy;. Our goal is to determine F'(A = 1).
For this, we consider

oF 0 1 11 1
_— — —_—— = —_—— . _(SOJ'_)\Sint) = — .
8)\ 8/\ < B 1H(Z)) /6 7 /Smte 6<Smt>

1
1
— FA=1)=F, +/ d\ —(Sint)
o P
Now, we can use our previously derived Feynmal rules to calculate (Sjy). A term
of order A" in perturbation theory for S, which contains n + 1 interaction lines,
1
n+1

i
then simply gets the prefactor / dA X" =
0

5.2 Self energy and Hartree-Fock approximation

Motivation: We have derived the Feynman rules for perturbation theory based on
a Taylor expansion in the interactions, Si;. We will discuss below why this brute-
force Taylor expansion is almost never a good idea. In most cases, we will have to
resum perturbation theory, effectively including an infinite number of diagrams. An
important example of this approach will be discussed in the following.
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Let us start by taking a closer look at the formulas derived in the previous section.
For example, consider one of the terms arising in linear-order perturbation theory.

- == u))2 -2 vig=o | (C;S D ey

Wl n
loop+ n ,
double pole! spin sum ~~
unphysical V(0)-n

We find that this term in the perturbative expansion is characterized by a double
pole at iw, = €;— u. This double pole is completely unphysical and things get worse
when higher order of perturbation theory are considered.

To understand what is going on here, let us look at a simpler example, the term

1
r—a

Here, a simply shifts the position of the pole from z = 0 to x = a. If we perform a
Taylor-expansion in a to finite order, something bad is happening

1 1 a a2
r—a x 12 =z

Singular at =0

We obtain apparent singularities at x = 0 which get worse and worse when we
consider higher orders of perturbation theory. The exact expression, however, does
not have any singularity at x = 0.

We are facing precisely the same problem for our Green’s function. To solve the
problem, we need a technique to reorganize the terms in the perturbation theory in
a way which allows for the shift of poles. When we look at the perturbative expansion
of the Green’s function, we realize that there is a simple recurring pattern. We can

write
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where the symbol = is defined by the diagrams

?+&+%+§+®+%
i@

Let us make this idea more precise. We define an object called self-energy.

Definition: Self energy ¥z(iw,) =

= Sum of all “one-particle irreducible diagrams”
= diagrams which do not decompose into 2 parts if one

fermionic line —»— is cut

With this definition, we can write the exact Green’s function as

—— =+
—++

The second line is a elegant way to rewrite the infinite sum as a finite sum. The
reader is encourages to check that the first line can be recovered from the second
line by iteratively inserting the definition for the exact Green’s function again and
again. This is the famous Dyson equation which in formulas reads

Gr(iw > g (ieon) + g(iwn) S (itwn) G iton)
= Gyliwn) = [1 - g

where the second equation follows from the first one by solving for the exact Green’s
function Gg(iw,).

zwn)ZE(lwn)} - g%(@'wn)

In a general multi-band system the Green’s function and the self-energy is a matrix
(in the band-index-space or in spin-space) and one has to perform a matrix inversion
to compute the Green’s function. However, if we consider only a single band (or a
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self-energy which is a diagonal matrix), we can write directly

G i) = ! - !

9(iwn) " = Dpliw,)  iwn — & — Tg(iwn)

This is the version which we will use most often.
One can also use diagrams to write the same formula

— 1
I: =

1— (—»—)_1—

Up to now, all formulas including were exact, provided that the exact self-energy
was used and provided that all sums properly converge. But the exact self-energy is
unknown. The basic idea is now, that instead of using perturbation theory to com-
pute G, we use instead perturbation theory to compute the self-energy ¥. Plugging
the approximate > into the Dyson equation the amounts to an infinite resummation
of perturbation theory. Importantly, we thereby avoid the divergencies discussed at
the beginning of this section and we are able to describe situations where interaction
correction shift the location of poles.

We will start, by computing the self-energy to linear order in perturbation theory,
n=1.

K iw], S
k—FK
EE(iwn) = +
7=0 ki,
Hont Fock
spin (131)
K 1 I - -
- =3 gglicen) (~V(O(-1)(2) = V(E - &)
/(QW)?’ 5% : o
o

~ [ s nelez = (2v0) - V(- )

Here we used our previously derived result that %zw, gz (iwn) = np(eg — p). The
two diagrams carry the names Hartree and Fock diagram. Both are independent of
frequency w, which implies that we can interpret them as a change of the dispersion

EE%EEZEE—G—ZE.

The Hartree term describes that a single particle sees an effective potential from all
the other particles, Veg(7) = [ &7 V(7 — 7)n(r"), where n() is the local density of
particles. In the simple example considered above (translationally invariant system
with a single band), n(7) =2 [ (d;Tk); np(ep — p) is a constant independent of space.
Therefore also the effective potential is a constant in this case, which can be absorbed
in a shift of a chemical potential. But in a more complicated setting (many bands
or no translational symmetry), the Hartree correction becomes important.
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The Fock term encodes a quantum correction to the Hartree term, which takes the
Pauli principle into account. To see this (and as a consistency check), let us consider
fermions without spin (implying that we have to replace the factor 2 in the Hartree
term by 1) and purely local interactions V(7) = Ud(r) (or V(r; — 7;) = gd;; on a
lattice). According to the Pauli-principle, two spinless Fermions are never at the
same position. Therefore, a purely local interaction has exactly no effect. Indeed,
for local interaction the Fourier transformation of the interaction potential is just a
constant, V (k) = V(0) = const . From this we obtain that V(0) — V(k — &) = 0.
Hartree and Fock terms cancel exactly and the self-energy is zero as required by
Pauli’s principle for this specific model.

When looking at the Hartree-Fock equations and their interpretation, we realize a
problem. The occupation of electrons is in Eq. (131) computed from np(e; — ),
where € is the dispersion of the non-interacting system. We do have, however, a
better approximation for the dispersion in the interaction system, Ky = € + EIE{F.
How can we improve our formulas, taking the ‘corrected’ dispersion into account?
This can be achieved by replacing the non-interacting ‘bare’ Green’s function in
the formula for the self-energy by the interaction-corrected ‘full’ Green’s function.
If we do that within the Hartree-Fock scheme, we arrive at the self consistent
Hartree-Fock approximation. Diagrammatically, this is written as

Using the full Green’s function to compute the self-energy is equivalent to the re-
summation of infinitely many diagrams as shown in the last line, which is obtained
by recursively using the definition of the full Green’s function.

In formulas, the self-consistency equation can be written as

Se(iwn) = B —ez = [ G nelBe— ) (2VO) - VE-B)  (132)

Here, £} shows up twice on the left and right-hand side of the equation and it has
to be calculated self-consistently. In practice this means that one starts with a
guess of E}, computes the right-hand side with this guess and then one updates the
value of Er. This is repeated until convergence is reached.

The self-consistent Hartree Fock approximation is an effective single-particle ap-
proximation, which means that it just leads to a modified band-structure but is
not able to describe effects like the inelastic scattering of electrons (to be discussed
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later). Like most ‘simple’ approximations it can be derived in many different ways.
One useful way is to view it as an approximation of the interaction term. Here,
one replaces the exact Hamiltonian by the Hartree-Fock Hamiltonian Hypr which is
quadratic in the creation and annihilation operators

W=t 5 3 [ e Vi o b @l (o )

~ e = Mo+ 3 [ dods! V(o = )} () 1,0

J/

TV
Hartree

= [ e Vi b s

o0’
N v

-
Fock = exchange interaction

where (- - )y is calculated self-consistently using Hyp. Thus, we can write

Hur = Ho + /dwd:p’ Tbjf(m) (? +S;§) Yo (2)

One can show (we are not doing this here) that the ground state of Hyp can also be
obtained by a variational approach where one uses ground-states of non-interacting
Hamiltonians (slater determinants) as an ansatz for the wave function

|1y Enon-interacting ground states

In this sense, the Hartree-Fock approximation is the ‘best possible’ effective single-
particle approximation as it comes closest to the true groundstate mingy ) (| H|¢) <
EHF‘

Outlook: While the Hartee-Fock equations are very simple to be solved in the single-
band model used above, they are numerically highly demanding for a continuum
system with 1/ Coulomb interactions and an external potential (like a solid, where
the external potential of electrons comes from the ions). This is mainly due to the
non-local nature of the Fock term, which makes the self-consistency equation to
converge only very slowly. Therefore, one uses in such cases often simpler effective
single-particle approximations, e.g., the local density approximation (LDA), which
may be covered in the solid-state theory course, but not in this lecture.

A remarkable feature of the self-consistent Hartree-Fock equation is that — due to
the infinite resummation of diagrams — it is able to describe spontaneous symmetry
breaking. For example, for sufficiently strong interactions a magnetic solution can
be obtained where gz (iw,) # gz (iw,). We will discuss this in more detail within
the QFT II lecture.

5.3 Retarded Green’s functions and Lehmann rep-
resetation

Motivation: Using Matsubara frequencies and imaginary times is useful for doing
calculations, but real experiments happen at real times with real frequencies. While
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we postpone a complete discussion on how to compute experimental observables to
a later chapter, we will find here a simple (but generally applicable) way to relate
the computed quantities to measurable ones. This will also be important to find a
physical interpretation of objects like the self-energy.

As a start, we go back to the definition of the time-ordered imaginary-time Green’s
function. Here, we pretend that we know the exact eigenstates |n) and eigenenergies
E,, of the fully interacting system, ’}-l|n) = FE,|n) with H = H — pN. Using those,
we obtain

Gap(r) = —(TA()B(0))  eg A=ap,B=ad.

1 ~ ~
= ——Tr (e*(B*T)HAle*THB>
TiO Z

1
== > e B n| Ajm)e " (m| Bln)

Next, we perform a Fourier transformation using either fermionic or bosonic Mat-
subara frequencies. Here we use

¥ (wn-B) 1 (n-n5)r|
d Wn — T — Wn — T
/0 e tw, — AFE ‘ 0
1 —AEB 7
- 1
w, — AFE (56 )
where, as always, £ = —1 in the fermionic case. Thus, we obtain the so-called

Lehmann representation of the correlation function

= 32 g (7 &) (nlAm) m Bl

Now, we have to compare this to an object which is experimentally measurable. We
will discuss in Sec. 6 the following problem. Consider a Hamiltonian of the form
H = Hy + A\(t)B with some operator B. In this case, we will show that in the limit
of small A(t) the change of (A) is linear in A

(A1) — (A(E)) 2o = / GE. (1 — )A(F)dt.

Here, G%5(t) is the retarded Green’s function. They are defined — for real times
— for either bosonic or fermionic operators by

7 i ([A(t), B(0)]) bosonic
QAB(t)——g@(t){ ({A(t), B(0)}) fermionic

J

with A(t) = e/h Ae="/h 31 = 3 — N using the standard real-time Heisenberg
picture (whether or not to include —uA in the time-evolution operator is a question
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of definition here). We call the correlation function retarded because of the theta-
function #(t), which guarantees that the operator A is evaluated always after the
operator B. Here, we call an operator fermionic (bosonic) if it includes an odd
(even) number of fermionic operators. Warning: Note that we often set A = 1 in
this script and thus factors of A are omitted in the following.

An example of a bosonic operator in an electronic system is the electric current
and we will see in Sec. 6 that the electric conductivity can be obtained from the
retarded correlation function. Similarly, a neutron-scattering experiment measures,
for example, retarded spin correlation functions.

Now, we use the same trick as above to write the retarded Green’s function in terms
of the exact many-body eigenstates of the Hamiltonian

1 - e - -
Ghp(t) = —i0(t) 5 Tre ™ (e“HAle*”“B . 5316”’”,4@*””)
1

—iO1) L Y e M) o Al ol Bl
g e PPt (] Bl ] Al
s
= i6(0)5 3 e A (| ) (¢ — g0

Next, we apply a Fourier transformation (using standard, real-valued frequencies)
and obtain the Lehmann representation of a retarded correlation function

Gn(w) = / " g erGR (1)

— 00

1 1
= 22 ST B ()

where, importantly, the factor ie is needed to obtain the correct §(t) function on the
time axis. This can be seen most easily by considering

> 1 ot dw ;
—wt T (¢ —iEt
/_Oow—E—i—’iee 2m (t)e

This is evaluated by contour integration. For ¢ > 0 (¢ < 0) one can close the
contour on the lower (upper) half-plane, where e=** oc e7/1Im2)t — ¢=Im2)t _ ) for
Im 2z — Foo. Then, one uses the residue theorem. As for ¢ > 0 the pole is in the
lower half plane at z = Ey — i€, only t > 0 contributes.

Comparing the two expressions for the retarded correlation function G¥5(w) and the
time-ordered imaginary-time correlation function G5 (iw,), we see that the formulas
are identical upon replacing w, — w + €.

lir% Gap(iw, — w +ie) = GR5(w) (133)
€E—>
e>0
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Thus, retarded Green’s function are obtained by a simple analytic continuation
iw, — w + te. This program works for both fermionic and bosonic correlation
functions.

A very useful concept is to define Gap(z), z € C in the full complez plane by
replacing iw,, — z. Then, we obtain a function which is analytic both in the upper
and lower complex plane where poles or a branch cut (if the E,, are dense) on the
real axis only.

Above, we discussed general properties of correlation functions. Now, we will focus
on Green’s functions, choosing, for example, B = a}% and A = ag

The spectral function is defined as the imaginary part of the retarded correlation
function times a factor —2. In the case of fermions, the Lehmann representation is
given by

Ap(w) = —2Im(Gf (w))
1
Tz

Im (wiw):—imi(w

o > [mlalin)? (7% + e7PP*) 6(w — (Em — En))

n,m
)

Outlook: We will show later that angular-resolved photoemission experiment
measure the product of Fermi function and spectral function, np(w)Az(w). Further-
more, one can use scanning tunneling microscopy to measure » r Az(w).

By definition, the spectral function is always positive, Az(w) > 0 for all ]g, w. Fur-
thermore, the integral over frequencies is normalized to 1

/:%%M=£wﬂﬂ=mww:1

Thus, we can interpret Ap(w) as a probabity. It is roughly the probability that a

single-particle excitation with momentum k has the energy w. This can be seen
most easily for T = 0 In this case e #%» projects onto the ground-state |0) of the
interacting system with energy Ey < E,,. We obtain in this case

d>on |(n|a%|0>|2 210 (w — (E, — Ey)) w >0 create particles
Ag(w)lr=0 =
>, nlaz]0)[? 276 (w + (E, — Ey)) w < 0 create holes

Here for w > 0, \<n|a2|0>|2 is the probability that the state aTE|0> is an eigenstate
with an energy w = F,, — E, above the ground-state.

In the absence of interactions, the (time-ordered imaginary-time) Green’s function
is 1 and thus the spectral function is simply given by

iwn_(ag_ﬂ)

Ag(w) = 2m(w — (e - )
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This describes that an excitations with momentum & has a fixed energy ;. Later,
we will explore how this changes when interactions are taken into account.

We close this section by discussing some useful properties of spectral functions in
the complex plane. As can be seen directly from the Lehmann representation, we
can use the spectral function to compute the Green’s function in the full complex
plane

)= [ 2 Apw) (134)

00 2T 2 —W

where, as discussed above, the retarded Green’s function is given by gg(w) = gp(w+
i€). Sometimes, it is also useful to define the ‘advanced’ Green’s function g?
9w — te).

The Green’s function is (as mentioned above) analytic both in the upper and lower
complex plane but has a branch cut on the real axis, as sketched in the figure.

(w) =

A

ANALYTIC

BRANCH CUT

&

ANALYTIC

As Ap(w) is real, we have
gr(w — t€) = gp(w + i€)”

and thus the imaginary part of g;(2) jumps when one crosses the branch cut,
Im glf(w + ie) = —Im gz (w — ie) and gp(w + ie) — gp(w — i) = —iAg(w).

A useful relation is

. _ Yy € —PV(l>—z’7r(5(w)
w

w+ie  w?4 €2 w? + €2

where PV stands for ‘principle value’ and serves as a reminder that for the purpose of
integration one should replace 1/w by 27, taking the limit € — 0 after integration.
With this notation, one can compute the real part of the Green’s function from its
imaginary part and vice versa

dw' Tm gZ(w')
Regg“(w) :/ — k7
P

v T Ww—-w

' Re gB(w'
k /
py T w —w
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This is an example of a Kramers-Kronig relation, which also applies to other
retarded correlation functions like dielectric functions, magnetic susceptibilities, op-
tical conductivities discussed in Sec. 6. Such relations are frequently used, e.g., in
experiments to construct complex functions when only real- or imaginary parts have
been measured.

QOutlook: In this section, we have seen that we can use analytic continuation iw, —
w 1€ to obtain experimentally measurable frequency-dependent quantities from our
imaginary-time formalism. In the chapter on linear-response theory, chapter 6, we
will develop a more general theory of this effect.

While it is simple to do the analytic continuation in analytic calculations, it is a
major problem is settings where G(iw,) is computed numerically. In this case, one
knows this function only for a finite number of frequencies w,,, often with a numerical
error. Even if the numerical error is small and the numbers of frequencies is large,
there is not a unique analytical continuation. One possible strategy of how to address
the problem is called ‘maximum entropy’ and is based on the idea that one searches
for the smoothest spectral function on the real axis which is consistent with the
numerically obtained result of the Green’s function at imaginary Matsubara, G(iw,,).
The two quantities are related by Eq. (134).

5.4 Quasi particles

Motivation: In the previous section, we have shown that the spectral function Az(w)
gives the probability that a fermionic excitation with momentum k has the frequency
w. Our next goal is to understand how interactions affect this quantity. We will start
with some general considerations on how the self-energy affects the spectral function
but ultimately we want to discuss one of the most powerful concepts in physics: the
concept of a quasi-particle, an effective excitation arising in an interacting system.

For a single-band model the Green’s function in the presence of interaction is given
by

1

G () = W+ ie — (sk — E?(w))

with X (w) = 3g(w + ie)

and therefore the spectral function is given by
R
Im ¥ (w)

(w — <€k — i+ Re Eg(w)>)2 + (Im Ek@(u)))2

Ap(w) = —2Im g]-f”(w) = -2

An extra e is not needed as the self-energy will generically have its own imaginary
part.
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Our goal is to find and discuss possible sharp peaks Az(w) in the spectral function
as function of w. Such a peak indicates that an excitation with momentum k has a
more-or-less well defined energy at the position Er of the peak. If a well-defined peak
exist, we call E} the quasi-particle energy. To obtain a peak, the denominator
of the spectral function has to be small. This happens under two conditions, first
Im Eklf(w) has to be small (this will be discussed below) and the first term in the
denominator has to vanish.

Ep— (e —p+ReXz(Ep) =0 (135)

To get more information on the peak, we Taylor-expand the Green’s function around
w= FE>
k

GR(w) ~ 1 _ %
k alw—Ep)+if  w—E;+ily
o

Al(w) = —2ImG (w) ~ Z; (136)

(w— B+ 12

with the quasi-particle weight

and the quasi-particle scattering rate

I = —ZgIm Xp(Ep)

The three quantities, Ej, Z;, 'y, describe the quasi-particle peak in the spectral
function. FEj} is the position of the peak, I'; is its width, and Z; it its weight,
defined by taking the integral close to the peak only, Z; ~ fpeak g—ﬁAE(w). The height

of the peak is thereby 2Z;/T';. The scattering rate determines how fast the Green
function decays in time, Gz(t) ~ Zge Frte it

Below, we will show that I';; becomes very small at low temperatures and close to the
Fermi energy. Thus the peak becomes very sharp because there exist an excitation
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with a long lifetime. These excitations, the quasi particles, are best suited describe
the interacting many-particle systems. they are the relevant low-energy excitation
arising from the interplay of the band-structure and the interactions.

The quasi-particle velocity, vz = %, is computed by taking the derivative of
Eq. (135).
ok 0 0 0 OF;
[ E L CRes (B + —Res(w)| Sk =0
Ok Ok Ok 0w v, Ok

which is solved to give

- oF: de 0

UE = —_,k = ZE (—_, + —_,Re EE(EE))
ok ok Ok

It is customary to discuss the velocity in terms of the effective mass m™* of quasi

particles, obtained from the bare electron mass m and the ratio of the quasi-particle

velocity and the bare velocity 0} = g—%

ol _ 1 | 7]

~ =M N p)

|Ug] Zg Uy + gz Re Xg(Ep)|

mt=m

where k is evaluated at the Fermi surface.

Outlook: The effective mass of quasi-particle can be vastly different from the effective
mass of bare electrons. The most extreme case are called heavy-fermion systems like,
for example, CeCug, where the quasi-particle weight is tiny, Z; ~ 1072, due to strong
interaction effects and thus % ~ 1000 which implies that quasi particles are 1000 x
slower and that quantities like the specific heat are 1000 fold enhanced (at low T')
compared to the specific heat of ordinary metals.

A useful way to think about the quasi-particle weight is to view it as measuring the
square of a quasi-particle wave function and the wave function of an electron in the
absence of interactions. Equivalently, one can expand the operators formally in the
following way,

T ~ - T k oo . T
ap = A o + E Alzla,lZza/,lZga/cﬁlgck‘gg/Ck30’5k1+k2—k3—k +
T

) 0 .
creates creates quasi
electron quasi particle hole

One way to measure the quasi-particle weight is to consider the occupation function
of electrons in a metal at "= 0

ng = (afag) = %Zgg(iwn) == j{ % nr(z)gg(2)

Wn

:/_md—wnF(z)A,;(w) = /0 o Azp(w)

oo 2T 10 _Oog

As we will show below, the quasi-particle scattering rate vanishes, I'; = 0, at the
Fermi momentum k = kg, where Ep. =0. This implies that the spectral function
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obtains an infinitesimally sharp peak, Az(w) ~ Zy27d(w — Ej) which changes from
negative to positive energies when the Fermi surface is crossed. This leads to a jump
in ng with the amplitude Zj = as shown in the figure.

ntl\

ik

Zp = jump of nj at k=kp

Outlook: The theory of interacting quasi-particles goes under the name Fermi lig-
uid theory (or Landau’s Fermi liquid theory, after Lev Landau) but is not covered
in this course. Its starting point is to first ignore the scattering of quasi particles,
I'; & 0. In this limit, the density of quasi-particle excitations at fixed momentum
k is conserved, [HQp,ﬁEJ] = 0 and one can write down an effective quasi-particle
Hamiltonian /
Haop ~ Z Elgﬁg,g + Z f]—j»’]g, ﬁg’oﬁg,’g, + -
Fo=t. B
0,0

where the first term is given by the quasi-particle energy identified above, while
the other terms encode interaction effects. Fermi liquid theory (which in its full
form also contains an equation describing the scattering of quasi particles) allows to
calculate exactly some of the low-temperature properties of metals based on a small
number of fitting parameters.

All of the discussion given above relies on the assumption that the scattering rate
of quasi particles is small. Therefore, we will now calculate this central quantity.
As the calculation is so important, we will do it twice: first, we will use a set of
qualitative arguments and then (in a more sketchy second part) show how this can
be seen by calculating the relevant Feynman diagrams.

For the qualitative argument, we consider an initial state at where a single quasi
particle with E; > 0 (zero corresponds to the Fermi energy in our notations) starts
to interact with the quasi-particles with energies £ < 0 forming the Fermi sea of
occupied states in the ground state at 7' = 0. Next, we consider a single scattering
process, see figure, where the quasi-particle loses energy, £y — FE; and another
particle gains energy, Fy — Eb.

¢ \G: E; B}
E

\
FERMI
SURFACE FE; Es
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From our initial conditions, we obtain Fs < 0 and the Pauli principle enforces
that 0 < E] < Ejand 0 < E). Combining this with energy conservation, F, =
Ei{ + E}, — Ey, we obtain 0 > Ey > E] — E;. Now, we count how many energies are

available for scattering
E1 0 1
/ dE;/ dB, = ~F3.
0 —(E1—Ey) 2

The phase-space for scattering is reduced proportional to EZ, when E; gets closer
to the Fermi energy 0. This strongly suggest that the scattering rate is proportional
to E?

I'> x

k

E% for T < Ep < eF
(137)

e for B < T < ep

In the second line, we guessed the result for finite temperatures. T has the effect to
smear out the sharp Fermi surface, creating extra excitations with a typical energy
of Bz ~ T (we use units where kg = h = 1). Thus, one can expect that one can
replace the relevant energies by 7'.

Two effects have not been taken into account above. First, while energy conservation
was essential for our argument, we ignored momentum conservation. In d > 1
momentum conservation is easily fulfilled and - as it turns out - does not lead to
any qualitative changes of the result. Furthermore, we only considered scattering of
two particles. What happens if n > 2 particles are involved? In this case, the phase
space is proportional to Ei"~? and thus one can neglect this effect for sufficiently
small F; or temperatures. In conclusion, our qualitative argument strongly suggests
that the scattering rate becomes very small close to the Fermi surface and for low

T.

Next, we want to check this result using diagrams. We have to compute the imagi-
nary part of the self-energy

Im ¥z (w) = Im + {:N;;B.—F‘i%:’ + @ +0(V?)

no contribution

As Hartree and Fock diagrams do not have any imaginary parts, we focus on two
diagrams arising in second-order perturbation theory

L ky+k —k
[ o + 1
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Using the Feynman rules, these pictures translate into the following formula

d3k:1 d3k2 . . .
ZQ 5 Z Z om)3 9%, (M1)9k (W2)9k+k 7 (ZQ + iwy — iwy)

w1

L L N
- (wk ~EDV(E — Fy) 2 (V(k =) )
(138)
We first focus on the frequency summations and observe that the sums have the
following structure

A(IQ) = Zgl iw ) X 23 (162 — dwy)

w1

B

X23(iwg) = ﬁ Zgg iws)gs(iwp + iws)

two

where iwpg is the difference of two fermionic Matsubara frequencies and therefore a
bosonic Matsubara frequency.

M

1

)

Figure 10: Pole structure for above equations. Red: branch cuts, thin blue lines:
final contour which runs directly above and below the two branch cuts.

Let us first focus on A(i€2), where we use the our standard trick to write the sum
as a contour integral. Now, we have to observe that g;(z) has poles or a branch cut
on the real axis (lower red line in the figure), Imz = 0. In contrast, x23(i2 — 2)
has branch cuts or poles at Im z = i) (upper red line). But as shown in the figure,
we can deform the contour in such a way, that it runs directly above and below
the two branch cuts. One pair of paths can be parametrized by z = +w =+ i€,
the other one by z = €2 + w £ 7¢, where w runs from —oo to co. Using that
g1(w +i€) — g1 (w — i€) = 2ilm gf¥(w + i€) and the anlog equation for y»3, we obtain

A(i) = — 7( 2 nr(2)or ()i~ 2)

dw’ ’ oy . ’
=— 771}7‘(&) )m [g1 (w' + i€)]xa3 (12 — W)
Next, we observe that ng(w’ + i) = L = —— = —npw) as Q =

AR T P
2 1 . . . / . o
Z (n+ 1) is a fermionic Matsubara frequency. Furthermore, Im y(—w' — ie) =
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—Im x(—w’" +ie). The two minus signs cancel and thus we find that

A(iQ) = — / d%)/nF(w’)Im (g1 (W' + i€)]x23(iQ2 — ')
+ np(w)gr(w + i) Im [xo3 (—w' +10)]

Next, we perform the analytic continuation €2 — € + ée. It is important, that we
do this step only after we are done with shifting contours.

AQ+ie) = — / d%dnp(w’)lm [g1 (W' + i€)]x23(Q — W' + i€)

+ng(w)g (W + Q + ie)Im [x23 (—w' +40)]

Finally, we shift the integration variable in the second term w’ — w’ — €2 and take
the imaginary part of the the full expression to arrive at

Im A(241i0) = — / d% (np(w) +nplw — Q) Im g (w+ie)lm xo3(Q—w'+ie) (139)

From our previous argument, we expect that the imaginary part of the self-energy
vanishes for 7" = 0 and 2 = 0. This, we can already see at this stage of the
calculation, as for ' — 0, we find that ng(w) + np(w) ~ 0 as np(w < 0) — —1 for
T — 0. Using exactly the same strategy, we can also show that

dw’
Im xo3(wp +ic) = — / — (np(W) — np(w +wp)) Im go(w' +i€)Im g3(w’ +wp + i€)
(140)
This quantity vanishes for wg — 0.
Finally, we use that Im g,(w + i€) = —7md(w — €,) (we use a notation, where the

chemical potential is included in the definition of the energy). Combining Egs.
(139) and (140), we see that Im A(€Q + 40) is therefore proportional to a product of
three d-functions. With two of them, we do the integrations over w and w’. Now, we
combine everything to compute the imaginary part of the self-energy, 0% (w + ie)
using Eq, (138). Evaluating the self energy at w = €z, which is the energy of the
particle, which we want to study, we obtain

dSkl d3k'2 d3k3 - - g -
Im 6% (e) = —/ 20 (@nF (@) 5 (k + Ky — (k1 + k3)) 0(eg +eg, — (o5, Teg,))

(2 (vE-R) - vE- BV - R)-

zlp(é‘%) (1 — nF(gﬁl)) (l — nF(eEEB))I—I—ZlF(éEl)nF(éES) (1 — nF(€,;2))

J/

— —
first term second term

(141)
To write the equation above in a form which is easy to interpret, the following
identity has been used

np(e1 — €2) (np(e2) —nr(e1)) = nr(e1) (1 — nr(e)),

which simply follows from the formulas for the Bose- and Fermi functions.
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We can now try to find an interpretation of the equation given above. First, consider
the two ¢ functions only, which ensure that momentum and energy are conserved.
Initially, our particle has momentum & and energy €; and it scatters from a particle

with momentum k, and energy € . They scatter into states with momenta ki and

k3 in such a way that the sum of initial energies and momenta equals the sum of
final-state energies and momenta.

The first term in the last line of Eq. (141) simply describes that for the scattering
process to happen, it is necessary that the initial state ks is occupied and — due to
Pauli principle — the two final states have to be empty, see sketch below. The second
term can be interpreted as the scattering of hole-excitations. A hole is a missing
electron and thus has occupation 1 — ng(e) rather than ng(e). Similarly, the term
describing the Pauli-blocking of holes in the final state is np(¢’) =1 — (1 — ng(€)).

first term: scattering of electrons second term: scattering of holes
K

k
ka

ky

Finally, one has to perform the momentum integrations in Eq. (141), either numeri-
cally or analytically, which is non-trivial and requires some extra work. The results
depends in the spatial dimension of the system. For example, for €;; < T" one obtains

d=3: Tp~—ImYp(ep) xT° ez < T
d=2: Tz~ —ImY(e;) < T?In (%) e LT
d=1: FE ~ —ImEE(EE) x T

In two and three dimensions, the scattering rate I'; at low temperatures is much
smaller than the typical energy of thermal excitations, given by T', I'y < 1. Thus,
one can approximate the system as weakly interacting quasi particles. Thus, one can
use Fermi liquid theory. This is, however, not valid in d = 1, where the scattering
is not weak!

Outlook: Both our qualitative argument and the direct perturbative calculations
show that the scattering of electrons (or, more precisely, of electronic quasi particles)
is strongly suppressed at low temperatures and low frequencies. Here temperature
and frequency have to be compared to the Fermi energy, which is most metals is
several 10.000 Kelvin. This suppression of scattering is the main reason why Fermi
liquid theory is valid and why we can understand the properties of metals using
weakly interacting quasi-particles. The situation is different in d = 1, where the
picture of weakly interacting Fermions breaks down. A calculation of the real part
of the self energy in d = 1 reveals logarithmic divergencies at 7" = 0 which indicate
that perturbation theory is not valid. Luckily, in this case it turns out that charge-
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and spin-density wave excitations are weakly interacting, which is the basis of the
Luttinger-liquid theory describing 1D metals (unfortunately, not covered in this
course).

5.5 Convergence of Perturbation Theory

Perturbation theory is ultimately based on a Taylor expansion. In our case, we
consider actions of the form

S =8y + NS, where Sy = —g; '

and calculate some observable in a Taylor expansion in the strength of interaction
A. Thus, the obvious question arises whether the Taylor series is converging or not
and what that implies for our results.

Let us recall some results on the convergence of a Taylor series > ¢,2". This series
converges (absolutely) for |z| < r, where r is the so-called convergence radius. For
|z| > r, in contrast, the Taylor series does not converge. For example, the series

o.] . 1
Eozaznzl—az

converges for |z| > 1/a but diverges for |z| > 1/a.

Thus, we can ask the question about the convergence radius of a Taylor expansion
in the strength of interaction. We will show below that for most physically relevant
problems, like interacting many-particle systems in the thermodynamic limit, the
radius of convergence is zero.

As an example, consider the integral

1 oo
Ig) =W = — / dz e 9", (142)

The integral is obviously divergent for all g < 0. This implies immediately that the
convergence radius of the Taylor series has to be zero.

We can use this type of argument to analyze other problems. Consider a problem
with Coulomb interactions of the form Ti—i,' Assume that this problem has a fi-
nite convergence radius, when we do perturbation theory in e. Now consider the
replacement e — ie, which is an allowed coupling constant within the convergence
radius. Here, we are replacing electron-electron repulsion by electron-electron at-
traction! When we do something as drastic, it is very plausible that the solid is not
stable anymore (within quantum electrodynamics, QED, even the vacuum would be
unstable because of the proliferation of electron-positron pairs). Thus, something
non-analytic is happening, in contradiction to our assumption of a finite convergence
radius. Similar arguments can be made also for local interactions in the Hubbard
model where one obtains superconductivity for negative U. Thus, we conclude that
naive perturbation theory converges almost never in the models of interest

to us.
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Figure 11: Absolute value of the difference of the exact value of I(g) and its per-
turbative value at ¢ = 0.04 computed in nth order perturbation theory. As the
perturbation theory is not converging, the error grows for large orders of n.

What does this imply? First, one has to note that the asymptotic expansion arising
from non-converging sums can sometimes be very useful. Let us consider the per-
turbation theory for f(g) which can be computed to high order using programs like
Mathematica

9943

3
flg) ~ jf —3¢° + =~ —3069" +

50139¢°

69533397¢g"
-z +
10

— 102096¢° + 53

O(g")

The coefficients of the perturbation theory grow exponentially, the prefactor of the
g% term is approximately 3 - 10%%. Nevertheless, if g is very small, one can still use
low orders of perturbation theory. This is show in Fig. 11. For g = 0.04 one can
compute I(g) with an error of 107* when one uses 6th order perturbation theory.
Typically for a non-converging, asymptotic series, the error does, however, increase
when one considers higher orders of perturbation theory! The situation which we
encounter here arises, for example, when in high-energy physics the cross-section of
electron-electron scattering in is computed within quantum electrodynamics (Q2ED).

In this case the effective coupling constant, the fine-structure constant, o = Tnehe ™
m is very small and thus low-order perturbation theory can be useful in this

case. Calculation of quantities like the g-factor of the electron are consistent with
experiment on a level of 10® and corrections are routinely calculated up to order a?.
Higher order terms are difficult to compute both due to a large number of terms and
badly converging integrations. If one were able to evaluate perturbation theory to
very high order, the results would, however, get worse as perturbation theory is not
converging. In most solid-state problems, one faces a more difficult situation: there
is not small parameter and kinetic energies and interaction terms are of similar size
and bare perturbation theory is often not only quantitatively but also qualitatively
wrong.

One can, however, improve convergence massively using resummation methods.
For example, Borel summation is a methods from mathematics which allows to
make sense of non-convering perturbative expansions of the sort h(g) = Y, arg”.
Here, one considers instead H(t) = Y, 9%t* which may have much better conver-
gence properties. If H(t) is converging, using [~ (gt)"e~'dt = g"n!, one can then
compute h(g) from h(g) = [;° H(gt)e dt.
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Figure 12: Comparison of resummed perturbation theory for f(g) with the exact
result (dashed line) as function of g. Already for n = 1, equivalent to self-consistent
Hartree-Fock, one obtains a very good approximation for all values of g. The result
for n = 2 has an error of less than 0.2%. In contrast, bare perturbation theory
cannot be used for g 2 0.1.

In physics, typically different resummation methods are used. One powerful method
is to readjust the expansion point. In the example (142), we can rewrite the exponent
of I(g) as

22+ grt = ax® + (1 — a) 2% + ga*

perturbation

In linear order perturbation theory, one obtains, for example,

loga)  (1-a) 39
2 2a 4q?

Which value of a should we use? One possible choice is to demand that the final
result, calculated in n order perturbation theroy, is approximately independent of a,
df /0a = 0. For n = 1 this method is equivalent to self-consistent Hartree-Fock
(as discussed before, this is the ‘best’ Gaussian approximation). We obtain for for
n=1, that a =1 (/129 + 1 + 1) and thus we get

f()Nlog[%(\/_12g+l+1)]+1—%(\/_12g+1+1)+ 3g
9= 2 VI2g+1+1 (VIZgF1+1)°

In Fig. 12, we show that this formula gives evan for n = 1 accurate results not only
for small g but, surprisingly, also for very large g. If one uses instead n = 3, the
relative error becomes smaller than 0.2%.

Outlook: That our resummation method works so well in the case described above
is, perhaps, accidential. But the example shows, that with field-theoretical resum-
mation techniques one can obtain good results even in situations when naive pertur-
bation theory is divergent and, importantly, even when coupling constants are not
small. This is important, as for practically all applications in solid-state physics,
there are no obviously small parameters.
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5.6 Screening of long-ranged Coulomb interactions

Motivation: In almost all situations, we have to use resummation methods to ob-
tain meaningful results from perturbation theory. One such resummation technique
discussed in previous chapters was the introduction of the self energy. Another
example is self-consistent Hartree-Fock theory. In this and the following sections,
we will consider further resummation techniques to be able to describe important
physical phenomena like screening or the formation of bound states.

When doing perturbation theory for the Coulomb interaction, V(r) = %, one
realizes that one obtains many divergent contributions arising because the Coulomb
potential decays very slowly. Consider, for example, a uniformly charged block of
length L x L x L with charge density p. In this case, the Coulomb energy per volume
V = L3 diverges for large L

E 1

=gy | CrdV(E=7)pt o L
As a consequence, a 3D solid is always charge neutral. The charge of the electrons
is canceled by the charge of the ions.

Taking this into account in a simplified way, we use in the following the ‘jellium
model. We replace the ions by a uniformly charges background, pi.,(7) = const.,
which is exactly compensated by the uniform average charge of the electrons. This is
equivalent to using the following Coulomb potential for electron-electron interactions
in Fourier space

4me? = 7& 0
V(q) =4 o q
0 ¢=0 (compensated by background)

As a consequence, the Hartree term, which is proportional to V(¢ = 0), vanishes.

5.6.1 Effective potential, polarization, and RPA approxima-
tion

To avoid unphysical divergencies, we have to resum perturbation theory. Here we
follow the same arguments which lead us to the concept of the self-energy. Let
us consider the so-called effective potential, defined as the sum of all connected
diagrams which begin and end with an interaction line.

—Verr(q,162) =

Here, 2 is a bosonic Matsubara frequency. Consider, for example, the last term. As
all three interaction lines have the momentum ¢, this term is proportional to 1/¢°
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and thus highly divergent in the small ¢ limit. This unphysical divergence implies
that we have to resum perturbation theory. We do this by introducing the analog
of the self energy, which is called polarization, I1(i).

]_—W

In formulas, this equation reads

Vi V@ !
%ff(%ZQ) 1+ 11~ ( )V(q_) - €(q_»7 ZQ) N ‘/q:l + HQ(ZQ) (143)

Here, the polarization I17(iQ2) is defined as

- @ 3o (L

= Sum of all diagrams that do not separate into two on cutting interaction line

Here the dots denote points where an interaction line with momentum ¢ and fre-
quency €2 has to start or end.

Note that in Eq. (143), we have introduced a frequency and momentum-dependent
dielectric function: €(q,i2) = 1 — I1z(i2)V(¢), which allows to write

4me?

e _; 2) = 5 .~ 5-°
Ver(d,1€2) dmepe(q,182)q?

This dielectric function is used in electrodynamics, in formulas like D= eoerﬁ. In
insulators, one can often approximate € by a constant, but this is not possible in a
metal.

The formulas given above are (within the jellium model) exact. Now we consider the
simplest possible approximation for the polarization, the so called Random Phase
Approximation (RPA). Here, we compute 117(i€2) to lowest order in perturbation

theory
d3k
T (i€2) = {:} =5 E / E gp(iwn ngr (iwy, +1Q)

B / d3k: np(ep — 1) — nr(eg .z — 1)
(27)3 Q4 ep —

CE+q

5.6.2 Thomas Fermi approximation

RPA is a powerful approximation, which we will analyze piece by piece in different
limits. Within the Thomas Fermi approximation, we consider the limit of small
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¢ and Q and replace I17(iQ2) by I1;—¢(2 = 0)

Bl (—Dnpleg —p) - 557 Bk
oo =0~ =2 f 1o (D57 == [ G tee
k

d3k
~2 / (2m)3 o(eg —p) =N % density of states at Fermi surface
7r

In the last line, we consider a metal where the temperature is much smaller than
the Fermi energy, which allows to replace the derivative of the Fermi function with
a negative 0 function.

Thus, for ¢, Q2 — 0, we obtain

[

4re e? G
A

< V)= e
wa (@ ()T T

1
with A = (GQNEW / EQ) > Thomas-Fermi screening length

Let us check the formula for the effective potential in real space

d3q iq-r 2 ' iqru
| o Vi@ = s [ an [ Vit
1 < e e

/ p wqr __ ,—iqr 47T62
ey N i T amea (gt ) (4 3)

62 00 dq elar 62 i

= — — : —2¢ = ———€ 2
Ameqr /_OO 2mi (g + %) (¢ — %) Areg|r|

Thus, in a metal, the effective potential decays in a metal exponentially at large dis-
tances (up to Friedel-oscillations discussed below). The physical mechanism behind
that is called screening. Around a positive test-charge a cloud of negatively charge
electrons accumulates in such a way that the net charge is zero. Remarkably, our
simple resummation strategy captures this effect. The size of the screening cloud is
set by the Thomas-Fermi screening length \.

5.6.3 Plasma oscillations

Next, we consider the limit of large frequencies but small momenta, ¢ — 0. We also
do the analytic continuation, i€2 — Q + i0 (we are writing here 70 instead of ie for
an infinitesimal imaginary part to avoid confusion with the dielectric function)

Bk nr(ep—p) —nr(eg . — 1)
lim IIA(Q 4+ 40) = =2 4
i Mg($2 +i0) /w QT i+

— €Eyq

2m)3 Q410 02

/

Oez - -9
—2/ B el =) —nelepg—p)  (550) (Tonrer - n)
(

+
qd—0

=0

3k 82512 1
~ i | —— np(e: — — (=2
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In the second line, we perform a Taylor expansion of the denominator. The first
term in the second line vanishes exactly as one can shift the k integration by —¢,
thus only the 1/9? term survives, which is evaluated in the third line using a partial
integration. Thus, we find for the dielectric function in this limit

2

. w
(7 0,9) = 1+ V(@M i0) = 1 -

>k e
(,UI% = 2/WTLF(€E—M) 8[{;2]662/60

where w), is called the plasma frequency. Note that the ¢ dependence has canceled.

. . . k2
For a quadratic dispersion ¢; = 5,

ne?
Wy = (| —
P meg ’

where n is the particle density and m the electron mass.

the plasma frequency is given by

At Q = w, the dielectric function vanishes and one obtains a pole in the effective

V@ _ V@

(¢ 1-%
tions of a system, the plasma oscillations. Such oscillations of the positive relative
to the negative charges do occur in any system of charged particles and therefore

also in a plasma, i.e., in a ionized gas, which explains the name.

potential, Vg =

see figure. Such poles describe collective oscilla-
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Figure 13: Effective potential diverging at {2 = wf)

Let us re-derive the physics of plasma oscillations in a more basic approach. This
will help to convince ourselves that the result derived above is exact and not an
artifact of an approximation. We consider a solid with volume V and investigate
the uniform oscillations of all electrons relative to the background given by the ions
as shown in the following sketch.
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We assume that all electrons move by Az relative to background charge. We obtain
a kind of plate capacitor where the charge density on the surface (with units charge
per area) is given by enAz. Using Maxwell’s equation VE = p/ey, we obtain an
electric field inside the solid of E = enAx/¢y. The energy stored in this electric
field is given by 1eo [ E? = Seo(en/ep)?(Axz)*V. We interpret this as the energy
of an harmonic oscillator $D(Az)?. As the total mass of the electrons is given by

M = mnV | the frequency of the harmonic oscillator is obtained as

I D ne2
W, = _— = -
P M meg

which is exactly the result which we obtained above from RPA. Note that there is
no screening in this large-frequency limit and plasma oscillations arise necessarily
in a system with long-ranged interaction.

Outlook: Collective plasma oscillations of electrons play an important role in tech-
nology, e.g., for building antennas. They have also important consequences in su-
perconductors and in the theory of the Higgs effect in high-energy physics. In both
cases, instead of gapless Goldstone modes and gapless photons, one obtains oscilla-
tions at the corresponding plasma frequency (in high-energy physics, this is related
to the mass of the W and Z bosons, the analogs of photons responsible for the
electroweak interactions).

5.6.4 Absorption and particle-hole pairs

The absorption of electromagnetic waves is controlled by the imaginary part of the
dielectric function and therefore of II7(£2 + i0). Within RPA it is given by

Tm (2 + i0) = 2 / (;‘lng)g (nF@E — ) — (e, u)) 73(Q — (e 0 — €5)

It has a simple physical interpretation: it counts the number of electron-hole pairs
with energy 2 and momentum ¢. This can be seen from the fact that for T' =
0 and € > 0, there is only a contribution when ez < g (hole excitation) while
simultaneously e, . > 1) (electronic excitation).

For small €2 one finds

ImII(Q) ~ — Nt
Q( ) F ’UFlcﬂ

where vp is the Fermi velocity and N the total density of states at the Fermi
energy.

for Q <wrlql,|q] < 2kp

Particle-hole pairs have the maximum possible momentum of 2k and thus

ImIIHQ2 —0)=0 for |q] > 2kp.
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The following sketch shows in which frequency and momentum regime the imaginary
parts are finite, due to the excitation of particle-hole pairs (or plasma oscillations)

an

PASMA |- = = — === . —
PoLE

2k 9

5.6.5 Friedel oscillations

Finally, we consider the limit €2 = 0,7 = 0 but we now focus on large momenta,
close to 2kp. This limit is most easily analyzed for a quadratice dispersion, e = 3,
where one can do the momentum integrals analyticially. In d = 3 one finds (we do

not show the derivation)

k 1 1—2? 1
Hq(QzO):—ezm F( ° ln’ e

5 —

>’ CT

For = 1 or ¢ ~ 2kp this function has a weak non-analyticity II; ~ C; + Cs|q —
2kp|In(|g — 2kg|). This non-analyticity therefore also shows up in the g-dependence
of the effective potential

T 2+ 4x 11—z

Ver(q ~ 2kp) =~ C + C'|q — 2kp|In(|q — 2k]).

If one does a Fourier transformation of this function back to real space, one obtains

. e . zcos(2kpr + @)
Vo)~ e PO
Friedel

oscillations

in d dimensions. Thus, at large distances the effective potential does not decay
exponentially as suggested by the Thomas Fermi approximation but at 7" = 0 instead
with a powerlaw 1/r¢ in d dimensions. This is an effect arising from the sharp Fermi
surface of a metal. The prefactor oscillates with cos(2kpr) and the effect has the
name Friedel oscillations.

Vﬂﬁ-(') 1
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Outlook: Friedel oscillations have an important technological application when one
builds magnetic sensors used, e.g., in magnetic hard disks. Albert Fert and the
Peter Griinberg received the Nobel prize for the Giant Magneto Resistance (GMR)
effect used here (Peter Griinberg did this research in Jiilich, made his habilitation
in Cologne and was teaching from 1992 until his retirement in 2004 as a professor
in Cologne). GMR devices are made from two ferromagnetic layers separated by a
metallic layer.

4| meTa | 2 V5 | memaL | ¢

FM FM FM M
LARGER ResisTWVITY

The magnetic layers trigger Friedel oscillations in the the metal decaying with 1/r
which leads to an effective interaction of the metallic layers which can be fine-tuned
with the thickness of the layer. The sensor then uses the resistivity difference of
parallel and antiparallel magnetic configurations.

5.7 Controlled approximations: large N

Motivation: We have argued that to obtain physically meaningful results, one typ-
ically has to resum an infinite subset of an infinite number of diagrams. But how
does one choose the right subset of diagrams? What can be a guiding principle?
There is not a simple answer to this question, a lot depends on what physical effect
one wants to describe.

Hear are a few useful strategies:

e One strategy is to analyze and resum the most diverging terms in pertur-
bation theory. This lead us, for example, to the idea to introduce the self
energy together with the Dyson equation to resum an infinite set of diagrams.
Later, the same strategy was used by us to compute the effective potential
from polarization diagrams.

o Often, it is also a good idea to go for the simplest possible approximation
which captures a given physical effect. For example, RPA was both simple
and surprisingly rich in physics.

o A strategy, which is not covered in this course, is to be guided by principles
like conservation laws or gauge invariance. So-called conserving approx-
imations are build in such a way that they obey all relevant conservation
laws.

e In the follow-up lecture, QFT II, two further powerful methods will be intro-
duced, effective field theories and the renormalization group.
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o In this section, we will discuss an example of a controlled approximation,
where the selection is diagrams is controlled by the smallness of some param-
eter a.

For a controlled approximation one needs — or has to invent — a small dimen-
sionless parameter o << 1. There are many possible choices for . Here are a few
examples:

o In QED, for the scattering of high-energy electrons, one uses that the dimen-

. . . 2 .
sionless interaction strength —— ~ - is small.
Ameghc 137

o The parameter r is defined as the ratio of the average distance electron and

1

1
3 . .
Sloctron demsiy > . Using either a = rg or a = 1/7,

the Bohr radius ap, rs = é (

one obtains completely different approximations.

length of an el

e Omne can also use @« = —L o = waveengtholanclectron *\\ _ __1__ " tho |atter
dimension’ scattering length ’ spin size’

expansion we used to derive the spin-wave theory for magnets in a systematic

way.

o A powerful set of these approaches are called large-N approximation. Here,
one identifies @ = ]iv, where N is some extra large parameter related to the
number of components of the fields.

Let us make a concrete example. Electrons carry a spin 1/2, where spin rotations
are described by the group SU(2). We now generalize this to rotations described by
the group SU(N) instead (more precisely, we use the fundamental representation
of SU(N)). We achieve this simply by generalization the creation operator of an
electron to

Yl (), a=1--- N.

The ‘spin index’ now runs over N instead of just two components. An SU(N)
symmetric version of the interaction term now takes the form

11

57 | drd ) a; N¢L(F)¢a(f')V(F — PN (7 ) (7))

Hing =
For N = 2 this is equivalent to the usual Coulomb interaction. Very important is
the prefactor % in front of the Coulomb interaction, which is needed to make the
limit N — oo well-defined. How does NN enter in the Feynman rules? First, each
interaction line obtains a factor 1/N but one obtains an extra factor of N for each
fermionic loop as one has not to sum over N fermionic species.

Let us look at a few self-energy diagrams and analyze how they depend on N

e
o(%)
o) (&)

O(xN)=0(1) O N?)

T
absorbed by
shift of L4
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It is obvious, that we can drop some of the diagrams for large N but have to keep
others. More precisely, for a given order in the interaction strength, we need the
maximal number of Fermi loops. These are precisely the diagrams which we summed
up using RPA.

_ +WQM+W+ 1V

o) o(&N) o(Hn?)

Here, when one adds an interaction line, one also adds a Fermi loop. Thus all
diagrams are proportional to 1/N. All corrections to RPA like

L

are suppressed by extra powers of 1/N and can be neglected for N — oco. Thus,
RPA becomes exact for N — oc.

. R,
i Verl@) = 57 71 IIEPAY,

where TP = {:} is the particle-hole bubble of RPA (here defined without the
factor V).

The leading self-energy correction is then

o B = T

The same argument can also be used for more complicated quantities like correla-
tion functions of the type (3. Ut (7 W,(7) 3., U ()W, (7)) (needed to compute
charge susceptibilities), where to leading order one has to take into account three

diagrams
@ -

L1
Same order: =0

We have shown that RPA becomes exact for large N but why does this help when
we are interested in the case N = 27 Why does it help to have a controlled
approximation?” We now know that a model exist, where RPA is quantitatively
valid. This implies that the approximation scheme will not violate any basic physical
principles like conservation laws. The example above shows, that it also guides the
computation of more complex quantities. Furthermore, it is the starting point for a
systematic improvement of the approximation.
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Figure 14: T-matrix in d = 1 for V; = —0.5, m* = 1. The presence of a bound state
gives rise to a d-function in Im T'(w+i€) at w = Ep, where Eg = —VZ/2m* = —0.125
is the binding energy.

5.8 Ladder approximation and Bethe-Salpeter equa-
tion

Motivation: Different resummation methods are needed depending on the physical
problem. In this section, we investigate which diagrams have to be resummed to
capture exactly the limit of a low density of particles. The resulting vertex equations
(or Bethe-Salpeter equations) are, however, have, however, a much broader range of
applicability.

Our goal is to find an approximation which becomes exact in the low-density limit.
It should therefore capture also the physics of just two particles. Our problem is that
the two-particle interaction V(¥ — Z3) often is not small, and quantities like bound
states are not accessible in perturbation theory. As a concrete example, which can
be solved analytically, we can consider the scattering from a ¢ function

V(£ — 2o) = Vod3 (21 — )

but we are also interested in more general interaction potential.

Before we attack the problem with many-particles in the low-density limit, let us
focus on just two particles. By going to relative coordinates, ¥ = ¥; — 75, such a

two-particle problem can be rewritten as a potential scattering of a particle with an

1 1
effective mass — = — + — (check, e.g., the solution of the hydrogen problem in
m* mi o

any QM textbook).

How would we treat such a single-particle scattering problem diagramatically? We
would have to sum up the following diagrams

_ 0 0 0
= 95 + 9Tk 9
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where the dashed line with a cross stands, in momentum space, for the Fourier
transform of the potential V. Tr;, is called the T-matrix of the problem with

2 : 0 2 : 0 0
TEE/ == VE_];/ + VE_E//QE,, ‘/;;;//_E;/ + VE_];//QE,, ‘/;;'//_];N/g,;m VE///_E/ + e
K E//ﬁm
For V; = Vi = const., i.e. for a d-function interaction in real space, the equation
simplifies to a geometric series.

TR(w) = T + i€) = B = [ e
w Wt ie) = ——Fp——, Joo(w) = g7 (w
1= Vo gfh(w) o (2m)?7k
As a concrete example, let us consider the case ¢ =

Green’s function is given by

dk 1 1 1
g = [ = , (145)
Tw— 2m* (— (w + ie))

k‘2

50+ in d = 1, where the local

=

A bound state shows up as a pole in the T-matrix, i.e., for 1 — Vjgi(w) = 0 at

w = Ep. The position of the pole is the binding energy, see Fig. 14. In the example
V2
2m*”

shown above, a bound state occurs always exist for Vy < 0ind = 1 with Ep = —

Above, we sketched very briefly how one can solve the single-particle potential-
scattering problem. But we are interested in a different problem: we want to consider
a system with a finite density of particles. What diagrams do we have to resum in
this case in such a way that we are correctly treating the two-particle problem also
(including bound states)? The discussion given above, suggests that we should keep

the following diagrams

This set of dlagrams is called (for obvious reasons) “ladder approximation” in the
particle-particle channel.

For other problems (e.g., for bound states of an electron and a hole in a semicon-
ductor) one instead considers the ladder diagrams in the particle-hole channel by
reverting the direction of one of the Green’s functions.

RSN e

5.8.1 Bethe-Salpeter equation

Before we try to evaluate the ladder-approximation, we take a step back and consider
a more general problem. Let us assume, that we want to evaluate (in a functional
integral) the expectation value of four fields, where two particles are created and
two are destroyed (this is therefore a two-particle correlation function)

1=—=—1' ! S
<¢2/¢MZ11§2> = — +
Q—=—9/ 9 9/ —
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—

Here, the indices stand, e.g., for momentum and frequencies, 1 = (¢1,€2;). The
double line is the full Green’s function (including self-energy corrections) —w— =
Gz(i€2), while the box, which depends on four frequencies and momenta is called a
vertex. It is the sum of all possible connected diagrams begining and ending with
two fermionic lines.

As a next step, we want to generalize the concept of the Dyson equation and the
self-energy (introduced to compute a Green’s function) to such a vertex. This can
be done with a so-called Bethe-Salpeter equation. Many different versions of
this equations exists. For the case we are interested in, they take the following form

where the blue dashed object is called irreducible vertex. It is defined as the
sum of all connected diagrams, which do not fall into two pieces when cutting two
fermionic lines running in parallel.

r--
|

|

I . . t ticl
1= irreducible vertex = (two particle

|

|

irreducible)

sum of all diagrams 1 I [

which do not have : : :

e -

|
L -

r--rT P T -
Let us write the Bethe-Salpeter equation in a formula. As a short-hand notation, we
use K = (i), K) to denote both frequencies and momenta. With this notation, our
vertex depends on three frequency/momenta indices only and we use the following

convention

g

N)‘?‘&

K+ K+k

[STE]

Ve(k k) =

— —

k T

Due to our diagrammatic rules, the sum of the incoming momenta (and frequencies)
has to be equal to the sum of outgoing frequencies and momenta, thus 2K is the
total momentum of the two particles, which is conserved during the interaction. If
we introduce a similar notation for the irreducible vertex Ill?(lg, K ), the Bethe-
Salpeter equation takes the form

— — 1 e — —
_ 7l 1 = = S
Ve(k, k') = Is(k, k') + 3 Z IL(k, k”)gm%u gg_%”VKUf/,, k) (146)

Thus, for a given irreducible vertex I %(E , K ), the Bethe-Salpeter equation is a linear
integrale equation with a single internal integration over frequency and momen-
tum.

The prefactor “%” in front of the second terms is needed to avoid double counting,

arising from the fact that there are two ways to connect outgoing to ingoing lines,

DA CENIN
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Figure 15: Contour used for the evaluation of A(K Q).

5.8.2 Ladder approximation and bound states

We can now come back to the ladder approximation. The ladder approximation is
the lowest order (linear in the interaction) approximation for the irreducible vertex.

X

The graphical representation given above is a bit misleading as the Green’s function

are not part of the irreducible vertex. In formulas, this is 1[1?(12, K =— Ei;l;m P
Vé?;_ P2 where V™ is the interaction potential (not to be confused with the vertex).

Furthermore, we consider for simplicity local interactions, tint = U = const. as in
the Hubbard model.

As a warm-up, we consider one of the internal summation within the ladder diagram

—

=

ok . W
K+3  K-—gq +3
ok oW _ . . int int infiependgnt of
q+§ Q+5 ? Zg[{,qu+q Vq+§ Vq—ﬁ—g} k,k’ for Vcllnt:U
q=(iwn,y) 9
K-t K+q¢ FK-E

Importantly, we observe that the object is independent of k and k' if we use a local
interaction, V(int = U. Therefore, within the ladder approximation and for local

bare interactions, also the full vertex depends only on K , but not on k and k' ,
Vi (k, k") = Vi and the Bethe-Salpeter equation takes the simple form

Vie=—20 U 9z q9i+qVi

q

Ag

solved by
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Ve=-U- A (147)
where
Ap = A(K,iQQ) = 1 Z/ g 9 i —iwn) g, A+ iwy,)
52 ] (2 IR
d3q dz 1 1
B _/(27)3 Y{Q_MnF(Z)iQ—Z—ER_q iQ+z—5R+q
nr(—eg_g)(=1)° nr(eg,q)(—1)°

N / (573

— _/ g 1 =nr(egy) —nr(Eg_q)
(27T)3 2iQ_(€I?7q+€I?+q)

2iQ_(€R—q+€E+q> QiQ—(ék_q+6l?+q)

np(—e)=1-ng(e)
Fig. 15 shows the contour in the complex plane used in the evaluation of the fre-
quency sum

Finally, let us consider the limit when the density of fermions becomes very small.
In this case, we can approximate ng(e I?ﬁ’) ~ (0. Furthermore, we consider the case

2 .
€ = 5— We obtain
m

. 3 1 K?
A(K,m):_/ i — g (200 - &
(27)3 9,0 — (2% + 2%) m

compare with scattering

problem for m*="

We can compare this to the scattering problem, where the T" matrix was computed
using the local Green’s function, see Eq. (145), of a problem with the effective mass
m* = m/2 and we obtain the same equation and the same condition 1—Ugy0(@) = 0
for the bound state, if we identify @ with 20 — K?/m. This shows, that our vertex
equation correctly describes the formation of bound states in the low-density limit.
Furthermore, we can use it, e.g., to explore how a finite density of particles affects
the bound-state formation. The physics, which we discussed here, is, for example,
important to understand excitons in doped semiconductors.

5.8.3 Outlook: Vertex corrections and conservation laws

Outlook: Above, we have shown how one can use Bethe-Salpeter equation to obtain
non-perturbative results for vertices, focussing on the physics of the formation of
bound states. Vertices and vertex equations play an important role in the compu-
tation of all types of correlation functions.

In many applications, one encounters a slightly different variant of the vertex equa-
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tion, based on vertices with three instead of four legs. An example is given below:

it

E+

ol

ey

I
[ )
+

710 2070
=T0p+ D Tam s 9p_g I (K F)
Y
Here, I? is the irreducible vertex defined as the sum of all diagrams with four legs,
which do not fall into two parts when two antiparallel moving Green’s function lines
are cut. ' is the sum of all connected diagrams which start with I'° 7 on the left

)

and end with two Green’s function on the right.

The form of Fg P depends on application. Below, we will calculate correlation func-

E T E T
qT — C- Cp= C- Cyp @
k

In this case, one needs I' 2 P = 1. Instead, if one wants to study correlations of the

tion of charge

current density (needed for the computation of the conductivity, see next chapter)

= — V- & - = cl .c- &
9 Z( Prgt k‘%) K+ k-4
Kk

0 _1(m = S o afl .
one uses F@,E =3 (vk+% + vk_%), where v, = Oe;/0k is the velocity.

To show the importance of vertex correction, let us calculate a simple quantity, the
correlation function of the total charge

Q=Y e
i
The retarded correlation function is defined by

1154(t) = —i0(1) (Q(1). QO)))

As [Q,H] = 0 (charge conservation), we obtain Q(t) = e Qe = ) and therefore
I15,(t) = 0 for all ¢. Similarly, also the Fourier transformation of this quantity
IG5 (€2) vanishes. This is, however, not obvious when one calculates diagrams for
this quantity . Here, we consider the time-ordered correlation function in imaginary
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time. This quantity can be calculated diagrammatically

+@

D,

HQQ (ZQ

@@

A

where the dot in the equations above stands for f{ﬁég 7 as we are calculating the

correlation function of @ =) ;¢ EC In the last line, we used the (three-leg) vertex
introduced above with an ingoing momentum of ¢ = 0.

Up to now, everything was exact. Now, we use a — frequently used, but very danger-
ous — approximations: we ignore vertex correction and consider only the following
diagram

oo (i€2) @ Z Z/ k g5 (iwn) g (iw, + Q)

= ImIlgg(Q+ie) = Z/dw (np(w) —np(w+ Q) Im gg(w)Im g, (w + 2) # 0

When ignoring vertex correction, we obtain a finite result. In contrast, we have
argued above, that the exact result for this quantity is 0. Thus, ignoring vertex
correction turned out to be a disaster: we obtained completely wrong result, violat-
ing basic conservation laws. This shows, that vertex corrections can become very
important. For conserved quantities, there is exact cancellation of vertex and self
energy corrections!

How can one avoid these problems? One solution was discussed in the section on
controlled calculations. If one does a controlled calculation, considering, e.g., all
diagrams to a given order in <, then, automatically, the results will be correct.

The alternative is to construct approx1mat10ns to the self-energy and to vertices in a
consistent way. This can be accomplished using so-called Luttinger-Ward functionals
(or Ward-identities). This is, however, a topic beyond the scope of this lecture.
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6 Probing Matter: Linear Response

Motivation: What is measured in a typical experiment? In quantum mechanics
courses, we teach that an (idealized) measurement determines the eigenvalues of
some Hermitian operator. Very few experiments are, however, of that type with a
few notable exceptions like the Stern-Gerlach experiment on electronic spins, a num-
ber of experiments in quantum optics, or, most importantly, measurements used in
quantum computers. In the accelerators used for high-energy physics, in contrast,
one typically measures the outcome of collission of particles (differential cross sec-
tions). In experiments on solid state systems, one either measures thermodynamic
quantities, or probes matter using electromagnetic waves, electrons or neutrons. One
measures, for example, the (optical) conductivity, uses (angular-resolved) photoe-
mission, Raman scattering, Neutron scattering, or scanning tunneling microscopy,
to name a few examples.

The common logic behind most of these experiments is that one finds a way to
perturb the system slightly and then measures how the system changes in response
to this perturbation. A large class of such experiments can be described by linear
response theory.

6.1 Linear Response Theory and Kubo formula

We consider the following setup. A system is perturbed weakly and one measure
the change of some observablve (A(t)).

small, time dependent
perturbation

H="Ho— A(t)? measure (A(t)) (148)
some operator

interacting many
particle system

The sign is a bit of a convention here, we have chosen it such that (§> grows for
A > 0 to minimize the energy.

To solve this time-dependent problem for weak A(¢), we consider the time evolution

operator U with

which allows to compute the time evolution of an arbitary wave function, |¢(t)) =
Ul (0)).

For A = 0, the time-evolution operator is given by U(A = 0) = e%HOt, for A # 0 we
make the ansatz _
U = e 10lS(t 1)

with S(tg,t9) = 1 assuming that A = 0 for ¢ < ¢, i.e., before the experiment starts.
With this ansatz we obtain

iU = Hold + e~ M0/ 19,8 - (’Ho - )\(t)B) U
— ih9,S = —\(t)eT0U BemTohS — _\(t) By, (1)S(t)
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with
B’H (t) _ e’iHQt/héefi'Hot/h
o .
is the operator in the Heisenberg picture relative computed for the unperturbed
system, H,

Integrating up the last equation, one obtain S in integral form

.
S(tyt) =1+ / dt' (') By, (t)S (¥, to)
t
i .
~ 1+—/ dt" MN(t") By, (t')

h
A—0 to

In the last line, we took the limit A < 1, keeping only perturbations to linear order
in A

Now, we can use the result to compute the change of an observable A. We assume
that before the experiment, the system was in a thermal equilibrium state described
by the density matrix py = e #"/Z. We obtain to linear order in A

(A) = Tr (po U (t)AU(t))
— Tr (Po ei?-lot/hAefi?-Lot/h)

t
_|_ / dt/ Tr (p(_) (_)\(t/)BHO (t/)e’i’Hot/hAefiHot/h + eiHot/hAef’i/Hot/h)\<t/)BHo (t/)))

to

= (Aot [t L ((An ), B ODAK)

0

ST

Thus, the change of A, §(A) = (A(t)) — (A)o, is given by the so-called Kubo
formula

5(A(t) = / Tt (Bt — M)

—00

Xt = #) = 200t — )[4, (8) By ()]

R (t —1') is called a (generalized) susceptibility or a retarded AB correlation
function. The susceptibility is a property of the equilibrium system which can be
used to describe to linear order the response to a weak perturbation.

Most often, we are interested in the response to periodic perturbation A(t) o cos(wt)
and therefore need the Fourier transformation of the Kubo formula

§{A(w)) = Xap(W)A(w)

In Sec. 5.3, we have already shown (using the Lehmann representation) that the
retarded correlation function showing up in the Kubo formula can be obtained by
analytic continuation from the imaginary-time time-ordered correlation function
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Xap(w) = xaB(iw, — w + ie).

An important feature of the Kubo formula is causality, encoded in the property
that

xap(t —t) =0 for t >t/

This implies, that when A(¢) changes, the response happens only later. We have
already discussed in Sec. 5.3, how this property is encoded in the analytic properties
of xap(2) in the complex plane, which has to be analytic in the upper half of the
complex plane.

6.2 Thermodynamic Stability and Fluctuation-Dis-
sipation Theorem

Motivation: The laws of thermodynamics and the stability of matter imply strong
constraints on the properties of correlation functions.

The 2nd law of thermodynamics states, that entropy always increases. We will need
a variant of this law, which can be formulated in the following way: we cannot
build a machine (perpetuum mobile of the second kind) which extracts work from
a system in thermal equilibrium without heating some other reservoir.

To explore this physics, let us calculate how a time-dependent A(t) affects the energy
of our system described by the Hamiltonian #o, where H = Hy — A(t)A. For small
A we find

d i :
7 (Ho) = = ([Ho, H]) = = ME)([A, Ha))

) [t S0
where we used the Kubo formula for small A and

S0 = 37 (O A (0, Ans O )

= -0t

. s (), Hol, Hol, Aoty O}ty = 7 305 a1

Next, we consider A(t) = Ay cos(Q2t) = 2

20 (e 4 ¢7) and use that

/dt/ XﬁA(t . t/)e:tiQt’ _ /dt, dw e—iw(t—t’)XﬁA(w>€iiQt/ _ XfA(iQ)eimt

to obtain
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When we average this quantity over time, all oscillatory terms drop and we find

%(7—[& — %% ((—iQ)x A (Q) + (I x KA (—))
= %39 Im x5 ()

*

as XiA(_W) = XiA(W) .

Now, we will not be able to extract energy from the system, therefore the energy
Ho will always increase. We conclude that

d
thermodynamics stability = %G‘[O) > 0, energy is dissipated
= Q Im ¥, (Q) >0 for all ©

Alternatively, one can also use the Lehmann representation to show that Q Tm x§, () >

0. This shows that thermodynamics is a consistent theory but when one does an
approximate calculation this property is not always guaranteed.

Another conclusion is that Im xaa(2), is proportional to the absorption of energy
and thus describes dissipation. The real part, in contrast, gives the reactive re-
sponse.

We can use a Kramers-Kronig relation , see Sec. 5.3, and w Im yw > 0 to compute
the sign of the susceptibility evaluated at zero frequency

dw Imy®, (w
Xaa(0) = Re xia(0) :/— —XAA( ) >0

™ W

This inequality can also be derived either from thermodynamics stability (the system
responds by lowering the energy of (H — AA)) or from the Lehmann representation
directly. For finite w, the real part can be either positive or negative.

Outlook: While susceptibilities as defined above always have to be positive, this is
not true for the magnetic susceptibility, x = —%. There is an extra diamagnetic
contribution, technically arising from the fact that the Hamiltonian is not of the
form Hy — AA with A = B and A the magnetization (as assumed above), but there
is an extra diamagnetic contribution quadratic in the vector potential, discussed in
Sec. 6.3.

Next, we will discuss an important exact identity for correlation function, which
goes under the name Fluctuation - Dissipation theorem

Motivation: Consider a classical example, the Brownian motion of a particle with
coordinate R(t) in a liquid. It’s equation of motion is described by

e 15, F(t)
m—R=—y—
dt? ,ydt ~—
e random
friction force

where 7 is the friction constant and F' is a random force with time average (F') =
0 and (F;(t)F;(t')) = 0;;6(t —t')C and we would like to know the value of the
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constant C'. Physically, both the friction constant and the random force arise from
the scattering of the particle with the bath molecules. Due to the random force,
the particle always moves and we can compute the average kinetic energy in d

dimensions, <%m(d§ / dt)2> = %. From thermodynamics, we know that this average

is given by ngT. Thus, we conclude that
C = 2vkpT, (F;(t)F;(t"))y = 652y kpTo(t — t').

The strength of the fluctuations of the random force is determined by temperature
and by the friction constant ~.

We want to search for a similar relation for quantum system. The amount of fluctu-
ations of an operator A (to simplify notations, we assume (A) = 0) at a frequency
w is defined by the correlation function

Ciat) = [ dt (a0 A0)

o0

For this quantity, we derive a Lehmann representation using the exact eigenstates
of the Hamiltonian

1 ) )
Coalw)y=>_ [ dt emz<nye*ﬁﬂemt/me*mt/h|m> (m|AJn) (149)

= %Z 216 (w + (B, — Em)/h)e’BE" (n|Alm)(m|Aln) (150)

We compare this to the Lehmann representation of the imaginary part of the sus-
ceptibility derived in Sec. 5.3

.

Im yaa(w) = % Zﬂé(w — (B — E)) (677 — ge*BEm)J]<n|A\m>|2

P
e=BEn (1—ge—Fhw)

and obtain

Im x /i, (w)

1—E&e B’

This is the fluctuation-dissipation theorem. For bosonic operators, £ = 1, one
can use the Bose function np(E) = 1/(e’F — 1) to write the fluctuation-dissipation
theorem in the form

Cfm(“’) =2

CZa(w) = 2R (1 + np(hw)) Im x4 (w)
While the left-hand side describes the fluctuation of the system, Im x%,(w) gives
information on dissipation, as discussed above.
It is useful, to explore the fluctuation-dissipation theorem also in the classical limit
how < kgT.

For small w, the imaginary part of the susceptibility is linear in w and therefore we
define the friction constant

. Im XﬁA(W)
VA = }}_% —
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with Imxfj—’““” ~ 4 = const.. Using that lim, ,o(1 + ng(fw) = ?—WT, we obtain the
fluctuation-dissipation theorem in the classical limit

O (W) ~ 2kpTya < (A®)A(0)) ~ 2kpT ya 8(t — )

This is precisely the form of the fluctuation-dissipation theorem which we discussed
above for the Brownian motion of a particle.

Finally, we want to discuss special problems which arise when calculating the sus-
ceptibility of conserved quantities. The number of electrons, /V, is, for example,
conserved. The energy is another example of a conserved quantity. Or in models
without spin-orbit coupling the magnetization is conserved.

If [A, Ho) = 0, then A(t) = A and

i) = —i([A(t), A0)]) = —i([4, A]) = 0

This simply reflects that a conserved quantity does not change.

The static, thermodynamic response, however, is finite. Consider the equilibrium
density matrix

o—B(Ho—2A)
p(A) = “Z0)
We can compute the change of A in response to a small change of \.
[A,Ho]=0
(A)x = (A)a=o = Tr ((p(A) = p(0))A) L B ((A%) = (4)) A= XA

This defines the thermodynamic susceptibility x'f,.

How can we compute the thermodynamic susceptibility using retarded correlation
functions? The trick is to consider the response at finite momentum. Instead of the
conserved quantity A, we investigate

Az = /df ' (1)
with Ao = A and [Ho, 4,] = 0 only for ¢ = 0. Here, a(Z) is the density of the

conserved quantity, e.g., the charge density for A = ). Now, we can define and
compute the susceptibility at finite ¢

VW) = —i / dt O(t)e ([Ay(t), A,(0))

While lim,, 0 lim, ¢ x4(w) = 0, as discussed above, we obtain the thermodynamic
susceptibility taking the limits the other way around

th _ 1: .
XAA = (111_{]{1) }E%Xq(w)-
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The situation is exactly opposite, when one calculates the dc conductivity of, e.g.,
a metal (see next chapter). In this case, one studies the response to an electric field
E(7,t) = Eg(w)Re '@t with

—

Jilw) = og(w) Eg(w).

In this case, there is no current flowing for a static potential. Thus, one finds that
lim, 0 lim,, ¢ 04(w) = 0. To compute the dc conductivity for a uniform electric
field, one takes the opposite limit

o= })1{)% (ITILI(I) of(w).

The transport limit, first ¢ — 0 and then w — 0 is opposite to the susceptibility
limit, first w — 0 and then ¢ — 0, discussed above.

6.3 Optical Conductivity

Arguably, the most important quantity of a metal is its conductivity. It is defined
by the linear relation of current and electric field (valid for weak electric fields)

Gilt)) = / dt' o3yt — ) ()
(i (@) = 035 (@) B; (),

where j is the current density. The frequency-dependent o(w) is called the optical
conductivity.

How does one measure o(w)? An apparent problem is that the electric field inside a
metal will typically not be the same as the field outside of a metal. In practice, one
therefore measures the resistivity, p(w) = o(w)™', defined by E; = p;;j. Here, the
current density is imprinted on the system externally and one measures the drop of

the voltage.
f v

Four contacts are needed for this experiment to inject and extract currents and to
measure the voltage drop, thus it is called a 4-point probe measurements. It has the
advantage that there is no contribution from the resistivity of the contacts.

For large frequencies, in contrast, one measures instead the transmission and/or
reflection of light.
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.
%

From this one can extract the complex-valued dielectric constant e(w). Here, one

starts from the Maxwell equation #Loﬁ x B = ;+ €00, E. After a Fourer transforma-
tion, the right-hand side is written as

—

J(w) — iweg E(w) = (0(w) — iweg) E(w) = (—iw)e(w)eoE(w)

which allows to identify

Equivalently, one can start from D = eyeE = ¢ F + 15, identifying 0, P = j.

How does a time-dependent electric field enter the Hamiltonian? We can start from

Fe Yo A
and either introduce a space-dependent potential ¢(z) = —ZE or a constant vector
potential,
- E(w
Alw) = ( )
W

while setting ® = 0 (by choosing the appropriate Gauge). We choose the latter
option to avoid a space-dependent perturbation.

Gauge-invariance largely fixes how the vector potential enters the Hamiltonian. For
a single-band model with dispersion () one simply has to replace p by p — eA
(minimal substitution). Thus, the Hamiltonian in the presence of a vector potential
is given by

H = Z Cj;g E(ﬁ— eff) Cio + Hint
po

L o1

where we used a Taylor expansion in A in the second line with

9E(p) o i PPEWD)
Ji=e g c}a — Cpos dij =e Cri Cior-
o O 5o Onop

The (gauge invariant) physical current operator is given by

phy __ —
T =0,

How do we know that? We can either derive this formula (we are not doing this
here) using the continuity equation, d;p + Vj = 0, or derive the Maxwell equation
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as an Euler-Lagrange equation starting form S = Shatter + SMaxwen. Lhis allows to
identify the term above as the current.

Next, we can use the Kubo formula to compute the current induced to linear order
in A

(TP = /dt/ X7 (= 1") = (dig)o(t — ') | A;(¢)
1

use gauge diamagnetic
with ¢=0 term

Using j; = 0, E;, j; = (TPY )V (V is the volume), A(w) = B@) we obtain

1 I (w) — {d;;
o) = =Ml ) = 32w

The conductivity is thus computed from a current-current correlation function. In
metals (but not in superconductors), the relation II;;(w = 0) = (d;;) has to hold
to obtain a finite conductivity at w = 0. This can be derived using the continuity
equation for charge. As sometimes approximations do not fulfill this relation, one
often only computes the real-part of the conductivity (obtaining the imaginary part
from a Kramers-Kronig relation if necessary)

Reo(w) = %Imlj&

As an example, let us calculate Reo(w = 0) without vertex corrections. This

is, in general, an unjustified approximation as we will discuss in more detail below.

Nevertheless, it allows to obtain quickly a useful result. The current operator for
.I.

a single band with dispersion ¢;; is given by J; = e ZE,J U;%CE’UCE,U with the velocity

UI% = Oeg/Ok;. Neglecting vertex corrections, we obtain

. 1 1 $E
I1;; (i€2) =~ @ =V Z 3 Z / n) ev%gl;(zwn) evz gi(iwn +19)
E,a iwn

After performing the sum and analytic continuation, we find

d o
Im IL;(Q2 + ie) = 2 Z / 7“} ezv%vé (np(w) —np(w+ Q) Im gg(w)Im gg(w + Q)
ko

Without an external magnetic field and for a system with, e.g., cubic symmetry, the
off-diagonal terms vanish. Taking the limit 2 — 0, we find

S lim% :2/(‘1—’“/0[—” €2 (01)? (—nlp(w)) (Im gy ()2

233 ) w

For T much smaller than the Fermi energy, we can approximate —n/z(w) = §(w) to
perform the w integral. All contributions to the integral come close to the Fermi
energy and thus we evaluate both the self-energy and the velocities at the Fermi
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energy and at w = 0. Furthermore, we multiply with 1 = [ ded(e — ¢;) and replace
€; = € in the integral

ot =0y = fa ((o R Fk) =3,

with the scattering rate evaluated at the Fermi surface

The same integral ensures that e is always small, and we can identify 2 f d k s0(e —
€z) = Np with the total density of states at the Fermi energy, Np. Combmmg

everything, we obtain
i\2
VL
o~ e?Np ( k)
2l -
[ &3k (e

where <aE>Fs = W denotes an average over the Fermi surface. For a spherical

Fermi surface, ¢, = h%k?/(2m), the density of states at u = h%k%/(2m) is given by

2 [ Lk Gy = o dn, A and <(U’%)2>FS =03 =3 (’L”‘CTF)2 Therefore, we

(2m)3 (2m)3 W2kp/m
obtain

Using the density of electrons, n = 247rk > (2 @ this result can be written as

e’n

o=

1
— - =2T
- T, ~ kp
This is the famous Drude formula, where we identify the scattering time by 7 =
1/(2T'k,). The phenomenological Drude formula was derived phenomenologically in
1900 a long time before it was know that electrons are fermions. Nevertheless, it

captures surprisingly main features of the conduction of electrons. Importantly, the
conductivity is inversely proportional to the scattering rate.

Outlook: The result given above have been derived without taking vertex corrections
into account (which often require to solve integrale equations, which is much more
work). How good or how bad the approximation is, depends on the mechanism
responsible for electron-electron scattering. For short-ranged disorder potentials
(described by d-functions), for example, it turns out that vertex correction vanish
exactly. An other extreme case is a system with perfect momentum conservation,
where the conductivity is infinite, while Ty, oc T? is finite. In this case, the result
derived above is completely wrong, because vertex correction cancel exactly the self-
energy corrections considered above. In most realistic situations (e.g., scattering
from impurity potentials with a finite-range or electron-electron scattering for large
Fermi surfaces), vertex corrections change the prefactor of the conductivity by a
factor of order 1. Thus, the calculation given above is at least qualitatively correct.
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6.4 Scattering Experiments

Motivation: There is an important class of experiments, which cannot directly be
described by the Kubo formula. These are scattering experiments, where one shoots
particles or waves onto a target and observes what comes out, as shown in the sketch

T oy

Examples for such experiments are X-ray scattering, neutron scattering, or (angular-
resolved) photo emission.

In these experiments, one effectively measures that scattering probability or

transition rate
r

C?out,‘jin
that an incoming particle with momentum ¢, produces an outgoing particle with
momentum Gy

During such a scattering experiment, the momentum and energy transfer
AT = Gin = Gout,  AE = E(Gin) — E(qour)

describe how much momentum and energy is deposited to the target. Here £(q) is
the energy of the test-particle, e.g., of a neutron.

If we assume that the interaction of the test-particle with the solid is weak (e.g.,
for neutrons), we can use perturbation theory to calculate the scattering rate. More
precisely, we use Fermi’s golden rule formula (which the reader has probably
derived in their quantum mechanics course)

2T . oo o . e~ PE
F(Tout,tfin = E Z ’<QOut7 f’AH’qm? Z>|2 d (S(Qin> + B — (5((]011‘5) + Ef)) z
if SN——

occupation of
initial states

Here, |Gin,7) (|Gout, f)denotes the initial (final) state which is the product of an
incoming plane wave of the test particle (e.g., a neutron) and the eigenstates |i), | f)
eigenstates of Hy, the Hamiltonian of the system which is probed.

In the following, we use the of first quantization describing the neutron position with
R and its spin with neutron spin S. The neutron interacts, for example, locally the
nuclei in the solid, ¥ (7)1, (7), as described by the Hamiltonian

AH,. = / &Pr V(R — 7)pn(F).

Another important coupling arises from dipole-dipole interactions of the neutron
spin and the electron spins

AH, = &Pr S;UY(R — 7)ol (R)ol ;0
> [ S0 AL

c!ipole—dipole electron spin
interactions density
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To evaluate the matrix element in the Golden-rule formula for, e.g. AH,, we first
compute,

<§Out|AHC|q§H> = /d3Rd3T ei(@n—qout)év(ﬁ _ f)pAn(?#)
= V_aq h-nq
For AH,, we have to take the neutron spin into account (which we suppressed in

the formulas given above). Denoting the neutron wave function by |7, ), o =1, ],
we identify

g‘i .. .
— — o Qout O ] ~J
<QOutaout |AH$ |Qinain> — § 05 - U—Aq S—A(j‘
1,7=1,2,3

where the operator s7 ;1 the Fourier transform of the spin density >~ Yl (7)o 5¥(7)
of the electrons.

Let us first consider the case, where H. dominates. In this case, we find

27 R .
I=— > I fIVoag h-agli)] 5 0(E; — B, — AE)
if

which is the same type of formula, which we have seen for the Lehmann repre-
sentation of the correlation function C~(w) in Eq. (150). Thus, we can rewrite it
as

2T

2 < dt HE A —iHE A i
r = €|VA§|2/ - Tr (eﬁHez'HtpA(je ’Htp—Aq’) 6AEt

1 ~ Ak A
= 2Vat? [ dt (oasft)ia0)e>®

J/

C>(AE)

Next, we use the fluctuation-dissipation theorem to express it in terms of the
imaginary part of a charge-charge susceptibility

2
T.(AG,AE) = %|V(ch‘)|2 -2(1+ np(AE)) Imx%_, (AE),

q’pA(T<

A similar formula applies for the contribution arising from the spin-spin interaction.
In this case, the result depends on the polarization of the incoming and outgoing
spin which can be worked out using the formulas given above (not shown here for
simplicity)

I',(A7,AE) < (14+np(AE))ImxY ., (AE),

Ag A7

In most of neutron scattering experiments, one effectively averages over the spin
orientations. If one uses polarized neutron scattering instead, one obtains in-
formation on the spin-orientation, which can, e.g., be used to distinguish the signal
arising from the two scattering mechanisms.

Thus, we found that neutron scattering measures density-density correla-
tions of nuclei and spin-spin correlations of electrons.
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Taking into account, that Im sz o (AE) is an odd function of AE, we can compute
q q
the ratio of the probability that the neutron either gains or loses the energy AFE.

DAGAE) _ 14np(AB) _ #55 s

This is an example of a detailed balance relation. Such relations follow from
thermal equilibrium and ensure that two reservoirs interacting via the exchange of
neutrons or other type of radiation equilibrate with each other.

Above, we discussed neutron scattering but very similar formulas apply for other
scattering experiment. One important example is angular resolved neutron scat-
tering, where one excites the system by absorbing photons (e.g., from a laser or a
synchrotron) and measures the direction and energy of an outgoing electron. The
interaction of the electromagnetic wave with matter is described by

AH = —/dx J(x)A(z) + O(A(x)?) ~ Z F,;ﬁc%qc,; ag,

where we used that the vector potential is linear in the photon creation and annihi-
lation operators, a:;, ag, and we omitted all spin- and polarization quantum numbers.
The precise form of the matrix element I" 7.7 1s not important here. If the energy of the
outgoing electron is sufficiently large, one can approximately ignore the interacting
of the outgoing electron and approximate the final state in the Golden-rule formula
as c}out |f), while the initial state is given by a;n i) , where |f), |i) are eigenstates of

i

the measured system. In this case, from AH only one term contributes

1
AH X C(Tout C(Tout —Gin a(Tln :

Thus, angular resolved photoemission measures the correlation function of ¢g, g, -
Repeating the derivation given above, one obtains that

['(AG, AE) x np(—AE)A_af(—AE), Apg(w) =Imgag(w)

Thus, angular resolve neutron scattering directly measures the fermionic spectral
function multiplied with a Fermi function.

There are many other experiments, which can be understood from the calculation
of correlation function. In a scanning tunneling microscopy (STM) experiment,
the term AH describes the tunneling from the tip to the sample and one measures
the current I through the probe as a function of the applied voltage. Using again
perturbation theory in AH, one can show that

ol R
v = Im G:(w)
where 7 is the position of the tip and G¥.(w) is the real-space Green’s function where

an electron is created and destroyed at position 7.

Another class of experiments are Nuclear Magnetic Resonance (NMR), Electron
Spin Resonance (ESR), or Muon Spin Resonance (uSR), where one measures how
oscillating magnetic fields are absorbed by local (nuclear, electronic or muon) spins
inside of the material in the presence of an external field. Effectively, one measures
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the coupling of the spins to their environment, governed by local spin-spin correla-
tion functions. One important application of NMR is Magnetic Resonance Imaging
(MRI), used in medicine.

There are, however, situations where this paradigm cannot be applied. What can
one do, if

6.5 Outlook: Beyond Linear Response

Many experiments build on the concept of weakly perturbing the system. We have
shown that they can be described by equilibrium correlation functions. We have
focused on the response linear in the external perturbation, but one can generalize
the concept also to non-linear effects, by calculating the response to 2nd or 3rd order
in the applied perturbation. Even then, one can start from an imaginary time path
integral and use analytic continuation techniques to obtain the real-time response.
This strategy fails, however, when the system is far from thermal equilibrium. Con-
sider, for example, the problem of a quench, defined by the sudden change of a
Hamiltonian. Starting from an initial state with a density matrix py = e Pt /7,
one investigates the time-evolution with a different Hamiltonian H # H,,

p(t) _ efth/hpoeth/h_

Expectation values, for example, are then computed from (A(t)) = tr[Ap(t)].

Here, one can apply our standard approach to derive a function integral directly for
p(t) by applying a Trotter decomposition for both time evolution operators eT*#*/%
to the left and right of pg (and, possibly also a Trotter decomposition of py.

The resulting theory is called Keldysh formalism. Due to the two time-evolution
operators, it includes two time variables (called contours) running from 0 to ¢ in the
example discussed above. Thus, Green’s function are promoted to 2 x 2 matrices
Goyas(t1,t2), where o and s encode on which of the two time contours ¢; and ¢,
are located. One obtains the same type of Feynman diagrams with slightly modified
Feynman rules, which take into account the matrix structure of the Keldysh Green’s
functions.

Thus, one can copy many resummation techniques from equilibrium problems. For
example, one arrives at a quantum version of the Boltzmann equation, when one
combines the Dyson equation with a self-consistent evaluation of the self-energy. The
Keldysh formalism — in combination with further diagrammatic approximations —
is therefore often the starting point to describe quantum systems far from thermal
equilibrium.

150



	Classical Field Theory
	Lagrange Formalism: Harmonic Chain
	A simple example: harmonic chain
	Continuum limit
	Euler-Lagrange equations for field theories
	Solution of the Euler-Lagrange equation

	Functional analysis
	Hamilton's formalism

	Second Quantization
	Canonical Quantization
	Commutator
	Phonons

	Identical particles and Second Quantization
	Hilbert Space
	Fock Space
	Creation and Annihilation Operators

	Operators in Fock space
	Basis change
	Field operators in Real and Momentum space
	Single particle operators
	Two-particle operators
	Hamiltonian with spin
	Dynamics of quantum fields

	Electrons in solids
	Defining solids
	Bloch theorem
	Fermi sea and Fermi surface
	Lattice models

	Hubbard and Heisenberg models
	Hubbard model
	Heisenberg model

	Magnetism and Spin waves
	Magnon excitations in ferromagnets
	Magnon excitations in antiferromagnets


	Path Integrals
	Constructing path integrals
	Applications
	Statistical physics and imaginary time
	Imaginary time
	Infinities in path integrals


	Functional Integrals
	Functional Integrals and Second Quantization
	Coherent states: Bosons
	Coherent states: Fermions
	Functional integrals for Z

	Gaussian integrals and Wick's theorem
	Green's functions
	Definitions
	Free particle
	Matsubara frequencies

	Summations and examples

	Diagramatic Perturbation Theory
	Perturbation theory for Green's functions
	Self energy and Hartree-Fock approximation
	Retarded Green's functions and Lehmann represetation
	Quasi particles
	Convergence of Perturbation Theory
	Screening of long-ranged Coulomb interactions
	Effective potential, polarization, and RPA approximation
	Thomas Fermi approximation
	Plasma oscillations
	Absorption and particle-hole pairs
	Friedel oscillations

	Controlled approximations: large N
	Ladder approximation and Bethe-Salpeter equation
	Bethe-Salpeter equation
	Ladder approximation and bound states
	Outlook: Vertex corrections and conservation laws


	Probing Matter: Linear Response
	Linear Response Theory and Kubo formula
	Thermodynamic Stability and Fluctuation-Dissipation Theorem
	Optical Conductivity
	Scattering Experiments
	Outlook: Beyond Linear Response


