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1 Quantum theory of matter

This chapter contains mainly introductory material needed later. Most of the material presented
here can be found in standard text books on quantum mechanics or advanced quantum mechanics,
e.g. the book by Dick [5].

1.1 Recapitulation: Schrodinger equation, central potentials,
angular momentum

The fundamental equation in standard quantum mechanics is the Schrodinger equation

0
g = Hy (1.1)
with the Hamiltonian H and the time dependent wave function 1. Formally, ¢ is an element of a
Hilbert space and H is a hermitian operator acting on that Hilbert space.

One of the first examples one treats in quantum mechanics is the problem of a single particle
in a central potential. An example is the simple motion of a single particle, an electron, in a
1/r potential, which is typically treated as a simple model for the hydrogen atom and is exactly
solvable. In that case, the wave function depends on the three coordinates of the particle, in
Cartesian coordinates 1) = ¢ (x1, x2, x3,t), and the Hamiltonian is

H= s p? 4 V() (1:2)
where r? = > xf is the distance of the particle from the origin and p = %V is the momentum
operator. Obviously, the system of a particle in a central potential is rotationally invariant. By
Noether’s theorem, the angular momentum is a conserved quantity and the operator of the angular
momentum L = (L, L, L3) with L; = >, ; € x1@kp; commutes with the Hamiltonian, [H, L] = 0.
The operator L is also the generator of rotations, exp(i6-L) with 0 = (61,02, 03) is a rotation around
the axis given by the direction of § with the angle |#|. The operators L; obey the commutation
relations [Lj, Ly] = i) ;€ L. As a consequence, only L?and one component of L, e.g. L3z can
be diagonalised simultaneously. For the problem of a single particle in a central potential, the
eigenfunctions are the spherical harmonic functions Y, with i e N, m € {—[,...,l} C Z.

1.2 The su(2)-algebra

The rotation group is actually the group SO(3). It has a matrix representation in the space of real
orthogonal 3 x 3 matrices. The properties of representations of the group can be derived using the
commutation relations [Lj, Ly| =i, €jx1L;. We choose Lz and L? to be diagonal and introduce
Ly = L1 &£ 1Ly. One obtains

(L3, Li] =+ L+ (1.3)
[Ly, L] =2Ls3 (1.4)
1
L? = (Ll +L-Ly) + L3 (1.5)
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Since Ljg is hermitian, it has real eigenvalues m. We denote the corresponding eigenfunctions as
|m). The commutation relations imply

Lijm) =cye(m)im £ 1) (1.6)

and
cr(m—1)c_(m) =2m+c_(m+ 1)cy(m) (1.7)

Further, Li = L_ implies c_(m) = cy(m — 1)*. Eliminating c_ in the above equation using this
relation yields

ex(m) = Jex(m — 1) — 2m (18)

Since the left hand side is non-negative, there must be a maximal value m = [ and cy(I) = 0,
Li|l) = 0. As a consequence we have |c, (I — 1)|> = 2] and after n iterations

lep(m —n))?> =20l —n(n —1) (1.9)

Again, since the left hand side is non-negative, there must be a maximal value N for n and
20 =N -1, c¢4(I—=N) = c_(=l) = 0. Therefore we have N =2/ + 1 and -l < m < [. As a
consequence of this purely algebraic derivation, | = %(N — 1) is either integer or half integer. We
already know that for the angular momentum operator L only integer values of [ are realized, the
eigenfunctions are Y7 ,,. The reason is that the algebra allows for

exp(i(6 +2m0/|0|) - L) = £ exp(if - L) (1.10)

whereas for pure rotations only the +-sign is realized. The group, which allows the —-sign as well
is the group SU(2) of unitary 2 x 2 matrices, the corresponding algebra is called su(2)-algebra. For
spin % a standard representation of the su(2) algebra is given by %J%y,z where o, . are the Pauli
matrices, in there standard representation

01 0 —2 1 0 .
0$—<1 O)’ O'y—<i 0 ), O'Z—<0 _1>, oy =0y Loy (1.11)

1.3 Identical particles

When one considers a system of many particles, e.g. balls, in classical mechanics, it is often useful
to consider those balls as marked e.g. by a number or colour. Numbering or painting the balls does
not change their physical behaviour.

In microscopic systems as they are described by quantum mechanics, this is not possible. Identical
particles are strictly indistinguishable. Consider a system with two or more particles. Take any
observable A and any state i and let P be a permutation operator of the particles. Then the
expectation value of the operator should not change, if we permute the particles, i.e.

(PYIAIPY) = (]Aly) (1.12)

The left hand side of this equation can be written as ()| PT AP|+) and since permutation are unitary
operators we have P! = P~1. Therefore ()| P~ AP[)) = ()| Al¢). Since this must hold for any
state 1, the operator identity P~*AP = A must hold. Multiplying with Pfrom the left, we obtain

[P, Al =0 (1.13)

for any observable.
The eigenvalues of P are +1. To show that, consider a permutation P of two particles. For this
permutation we have P2 = 1. The eigenvalues of this permutation are therefore 1. Since any
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permutation can be constructed as a product of permutations of two particles, this holds for any
permutation. Eigenstates of P are symmetric for the eigenvalue 1 and antisymmetric for eigenvalue
—1.

This now means that in quantum mechanics, a many particle state must be either symmetric if
one permutes two particles or it must be antisymmetric. Particles with symmetric many particle
states are called Bosons, those with antisymmetric states are called Fermions.

1.4 Spin and statistics

Since the angular momentum allows only integer values of the quantum numbers [ and m, is was a
huge surprise when first Stern and Gerlach found half-integer values. The explanation was provided
by Pauli, who proposed an intrinsic angular momentum for the electron, called spin. Later it was
shown that all elementary particles have a spin. The spin operators form a su(2)-algebra. Further,
with the help of relativistic field theory, Fierz, Pauli, and others derived the so called spin-statistics
theorem. It states that all particles with a half-integer spin have anti-symmetric wave functions
with respect to an exchange of particles, whereas all particles with an integer spin have symmetric
wave functions with respect to an exchange of particles. Particles with a half-integer spin are
Fermions, those with an integer spin are Bosons.

1.5 Time reversal symmetry

For a good introduction on time reversal symmetry I refer to the second chapter of the book of
Haake [11].

In classical physics, time reversal symmetry means that a system is symmetric under the trans-
formation x — z, t — —t, p — —p and consequently L — —L. In quantum mechanics, if we have
a spinless particle and a Hamiltonian of the form

2

H= szn +V (@) (1.14)

the conventional time reversal operation is
r—z, p—-—p, t——t, Yx,t)—> Pz, —t)" (1.15)

This holds in position representation. A general time reversal operator 7" must be of the form
T = UK where K is the operator of complex conjugation and U is a unitary operator. Further,
acting with T twice on a wave function should reproduce that wave function, eventually with a
phase factor, i.e. T2 = u with |u| = 1. Using the representation 7' = UK we obtain u = T2 =
UKUK = UU*K? = UU* and therefore U = u(U*)~! = uU'. Transposing this equation and
inserting Ulon the right hand side yields U = u?U and therefore u?> = 1, ie. u = +1. As a
consequence, the time reversal operator in quantum mechanics needs to fulfill

T2T ' =z (1.16)
TpT—'=—p (1.17)
TJT ' =—J (1.18)
and
(¢lv) = (TY|T9) (1.19)
T? = +1 (1.20)
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Let us now ask how time reversal acts on a spin. For spin % we have

To, T ' =UKo, KU =Uo,U' = —0, (1.21)
To, 7' =UKo,KU! = ~Uo,U' = —0, (1.22)
To.,T7'=UKo, KU =Uc,U" = -0, (1.23)

which is solved by U = io,. Therefore, T' = ioy K and we obtain T’ 2 = —1. This can be generalized
to systems with many particles and with arbitrary spin. If the total spin of the system is integer,
we have T2 = 1,if it is half integer, we have T2 = —1. For more details on time reversal symmetry,
we refer to [11].

1.6 Creation and Annihilation Operators for Fermions

For an excellent introduction of creation and annihilation operator as presented in this chapter I
refer to chapter 1 of the book of Negele and Orland [18].

Let {¢;(7,0)} be an orthonormal basis of single particle states. We denote the coordinate and
the spin by ¢ = (7,0). In the case of Fermions, for which the states must be antisymmetric if one
exchanges two particles, a basis of N-particle states can be build out of Slater determinants of the
single particle states:

i (q1)  di(q2) ... ¢i(an)
i) = \/% @2?(11) @gffh) e Gy (SQN) (1.24)
¢i1\7(q1) (biN(qQ) ¢iN (QN)

This state can be written in the form

o . 1
ity in, i) = i ;(_1)PH¢Z'J' (ap()) (1.25)

J
Because of the construction as a determinant, the state is antisymmetric if one permutes a pair of
indices, as it should be for Fermions.

15 cees s ooy Ty ooy IN) = — i1, vy 1 ooy s ooy I (1.26)
Normalization:
(i1, 82, .y in i1, d2, oy in) = 1 (1.27)
Orthogonality:
(J1: G2, -y N i1, s oy i) = (1.28)
ZP(_l)P I, 5jk»iP(k) itN =M (1.29)
0 if N # M. '
We now define the creation operator of a particle in the state ¢ by
cHiny iy ooy in) = |i, 01,02, in) (1.30)
c;r maps states with N onto states with IV + 1 particles. The right hand may vanish, this happens

if and only if one of the indices i, = i. One has

clelliv, i, in) = .4 01,02, v in) (1.31)
—cleflin, i, ...yin) (1.33)
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This holds for all states, so we have

czc} = —c}cg (1.34)
Therefore we have c; c;r = 0. Furthermore one may write
fiv, iz, -vin) = ] €l el |vac.) (1.35)

.I.

For each operator ¢; we introduce the Hermitian conjugate operator c;:

(1, oo gt lCilivs ooy in) = Gty ooy inlel 1, ooy ) (
= <i17"',iN|i7j17-“ajM>* (
041,305, j1 -+ — 04y ,j1 0in,i £ ... alltogether N! permutations, if N =M +1 (

0
(

==
W w

=
w
oo

if N 75 M+ 1.
= 6i1,i<i27 ...,’iN’jl, ,jM>* — (5i27i<i1,i3, veny iN|j1, ,jM>* + ... (Nterms).
and therefore
cilit, ...,iN> = 5i1,i‘7;2; ...,iN> — (5@211“2‘1,213, ...,iN> + ... (Nterms). (1.40)

and
cilvak.) =0 (1.41)
1

The commutation relations for the creation operators ¢; can be carried over onto the annihilation
operators c¢;:

CiCj = —CjCZ' (142)

We now introduce the anticommutator [A, B]; = AB+ BA for arbitrary operators A and B. Then
we may write

el efle =0, e ey =0 (1.43)

Because of
CICj‘il, ...,iN> = 5i17j’i,i2, ...,iN> — 5i27j|i,i1,i3, ...,iN> + ... (1.44)
cjc;[]il, ...,iN> = 5i,j’il7 ...,iN> — 6i1,j‘i;i2> ...,iN> + 5i2’j‘i,i1,i3, ...,iN> + ... (1.45)

we obtain

(Cjcl- + C;[Cj)’il, ...,iN> = (5,‘7]‘ i1, ...,iN> (1.46)

and since this holds for any state, we have

e, el4 = b (1.47)

1.7 Creation and Annihilation Operators for Bosons

Bosonic wave functions are symmetric. Therefore we could make the ansatz, in analogy to the
Fermions

1
P

But this state is not normalized. Since these wave functions are symmetric against permutations
of two indices, they do not vanish if two indices are identical. Let n; be the number of particles in
the state i. Then we have

(i, ig, o inlivy iz, nin) = [ ! (1.49)
i€{i1,.,in}
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Therefore, the correct normalization is

. . 1
i1, 42, ..., IN) = ZH¢ij(QP(j)) (1.50)
\/N!Hie{il,...,iN}ni! P

and therefore

<j17j27 "'7jN|i17i27 7ZM> =

1 .
| >pllk Ojpipgy 1 N =M (1.51)
0 if N#AM '
For Bosons, the creation operators can be defined as
cliny iy ooy in) = Vi 4 )iy i1, i, oy in) (1.52)

Here, n; is the number of particles in the single particle state ¢ contained in |iy, 49, ...,7x). This
is in complete analogy to the operators one introduces in the typical text-book treatment of the
harmonic oscillator.

The Hermitian adjungate operators to cj are ¢; and we obtain:

1y oons Jar|Cili1s ooy i) = (i1, comr i |l 1, o Ginr)* (1.53)
= ni—l-1<i1,...,iN|’i,j1,...,jM>* (1.54)
n; + 1 { 0i1,i0is,j1 - + 04y j1 0in i + ... alltogether N! permutations, if N =M + 1
Iiepi, inynart L O if N £ M+ 1.
= T_H((Sil’i@g,...,ZN‘]l,...,jM> + 0iy i (01,935 ey IN|J1s ooy Jr) ™ + oo (N terms)) . (1.55)
(A

Here again n; is the number of particles in the single particle state i contained in |ji, ..., jar). This
means

Cilin, ooy iny = —— (0iy,ilt2, -y IN) + ig.ili1, 93, ..o, in) + ... (N terms)) (1.56)
V1
where now n; is the number of particles in the single particle state i contained in [i1,...,ix) (one
particle more than in |[j1,...,ja)). In complete analogy to the fermionic case treated before, we
obtain

e}, chl-=0 (1.57)
[Ci, Cj], =0 (1.58)
[ci, C}]— = 0; (1.59)

where now [.,.]_ is the commutator. The creation operators can be used to form the multi particle

states:

o . 1 bt
li1,42, ..., in) = 'cilciQ..

Hz‘e{il,...,m} T

.CIN|VaC.> (1.60)
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1.8 Summary: Creation and Annihilation Operators

We introduce the variable ¢, which is —1 for Fermions, 4+1 for Bosons. With the help of this

variable, we may write the formula for both types of particles in the compact form

. . 1
i1, 42, .y iN) = : : E C£H¢z‘j(QP(j))
\/N-Hie{il,“.,m} T J

<j17j27"'7jN|i1,i2, >ZM> =
1 .
0 ifN £ M.

ity iz, o ind = Vi + 1], i1, 02, ooy in)

1
ciltq, ...,iN> = (511 Z"ig, ...,iN> + C(Szzz 11,13, ...,iN> + ... (Nterms))
\/m ) )
[C;{?C}]—C =0

[Cia Cj]—C =0
leiy el ¢ = di

. . 1 bt
7,1,12,...,2]\[> = 'Ci1ci2

Hie{il,...,z’N} -

...cI.N|vac.>

1.9 Single particle operators

Let us now discuss the operator
]\7 = Z CICi
(2
One has
cjci]il, ...,iN> = (51'1,1' + (51‘277; + ...+ 52'1\7,71)‘2‘17 ceey iN>

and therefore
Nlit,...,in) = Nlit, ..oyin)

(1.61)

(1.62)

(1.63)

(1.64)

(1.65)

(1.66)

(1.67)

(1.68)

(1.69)

(1.70)

(1.71)

N is the particle number operator. It is a single particle operator, since it may operate on single
particle states. Any single particle operator T' (for instance the kinetic energy or a potential)

operates on the single particle basis. One has
Tlin) =) tili)
i
We consider first operators which are diagonal in the chosen basis

Tli) = i)

10

(1.72)

(1.73)
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For N-particle states we have similarly
Tliv,rin) = > _tilit, ooyin) (1.74)
J
The operator acts on each particle independently. We now want to show that
T=> ticle (1.75)
i

With this form of T one calculates

.. . 1 o . 1 1ps . 1 o .
T =T—c =——\T, ¢ —0c T
|91, 42, ., IN) ni1+10““2’ JiN) ni1+1[ sy iz, nin) + T lig, .y iN)
(1.76)
and further on
[T, CL] = Zti[czci,cgl] = ti1Cle (1.77)
i
T’il,ig,...,iN> = tz‘llil,ig,...,iN>+Cl-LlT|i2,...,Z'N> (1.78)

= > tilin, . in) (1.79)
J

which shows that the representation of 1" is correct.

We will deal with single particle operators which are non diagonal. Since any hermitian operator
can be diagonalized with the help of a unitary transformation, we have to know how a unitary
transformation acts on the creation and annihilation operators. Let us introduce a new basis
la) = >, uqilt) where U = (uq;) is a unitary matrix.Let ¢l be the new creation operators. We
have

|cv) (1.80)

= > Uaili) (1.81)

i

cl [vac.)

and therefore we let

= Z (a]2) cz (1.84)
e = (ila)c} (1.85)
Ca =Y _(ila)e (1.86)

ci =Y (ali)ca (1.87)

11
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Then we have

T = ) ticle (1.88)
= Y tilali) (il8) cles (1.89)

,L‘?a76
= Zta,chC[g (1.90)
a76

This is the general form of a single particle operator.

Examples:
e Potential: V(7)
b = [ i@V () (1.91)

e Kinetic energy:

b= [ oo (- Vg) 65(7) (1.92)

2m
In the orthonormal basis ¢;: = LV exp(ik - ¥)xo one obtains
B2k .
T = Z 57 CF O (1.93)
k,o

1.10 Interactions

In this course, we will also treat interacting systems. Almost any interaction is an interaction
between two particles. Such interactions can be described as two particle operators. Generically,
we cannot expect that interactions are diagonal in the multi particle states constructed out of given
single particle basis. But, for simplicity, we will start with this case. Let V' be the operator of the
interactions, then, in this basis, we have

Vi, j) = Viglis ). (1.94)

li,7) is a two particle states. For matrix elements of states with N particles, we obtain

GreednlViin i) = "5 Y GpeirViieiw) T Grli) (1.95)
P k#£k I#k k'
1 . o .
— 3 Z Vied | (1 dnlin. . in) (1.96)
k#£k!

Here } > k4k is the sum over all pairs of particles in the states [i1...4n). For ¢ # ¢', the number
of pairs of particles in the states ¢ and ¢’ is n;ny. For ¢ =4/, it is %nl(nl —1). Using

nmj - (52',]'712' = c;-rcz-c;r-cj — (5i’jc;-[cl- (1.97)
= (CIC;CiCj (1.98)
= c;rc;r-cjci (1.99)

12
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we therefore obtain

ZV’J lcjcjcl = Z<’L JlVli, j>C chcz (1.100)

7]

For i # j the factor 1/2 in front takes into account that pairs in the sum are counted twice. For
i = 7, the factor 1/2 comes from the number of pairs. Transforming this into a general basis, we
obtain

V= % Z (1, |V |k, l)c c .C1Ck (1.101)
9,5,k,1

This is the general form of any two particle operator. Each two particle interaction can be written

in that form.

The representation of any operator, e.g. the Hamiltonian of a given model, with the help of
creation and annihilation operators is thus a simple short form of writing down the matrix elements
of that operator in a multi particle basis that has been constructed from a single particle basis
by either forming completely antisymmetric states, Slater determinants, in the case of Fermions
or completely symmetric states in the case of Bosons. The advantage of this representation are
the simple algebraic relation ship between the creation and annihilation operators in the form of
commutation relations (Bosons) or anti-commutation relation (Fermions). Many calculations are
much easier in this representation.

1.11 Quantum states

1.11.1 The density matrix

In quantum mechanics, one typically describes a system using a Hamiltonian, and one tries to
calculate or estimate its eigenstates. Let the system be in such an eigenstate, e.g. in the ground
state 1g. Then one has complete information about the system. One can calculate any expectation
value of any observable A simply using (A) = (1g|A|o).

In all more complex realistic cases, one does not have complete knowledge of the system. This is
already true in classical mechanics. And there is no way to obtain complete knowledge of a system
by doing experiments, simply because of the finite accuracy of any experiment. Therefore, in a
realistic description of a system, one cannot have complete knowledge of the system.

How do we introduce such an incomplete knowledge into quantum mechanics? Let us assume
that {1;,7 > 0} is a orthonormal basis (ONB) of the Hilbert space of our system, e.g. the ONB
formed by the eigenstates of the Hamiltonian. We can describe incomplete knowledge of the system
by assigning to each state v; a probability p;. We will later present some ideas how to estimate
these probabilities. In the case of complete knowledge, one of the probabilities is equal to 1, all the
others vanish. The expectation value of an observable A would then be

A) = ZPi<¢i|AW¢> (1.102)
We now introduce the operator

p= Zpirwaw = sz-Pi (1.103)

and write the expectation value in the form

(4) = TrpA (1.104)

13
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The operator p is called density matrix. The representation (1.103) is the diagonal representation
of it. Since the p;are probabilities, we have 0 < p; < 1 for all i and p; > p7, further > .p; = 1. As
a consequence, the density matrix obeys the conditions

0<p*<p<li (1.105)
Trp =1 (1.106)

1.11.2 Special density matrices
According to Jaynes, the missing information about a state of a system is given by I = — . p; Inp;.

If we let kg = 1 it is identical to the entropy. For a quantum system, this can be written as
I=—-Trplnp (1.107)

Suppose that we have some additional information about the system, e.g. the expectation value
of an operator A. If we want to estimate p given this knowledge, we have to maximize I under
the condition(A) = TrpA. This condition can be taken into account using a Lagrangian multiplier
A. A second condition we always need to take into account is (1.106). We do this using a second
Lagrangian multiplier a. Then we get

0(Trplnp + aTrp + ATrpA) =0 (1.108)

which yields
Tr(lnp+14+a+AA)dp=0 (1.109)
Since this must hold for arbitrary variations dp we obtain

p=exp(—1—a—AA)

where o and A need to be determined using the two conditions.
Let A be the Hamiltonian itself and assume we know its expectation value. Then the density
matrix is given by

1
p= Eexp(—ﬁH) (1.110)
where
Z = Trexp(—pH) (1.111)

and (3 can be identified with the inverse temperature in analogy to classical physics. This is called
the canonical ensemble. We can also introduce the grand canonical ensemble, where also the particle
number is not known exactly but only its expectation value, or the micro canonical ensemble, where
the energy is known precisely.

1.11.3 Time dependent systems

Consider now a time dependent system. Then we would have time dependent states 1(t) obeying
the time dependent Schrédinger equation. Let P(t) = |¢(t))(1(t)| be the projector onto that state.
For the projector, we obtain (in the Schrédinger picture)

dP
— = —1|H,P 1.112
dt Z[ Y ] ( )

Since the incomplete information one has initially about the system does not change as long as no
measurements are done, the probabilities p; are constant in time and one obtains for the density
operator

dp

oy = —ilH. gl (1.113)
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2 Open quantum systems

The aim of this chapter is to give an overview on open quantum systems. Some details esp. on
driven dissipative quantum systems will be treated later. A comprehensive treatment of dissipative
quantum systems is given in the book of Weiss [26]. T also refer to the review article by Caldeira
and Leggett [3].

2.1 A preliminary study: classical systems

An open system in classical as well as in quantum physics is a system coupled to an environment.
Before we enter to quantum systems, let us look at a simple model for a classical open system. The
starting point is a Hamilton function of the system coupled to the environment of the form

H=Hs+ Hp + Hgp (2.1)

Hg is the Hamiltonian for the system. The environment is a simple heat bath described by Hp
and the coupling between the system and the bath is given by Hgg. Although the model looks
symmetric, it is asymmetric. The heat bath is much larger than the system we are looking at.
In most cases we will perform a thermodynamic limit where the heat bath contains infinitely
many degrees of freedom whereas the system itself contains typically few degrees of freedom. As a
consequence, the heat bath will influence the system but the system will have (almost) no effect on
the bath. Further, we will typically have a detailed knowledge about the structure of the system
whereas we typically know only very few properties of the bath, like its temperature or some other
macroscopic quantities.

What one is typically interested in is the effect of the bath on the dynamics of the system. What
we expect is an energy transfer from the system to the bath, in classical mechanics described as
friction, and eventually an energy transfer from the bath to the system, which is uncorrelated and
causes phenomena like Brownian motion. The aim of this subsection is to derive these phenomena
from a model given by (2.1).

In classical physics, in the theory of small vibrations, one expands a system to second order and
performs a principal axis transformation. The result is a set of independent harmonic oscillations.
With this idea in mind we can describe the bath as a set of independent harmonic oscillators. Let
us now as a very simple example consider a classical one-dimensional particle in a potential as our
system. Then, the Hamiltonian function is

H= m“Q ) +Z)\ (2.2)

2

The equations of motion are

. OH | 0H | OH OH
qzﬁip’p:_aiq’Qizaipi7pi:_aqi‘ (2-3)
and one obtains
i= % (2.4)
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2 Open quantum systems

p=F(q) —22)\i(q—qz‘) (2.5)

. Di
;= 2.6
6= (2.6)
pi = —mid)?qi — 2)\i(qi — q) (27)

These equations can be investigated further by integrating the equations of motion for the bath
variables and inserting the result into the equation of motion for the system. The result is an integro-
differential equation for the system which contains the initial conditions of the bath variables as
parameters. One then needs to make some assumptions about the statistical properties of these
initial conditions. To illustrate the procedure, let us take a simple example, the dissipative harmonic
oscillator. The Hamiltonian is

2

2

D Mg o Di m 2 2 (o — )2

H—%+qu +Z(%+5wz Qi)+z)\z(q Qz) . (2'8)
1 (]

We expand the last term in (2.8) and introduce the quantities w? = &% + % S, wi =0+ m%)\Z
w must be finite, therefore ), A; must be well defined. Further, similarly to the treatment of the
harmonic oscillator in quantum mechanics, it is useful to introduce complex coordinates

b= j§<\/m7q + ip/ V@) (2.9)

b; = é(\/miwi(h + ipi//miw;) (2.10)

The transformation back to the original coordinates is

q= (b+b*) (2.11)

2mw

b= %, [0 - 1) (2.12)

and similarly forg; and p;. Using these quantities, the Hamiltonian becomes

H:wb*b+zi:wib}‘bi—zi:W(b+b*)(bi+bf) (2.13)
We introduce g; = \/#M as the new coupling constant in the last term. The Hamiltonian
equations of motion are b = —igg and similarly for b; and their complex conjugates. One obtains
by = —iw;b; +igi(b+ b*) (2.14)
b= —iwb+1iY_ gi(bi +b;) (2.15)
i

Integrating the first equation yields

b; = b exp(—iw;t) + ig; /Ot exp(—iw;(t — ")) (b(t") + b*(¢'))dt (2.16)
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2 Open quantum systems

We introduce this result into the equation of motion for b and obtain
= —iwb—2i Zgl / sin(w; (t—t")) (b(t)+b*(t'))dt' +i Zgi(bio exp(—iw;t)+bj, exp(iw;t)) (2.17)

The first term is the simple harmonic oscillation of the system. The second term contains a coupling
of the system to its previous states. This is a memory effect, the system remembers its past. We
will make a plausible assumptions that reduces this memory significantly. It will turn out that this
term describes dissipation. The last term depends on the initial conditions of the bath variables,
which are typically not known. We will see that it represents a stochastic force.

In a first step we take the thermodynamic limit and we assume that the bath frequencies form
a continuous spectrum. As long as the bath is finite, there is no "real" dissipation. We introduce

—229 (W — wp) (2.18)

which is a continuous function. It can be used to rewrite the second term in the equation of motion
as

/dw’G(w’) sin(W'(t —t')) = —% dw’ G((://) cos(W'(t —t')) = —%R(t —t) (2.19)

The two functions G(w) or equivalently R(t) describe the bath and the system-bath-coupling. After
a partial integration, the equation of motion can now be written as

b = —iwb+iR(0)(b+b*) —iR(t)(b(0) + b*(0)) — i / tdt’R(t—t’)(E(t’)+I5*(t’))
0

+i Z 9i(bio exp(—iw;t) + bjy exp(iw;t)) (2.20)

The second term yields a shilft of the frequency. The equation is well defined if and only if
2R(0) < w. R(t) is a sum of many small oscillating contributions and can therefore be expected to
fall of quickly as a function of time. Therefore, the third term only contributes for small ¢ and the
fourth term only contributes for ¢ ~ ¢. Taking the real and the imaginary part of this equation,
we obtain the equation forp and gq.

= (2.21)

p = —mw?q+2mwR(0)q — 2mwR(t)q(0) — kg +V2mw Z 9i(bip exp(—iw;t) + by exp(iw;t)) (2.22)

which yields

MG = —Mie,q — K4 + F(t) (2.23)
with -
K~ Qmw/o dtR(t) (2.24)
Wren = Vw? — 2wR(0) (2.25)
and
F(t)= \/%Z 9i(bip exp(—iw;t) + bj exp(iw;t)) (2.26)

wren should be real, therefore 2R(0) < w must hold as already stated above.

If R(t) falls of quickly, we see that the fourth term in the equation for b directly yields a typical
friction. The fifth term contains a time dependent force F(t). It depends on the unknown initial
conditions of the bath . We eventually know some statistical properties of the bath. Let us take
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2 Open quantum systems

F(t) as a stochastic force. If we assume a symmetric distribution of the initial conditions, i.e. the
probabilities for e.g. p;(0) and —p;(0) are the same, the expectation value of F'(t) vanishes. Let us
calculate the second moments of F(t).

<F(t)F(t/)> = 2mw Z 9ig;j <(bi0 exp(—iw;t) + by, exp(iw;t))(bjo exp(—iwjt/) + b;o exp(iwjt'))>

(2.27)
We can assume that the different bath modes are independent. Then, only the term with ¢ = j
contributes to the sum. It contains the expectation values (b},bjo) which depend on w;. We obtain

(Ft)F(t)) = 4mw Z g7 (blybio) cos(w;(t —t)) (2.28)

(2

Because of the equipartition theorem we have

kpT

(bighio) = — (2.29)
and we finally obtain
2
(F()F(t')) = 4mwkpT % cos(wi(t — 1)) = dmwkpTR(t —t) (2.30)

7

The second moment of the fluctuating force is therefore directly related to the dissipation. This is
the so called fluctuation-dissipation theorem. We already assumed that R(t) falls of quickly as a
function of t. We may approximate

K

R(t) ~ §(t) / d'R(t) = —5(t) (2.31)

mw
This is clearly in contradiction to the condition 2R(0) < w. Indeed R(t) o< §(¢) is an assumption
which is only valid if we keep wren fixed. This is a typical example for renormalization, as it is
often used in many different areas of physics. The assumption R(t) o d(t) is physically reasonable.
It simply means that the correlation time 7 for F(¢), which determines the decay of R(t), is small
compared to w™! or other relevant time scales in the system.

Let us make some final remarks here:

1. The uncorrelated noise with R(t) o d(¢) is called white noise. We obtain white noise if G(w) /w
(or equivalent g?/w;) is constant. Since formally R(0) must be finite to have a well defined
model, one has to introduce an ultra-violett cutoff w, which represents a finite correlation
time. In the limit w, — oo we obtain white noise. Keeping the theory meaningful in that
limit is a typical renormalization problem.

2. The friction constant x and the second moment of the stochastic force F'(t) are parameterized
by G and are therefore not independent. The relation ship of the two is a simple version of
the fluctuation-dissipation theorem.

3. If the mass of the harmonic oscillator is large, the effect of the fluctuating force becomes small
and can be neglected. We then obtain the usual equation of motion with a friction term.

4. It is important to perform the thermodynamic limit. Without it, system plus bath just form
a system of coupled oscillators with characteristic eigenmodes.
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2 Open quantum systems

2.2 Noise in quantum systems

In quantum mechanics, a state is described by a wave function or by a density matrix. If one
wants to describe a quantum mechanical system coupled to an environment, a wave function is
not suitable. One would need a precise knowledge of the environment, which is not available.
Therefore, the description using a density matrix may be better.

If one describes a quantum mechanical system by a density matrix, the equation of motion for
the density matrix is

95 — ilps, Hs] (2.32)

An effective description of a quantum mechanical system coupled to an environment can eventually
be obtained by adding further terms to this equation. In analogy to the classical case one has
to expect a memory term which contains p(¢') for times ¢ < ¢, and a stochastic term. But the
situation is not easy since a modified equation of motion for the density matrix has to fulfill certain
condition which guaranty that the result is again a density matrix. The necessary conditions for
the density matrix are

1. ps > pg > 0.
2. Trpg = 1.

3. (¢|psp) <1 for all ¢.

These conditions need to be fulfilled for all times and all allowed initial conditions.

Another possibility is to describe the coupled system plus environment by a joined Hamiltonian
as in the classical case. Eventually, one can derive either an equation of motion for pg from such
a model or at least equations of motion for some observables of interest. As above, a coupled
Hamiltonian has the form

H=Hs®Ig+Is® Hg+ As ® Ap (2.33)

The indices S denote the system, B the bath (the environment). Ig p are identities on the Hilbert
spaces of the system and the bath, resp.. The Hilbert space of the entire system is the direct
product of the two Hilbert spaces of system and bath.

The combined density matrix p of system and bath obeys the equation

do _

&= —ilp. ] (2.34)

The density matrix of the system can be obtained from p by a reduction on the Hilbert space
of the system by a partial trace over the states in the Hilbert space of the bath. If we arrive at
applying this reduction directly to the equation of the coupled system, we would get an effective
equation for pg. The same is true for the equations of motion for observables. The full equation
of motion for an observable of the system contains bath operators. If one succeeds to eliminate
those, one would have an effective equation of motion for the observable. In this way, we treated
the classical dissipative harmonic oscillator. Let us now look at the quantum analogue.

2.2.1 The dissipative harmonic oscillator

With a harmonic approximation for the bath, i.e. using a bath of independent harmonic oscillators

and a linear coupling to the system, we have
PP om 5,
Hg=—+—-0Q 2.35
ST om + 2 ¢ ( )
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2 Open quantum systems

Z( + 0 zqk> (2.36)

As=q (2.37)

Ap = grak (2.38)
K

as in the classical case. Introducing level operators, or, in the language of the first chapter, bosonic
creation and annihilation operators, the Hamiltonian can be written in the form

H = Qa'a + Zwkazak + Z Ai(a + aT)(ak + a]:) (2.39)
k k

The equations of motion are

%‘Z —iQa+i zk: Me(ag + al) (2.40)
day, . . ¥
= lwrar +iXg(a+a') (2.41)
As in the classical case we formally integrate the equation for ay
t
ax(t) = ax(0) exp(iwgt) + i)\k/ dt’ exp(iwg(t — t'))(a(t') + af (t)) (2.42)
0
and obtain
d
CTCZ - z’Qa—l—iZ)\k (exp(iwpt)ag(0) + exp(—iwgt)al (0)) (2.43)

—2ZZA2/ dt’ sin(wp(t — ) (a(t)) + a' (¢) (2.44)

Although this equation looks very similar to the corresponding equation in the classical case, the
two equation are different. In the quantum case, we have an equation for operators. Fortunately,
the operators from a closed algebra, which makes it possible to solve the equation. There are several
ways to do that. A direct integration of the equation of motion is possible in principle. It has the
disadvantage that it cannot be generalized to more complex quantum systems. Another possibility
is to rewrite the system in terms of path integrals [26]. This allows to integrate out the bath
variables. A third possibility is to use a Hamiltonian based renormalization approach called flow
equations for Hamiltonians [25, 12|. It uses continuous unitary transformations to diagonalize the
Hamiltonian. This approach has been applied successfully to a lot of dissipative quantum systems.
The exact solution of the dissipative harmonic oscillator using flow equations was first presented in
[13]. Using one of these approaches, it is possible to calculate e.g. dynamical correlation functions
like (g(t)q(0)). One obtains

(a()a(0) +4(0)q(t)) = ¢ 19 dwC(w)(2n(w) 4 1) cos(wt) (2.45)
with
n(w) = eXp(w/lT)—l (2.46)
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2 Open quantum systems

2J (w)(w? + Q2?)

C(w) = e (2.47)
<Q2 — W2 + 40P (f %)) + 4720272 (w)
J(w) =" Ad(w — wg) (2.48)
k

P(.) stands for the principal value of the integral. We introduced here the spectral density of
the environmental coupling J(w). As long as the bath is finite, there is no "real" dissipation.
As in classical physics, real dissipation only occurs, if you take the thermodynamic limit. In the
thermodynamic limit the spectrum of the bath becomes continuous and J(w) becomes a continuous
function of w. Examples will be discussed below in connection with the dissipative two-level system.
The formula for C'(w) shows several things:

1. The first term in the denominator of C(w) is a pole term. For vanishing coupling we have
Cw) x (6(w—Q)+ d(w+ Q)). For a finite coupling the maxima are shifted to lower values

dw'w' J (W)
0 =0* 40P ( / ) (2.49)
Q%en - wl2
As a consequence one needs
d / /J /
02 4 40P (/ M) >0 (2.50)
ren

This condition guaranties that the Hamiltonian is bounded from below..

2. The second term yields a damping. As a consequence, there are no poles at w = £, but
maxima.

3. In contrast to the classical case we obtain damping already for 7' = 0. The reason are
quantum fluctuations.

4. For finite temperature C(w)(2n(w) + 1) if proportional to %J(w) for small w. The case of
friction according Stoke’s law corresponds to the case J(w) o« w. Correlation functions fall of
exponentially in this case, as in the classical case.

5. For T = 0, when only quantum fluctuations are present, we have n(w) = 0 and therefore
C(w) o J(w) for small w. For J(w) o w, we obtain an algebraic decay of the correlation
function oc ¢ 2.

6. In quantum mechanics, other baths exist where J(w) o w® with s > 1 or s < 1. Phonons
in solids have s = 3. As a consequence there are quantum baths with a non-exponential
damping.

2.2.2 The two-level system

The dissipative two-level system is the paradigm for dissipative quantum systems. In analogy the
the harmonic oscillator, the Hamiltonian can be written as

H = Hs®Ip+Is® Hgp+ As® Ap (2.51)
A t 1 o
= _EJI + zk:wkbkbk + 50,2 Ek: Ak (b + bk) (2.52)
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2 Open quantum systems

The two level system is described by a 2 x 2-matrix, here o,. The coupling to the bath induces
transitions between the two states, thereby creating or annihilating a Boson. The bath is again
represented by independent Bosons. The model is often called spin-boson model.

In the language of quantum computers, a two level system is a quantum bit. The above model
describes a quantum bit coupled to an environment. In quantum computing, the goal is to keep the
coupling to the bath as small as possible. But since it can never be reduced to zero, it is important
to understand how the quantum bit reacts when coupled to a bath and how different types of baths
create a different behaviour.

The spin-boson model has also been used to describe tunneling systems in an environment, for
instance impurities in solids or glasses.

The model is for most cases not exactly solvable. An exact solution is known for J(w) =
Dok )\zé(w — wy) = w. For other cases, renormalization approaches or field theoretic approaches
have been proven useful.

2.2.3 A nucleon in a pion-cloud

Another simple two-level system is given by the Hamiltonian

H = wilajar +bibr) + 90 Y (2w1) " *[(ar + ) + (af, + br)o-] (2.53)
k k

Here, aj and by are bosonic operator represented charged mesons (7%). They interact with a
nucleon, which has two states, a proton or a neutron. By emitting or absorbing a 7, the nucleon
is transferred from a proton to a neutron and back. The transitions are described by the Pauli
matrices o4. go is a coupling constant and wy, = (k? + p?)Y/2, where p is the meson mass. The
model was proposed and investigated first by Ken Wilson in 1965 |27, 28]. It serves as a prototype
for a local quantum field theory. The model cannot be treated by perturbation theory because of
divergences. Instead, renormalization needs to be used.

2.2.4 Fermionic baths

The cases discussed so far had heat baths formed by Bosons, which is natural if one thinks of
vibrations. But in reality there are also fermionic baths. The classical prototype of a model with
a fermionic bath is the Kondo model. It describes a magnetic impurity in a Fermi see of band
electrons in a solid. The Hamiltonian reads

H=Y" el cre —2750) - § (2.54)
k,o

where S is the spin of the magnetic impurity located at 0 and 5(0) is the spin of the band electrons

at this location,
- 1 o
5(0) =5 > ey (F)oocrs (2.55)

/ !
k.k' 0,0

The Hamiltonian has the same form as a typical system-bath model with a vanishing system
part (which may be included if one introduces a local external magnetic field). The system-bath
interaction is a usual (typically anti-ferromagnetic, J < 0) exchange interaction. Kondo showed
that at temperatures below the Kondo temperature

Ty = Dexp(M) (2.56)
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perturbation theory breaks down. Here, D is the band width and N(0) is the density of states at
the Fermi level. The model has been analyzed in detail by Wilson using numerical renormalization.
Below the Kondo temperature, the electrons form a singly occupied localized state which forms a
singlet with the impurity spin.

A similar model with a fermionic bath is the Anderson impurity model. The Hamiltonian

H=¢ Z cL’Ucdﬂ + UCL’TCL’¢Cd7¢cd,T + Z ekc;igckg -+ Z Vi (c:riﬂckg + c;rmcd,g) (2.57)
o k,o

describes an impurity by the first two terms which is coupled to a band of electrons, the third
term, via a hybridization, the fourth term. It can be (approximately) transformed to the Kondo
model if the Fermi energy lies somewhere in the band, €4, the impurity energy, lies well below
and €7 + U lies well above the Fermi energy. Then, the impurity is occupied by a single electron
which has spin % and is coupled via the hybridization to the band. This produces virtual processes
where electrons can move from the impurity to the band an vice versa, which produces an effective
exchange interaction between the spin on the impurity and the spins of the band electrons.

2.3 Flow equations for Hamiltonians

A suitable method to treat dissipative quantum systems are continuous unitary transformations,
also called flow equations. In this chapter I will first introduce the basic idea. For details I refer to
the original papers by Wegner [25] and Glazek and Wilson [8, 9]. For a comparison of the different
approaches I refer to an old lecture on the method (in German) [16]. A good introduction can be
found in the book by Kehrein [12]. In a second section of this chapter I will present the treatment
of the spin-boson model using this method. The method can also be applied to time dependent
quantum systems, see the following chapters.

2.3.1 Basic idea

If one wants to diagonalize a matrix numerically one typically applies a sequence of unitary trans-
formations with the goal to reduce or eliminate off-diagonal matrix elements. The basic idea of
flow equations is to do that using a continuous unitary transformation. A continuous unitary trans-
formation depends on a parameter £. We denote it as U(¢) with U(0) = 1. The continuous unitary
transformation shall be constructed such that U(oco) diagonalizes the given Hamiltonian or matrix
H. This yields a /-dependent matrix

H(¢) = U0 HU(0). (2.58)

If the transformation U(¢) was known, one could directly calculate H(co) and the problem would
be solved. This is typically not the case. Therefore we reformulate the unitary transformation as
an infinitesimal unitary transformation

dH (?)
0 — ey, 1oy, (259)
Here 7 is the generator of the transformation. 7 is anti-hermitian, ' = —n. For the matrix
elements, one obtains
dhi,q(€)
= = ) (Ol (0) = b ()11 (6)) (2.60)
p

1 shall be chosen such that the matrix becomes more and more diagonal with increasing ¢. A
possible condition could be that Zk?éq h%q decays monotonically as a function of ¢. Let H =
H;+H, H;= diag(H).

TrHZ + TrH? = TrH? = const. (2.61)
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Dok £q h%’ .= TrH? decays monotonically if Tng increases monotonically.

dTrH3 d 5
= — h
dl dl Zq: T4
= 2 Z hq,q Z(nq,phnq — hapNpg)
q p
= 2 Z Up,th,q(hp,p - hq,q) (2.62)
pq

The right hand side should be non-negative. A possible choice for 1, 4 is 7,4 = hp g(hpp — hgq) OF

n = [Ha, Hy]. (2.63)
It yields
dhi (£
]Zé?) = S ek (0) + Frgug(£) — 2k p () i p () g (£). (2.64)
p

d d

¢ hi a — T Z hi k

de k#q dt k

= =2 (hp — hgg)’hi,
k,q

- X, 269
k,q

Since ) ;. £q h% q decays monotonically but is bounded from below, the derivative must vanish for
{ — oo which means
n(€) = [Ha, H] =400 0 (2.66)

This means that with the choice (2.63) we achieved our goal almost. We obtained a matrix that
commutes with its diagonal part. That means that for degenerate diagonal matrix elements there
may still remain some off-diagonal non-vanishing matrix elements. Let us mention that there
are other choices of n which avoid this behaviour, but they are not suitable for the treatment
of dissipative quantum systems. It is intuitive to explicitly treat the case of a 2 X 2-matrix to
understand how the method works, we leave this as an exercise.

2.3.2 Flow equations for the spin-boson model

The general Hamiltonian of a system coupled to a bosonic bath can be written as

H=Hs+AY Nelbp+bL)+ > wi:blby: . (2.67)
k k

where we assume that we take the thermodynamic limit where the function
J(Ww) =Y Ad(w — wp) (2.68)
k

becomes a continuous function of w. As long as the bath is finite, there is no "real" dissipation.
As in classical physics, see (2.18), real dissipation only occurs, if you take the thermodynamic
limit. In the thermodynamic limit the spectrum of the bath becomes continuous. Further, we
introduced normal ordering : bLbk = bLbk — ny which is especially important for T > 0. Typically,
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Hg is a Hamiltonian of a particle in a potential. Let us assume that we have a general coupling
> & Wi(q — qi) with arbitrary functions Wj,. For small vibrations, it is sufficient to expand the
functions Wy about the minimum. The first non-trivial part is », 5 (q — qx)?. Tt yields a term
o ¢2 which can be absorbed in Hg and terms o< q,%, which are small in the thermodynamic limit
since ¢ o< A\ ﬁ . The mixed term is proportional to qg; which is exactly the form of the

coupling in (2.67). For the spin-boson model we have

A 1
A general choice of 1 can be
n=1iY Ag(be + L)+ Brlb — b} (2.70)
k k
. H] = iy wpAi(by — b))+ wiBi(by, + b))
k k

+12Ak,HS (b, + b)) +ZBk,HS (b, — bl)
+ZZA [Ag, A : (b + b)) (bg + b)) - +zZ)\kAk, (2ny + 1)

+Z)\ [Br, A] : (b — b)) (bg + b)) - Z)\k By, A (2.71)

We impose the conditions .
i

Ay = ——|[Bx, Hg], (2.72)
W,

wi By + i[Ay, Hs] = =M\ Af (wi, £). (2.73)

For the spin-boson model and for the dissipative harmonic oscillator these equations can be solved
explicitely. This allows to prevent the creation of terms in [n, H| which contain expressions con-
taining (b — b,t) The remaining terms are quadratic in the bosonic operators. Since already in
the construction of the model such terms have not been included, we neglect these terms in a first
step. The flow equations then are

Ak
- _ 2.74
dH.
75 = ZE Nl Ar, Al2ng + 1) + > Ak[Br, Al (2.75)
k

This is still a generic expression. For the spin-boson model we obtain

1
A = _iAkf(wkae) Wl — A2 Ty (2.76)
1 Wk
B = —— ————50, 2.
k 2Akf<wk7€)w]% _ A2J ( 77)
‘”gz’@ 9 f(w, )T (w, ) (2.78)
dHs 1 A w
LB /de(w,e)f(w,e) (wQ S 0e— e N) . (2.79)
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The parameters A and \; are now functions of ¢. f(w, ) can still be chosen. To avoid vanishing
denominators we choose f(w,f) = (w — A)2. This yields

dA w—A
2 A w-o 2.
- /de(w,E)w = (2.80)
dE() 1 w—A
—_— = . 2.81
= 2/dwa(w,€)w+A (2.81)
The equation for J(w, ) can be formally integrated
¢
J(w,0) = J(w,0) exp(—2 / Al (w — A)?) (2.82)
0

Inserting this in the equation for A we obtain

dlnA_l/d 0J(w, ) 1

a2 ol w?— A2
For small values of ¢ the integral will be dominated by large values of w. For large values of £ we
may assume that A approaches its final value A(co). This allows us to replace A by A(oo) on the

right hand side. This yields

(2.83)

dlnA 1d 1
=-—— | dwJ(w,l)5—5— 2.84
i~ aar ) W@ m T Ay (284)
and finally
A(o0) 1 J(w, )
1 =—= —_ 2.
"TA 2 /dwa — A%(0) (2.85)
The final form of the Hamiltonian is
A(oo
H(oo) = —(2)096 + Zk:wkbzbk (2.86)
Let us discuss some interesting examples:
e The Ohmic bath:
J(w,0) = 20w fe(w/we) (2.87)

with a cutoff function f.. It corresponds to the case discussed earlier which in the classical
example yields a friction proportional to the velocity. We obtain

J(w,?) e w A(0)
—_— =2 — =& 2al 2.
/dwa — A% a/o dww2 ~ AT aln - (2.88)

which yields

(&3

A() (A0)) ==
A(0) x ( o (2.89)
for < 1, A(o0) =0 for a > 1.
e The super-Ohmic bath

J(w,0) = K175 f(w/we), s>1 (2.90)

J(w,?) 1wt
~ 2.91
/dwa—AQ(oo) s—1Ks1 (291)

1 wst
A(oo) = A(0) exp <—2(S Y Ksl> . (2.92)

In this case A(co) does not vanish.
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2 Open quantum systems

For both cases we see strong renormalization effects. These are found in other approaches as well.
Due to these effects, a pertubational treatment of the coupling terms is useless. For the Ohmic
case, we further see a quantum transition from a state where the system tunnels between the two
states with a renormalized tunneling frequency A, to a state where the system is localized in one
of the two states. This is a Kosterlitz-Thouless transition. These results can as well be obtained
by other methods, see e.g. [26], but the current calculation is a lot easier.

2.3.3 Equilibrium correlation functions
An important dynamical quantity for the spin-boson model is the equilibrium correlation function

def 1
C(t) = 5(0:(8)0:(0) + 02(0)= (1)) (2.93)
where (.)7 indicates the thermal average at temperature T. Later, we will also discuss the limit
T — 0 betrachten. The Hamiltonian has a simple structure in the limit ¢ — oco. Therefore it is
useful to calculate C(t) in that limit. This means that we have to apply the continuous unitary

transformation to o, Let us use the following ansatz for o, ()

0.(0) = h()o. + 0 > xk(0)(b, +bL) - (2.94)
k

-

Calculating the commutator [n(¢),o.(¢)],we obtain the flow equations

dh wE — A
7= -A Zk: Ak Xk (2mu + 1)wk TA (2.95)
dxr wp — A
a0 = ANG TR (296)
For the correlation function one obtains
C(t) = h?*(o0) cos(A(oo)t) + Z X2 (00)(2ny + 1) cos(wyt). (2.97)
k
Using the flow equations one can show that
d o 2
(0 + zk: X3) =0 (2.98)

Therefore h*+ ", X4 is constant which guaranties C'(0) = 1. For small wy, < A(00) the coefficients
Xk are propotional toAg. The Fourier transform of C(¢) is therefore proportional to J(w, 0) for small
w which yields the correct long time behaviour.

Analyzing the asymptotic behaviour of the flow equations for J(w, /) and A(¢) for large ¢ one
can learn a bit more about the correlation function C(t). For wy = A(c0) the factor wy, — A decays
o 12 and A decays like A\ 4, Therefore, h must vanish in the limit £ — oo since otherwise
xk would diverge which contradicts h* + >, x3 = 1. This yields

7.(00) = 05 Y Xk(00) (b +Bf) - (2.99)
k
C(t) = xp(00)(2n4 + 1) cos(wit). (2.100)
k

which means that even for 7' = 0 coherence vanishes for long times. (2.99) shows that as a
consequence, the observable o, decays completely into combinations involving bath operators.
Let us close this section with some remarks:
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2 Open quantum systems

. The treatment of the spin boson model is generic and can be applied to many other dissipative
quantum systems.

. The dissipative harmonic oscillator can be solved exactly using flow equations. To do that,
the neglected terms quadratic in the bosonic operators must be taken into account.

. The flow equations for the spin-boson model can be improved by including terms quadratic
in the bosonic, this is esp. important for the description of dynamics at w ~ A(o0).

. The spin-boson model with an Ohmic bath at o = % can be solved exactly using flow equa-
tions.
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3 Time dependent quantum phenomena

If the Hamiltonian of a system is time-dependent, the notion of eigenstates becomes more or less
useless. Solutions of the time-dependent Schrodinger equation ~ exp(—iEt) no longer occur. We
need instead a way of solving the time-dependent Schrédinger equation. In this chapter we will first
discuss the driven two-level system. Although it is (over-) simplistic, it shows several interesting
phenomena. We will then discuss in more detail general periodically driven quantum systems.

Perodically driven systems are already very interesting in classical physics. In most cases where
the non-driven system is classically integrable, the driven system is not integrable and may even
show chaotic behaviour. For a comprehensive discussion I refer to the book of Haake [11]. See also
the review article [10] for many details discussed in this and the subsequent chapter.

Clearly, a driven quantum system cannot be separated from its environment. The discussion of
open driven quantum systems is done in the subsequent chapter.

3.1 The driven two-level system

There are several ways to write down a Hamiltonian for a driven two-level system. Here, I will use
the representation

H(t) = —%ax + h(t)o (3.1)

You may think of it as an atom with only the two lowest states taken into account coupled to an
external field. Another interpretation would be a driven tunneling system, this corresponds to the
interpretation often used for the spin-boson model presented in the previous chapter.

Suppose that h(t) is constant in some fixed time intervals, i.e.

h(t) = hy for t, <t <tpy1, t,=nAt (3.2)
Let ¢(t = 0) = 1) be the initial state, then we obtain
(t = tn) = Up_1Un—s ... UrUptho (3.3)

where

Un = exp(—iH (tn)At) (3.4)

We introduce a time ordering operator T’ that acts on products of operators and puts them in a
time order. For two operators, we have

AWBE) ift >t
TiA@mB) = § 40P (35)
B(thA(t) ift<t
Using the time ordering operator, we can rewrite (3.3) as
n—1
(t = tn) = T[] ] Ujltko (3.6)
j=0
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3 Time dependent quantum phenomena

The sequence of the Uj’s in the product is determined by the time ordering operator. Now notice
that

Uj1U = exp(—iH (tj41)Ab) exp(—iH (t;)At) = exp(—i(H ;1) + H(t;))At + O(AR))  (3.7)

For small (and in the end infinitesimal) At we can neglect the quadratic term and therefore write

n—1
W(t = t) = Tlexp(~iAt Y H(t,))] (3.8)
§=0
which formally in the limit At — 0 can be written as
U(tn) = Ultn)tho (3.9)

with
t
U(t) = lim T U {exp <—z/ dt’H(t’))] (3.10)
At%o 0

The expression (3.10) clearly holds for any time dependent Hamiltonian, not only for the driven
two-level system in (3.1). Note that this is only a formal expression which is only defined in the
form (3.6) with the limit t At — 0 .

Despite the simplicity of the Hamiltonian (3.1), there is no general solution to the time-dependent
Schrodinger equation. An easy case is a constant external field h(t) = hg for ¢ < 0 that is switched
of, i.e. h(t) =0 for ¢ > 0. Another easy case is that of a kick, i.e. h(t) = 6(¢). We leave those to
the exercises.

3.1.1 Periodical driving close to resonance

Let us now discuss the case of periodical driving, i.e. h(t) = hgcos(wt). In a first step we expand
¥ (t) in the eigenbasis of o,

P(t) = ai(t) exp(z’ﬁt)\}§ < 1 > + ax(t) exp(—z’ﬁt)\}5 < _11 ) (3.11)
We have A1 A
i) = o505 (1 ) —aenigo (1)) (3.12)
o.1p(t) = ar(t )exp(iglt)\j§ ( _11 ) + as(t) exp(—zét)\}i ( 1 ) (3.13)
which yields the differential equations for the time-dependent coefficients
z% = aghexp(—iAt) = %hoag(exp(i( — A)t) + exp(—i(w + A)t)) (3.14)
z% = ajhexp(iAt) = fhgag(exp( (w+ A)t) 4+ exp(—i(w — A)t)) (3.15)

There is no analytical solution to these two equations. To proceed further we assume that § =
w—A<Kw+ A, ie. we are working in a case close to resonance. In a first step, we assume that
a1 2(t) are functions that oscillate slow in time. We can then replace the fast oscillating terms in
the two equations by there averages, which vanish. We therefore neglect the fast oscillating terms
in the two equations and obtain

day

1 .
i = §h0a2 exp(idt) (3.16)
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3 Time dependent quantum phenomena

dag 1 )
i = §h0a1 exp(—idt) (3.17)
which by eliminating ag yields
Far _pdar  La g (3.18)
—_— ’L E— —_— a = .
dt? dt 470
with the general solution
a1(t) = a4 exp(iwst) + a1— exp(iw_t) (3.19)
where
1.1 /50
For a9 we obtain )
as(t) = ——la1+wi exp(—iw_t) + a1-w_ exp(—iwt)] (3.21)

ho
Suppose, we switch off the external field after a time ¢y. The system then is in a mixed state of

the two eigenstates of the Hamiltonian with A = 0. We now measure the energy. Then, |aj(tf)|?* is
the probability to find the system in the state with energy —%A, which is given by

hZ . 5 \/62+ hi
lay(tg)]? = 2 2 Oty (3.22)

BN A

The oscillations of this quantity as a function of ¢y are called Rabi oscillations, named after the
American physicist Isidor Isaac Rabi (Nobel prize 1944). The amplitude of the oscillations id
proportional to (1 + 62/h%) which is a typical resonance curve, a so called Lorentzian with a
maximum at 0 = 0, i.e. w = A. This resonance is also the basis of NMR (Nobel prize for Bloch and
Purcell 1952, Ernst 1991) with its medical application MRT (Nobel prize Lauterbur and Mansfield
2003). There, the two level system is a nuclear spin which is coupled to a time-dependent magnetic
field.

3.1.2 Fast driving

For a fast driven system, w > A ,we need to modify the ansatz for the wave functions. Since A is
small, we choose as a basis to expand the states the eigenbasis of .. For A = 0 we have

w0 =vs) (5 ) +o-0( o) (3.23)

with P
i% = £h(t)ps (3.24)
The solution is
t
i (t) =vip exp(:Li/ dt'h(t')) (3.25)
0
ho
=ip exp(¢z; sin(wt)) (3.26)
Therefore, for small A we make the ansatz
h h
0(t) = er(0) exp(—i-2 sin(wt) < é ) + ea(t) exp(i- sinwt)) ( ; ) (3.27)
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3 Time dependent quantum phenomena

and obtain from the Schrédinger equation

dc A h
i dlf =3 exp(i%;o sin(wt))ca.1 (3.28)
As before, for fast oscillations we can replace the time-dependent terms by their time averages. For

the exponential functions, the average over one period is

27 [w h 2%
% 0 exp(2i;0 sin(wt))dt = JO(TO) (3.29)
where Jy is the zeroth-order Bessel function. We then obtain
,dCLQ i A 2h0
i = g e (3.50)
with the solution A 9
c12(t) = 0(1)72 exp(iigJo(TO)t)

This is the behaviour of a usual two-level system with a reduced tunneling frequency AJy(2hg/w).
The fast oscillations slow down the tunneling and can even localize the tunneling particle at values
of 2hg/w where the Bessel function has zeros. This effect is called coherent destruction of tunneling.
See the review article [10] for details. The small oscillations we obtain for ¢ 2 justify a posterio
the approximation from (3.28) to (3.30).

3.2 Floquet theory

Let H(t) be a time periodic Hamiltonian, H (¢t + 2X) = H(t). Then, the Floquet theorem states
that the time dependent Schrédinger equation

o0y
ZE = HT)Z)
is solved by
Ya(t) = ug(t) exp(—ieqt) (3.31)

where uq(t) = uq(t + 22) is time periodic. The €, are obtained as eigenvalues of the Floquet
operator

0
F=H(t) —i= 3.32
() i, (332
acting in the Floquet space which is the direct product of the original Hilbert space and the space
of time periodic function with period %r Let ¢, be an ONB of the original Hilbert space. Let

fn(t) = exp(—inwt) be an ONB in the space of time periodic function with the scalar product

27

o) = 5= [ 7 aur s (3.33)

Then an ONB in the Floquet space is given by ¢y, m = ¢n, exp(—imwt). The eigenvalue equation
for F'is

Fug(t) =[H(t) — ’L%]Ua(t) = €4lq (3.34)

Note that the state ug () = uq(t) exp(—inwt) is an eigenstate of F' with eigenvalue €, — nw. But
Uq,n(t) and uq 0(t) = uq(t) are physically identical solutions of the Schrédinger equation. Therefore
it is sufficient to consider states with

w w
S S@<y (3.35)
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3 Time dependent quantum phenomena

3.2.1 The two level system

Let us discuss again the Hamiltonian (3.1). For A =0, (3.34) yields the two uncoupled equations

d
[:l:h(t) — z%]ui = €LUL (3.36)

with the solution .
us(t) = exp(IFi/ dt'h(t")) exp(iest) (3.37)

0

Since due to the Floquet Theorem, u4 (t) must be periodic and because of (3.35), ex = 0. The two
eigenstates are thus degenerate.
We now consider the case of small A. In first order degenerate perturbation theory, we obtain

the 2 x 2-matrix
h_y h__

A
hs, sy = _5(090)8182 (us, [usy) (3.38)
It has the same form as the original tunneling Hamiltonian f%UI but with an effective tunneling
matrix element

with

At = Afu—|uy) (3.39)
For h(t) = hg cos(wt) one obtains
2
Bt = ATo(20) (3.40)

as in the previous section for fast driving.

There is a second way to interpret the result. The unitary time evolution is in general given by
U(t) in (3.10). After n full cycles of driving, we obtain U(22Zn) = Tp with the so called Floquet
map (not to be confused with the Floquet operator in (3.32))

Ty = U(%T) (3.41)

It is described and used in Detail in [11]|. Since T is a unitary operator, it can be written as
2m
Tr = exp(——iHeg) (3.42)
w

with a hermitian operator H.g. This defines an effective Hamiltonian H.g. For a given initial state

¥ (t = 0) we obtain
2m

Ut = n) = TR(0) (343
The Floquet map Tr or the effective Hamiltonian thus yields a stroboscopic description of the
system. The dynamics given by Ueg(t) = exp(—iHgt) yields an exact description of the dynamics
of the system only for those stroboscopic times. The deviation between exact dynamics and effective
dynamics is given by

Ur(t) = Uea())U' (t) (3.44)

and it is possible to obtain the effective Hamiltonian as

Hor = Up (0 H(OUL(0) ~ iU (1) SUL() (3.45)
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3 Time dependent quantum phenomena

We can therefore obtain the effective Hamiltonian by finding a time-dependent unitary transform-
ation Up(t) such that the resulting Hamiltonian does not depend on time and Up(0) = 1.
For the driven two-level system we make the ansatz

Urp(t) = exp(ia(t)o,) (3.46)
we obtain A A J
He = — 5 cos(2a(t))o, — 5 sin(2a(t))or, + h(t)o. - d—joz (3.47)
We choose % = hand obtain for h = hg cos(wt)
N A 2h0 . A . 2h0 .
Heg = ) COS(T sin(wt))og, — 5 sm(j sin(wt))oy, (3.48)
We now set oh on
COS(TO sin(wt)) = zk: cos(k:wt)Jk(TO) (3.49)

and neglect the oscillating terms which is a good approximation for large w as noted before. The
second term in the Hamiltonian contains only fast oscillating terms and is therefore neglected
entirely. Then we obtain the same effective Hamiltonian with the effective tunneling frequency as
before. Let us mention that we get the same result if we use flow equations and assume w to be
large which is obvious since in the case there is no difference to the full unitary transformation
(3.46). But flow equations can be used to eliminate the fast oscillating terms to any order and to
obtain a more precise expression for the effective Hamiltonian.

3.2.2 Strong correlations in optical lattices

The above treatment of the two level system has a very important application in the current
experimental investigation of strongly correlated systems in optical lattices. An optical lattice is
a typically two dimensional lattcie formed by the interference of counter-propagating laser beams.
This creates a spatially periodic potential in which atoms can be trapped. Cooling them down yields
a system similar to a crystal lattice but with the advantage that all parameters can be controlled
experimentally. This allows for precise quantum simulations to understand strong correlations in
lattices.

The atoms trapped in such a lattice have typically a short range interaction, since they are
neutral. This interaction takes place when two atoms sit on the same lattice site and is assumed
to be repulsive. Therefore, such a system resembles the Hubbard model, a tight binding model
for particles on a lattice with a purely local interaction. The aim of this course is not to study
the Hubbard model in detail, for the interested reader I refer to the literature, e.g. [17]. The
particles in the lattice form energy bands. The essential parameters are the band width D, the
interaction strength U, and the density of particles n. Strong correlations occur when U is larger
then D. There are lattices, for instance the kagomé lattice, which have among others a flat band, i.e.
D = 0. This is a prototype of a strongly correlated system and shows many interesting properties.
But unfortunately, the flat band lies at the top of the spectrum. The experimental idea is now to
periodically shake the system to eventually obtain effective hopping similar to (3.40). Since the
Bessel function changes its sign as a function of the argument, it should be possible to reverse the
sign of the hopping and achieve a situation where the flat Band lies at the bottom of the spectrum.
This would allow experimental quantum simulations of flat band systems.

To illustrate such a system we consider a one dimensional bosonic Hubbard model

Hy =—t Z(bjbi.’.l + bl'LJrlbi) + UZnZ(nZ — 1) (3.50)
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3 Time dependent quantum phenomena

The first term is the hopping term. Particles can hop from a site ¢ to its neighboured sites. The
second term is the repulsive interaction. Putting more than one particle on a site costs energy U
times the number of pairs of particles on that site. To this Hamiltonian we now add a periodic
shaking of the form

Hg = hcos(wt) Zml (3.51)

which corresponds to an oscillating field constant in space. We now proceed as before and try to
find an effective Hamiltonian Heg. This can be done using

Up(t) = exp(ig sin(wt) Zjnj) (3.52)

which with the same approximation as for the two level system yields (3.50) with an effective
hopping
ter = tJo(2) (3.53)
w

This result has been first obtained in [6]. Since in experiments one finds deviations from this result,
it may be suitable to obtain higher orders. This can be done using the flow equations from section
2.3. Details may be found in [24].

Applications of optical lattices are e.g. quantum computers and very precise atomic clocks, so
called lattice clocks.

3.2.3 The kicked rotator (and Anderson localization)
The kicked rotator is described by the Hamiltonian

2
H(t) = —2%% + ng)(s(t ~nr) (3.54)
The classical kicked rotator is a prototype for a classically chaotic system. For sufficiently large
coupling is shows chaotic behaviour. It is therefore studied as a prototype to investigate the
quantum properties of a classically chaotic system. A detailed treatment of the kicked rotator and
its relation to Anderson localization (Nobel prize 1977) may be found in Chapter 7 of the book by
Haake [11]. In this subsection, I follow mainly the presentation of Haake.

The Hamiltonian (3.54) is periodic in ¢ with period 7. I is the moment of inertia, X is a
dimensionless coupling constant, and V' (6) is a periodic potential with period 27. For simplicity
we let [ =7 = 1. Think of V(6) = cos(6).

Instead of a continuous time-periodic function H () contains a periodic series of kicks. This
makes the dynamics easier to describe. The Floquet map can be written as

i 0

T = —iAV (0 - 3.55
= exp(—iAV(6) exp(5 5) (3.55)
It describes the stroboscopic time evolution from a state immediately after one kick to a state
immediately after the next kick. Similarly, the Floquet map that maps a state immediately before

the kick to one immediately before the next kick is

i 92
T, = exp(28892) exp(—iAV(0)) (3.56)
= exp(iA\V (0)) T} exp(—iAV(0)) (3.57)
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3 Time dependent quantum phenomena

and the two operators are related by a unitary transformation. Thus they have the same eigenvalues.
Let
TEu® = exp(—ig)u® (3.58)

be the eigenvalue equation. The eigenstates are related via

u” = exp(i\V)u" (3.59)
We now introduce )
u= §(u+ +u") (3.60)
and the hermitian operator
AV
We have -
i
—iAV) = 3.62
exp(—iAV) = o (362)
and
w=(1+iW) 't =1 —iWw) tu (3.63)

which in the end, using the eigenvalue equation, yields

. 82
(1 — iW)u = exp(id) exp(%w)(l i )u (3.64)
Writing u = ) uy, exp(—in#) we obtain
Uy, — zzT: Wh—ru, = exp(i¢ — %n2)(un +1 ZT: Wh—ruy) (3.65)
which can be rewritten as
Enlly, + Z Witk = Wou, (3.66)
r#0
with )
6 = tan(g - (3.67)

(3.66) looks like a Schrodinger equation of a particle on a one dimensional chain in tight binding
representation. n € Z represent the lattice sites. u, is the wave function in position representation.
€, are on-site energies of the particle sitting on the site n. W, are hopping matrix elements which
allow the particle to move from a site n to a site n + r. They do not depend on n, the hopping is
therefore translational invariant. The interesting point is that the €, are pseudo random numbers.
The quantity (¢ 4+ 3n?)mod 2 is dense and uniformly distributed in the interval [0,27). This
means that the €, are distributed according to the density p(e¢) = 1/(7(1 + €2)). If the ¢, were
true random numbers drawn from that distribution, (3.66) would be the Lloyd model, a special
form of the Anderson model with random numbers according to this density. For the Anderson
model, the eigenstates are localized. They fall off exponentially as a function of the distance, here
n. There is no proof that one obtains localization for the pseudo random numbers, but in all
numerical calculations the u,, show the same properties as for usual random numbers. Due to the
localization, the diffusive behaviour observed in the classical system is suppressed.
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3 Time dependent quantum phenomena

3.3 Adiabatic time dependence and the Berry phase

So far, we often considered fast moving systems. If the system is initially in a given state 1, the
dynamics of the system do not allow the state to adopt to the fast motion. Esp. fast oszillations
average out. Such fast motions are called diabatic. Now we will consider slow motions of the
Hamiltonian.

Consider a Hamiltonian H(t) that, for a fixed time ¢ can be diagonalized with eigenvalues €, (t)
and eigenstates ¢, (1), i.e.

H(t)¢n(t) = en(t)¢n(t) (3'68)

The eigenstates form on ONB of the Hilbert space. The motion is called adiabatic if it is slow
enough so that it remains in an eigenstate ¢, (t) if it starts at ¢, (t = 0).
Consider now the following problem: at ¢t = 0 the system is prepared in the initial state

Yt =0) = ¢p(t =0) (3.69)
With this initial condition, we want to solve the Schrodinger equation
din,
i (0 (3.70)

The question is: under which conditions is it possible to directly relate 1, (t) to ¢,(¢)? If that was
possible, and since both are normalized, they can only differ by a phase, we would have

%(t) - eXp<_iQn<t))¢n<t) (3'71)
Inserting this ansatz into the Schrodinger equation we obtain

dSy, don,

2 rn 72
dt On + 1 dt €n¢n (37 )

and therefore 40 ”
a €n — i(dn W) (3.73)

which can directly be integrated and yields

0u(t) = [ at (eat) = i{6,(¢) ) (3.74)

However, the ansatz (3.71) is generically not a solution of the Schrédinger equation. It is only a

solution to the Schrodinger equation if

don
< dn (3.75)

Otherwise, we would get contributions o< ¢, m # n in the Schrédinger equation. But if this
proportionality holds, we get

dop dd,
1o (B (0o (3.76)
and therefore
8u(t) = exp(=iBu(1)du(t = 0) (3.7
with . i
But) =i [ attou(®) ) (3.78)

37
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Bn(t) is called the Berry phase [1]. Under which conditions can this approach be applied at least
approximately to a given problem? In general, since the ¢, form an ONB, we have

Ao _ A
S S (Gl Vo (3.79)

m

Therefore, the requested proportionality (3.75) holds approximately if

don don,
(6l 221 < ) 2 (3.80)

or in other words, if the initial state ¢, (0) fulfills
H(t")¢n(0) = en(t')¢n(0) (3.81)

for times ¢’ between 0 and ¢. The latter can be seen by comparing

Unlt) = Texp(=i [ atH ()60 (3.82)
and the approximation .
() = exp(—i /0 A e () (0) (3.83)

The last statement can be made precise, it is then called adiabatic theorem and states that a
physical system remains in its instantaneous eigenstate if the time evolution is slow enough and if
there is a gap between the eigenvalue and the rest of the spectrum. To show that, one uses the
ONB ¢,, to expand a solution of the time dependent Schrédinger equation as

t
() = 3 enlt)dn(t) exp(—i / dten(t')) (3.84)
n 0
Substituting this into the Schrédinger equation yields

0> (ntn + cndn — icnendn) exp(—i /0 d'en(t')) = cnH(t)py exp(—i / dt'e,(t'))  (3.85)

n n 0

which simplifies to
t t
Z Cnn exp(—i/ dt'e,(t')) = — chgén exp(—z’/ dt'en(t)) (3.86)
- 0 0
Taking the scalar product with ¢,, we obtain
) t
em(t) = — Z cn{Pm|dn) exp(—i/ dt' (en(t') — em(t)) (3.87)
- 0

On the right hand side, all terms except the one for n = m are oscillatory and cancel out over long
time. To make this statement mathematically rigorous is not easy and goes beyond the scope of
this lecture.

Trivial examples where the adiabatic theorem holds occur whenever the eigenstate of a system is
given by some quantum number that remains constant in time. Take e.g. the harmonic oscillator
with a time dependent w. The eigenstates are described by the quantum number n. If w changes
adiabatically, transitions between states are not induced, the system remains in the eigenstate with
the same quantum number and only the energy changes.

In the original work of Berry [1], the case where H(t) depends on t through a set of parameters
was discussed and the case, where the system is moved adiabatically on a closed curve in this
parameter space. This is the case where H(t) = H(0),and ¢,(t) is the phase the wave functions
picks up when it is moved on a the closed curve. For a more comprehensive review look at [29].
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3 Time dependent quantum phenomena

3.3.1 The driven two-level system

Let us take again the driven two-level system with the Hamiltonian now denote as

H{t)=h-G (3.88)
with
h = h(sin 6 cos ¢, sin f sin ¢, cos 0) (3.89)
For this Hamiltonian, we obtain
e+ (t) = +h(t) (3.90)
and the eigenvectors are
0
_ cos 5
O+ < exp(i¢) sing > (3.91)
and the eigenvectors are
_( exp(—ig)sin g
o = ( ~cos? (3.92)
One obtains ” dé 4
+ . .92
ZVEN 42 Z .
(P4 o ) i sin” o (3.93)
Consider now a closed curve in the parameter space. Then the Berry phase becomes
b de 0 o(t) 0
=4 dt"ZZi/ d¢sin? = 94
B+ /0 77 S 5 o) ¢sin 5 (3.94)

26

The two level system is a caricature 2of a general system in which, depending on parameters, a
degeneracy occurs. The degeneracy for the two level system occurs at A = 0. If we have discrete
energy states we may reduce the general system to a two level system if the level spacing between
the two almost degenerate states is small compared to the distance to the other states. In this

sense, the above treatment is generic for a Hamiltonian with a crossing point of two energy levels.

which for constant 6 becomes +27 sin

3.3.2 The Aharonov-Bohm effect

Consider two charged particles which move on two different paths from the same starting point
to the same end point, e.g. through a double slit. FEach of the particles picks up a phase on its
path. The difference of the two phases is the phase a particle would pick up if it runs on a closed
path consisting of the first and the second reversed. Consider now the case where this closed path
encloses a region with a magnetic field. Even if the magnetic field vanishes along the path, the
magnetic vector potential will not vanish and influences the particle. This causes a phase the
particle pics up, it is given by the charge of the particle and the magnetic flux through the path.
This phase is the Berry phase for this setup. Experimentally it has been observed as a shift of the
interference pattern of the double slit experiment mentioned above.

To derive this phase, we follow closely the presentation by Berry [1]. He considers a magnetic
field consisting of a single flux line of flux ®. The magnetic field vanishes outside this flux line. The
magnetic vector potential does not vanish outside this flux line, because for any curve C' around
the flux line we have by definition of the flux

/ dF - A(F) = ® (3.95)
C
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3 Time dependent quantum phenomena

Consider now a particle in a confining box located at R. The box shall not contain the flux line.
Without a magnetic field the Hamiltonian is

H= %ﬁ +V(F—R) (3.96)
where V is the potential of the confining box. We may assume that V' vanishes inside the box and
imposes boundary conditions at the boundaries of the box, so that the eigenstates of the particle in
the box are standing waves inside the box. We denote the eigenfunctions in position representation
by ¥y, (77— ]:f) and the eigenvalues by F,,. If we now turn on the magnetic field with the single flux
line, the Hamiltonian becomes

H= ﬁ(ﬁ— A2+ V(- R) (3.97)

and the eigenfunctions are multiplied by a Dirac phase, i.e. are
F —. —
Ui = oxplic / a7 - Ay (7 — R) (3.98)
R

Let us now assume that we move the box such that ﬁ(t) moves on a closed circuit C' around the
flux line such that the box never touches the flux. Then, we obtain

=i /C AR - (10 0|V Rtons) (3.99)
The integrand can be calulated as
nlVrtine) = [ @ris(7— B) (~ieA(Ryin(r~ F) + Va7 - B) (3.100)
= —ieA(R) (3.101)
and therefore
B=ed (3.102)

This result is universal, it only depends on the magnetic flux ®, not on the special form of C' or on
any other special setup.

3.3.3 The Landau-Zener-Stiickelberg problem

For details of the problem treated in this subsection, see [10], section 3.5, p. 253ff and for applica-
tions see [20]. It has also been discussed in the context of the solar neutrino problem [2].

The Landau-Zener-Stiickelberg problem deals with the tunneling between two states in a system
where two energy levels are approach each other as a function of time. It was proposed in different
contexts independently by Landau, Zener, And Stiickelberg and is therefore named after these
authors.

Since only two states are considered, the problem can again be described by a two-level system.
The Hamiltonian is

1 1
H = ——vto, — =Ao, (3.103)
2 2
For large negative values of ¢ the particle sits in the state |0, = —1). We assume an adiabatic time
dependency. The adiabatic energies are
1
er =+ V022 4 A (3.104)
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3 Time dependent quantum phenomena

The adiabatic time dependence transports the tunnel system from the state |0, = —1) at large
negative values of ¢ to the state |0, = +1) at large positive values of ¢. If, during this process, the
system tunnels, it ends up in the state |0, = —1) at large positive ¢. Let
ty
Ulti,ty) = Texp(i H(t)dt) (3.105)

ti

be the time evolution operator from the initial time ¢; to the final time ¢¢. The tunneling probability
for the system is
P =|{o, = —1|U(~00,00)|o, = —1)? (3.106)

We can explicitely calculate this probability by expanding the time-ordered potential. One obtains

[ele} 00 tn 1)
(02 = —1|U (=00, 00)|os = —1) — Z(—i)"A"/ dtn/ dtn s .. / dt
n=0 e > N

[e.9]

(0, = —1|Up(tn,0)o:Up(tn—1,tn)0% . ..0.Up(t1,—0)|o, = —1) (3.107)

where Ug is the time evolution for Ag. In the basis where o, is dialonal, Uy is diagonal. o, switches
between the two states |0, = £). Only an even number of spin flips contribute. We obtain

00 00 ton to
(02 = —1|U(—00, 00)|os = —1) = Z(—A)"/ dtgn/ dton 1. / it
n=0 —00 —00 —00
i 2n '
exp(—ng(—l)]tg) (3.108)
Jj=1

The integrals can be calculated and one finally obtains

= (=1 <7TA2

(0, = —1|U(—00,00)|o, = —1) = Z - o

n=0

> = exp(—m7) (3.109)

where v = A2?/(2v) = 7./7;. 7. = A/v is the time the system stays in the crossover region and
7. = 2/A is the tunneling time. The probability is therefore P = exp(—2n7y). The adiabatic
approach is valid if the variation in time is slow. This is the case if v is small. Since the only other
scale in the Hamiltonian is A, we need v < A2. Therefore, 7. is large compared to 7; and 7 is
large. Pis therefore small.
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4 Open quantum systems ||

4.1 The spin-boson model revisited

We start this chapter with a seemingly simple model, namely the spin-boson model from section
2.3.2 but now with an additional time-dependent field

A 1
H=-Z0;+ 30 zk: Me(bg + 1) + Zk:wk S blby s +h(t)o, (4.1)
4.1.1 First example: a field quench
We let
h(t) = hof(—t) (4.2)

i.e. the external field is hg for ¢ < 0 and is switched off at £ = 0. We assume that at ¢ = 0 the system
is in the ground state with field hg. Denote this field as 5. We then ask how the expectation value
of o, evolves in time for ¢ > 0. This means we need to calculate the expectation value

P(t) = (volo=(t)[t0) (4.3)

All elements to calculate this expectation value are already present in section 2.3.2. We apply the
same unitary transformation to the Hamiltonian as before and obtain (see (2.86), (2.99))

A(o0)

H({=0)=— 5

Ox+ Y wi 1 biby s +h(t)ow > xk(00) (b + bf) (4.4)
k k

We evaluate (4.3) at £ = co. H(¢ = co) commutes with o, both have common eigenstates. For
ho > A(oo) the ground state has (o,) = 1. In that subspace, the Hamiltonian has the form

H(f = 00,0, = 1, < 0) Zw (b} + hox’“( %)) (b + HOXE(O)y s (4.5)

Wk

For the ground state we obtain
hoxx(0)
Wk

bptpo = — Yo (4.6)

Using the expression for o,(c0) from (2.99) we get

= (Yolos Z Xk (00) (exp( zwkt)bJf + exp(—iwgt)bg)|1o) (4.7)

which yields
= —2hg Z Xk (o0 cos(wyt) (4.8)

The Fourier transform P(w) of P(t) is therefore related to the Fourier transform C(w) of the
equilibrium correlation function C(t) through P(w) = —2hoC(w)/w. We got C(w) ~ J(w) for
small w which means that for the Ohmic bath J(w) ~ w the Fourier transform P(w) approaches a
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4 Open quantum systems II

constant for small w which means that the correlation function P(t) falls of exponentially for large
t.

Let us note that the calculations we needed to obtain these result are not complicated. This
shows the strength of the flow equations approach. Other methods to calculate P(t) and C(t) like
a field theoretic approach or a Keldysh-type formalism are much more evolved and sometimes even
fail to give the correct long time behaviour.

4.1.2 Adiabatic time evolution and the Landau-Zener-Stiickelberg problem

The Landau-Zener-Stiickelberg problem has applications e.g. in the area of superconducting
quantum bits, see e.g. [20]. For such an application, the coupling of the two-level system to
an environment is essential. For a general discussion of the dissipative case, see also section 11.5
and 12.5 of [10].

The Hamiltonian (3.103) can be diagonalized via the unitary transformation

U(t) = exp(~ 6(1)oy) (4.9)
with ;
o(t) = —tanfl(%) (4.10)

If we add a bath to the Hamiltonian, i.e. (4.1) with h(t) = —vt/2, and transform this Hamiltonian
with the same unitary transformation, we obtain

Hoa(t) = U H @)U (1)
= —ey(t)op + i(iaz + :jaz) > k(br L)+ wiblby (4.11)
k k

This is only the adiabatic Hamiltonian. Since the full transformed Hamiltonian contains the addi-
tional term

i (t)Lm_lie _1 v/A
P T o wt T 2w/A)22 4 1Y

which is small compared to €4 (t)o, if v < A2, the adiabatic treatment is valid if v << AZ.

There have been several attempts to deal with the adiabatic problem described by H,4. In
addition to the two time scales 7. = A/v (crossover time) and 7, = 2/A (tunneling time) the
correlation time 1/w, occurs. Grifoni and Hénggi [10] argue that for a fast crossover, v < 1, when
Te is the shortest time scale, neither the system nor the bath are fast enough to react so that the
result P = exp(—277y) = 1 — 27y is still valid. This argument is problematic because the adiabatic
limit means v > 1, see 3.3.3. In the limit of slow crossover, which is the adiabatic limit, one idea
could be to set approximately

(4.12)

(4.13)

l(é v—ta): Lo, for [t| < 7.
4 eq ey "

9z %aw for |t| > 7.

For |t| > 7., the spin is in one of the eigenstates of o,. For |t| < 7., the approximate H,4 looks like
the usual spin-boson model and the coupling of the bath yields a renormalized tunneling frequency

Ao
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4.2 Quantum bits in an environment

From sections (3.1.2) and (3.2.2), where the effect of coherent destruction of tunneling and the
reversal of the sign of the kinetic energy in lattice modes are treated, we learn that the properties
of a quantum system can be controlled and changed by applying a suitable time-dependent field.
In this section, we discuss another model in which this possibility is used.

For the kicked rotator, section (3.2.3), we saw that a time dependence that is given by a series of
kicks is much easier to deal with than a continuous time dependence. In this section we will apply
this insight to a concrete system which is of importance in current research.

This section is mainly based on a paper by Gotz Uhrig [22, 23]. The model, he proposes for a
quantum bit in an environment is similar to the spin-boson model

1 1 1
H=o. zk: Ae(bg + 1) + zk:wk bl by : —5h=(t)0: = Sha(t)ow — S hy(t)oy (4.14)

where for J(w) = Y, A7d(w — wy) we take an Ohmic bath J(w) = 2aw f.(w/w.) where wcis a high
energy (ultra-violet) cutoff and f.(x) is a cutoff function. e.g. f.(x) = exp(—z) or fc(z) = 6(1 —x).
Let us first take hyy(t) = 0. The Hamiltonian 4.14 can be easily diagonalized by the unitary

transformation \
. . k

S =exp(io.K), K =i zk: m(bk —bh) (4.15)

and one gets H = >, wy, : bzbk : —%hz(t)az up to an unimportant additive constant. We let

hx(t) = hog > 0 for t < 0 and h,(t) = 0 for t > 0. o, commutes with the Hamiltonian and is
therefore a good quantum number. For ¢t < 0 the system is in the ground state with o, = 1.

Let us now take as hy(t) = hay0d(t), hy(t) = 0. This means that a state at t = 0_ is transformed
to a state t = 04 by Uy = exp(ihz00,/2) = cos(hz0/2) + 0, sin(hzo/2), which corresponds to a
rotation of the quantum bit around the z-axis. We obtain

U()O'ZU(])L = (cos(hz0/2) + ioy sin(hyo/2))o.(cos(hyo/2) — io, sin(hyp/2)) (4.16)
= (cos?(hz0/2) — sin?(hy0/2))o, + 2 cos(hyo/2) sin(hao/2) 0, (4.17)
= cos(hg0)0 + sin(hgo)oy, (4.18)

Let us choose hyo = 5 which means that o, is rotated to o,. This means that the ground state
with o, = 1 at t < 0 is transformed to the state with oy, =1 and ¢ = 0.

Uolos = 1) = ——(jos = 1) +ilos = —1)) = |0y = 1) (4.19)

V2

We now want to measure o, at time ¢ with h(t) = 0 for ¢ > 0. Since H does not depend on time,
this can be done by calculating

oy(t) = exp(iHt)oy, exp(—iHt) (4.20)

. We get

(oy(1)) = ({oy = lloy(t)|oy = 1))r (4.21)
The outer (.)ris the thermal expectation value for the bosonic bath. We calculate the right hand
side by transforming everything using Sin (4.15) to have a simple representation for H.

(oy(t)) = ({oy = 1|sz0y(t)SST|‘7y =1)r

Using
STo,S = cos(2K)a, — sin(2K) o, (4.22)
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we obtain
STo,(t)S = cos(2K (t))o, — sin(2K (t))o (4.23)
with . Ak . . t
K(t)=1 g m(exp(—zwkt)bk — exp(iwkt)by) (4.24)
Further, we have
Stlo, = 1) = %(exp(—iK)\az — 1) + i exp(iK)|o, = —1) (4.25)

so that we finally obtain
(oy(t)) = %((exp(iK) exp(—2iK(t)) exp(iK) + exp(—iK) exp(2i K (t)) exp(—iK))r (4.26)

K and K (t) are operators which are linear in the bosonic operators. Therefore, the commutator
is a number and we can apply the formular exp(A) exp(B) = exp(A + B) exp([A, B]) which holds
if [A, B] is a number. Further, for an operator C' that is linear in the bosonic operators one has
{exp(C)) = exp({C?)/2). This finally yields

(ay(t)) = cos(i(t)) exp(—2x(t)) (4.27)
with oo .
o(t) = /0 dw J(w)snii‘;t) (4.28)
o0 sin?(wt)
() = / o () P coth (o2 (4.29)
0
(@) (b) (c)
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Figure 4.1: Signal vs. time (4.27). Solid lines for T" = 0; dashed ones for ' = 0.1wp . Panels (a)
(linear) and (b) (double logarithmic) from bottom to top for a = 0.25, 0.1, 0.01, 0.001.
Panel (c) (double logarithmic) displays 1 — s(¢) for the same values from top to bottom.
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Figure 4.1 shows s(t) = (0y(t)) from (4.27) in different representations for an Ohmic bath
J(w) =2af.(w/wp) with f.(x) =6(1 — z) (4.30)

with the cutoff frequency wp. One clearly sees the loss of coherence, s(t) = (o,(t)) falls down as a
function of t. As discussed in [22], an experimentally acceptable level for 1 — s(¢) lies between 10~
and 1072, The figure shows that for weak couplings o < 0.01, values wpt = 1 can be reached which
corresponds in experimental situation to times of the order of 1ps. For more realistic couplings
a 2 0.1 only very small values wpt are possible, thus coherence gets lost already after very tiny
fractions of 1ps.

The main idea proposed in [22] is to stabilize the Q-bit by applying a sequence of pulses in y-
direction, i.e. to apply a field hy(t) = ", hynd(t—t,). This was not a totally new idea, it was known
before that one or two pulses can stabilize the Q-bit to a certain extend. Actually, Uhrig proposes
to look at s(ty) at some final time t; and to take t,, = dpty with 0 < §; < d2 < ... < 1. A pulse in
y-direction corresponds to a rotation and he chooses 7-pulses, i.e. rotations around the y-axis by
an angle w. This effectively changes the sign of o, and thus the sign of the spin-bath-coupling in
the Hamiltonian (4.14).

Mathematically, the calculation is similar to what we did so far, only more complicated. The
rotation at time ¢, corresponds to a unitary transformation U, = exp(ihyno,) = cos(hyn) +
ioy sin(hyy, ), which for the m-pulse that corresponds to hy, = 7 yields U,, = ioy,. Since the algebra
of the Pauli matrices is closed and since in the unitary time evolution between two subsequent
pulses is trivial after the application of the unitary transformation .S, the entire calculation is just
a matter of doing the algebra, but it can be done exactly. This allows to calculate s(t) for this case
as well and to derive and optimal sequence ¢6,,. The outcome is that by using 100 pulses, one can
achieve times up to wpt ~ 103.

To summarize this section, we showed that

1. Q-bits loose their coherence after a very short time which limits the calculation time of
quantum computers.

2. The coherence time of Q-bits can be significantly enhanced by using suitable pulses. This
can be calculated explicitly and exactly in a simple model given by the Hamiltonian (4.14)
and is already applied in experimental situations.

3. A time dependent Hamiltonian where the time dependence is a series of pulses or kicks with
a unitary time evolution given by a time independent Hamiltonian between those kicks can
be calculated much more easily than a for a Hamiltonian with a continuous time dependence.

4.3 Periodically driven systems, quantum stochastic resonance

Periodically driven dissipative quantum systems play an important role in the theory of matter
and radiation with many applications from high energy physics to condensed matter physics and
quantum chemistry. Many phenomena can again be described by the driven dissipative two-level
system. In this section I will only give a very brief qualitative look on these systems. For a more
comprehensive discussion, see the book by Ulrich Weiss [26], chapter 22, or the review by Grifoni
and Hénggi [10].

One of the important phenomena in driven classical dissipative systems is stochastic resonance.
Consider a particle in a symmetric double well potential that is coupled to a bath and is subject to
a periodic driving force. The full time-dependent potential is V (z,t) = — 222 + 22* — Agz cos(wt).
For the non-driven system, there are two minima at x,, = :I:m and a potential well of height
AV = a?/4b between them. The system has a characteristic time, scale, the mean first passage
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time for transitions between the two minima 7 o< exp(—AV/T'). If one couples the periodic force
F(t) = Agcos(wt) to the system, one obtains a periodic change of AV. The particle prefers to
sit in the deeper minimum. If the driving frequency w corresponds to the inverse of the mean
first passage time, one may get a synchronization between the external driving force F(t) and the
motion of the particle. The synchronization can be measured e.g. by the signal to noise ratio. For
the simple classical system this ratio can be calculated. For a given frequency w this means that
there is an optimal value for the noise strength, i.e. the temperature, where the signal to noise
ratio has a maximum. This effect is called stochastic resonance. It has been observed in many
system ranging from biology to laser physics or astronomy. The observed amplification factor in
those systems has values up to 10°.

The question now is whether a similar effect can be observed in the quantum regime. This is
indeed the case. At low temperatures one observes the so called quantum stochastic resonance
(QSR).

In principle, we have all the material at hand to calculate the correlation functions and the
signal to noise ratio. At low temperature one can use the two-level system One needs to know the
long-time behaviour. The periodic time dependence can be treated via the Floquet map and the
effective operator, the latter can then be dealt with using flow equations. Many other methods
have been used to treat that system, see the above references. The main results are:

1. For low temperatures, i.e. T < w, and weak coupling to the bath (o < 1 for the Ohmic
bath), a static asymmetry is needed to observe QSR. The static asymmetry must be larger
than the driving strength. For stronger coupling, QSR occurs also in the symmetric case.

2. QSR occurs as an effect of the interplay between coherent and incoherent dynamics. The
incoherence must dominate the coherent processes.

3. QSR as the usual stochastic resonance can be well understood within a linear response theory.
Non-linear effects occur and can be taken into account but are not necessary to calculate the
effect.
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5 The (fractional) quantum Hall effect

5.1 Introduction

The quantum Hall effect was found 1980 by von Klitzing and published in a paper by von Klitz-
ing, Dorda, and Pepper [14], Klaus von Klitzing received in 1985 the Nobel prize. For a general
introduction I refer to [19]. The quantum Hall effect can be observed in two dimensional elec-
tron systems in a strong perpendicular magnetic field. Under certain conditions one observes a

conductivity tensor of the form
_ne
o= 02 g (5.1)
’ 0
ny

The Hall conductivity is thus og = n% For the usual quantum Hall effect, n is an integer. The
most remarkable point is the experimental precision with which this number can be obtained. The
relative precision is 3 - 1077 or even better. Therefore, the quantum Hall effect can be used to
determine the fine structure constant %i R~ ﬁ with a very high precision since c is fixed. In the
fractional quantum Hall effect n is a fraction with a typically small odd denominator. The precision
is less but still high. The theory has to explain why the effect occurs and why the experimental
precision is so high. This is remarkable since the two dimensional electron system is formed at
the interface between two semi-conductors, e.g. in a Si-MOSFET or in a GaAs/GaAlAs hetero
structure. At the interface between two semi-conductors one has lots of imperfections, disorder, so
that such a high precision is really astonishing.

The Hall effect

The most simple theory takes quantum effects only in a semi-classical approximation into account.
The theory is based on the assumption that the two dimensional electrons have a mean free path ¢
or equivalently a mean free flight time 7y. Both are related because the electron move at the Fermi
velocity , i.e. £y = vpTg. In an electric field E an electron is accelerated between two collisions.
The velocity between two collision increases by Av = —eETy /m. Adding up the contributions of
all electrons, one obtains the current density j: ooE where

o0 = pe’ty/m (5.2)

Quantum effects are included only via an effective mass m and via the mean free flight time 7.
If we apply in addition a magnetic field, the Lorentz force acts on the electrons and we obtain

j=00E——"jxB (5.3)
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where w, = ;—BC is the cyclotron frequency. Note that in the limit 79 — oo one obtains the result

for free electrons.

Experimental realisation

As already mentioned, the quantum Hall effect is observed at the interface of two semi-conductors,
to be precise, at the interface of a semi-conductor (e.g. doped Si, GaAlAs) and an insulator (SiOq,
GaAs). The typical systems are Si-MOSFETs or GaAs-GaAlAs hetero structures. The basic idea
is relatively simple: Via a gate one applies an electric field perpendicular to the interface so that
electrons move to the interface. Since they cannot enter the insulator, they form a two dimensional
electron gas at the interface. At the interface, the energy band is lower than in the bulk so that
electrons concentrate at the interface. They form an inversion layer. The electrons are bound in
the direction perpendicular to the interface, but they can move relatively freely parallel to the
interface. Due to defects and impurities, esp. in the doped semi-conductor, the mean free path is
expected to be short.

Landau levels

We now apply a magnetic field perpendicular to the interface. We first neglect all impurities and
interactions, we just look at a free electron in two dimensions with a perpendicular magnetic field.

The Hamiltonian is )
h2 10 eB ?
H=—||-————— - 5.6
2m [(Zax hcy> 8y2] (56)

where we chose a Landau gauge A, = —yB, A, = 0. Since x does not appear as a variable in the
Hamiltonian, we can use the ansatz

W o< exp(ikz)p(y) (5.7)

for the eigenfunctions. This leads to the eigenvalue equation

heoe iz 2
5 (-l%ayg + (;}’3 — lBk> ) ¢ =E¢ (5.8)

where Ip = (hic/ eB)l/ 2 is the magnetic length. This is the eigenvalue equation of a shifted harmonic
oscillator. The solutions are therefore

G < Ho(y/lp — Ipk) exp(—(y — I5k) /21%) (5.9)

Epp, = hwe(n+1/2) (5.10)

and the eigenvalues do not depend on k. We therefore obtain a huge degeneracy. The degenerate
eigenvalues are called Landau levels. The number of states in a Landau level is F'/ 277[?3, where F
is the area of the system. Boundary effects are neglected here. The density of states is given by

1 eB

_eB (5.11)

"B = 27rl23 he

The single-particle states constructed in that way are localized in y-direction and extended in
x-direction. But the high degeneracy allows to take arbitrary linear combinations of states with the
same eigenvalue. Therefore, one can as well construct eigenstates that are localized in z-direction
and extended in y-direction or that are localized in both directions.
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If a Landau level is completely filled, the Fermi energy lies between two Landau levels in a region
without states. That means that there is no scattering and no diffusion, i.e. 79 = co. The filling
factor p

v=— 5.12
L (.12

is an even number and for the conductivity tensor one obtains

-1 B h
I B I G A 5.13
g (_p}jc ‘70_1> (_VZQ 0 (5.13)

A second argument yields the same result. Is uses the Lorentz invariance. A system with a
magnetic field B and a perpendicular electric field E can be transformed to another system with a
Lorentz transformation with velocity
which contains no electric field and therefore no macroscopic current. In the original system, the

current density is therefore
Jj = —petv (5.15)

which yields the same conductivity tensor. Therefore, without imperfections, defects or impurities
one always obtains

Ogx — 07 Oxy = E = I/% <516)

The question now is, what is the influence of disorder.

5.2 The integer quantum Hall effect

In this section we will discuss two different arguments which may explain the plateaus one observes
experimentally in the integer quantum Hall effect. The main goal is a qualitative understanding
of the effect, not the theoretical details. We are mainly interested in the fractional quantum Hall
effect, where interactions play a crucial role.

5.2.1 Disorder

The integer quantum Hall effect can be explained on a very basic level as follows: We saw that
a completely filled Landau level yields a contribution of % to 04y. The question is now, what
happens for a partially filled Landau level. We have many imperfections, defects and impurities, in
the system. What is the effect of disorder? Generically, disorder leads to localization, this is the so
called Anderson localization, see section 3.2.3. P. W. Anderson received the Nobel prize (together
with Mott and van Fleck) in 1977 for his contribution to the theory of localization. Suppose that
the disorder is not too large. Typically, one describes a disordered system by a potential V(x,y).
Suppose that the typical energy differences of the potential are small compared to Aw.. Then, in a
first order perturbational treatment, one has to diagonalize the Hamiltonian

Ho == POV($,y)P0 (517)

where Py is the projector onto a Landau level. We take the Landau level which contains the Fermi
energy. A potential V' (z,y) that describes disorder is often realized as a random potential. Such
a potential lifts the degeneracy of the Landau level and tends to localize the electrons. Electrons
close to deep minima or maxima of the potential will be stronger localized and will have an energy
far away from the original energy of the Landau level. On the other hand, we know that the
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5 The (fractional) quantum Hall effect

Figure 5.1: The cylinder geometry
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complete Landau level must still yield a contribution % to the Hall conductivity. This contribution
cannot come from localized states. It must come from extended states which we expect to find in
the middle of the broadened Landau level. If we now change the filling factor, e.g. by changing
the magnetic field, the Fermi energy will move through the spectrum. There are regions in the
spectrum where all states are localized and do not contribute to the current. In these regions we
should observe a zero diagonal conductivity and a Hall conductivity which is an integer multiple

2

F.
It is of course possible to formulate this argument in a mathematically more precise way. A field

theoretic formulation can be found in Chapter 5 by A. M. M. Pruisken in [19].

A

5.2.2 Laughlins gauge argument

Let us choose the vector potential to be

o

so that the Hamiltonian reads

2
H:ﬁ [(18_6B _|_6(1)> 82 —|-V<3; y) (5.19)

2m |\ i Ox he ! 2m Rhc y?

Further, we assume periodic boundary conditions in x-direction, i.e.
r=¢R (5.20)

where 0 < ¢ < 27. This corresponds to a cylinder geometry. The potential V' (z,y) contains
the Hall voltage Vpr applied in y-direction, a boundary potential depending only on y, and the
disorder potential coming from the impurities. For V' = 0 the energy levels are the Landau levels
characterized by the Landau index n. Within a Landau level one introduces a second index. The
eigenfunctions are

ed ed
Yk o exp(ika) Holy/ 1 — sl + 55 )) exp(—(y — Th(k + o) /213) (5.21)
where k = [/R, | € Z because of the periodic boundary conditions. We can write as well
) Y I ed 1 /vy B ed \2
Vn,1 x exp(2milp)Hy, (lB 7 I+ hc)> exp ( 5 <lB 7 I+ hc) (5.22)
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5 The (fractional) quantum Hall effect

The eigenvalues do not depend on [ or ®. We now introduce a potential Vy(y) that fixes the
boundary. It is still possible to describe the states by the two indices n and [, but now the
eigenvalues may depend on [ and ®. The dependency F,, ;(®) is not arbitrary. The z-dependency
of the wave function is not affected by Vj(y) and the Hamiltonian depends only on [+ %, therefore
we have E, ;(®) = E, (Il + e®/hc) and

h
Eni(®+ f) = Eni+1(®) (5.23)

Vo(y) is only at the boundary different from 0. The states are therefore still localized in y-direction

2
close to %(l + %) and only those states where the localization is close to the boundary will
be affected by the potential. Therefore, only states close to the boundary will have an energy
significantly different from fwe(n + %). The contribution of a state to the current in a-direction is

dE, ;(®
Inl:_c Vl( )

.24
, e (524)

Only the states close to the boundary have a significant dependency on ®. They yield a contribution
to the current. The total current is the sum over all contributions I, ; weighted with the occupation
number. Averaging over ® yields

e hc/e
I = - / A0 " np I,
h 0 n,l

_ _% > nni(Ena(he/e) — Eyi(0))
n,l

v
€

= _E (Enylmaz (0) - En,lmzn (O))
n=0

62

= ﬁyVH (5.25)
Therefore oy = I/Vy is an integer multiple of e?/h. This argument remains correct if one intro-
duces disorder to the system. In that case, the eigenenergies E,, ;(®) depend separately on [ and
® and not only on [ + %. But the Hamiltonian is still periodic in ® and therefore we may still
apply the above argument. The disorder will localize most of the eigenstates, but some of them
must still carry a current. With this argument it becomes clear that in this geometry the current
carrying states are those close to the boundary.

Experimental systems always have a boundary, also in z-direction. If one introduces a boundary
potential in z-direction as well, the argument cannot be applied directly but one still expects that
the current is carried by states which are extended around the boundary. On the other hand, it is
as well possible to formulate the theory with periodic boundary conditions in both directions. In
that case there are no boundary states but there are still states carrying the current.

There is one important note to make here: The argument still holds if one adds an arbitrary
potential V' (z,y) as in the initial Hamiltonian, as long as this potential is small and does not mix
states out of different Landau levels.

5.2.3 Topological arguments

There are two types of quantum numbers in quantum physics: Those related to symmetry and
those related to topology. An example for a quantum number related to symmetry is the angular
momentum. It is a good quantum number if the system is rotationally invariant. The relationship
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5 The (fractional) quantum Hall effect

between symmetry and good quantum numbers is given by Noether’s theorem. In systems with
disorder and arbitrary boundaries one cannot expect symmetries. Therefore it is natural to assume
that the quantization of the Hall current is related to topology. This is indeed the case. For details
see chapter 4 by D.J. Thouless in [19]. One can show that the Hall conductivity is determined by
a topological invariant, the so called Chern number. The Chern number is related to the Berry
phase. It is given by the integral of the Berry curvature over all states in an energy band.

5.3 The fractional quantum Hall effect

The fractional quantum Hall effect was found by Tsui, Stérmer and Gossard at the end of 1981
and published in 1982 [21]. First theoretical approaches followed immediately, the main theoretical
achievement was the work by Laughlins [15] who described the ground state of the interacting
many-electron system as a quantum fluid. The Nobel Prize in Physics 1998 was awarded to Robert
B. Laughlin, Horst L. Stormer, Daniel C. Tsui for their discovery and theoretical work on the
fractional quantum Hall effect.

5.3.1 Wave functions

Lowest Landau level

Models with non-interacting electrons as introduced in the last section cannot explain the fractional
quantum Hall effect. For the fractional quantum Hall effect, the interaction between electrons is
important. The Hamiltonian is

e -
H= Z[Zm(.v +Aj> + V(7

Vi(7) is a single particle potential. In the simplest way it describes a homogeneous background. In
a more complete model in contains the effect of the lattice, of imperfections, of the boundary, etc.
The interaction V(|7]) is typically isotropic. An ansatz would be the Coulomb interaction

Z V(| (5.26)

J;ék

e2

71

or a screened interaction, which may be more suitable in the case we have in mind. The electrons
move in a strong magnetic field. We assume that the spin of the electrons is polarised and can
therefore be ignored. This is a suitable approximation if the filling factor v < 1. For the vector
potential we choose a symmetric gauge

V() = (5.27)

- B
A=—(
2

m is the effective mass, it depends on the material we are looking at. For GaAs hetero structures
m = 0.07m, is a typical value. In the following I take as a first ansatz a constant background

potential V7 which can be put to 0. The single particle Hamiltonian now reads

1 0 v \? 0 z \?

YEy — XTEy) (5.28)

1
= iﬁwc[z*z + 270, — 20, — 0,0,+] (5.29)
where 1 .
z = %(x —iy), =z = o0 —(z + 1y) (5.30)
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5 The (fractional) quantum Hall effect

0.~1n (g +ig ). oo =in (g —i7) (531)

Oz Oy Oz Oy
We define ;
= —(2*-9 5.32
a z ., .
\/5( ) (5.32)
1
a=—(z+ 0, 5.33
ﬂ( ) (5.33)
where [a, a'] = 1, and obtain
1
H = hwe(a'a + 5) (5.34)
A wave function in the lowest Landau level obeys the condition
ap =0 (5.35)
21 4+ 0x1p =0 (5.36)
with the general solution
b = F(z) exp(—2"2) (5.37)

f(2) is an arbitrary analytic function depending on z. We assume that hw,. is the by far largest
energy scale and that v < 1. The Hilbert space can then be restricted to the lowest Landau level.
A general multi-particle wave function in the lowest Landau level has the form

U= f(z,...,25,) exp(— Y 2 2) (5.38)
i
where f is again an analytic function.

Construction of a single particle basis and angular momentum

Before we discuss a variational ansatz for the many particle ground state, let us introduce a suitable
single particle basis. The Hamiltonian has a rotational symmetry, it commutes with the angular
momentum L, parallel to the magnetic field. One has

0
L, = ma—y - zy%
= 20, — 270, (5.39)
L.f(z)exp(—2*2) = 2f'(2) exp(—2*2) (5.40)
The eigenstates of L, are therefore
U = 2™ exp(—2"2) (5.41)

with the eigenvalue m. The ), for a complete and orthogonal system of states within the lowest
Landau level, since they are the eigenfunctions of the operator L,. Introducing a suitable nor-
malization the set {t,, m = 1,...,00} forms an orthonormal basis of the single-particle Hilbert
space. [t (2, 2%)|? is rotational invariant and has a maximum at |z|?> = m. To deal with a finite
system, we restrict the Hilbert space to values m < M, the filling factor is then v = N./M. This
corresponds to a disk geometry with a soft boundary.

A many particle wave function

U= f(zl,...,zNe)eXp(—szzi) (5.42)

is an eigenfunction of L., if f(z1,...,2n,) is a homogeneous polynomial in the variables.
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5 The (fractional) quantum Hall effect

Laughlins ansatz for the ground state

Because of the projection to the lowest Landau level the only important contribution in the Hamilto-
nian is the interaction. There is no single particle Hamiltonian any more. Laughlins idea is that
the electrons should avoid each other as good as possible. We therefore look for an ansatz which is
homogeneous and where the electrons have a large distance between each other. An ansatz, which
was very successful in the description of liquid Heg is the Jastrow ansatz. It has the form

I 7@ =) (5.43)
i<k

In our case this means

U= H f(zj — 2x) exp(— Z 25 %) (5.44)
i<k )
This wave function must have the following properties
e It should be an eigenfunction ofL,. Therefore f(z) ox z™.
e It should be antisymmetric with respect to permutations of two particles. Therefore, m must
be odd.

This means that the Jastrow ansatz yields

U=y, = H(zj — z)" exp(— Z 27 %) (5.45)

j<k i
U, is a wave function with an angular momentum L, = mN, (N, —1)/2. The highest power which
occurs for a single argument z; is M = m(N, —1). As a consequence, the filling factor of the wave
function is v = 1/m. For a fixed density, i.e. a fixed filling factor, the Jastrow ansatz has no free
parameter, the wave function is fixed.

The question is whether W,, is a good ansatz for the ground state of the Hamiltonian, and if
yes, why. To clarify this we look at two different calculations which have been done quite early
after the publication of this ansatz by Laughlin. The first is the diagonalization of the Hamiltonian
for small numbers of particles. An exact diagonalization allows to calculate the overlap of the
true ground state with ¥,,,. A good overview of such calculations can be found in the book by
T. Chakraborty and O. Pietildinen [4]. It turns out that the overlap is better for short range
interactions and that for the bare Coulomb interaction the overlap is about 99% per particle. The
calculation have been done with up to 7 electrons for v = 1/3. The Hilbert space dimension is

< 271 >, the diagonalizations are done using a Lanczos algorithm.

The numerical calculations show that for short range interactions the overlap is even better.
Since the electrons in our case have all the same spin, a short range interaction of Hubbard type,
which would be V(r) = V,d(r) in the continuum, has no effect. The Pauli principle interdicts two
electrons with the same spin at the same place. The shortest possible interaction is therefore

V(r) = VaV23(r) (5.46)

One can show that ¥, is the exact ground state for such a short range interaction. We will come
back to this point. It supports the view that W,, describes the ground state wave function quite
well.

Let us mention that it is possible to formulate a Laughlin type wave function as well for systems
with periodic boundary conditions. This is useful because in such a case the gauge argument
formulated by Laughlin for the integer quantum Hall effect can be applied. We discuss periodic
boundary conditions below.
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5 The (fractional) quantum Hall effect

Properties of ¥,

Let us first discuss the case m = 1.

Uy = H(zj — zx) exp(— szzi) (5.47)

i<k i
The factor [[,;,(2; — 2k) is a so called Vandermonde determinant. One has
111G —21) = ()N D2N ()P [ ] 2bgay (5.48)
i<k P i

Up to a normalization factor, ¥y is the Slater determinant of the N, single particle basis states
Ym, m =1,..., Ne. Therefore, ¥; is the exact ground state of the system for filling factor v = 1.
Let us now discuss general wave functions ¥,,. One has

(U |* = exp(—Bom (21, ..., 2n,)) (5.49)

This is the distribution function of the electrons. It can be interpreted as a classical gas with a free
energy ¢m(z1,...,2n,). We choose 8 = 2/m and obtain

Ne
Gm (21, ..., 2N,) :—m221n|zj—zk|+m2|zl|2 (5.50)
j<k =1

This is the free energy of a classical two-dimensional one-component plasma with charge m. The
general free energy of a classical two-dimensional one-component plasma is

Ne
T
Om(21, - 2N,) = —€ éln |25 — 2k| + 200612; |21/ (5.51)
; -

Here, the first term represents the two-dimensional Coulomb repulsion of the particles and the
second term represents the attractive interaction with a homogeneous background with a charge
density pp. In our case we have

2
=— 5.52
po=— (5.52)
The plasma is neutral, the particle density is
2
= - 5.53
p=_ (5.53)

Th physical properties of the two-dimensional single-component plasma is well understood. For not
too large m it forms an incompressible fluid. It has a homogeneous density. The most important
quantity to look at is the pair correlation function

Ne(Ne — 1) [dPz3...d%2n, | ¥ |?
p? J &Pz dPan, | Uy |2

g(21, 22) = (5.54)

g describes the correlation of two particles. For a translational invariant and isotropic system, it
depends only on 7 = |z; — 23|. For large r the function tends to 1. For small r it decays like oc 72™.
The interaction energy is

Buww = [ @2g(l=DV () (5.55)
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5 The (fractional) quantum Hall effect

Taking into account the homogeneous background, the total energy is

B =3 [ d(allel) - DV (2] (5.56)

For a short range interaction V(z) = V2V2§(2) we have E = Eyy. If g(r) decays faster than r?
one obtains E = 0. Since F is non-negative, ¥,, is a ground state of the system, as stated above.
Further, one can show that W,, is the only ground state for m = 3. For m = 5 it is not unique but
it becomes unique if a second term is introduced to the interaction V(z) = (VoV? + V4(V?)2)6(2).
Similar results can be shown for larger values of m. This explains the above proposition that ¥,
is the exact ground state of the system for short range interactions.

The function g(r) shows the typical characteristics of an incompressible fluid. It vanishes suffi-
ciently fast at r = 0, has a single maximum at some characteristic value of r and tends to 1 without
further oscillations for large r. For a crystal g(r) shows oscillations. For m = 1 we can calculate
g(r) exactly, one obtains

g(r) =1 — exp(—r?) (5.57)

The wave function W, therefore describes for not too large m an incompressible quantum fluid.
For an incompressible quantum fluid one expects an energy gap between the ground state and the
low lying excitations. Let us now look at the low lying excitations.

5.3.2 Elementary excitations

We use the quasi-particle concept to describe the elementary excitations. We constrict quasi-
particles and -holes. Let €, and €, be the energy of a quasi-particle or -hole respectively. Then,
€ = €, + €}, is the excitation energy of an uncharged excitation. In Laughlin’s original formulation,
he created quasi-particles or -holes by changing M instead of N.. Let us first discuss a quasi-hole.
It can be obtained by increasing M.

For a given wave function ¥, M is determined by the number of zeros the wave function has as
a function of a single particle coordinate z;. Increasing M means increasing the number of zeros.
The simplest state is one with an additional zero, i.e. a state with M + 1 zeros. We let

o) =5, W, (5.58)
Ne

So = [[(z5 — %) (5.59)
j=1

The wave function S7'W,, corresponds to a wave function with filling factor 1/m and N + 1 elec-

trons, where one electron at zg is taken out. Wi, ca therefore be interpreted as a hole where a 1/m
fraction of an electron was removed. The state is a state with a fractional charge. The quasi-hole
generated at zg via S, has the charge e/m. The same holds true for the classical two-dimensional
one-component plasma. The multiplication with S, corresponds to adding —m 3 _;In|z; — 2| to
¢m, and therefore to a missing charge of 1, whereas the particles forming the plasma have a charge
m.

Because of the translational invariance of the system the energy of the quasi-hole does not depends
on zg. One can determine the energy either by diagonalizing small systems numerically like for the
ground state or by calculating the expectation value of the Hamiltonian in the state szfn‘ ), which as
well must be done numerically. The typical energy of the quasi-hole is 0.025¢2/Ig. At typical field
strength B = 10 — 207" the excitation energy corresponds to a temperature of 4 — 8 K. This is in
good agreement with the experimental fact that the fractional quantum Hall effect can be observed
ate temperature below 1K.
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5 The (fractional) quantum Hall effect

It is a bit more difficult to construct wave functions for quasi-particles. Laughlins proposal was

to use
T — exp(— Z |12|%) H H zp —z21)™ (5.60)

0z k<l

for a quasi-particle at the origin. The numerical calculations show that this is a less good ap-
proximation. Nevertheless, the basic physical idea connected to this ansatz is the same as for
quasi-holes.

The excitation energies for quasi-particles or quasi-holes are finite, as it should be for an incom-
pressible quantum fluid. Similarly to the integer quantum Hall effect, one may now argue that the
quasi-particles or holes in the system behave like usual electrons in the integer quantum hole effect.
The only difference is the charge, which is 1/m times the original charge. This argument can then
be used to explain why there are plateaus in the Hall conductivity at integer multiples of e2/hm.

5.3.3 Periodic boundary conditions

The ideas presented so far can be formulated in a system with periodic boundary conditions as
well. The mathematical formulation is more evolved, because one has to deal with doubly-periodic
analytic functions. Such functions do not exists. Instead, one needs quasi-periodic functions, so
called #-functions. The representation uses projective representations of the translation group.
Within this representation it can be shown that an additional particle or hole in the system is
indeed localized and thereby on can explain the existence of a plateau in the Hall conductivity.

5.4 Universality

In a seminal paper, Frohlich and Kerler [7] showed that there is a completely different way to
explain the integer and fractional quantum Hall effect. In this last section, I briefly sketch their
view and I try to connect it to what we learned so far. Starting point is classical electrodynamics.

5.4.1 Classical electrodynamics in quantum Hall systems

In this subsection we look at the classical electrodynamics of a two-dimensional electron gas which
has a conductivity tensor of the form

_( 0 —om ) _
o= < on 0 ) = ope€ (5.61)

where € = (€48)a,8=12 With €19 = —€e21 = 1, €11 = €22 = 0 . We introduce the current density
j = (7',5%) and the charge density j°. The electric field is E = (E1, E2) and we introduce a
field-strength tensor F. It is anti-symmetric and has the elements Fy, = FE., Fi1o = —B. B is

the magnetic field perpendicular to the two-dimensional plane the electrons move in. Further, let

2° = ¢t and 2!, 22 be the coordinates, z = (20, 2!, 22), and
0
The current density is given by
j%(x) = oge®® Eg(x) (5.63)
The continuity condition is
00" =0 (5.64)
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5 The (fractional) quantum Hall effect

and Faradays law has the form

gﬁ(x) +V x B(z) =0 (5.65)
or
P19, Fy(z) = 0 (5.66)

Taking the continuity condition and Faradays law, we obtain
or0yB = —opV x E=—-V-j = 8,;° (5.67)
and therefore
§%x) = oy B(z) (5.68)

Taking this equation together with the material equations for ; we may put everything together in
the compact form

Jop(x) = o Fap(x) (5.69)

where
Jap(z) = €apyj” (2) (5.70)

€apy 1s the complete anti-symmetric tensor. The continuity equation now takes the form
€19, J5,(x) = 0 (5.71)

As a consequence, o must be locally independent of x! Further, lines where o changes must
carry a current. The continuity equation implies that for the current tensor J,g and as well for the
field-strength tensor Fi,3 we can introduce a vector potential

Fop = 0, A — 0gAq (5.72)
Jog = Ontg — 0gaqa (5.73)
and we obtain
Onlag —ogAg) — 0g(aq —opAs) =0 (5.74)
This relation can be derived from the action
Scs(a—opgA) = / Bre(aq — o Aa)0p(ay — o A,) (5.75)
RxQ

Scgs is called Chern-Simons action. This action is independent of the choice of coordinates.

The status of the ideas presented so far is as follows: Whereas the continuity equation and
Faradays law hold exactly, the material equation J = ogF is experimentally varified only on
sufficiently large time and length scales. We therefore cannot exclude that in addition to the
Chern-Simons action Scg the total action contains a further term S; which should be symmetric
under time reversal and which should conserve parity. The total action will therefore be

S(a,A) = Scs(a —ogA) + Si(a, A) (5.76)

where the behaviour on long time and length scales is determined by S¢g.
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5 The (fractional) quantum Hall effect

5.4.2 Quantisation

The current density j is a quantum mechanical operator, to be precise an operator valued distri-
bution, therefore the vector potential ¢ must be an operator as well. The same is true for A, at
least in principle. Since we do not want to treat QED, it is in our case sufficient to take A as a
classical field. The remaining task is now to quantize the action S(a, A) where A will be treated
as an external, classical field. The quantization can be performed using a path integral. We use
Fuclidean path integrals and introduce the coordinates

ag — —ia(], A() — —’iAo, (90 — —iao, dl’o — z'dxo (5.77)

Further, we introduce the vector potential A, for the external constant magnetic field so that the
total as vector potential A = A.+ A contains A. and A, coming from local sources. The Euclidean
measure dP4, which describes the ground state of the system with the action .S is then given by

APA(a) = Z(A, + A)~) exp(—%SE(a,A))D[a] (5.78)

where

SE(a,A) = —irScs(a — oy A) + Si(a, A) (5.79)

2
Dla] = [T I] daa(x) (5.80)
z a=0

and Z(A. + A) is the partition function, chosen such that [dP(a) = 1. The action SE(a, A)
should be derived form a microscopic theory, but such a derivation does not yet exist. The field
theoretical formulation of the non-interacting electron system presented e.g. in the chapter 5 by
Pruisken in [19] for the integer quantum Hall effect is of that form. But using just the structure
of the action one can already derive some properties. The Euclidean partition function Z(A. + A)
should be invariant under gauge transformations and the electron wave function must be unique.
Both properties can only be fulfilled if o takes values

1 €2

20+1h (5:81)

cg ==+

This was shown by Frohlich and Kerler [7]. The authors further show that one may allow for more
than one current. Let J@ be a set of currents, for each the condition

JO =oWF (5.82)

must hold. This then explains the experimentally observed values of .
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