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Fundamentals (part I)

[1] Introduction

[1.1] The building blocks of the universe

The universe consists of a variety of particles which are described by the ”standard model”. The known particles are
divided into two groups:

e (Quarks: constituents of the proton and the neutron, which form the ~ 100 nuclei known to us.
e Leptons: include the electrons, muons, taus, and the neutrinos.

The interaction between the particles is via fields (direct interaction between particles is contrary to the principles
of the special theory of relativity). These interactions are responsible for the way material is ”organized”. We
shall consider in this course the electromagnetic interaction. The electromagnetic field is described by the Maxwell
equations. Within the framework of the ”standard model” there are additional gauge fields that can be treated on
equal footing. In contrast the gravity field has yet to be incorporated into quantum theory.

[1.2] A particle in an electromagnetic field

This section is inteted for 3rd year BSc Physics students: its purpose is to place this course in the context of classical
analytical mechanics. Those who do not have this eduction can skip sections [1.2]-[1.3]-[1.4]. A terse summary of
classical mechanics is provided in lecture [2], and can be skipped as well.

Within the framework of classical electromagnetism, the electromagnetic field is described by the scalar potential
V(x) and the vector potential A(z). In addition one defines:

B

VxA (1.1)

We will not be working with natural units in this course, but from now on we are going to absorb the constants ¢ and
e in the definition of the scalar and vector potentials:

e

EA — A, eV —» V (1.2)
EB - B, & = &

In classical mechanics, the effect of the electromagnetic field is described by Newton’s second law with the Lorentz
force. Using the above units convention we write:

i:%(Efov) (1.3)

The Lorentz force dependents on the velocity of the particle. This seems arbitrary and counter intuitive, but we shall
see in the future how it can be derived from general and fairly simple considerations.

In analytical mechanics it is customary to derive the above equation from a Lagrangian. Alternatively, one can use a
Legendre transform and derive the equations of motion from a Hamiltonian:

. OH
N
b= "%



where the Hamiltonian is:

1

5 (= A@))* + V() (1.5)

H(z,p) =

The Hamiltonian that describes a system of several charged particles in 3 dimensional space, including the electro-
magnetic field in the Coulomb gauge, can be written as follows:

1
H(r,p,A,8) = mei(p +Z|rl_rj|

K3

;/(SLﬂ—c(VxA)) (1.6)

The canonical coordinates of the particles are (r;, p;), and the canonical coordinates of the radiations field are (A4, &).
The magnetic field is defined as B =V x A. One can define an electrostatic electric field £, and express the second

term as an integral over £f/(8).

The units of £ as well as the prefactor 1/(87) are determined via Coulomb law as in the Gaussian CGI convention.
The units of A are determined as in the SI convention, namely, we do not make here the replacement A — (1/c)A
and therefore the equations of motion for the radiation field imply that £, = —A. Accordingly B and £ do not have
the same units, and the Lorentz force formula does not included (1/¢) prefactor.

In the absence of particles the radiation term of the Hamiltonian describes waves that have a dispersion relation
w = c|k|. The strength of the interaction is determined by the coupling constants e;. Assuming that all the particles
have elementary charge e; = e, it follows that after canonical quantization (see below) the above Hamiltonian is
characterized by a single dimensionless coupling constant e?/(hc), which is knows as the “fine-structure constant”.

[1.3] Canonical quantization

The historical method of deriving the quantum description of a system is canonical quantization. In this method we
assume that the particle is described by a ”"wave function” that obeys the equation:

G\Iéix) _ 7%7{ (:c z‘hai) U(z) 7

This seems arbitrary and counter-intuitive. In this course we shall abandon the historical approach. Instead we shall
construct quantum mechanics using simple heuristic considerations. Later we shall see that classical mechanics can
be obtained as a special limit of the quantum theory.

[1.4] Second quantization

The method for quantizing the electromagnetic radiation field is to write its Hamiltonian as a sum of harmonic
oscillators (normal modes) and then to quantize the oscillators. It is exactly the same as finding the normal modes
of spheres connected with springs. Every normal mode has a characteristic frequency. The ground state of the field
(all the oscillators are in the ground state) is called the ”vacuum state”. If a specific oscillator is excited to level n,
we say that there are n photons with frequency w in the system.

A similar formalism is used to describe a many particle system. A vacuum state and occupation states are defined.
This formalism is called ”second quantization”. A better name would be ”formalism of quantum field theory”. One
important ingredient of this formulation is the distinction between fermions and bosons.

In the first part of this course we regard the electromagnetic field as a classical entity, where V(x), A(x) are given as
an input. The distinction between fermions and bosons will be obtained using the somewhat unnatural language of
"first quantization”.



[1.5] Definition of mass

The ”gravitational mass” is defined using a weighting apparatus. Since gravitational theory is not includes in this
course, we shall not use that definition. Another possibility is to define ”inertial mass”. This type of mass is determined
by considering the collision of two bodies:

M1V + Mav2 = MiU; + Maug (1.8)
Accordingly one can extract the mass ratio of the two bodies:

m__wv (1.9

mo Uy — U1

In order to give information on the inertial mass of an object, we have to agree on some reference mass, say the
"kg”, to set the units. (less arbitrary would be to take the mass of the proton as the reference). Anyway, within the
framework of quantum mechanics the above Newtonian definition of inertial mass will not be used. Rather we define
mass in an absolute way, that does not require to fix a reference mass. We shall define mass as a parameter in the
”dispersion relation”.

The dispersion relation.— It is possible to prepare a ”monochromatic” beam of particles (say electrons) that all
have the same velocity, and the same De-Broglie wavelength. The velocity of the particles can be measured by using
a pair of rotating circular plates (discs). The wavelength of the beam can be measured using a diffraction grating.
We define the momentum of the moving particles (”wave number”) as:

p = 27 /wavelength (1.10)

It is possible to find (say by an experiment) the relation between the velocity of the particle and its momentum. This
relation is called the ”dispersion relation”. Here is a plot of what we expect to observe:

A C
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P

For low (non relativistic) velocities the relation is approximately linear:

1
. = e e~ Ly (L11)
(M) + (cp)?

3

This relation defines the "mass” parameter. The implied units of mass are

m] = — (1.12)

If we use arbitrary units for measuring mass, say "kg”, then the conversion prescription is:

mike] = {second} ’ h

h=— (1.13)

meter? 2

where h is known as the Planck constant.



[1.6] Semiclassical perspective

Within the semi-classical picture we specify the state of a particle using two dynamical variables (z,p). It is a
phenomenological observation that the momentum (as defined in the previous section) can be increased by applying
“force”. In fact we can define the term force in a semi-Newtonian way:

d oV (x)
dt ox

|
RS
I
&
Il
[

(1.14)

where V(z) is a function that describes the field of force. Similarly we can define kinetic-energy-function K (p) from
which the dispersion relation is derived:

d 9K (p)

—x = = 1.15

Ge = vlp) = (115)
The standard dispersion relation is

2

K(p) = (me2)2 4 (cp)2 ~ mc® + o (1.16)
The latter expression is the non-relativistic approximation. We can define Hamiltonian formally as follows

H(z,p) = K(p)+V(z) (1.17)
and derive from it the equations of motion. We define the energy as

E = H(z,p) (1.18)

It is easily verified that E is a constant of motion (dE/dt = 0). The energy has units of frequency. The conversion to
SI units is:

kg - meter? 1
EF|————| = hE 1.19
{ second? } Lecond} ( )

[1.7] Spin

Apart from the degrees of freedom of being in space, the particles also have an inner degree of freedom called ”spin”.
We say that a particle has spin s if its inner degree of freedom is described by a representation of the rotations group
of dimension 2s+1. For example, ”spin %” can be described by a representation of dimension 2, and "spin 1” can be
described by a representation of dimension 3. In order to make this abstract statement clearer we will look at several

examples.
e Electrons have spin %, hence 180° difference in polarization ("up” and ”down”) means orthogonality.
e Photons have spin 1, hence 90° difference in linear polarizations means orthogonality.

If we position two polarizers one after the other in the angles that were noted above, no particles will pass through.
We see that an abstract mathematical consideration (representations of the rotational group) has very realistic con-
sequences.



[2] Digression: The classical description of nature

[2.1] The electromagnetic field

The electric field £ and the magnetic field B can be derived from the vector potential A and the electric potential V:

E = -VV—--— (2.1)
B=VxA

The electric potential and the vector potential are not uniquely determined, since the electric and the magnetic fields
are not affected by the following changes:

19A
Vo= (2.2)

A = A+ VA

<t
I

V =
A -
where A(xz,t) is an arbitrary scalar function. Such a transformation of the potentials is called ”gauge”. A special case

of "gauge” is changing the potential V' by an addition of a constant.

Gauge transformations do not affect the classical motion of the particle since the equations of motion contain only
the derived fields &, B.

Pz B

e % [eg - ZB x x} (2.3)

This equation of motion can be derived from the Lagrangian:
. 1 ) (3
L(x, &) = Zma + -z A(x,t) — eV (x,t) (2.4)
c

Or, alternatively, from the Hamiltonian:

H(z,p) = i(p - ZA)2 teV (2.5)

[2.2] The Lorentz Transformation

The Lorentz transformation takes us from one reference frame to the other. A Lorentz boost can be written in matrix
form as:

¥y =B 00
- 00

5= gﬁ g 10 (26)
0 0 01

where 3 is the velocity of our reference frame relative to the reference frame of the lab, and

1

v = \/17—752 (2.7)
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We use units such that the speed of light is ¢ = 1. The position of the particle in space is:

t
x
_ 2.8
x= |1 (28)
z
and we write the transformations as:
x' = Sx (2.9)
We shall see that it is convenient to write the electromagnetic field as:
0 & & &
_ 51 0 83 —82
F=le -, 0 B (2.10)
E By —B; 0
We shall argue that this transforms as:
F'=SFS™! (2.11)
or in terms of components:
& =& B =B
&y =7(E& — BBs) By =(B2 + BE3)
&y =7(& + BB2) By =(Bs — BE2)
[2.3] Momentum and energy of a particle
Let us write the displacement of the particle as:
dt
dx
dx = dy (2.12)
dz
We also define the proper time (as measured in the particle frame) as:
dr? = dt* —da® — dy® — dz* = (1 — v,* — v,? — v, %)dt? (2.13)

or:

dr =+/1—v2dt (2.14)

The relativistic velocity vector is:

dx
u=-—, [uf — vl —ul —ul =1] (2.15)
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It is customary to define the non-canonical momentum as

€
p=mu=|P* (2.16)
Py
Pz

According to the above equations we have:
e —pa—p,—pr=m’ (2.17)
and write the dispersion relation:

e = /m? 4 p? (2.18)

p

\/m2 + p?
We note that for non-relativistic velocities p; &~ mv; for ¢ = 1,2, 3 while:

dt 1
e = mE = M o mrome?t.. (2.19)

dT \/171)2 2

[2.4] Equations of motion for a particle

The non-relativistic equations of motion for a particle in an electromagnetic field are:

.
mdi; = e —eBx7T (2.20)

The right hand side is the so-called Lorentz force f It gives the rate of change of the non-canonical momentum. The
rate of change of the associated non-canonical energy FE is

% = [T = €7 (2.21)

The electromagnetic field has equations of motion of its own: the Maxwell equations. We shall see shortly that
Maxwell equations are Lorentz invariant. But what Newton’s second law as written above is not Lorentz invariant.
In order for the Newtonian equations of motion to be Lorentz invariant we have to adjust them. It is not difficult to
see that the obvious required revision is:

du

mo— = eFu (2.22)

To prove the invariance under the Lorentz transformation we write:

du'  d L Ld e e 1 e,

Hence we have deduced the transformation F' = SFS~! of the electromagnetic field.



[2.5] Equations of motion of the field

Back to the Maxwell equations. A simple way of writing them is
O'F = drJ?

where the derivative operator 0, and the four-current J, are defined as:

8%8 o 0 0 0

o= | "o pt— (2 2 9 9
*3%2 (8t’3x75‘y’3z)
T 0z

and:

P
Ju +

J= J J :(pﬂijﬁvij?ﬁi‘]»z)
Y
J.

The Maxwell equations are invariant because J and 0 transform as vectors.

12

(2.24)

(2.25)

(2.26)

For more details see Jackson. An

important note about notations: in this section we have used what is called a ”contravariant” representation for the
column vectors. For example u = column(ug, Uy, uy, u;). For the "adjoint” we use the ”covariant” representation

u = 1ow(ug, —Uz, —ty, —u,). Note that ufu = (u;)? — (uz)? — (uy)? — (u.)? is a Lorentz scalar.
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[3] Hilbert space

[3.1] Linear algebra

In Euclidean geometry, three dimensional vectors can be written as:

U = u1€1 + us€s + uzés (3.1)
Using Dirac notation we can write the same as:

[u) = wiler) + uzlea) + usles) (3.2)
We say that the vector has the representation:

U1
lu)y — u; = [ ue (3.3)
u3

The operation of a linear operator A is written as |v) = Alu) which is represented by:

vy A A Az [w
va | = | A2 Az Aoz | | ue (3.4)
U3 Asp Aszp Asz ) \us

or shortly as v; = A;;u;. Thus a linear operator is represented by a matrix:

A Agp Ags
A = Ay = Az Az A (3.5)
Az Azz Asz

[3.2] Orthonormal basis

We assume that an inner product (u|v) has been defined. From now on we assume that the basis has been chosen to
be orthonormal:

(eilej) = 0i (3.6)
In such a basis the inner product (by linearity) can be calculated as follows:

(ulv) = ujvy + ujvy + ujvs (3.7)
It can also be easily proved that the elements of the representation vector can be calculated as follows:

W= (el (3.8)
And for the matrix elements we can prove:

Aij = (eilAley) (3.9)
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[3.3] Completeness of the basis

In Dirac notation the expansion of a vector is written as:

lu) = lex)(er|u) + |ez)(ealu) + e3){es|u) (3.10)
which implies

1 = lex){ex| + [e2){e2| + [es){es] (3.11)

Above 1+ §;; stands for the identity operator, and P7 = |e;)(e;| are called "projector operators”,

100 100 000 000
i—»(010], P'—|000], P’~|010]|], P’ —(000], (3.12)
001 000 000 001

Now we can define the ”completeness of the basis” as the requirement

SP = Yol = 1 (3.13)

J

From the completeness of the basis it follows e.g. that for any operator

A:

2P

A ij = Y le(elAles) el = Y le)Aie] (3.14)

.3 4,9

[3.4] Operators

In what follows we are interested in "normal” operators that are diagonal in some orthonormal basis. Say that we
have an operator A. By definition, if it is normal, there exists an orthonormal basis {|a)} such that A is diagonal.
Hence we write

A = Y laalal = > aP" (3.15)

In matrix representation it means:

a; 0 0 100 000 000
0 az 0| = a[(000]+ax[010]|+as{000 (3.16)
0 0 as 000 000 001

It is useful to define what is meant by B = f(A) where f() is an arbitrary function. Assuming that A = " |a)a(al, it
follows by definition that B = >_ |a) f(a){a|. Another useful rule to remember is that if A|k) = B|k) for some complete
basis k, then it follows by linearity that Aly) = B|¢) for any vector, and therefore A = B.

With any operator A, we can associate an “adjoint operator” Af. By definition it is an operator that satisfies the
following relation:

(u]Av) = (ATu|v) (3.17)
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If we substitute the basis vectors in the above relation we get the equivalent matrix-style definition
(AT = A3 (3.18)

If A is normal then it is diagonal in some orthonormal basis, and then also A' is diagonal in the same basis. It follows
that a normal operator has to satisfy the necessary condition A*A = AAT. As we show below this is also a sufficient
condition for "normality”.

We first consider Hermitian operators, and show that they are "normal”. By definition they satisfy AT = A. If we
write this relation in the eigenstate basis we deduce after one line of algebra that (a* — b)(a|b) = 0, where a and b are
any two eigenvalues. If follows (considering a = b) that the eigenvalues are real, and furthermore (considering a # b)
that eigenvectors that are associate with different eigenvalues are orthogonal. This is called the spectral theorem: one
can find an orthonormal basis in which A is diagonal.

We now consider a general operator (). Always we can write it as
. . 1 + 1 i
Q=A+1B, WlthA:§(Q+Q ), ande;(Q—Q ) (3.19)
1

One observes that A and B are Hermitian operators. It is easily verified that QTQ = QQT iff AB = BA. It follows
that there is an orthonormal basis in which both A and B are diagonal, and therefore @ is a normal operator.

We see that an operator is normal iff it satisfies the commutation QTQ = Q@' and iff it can be written as a function
f(H) of an Hermitian operator H. We can regard any H with non-degenerate spectrum as providing a specification
of a basis, and hence any other operator that is diagonal in that basis can be expressed as a function of this H.

Of particular interest are unitary operators. By definition they satisfy UTU = 1, and hence they are "normal” and
can be diagonalized in an orthonormal basis. Hence their eigenvalues satisfy Ay, = 1, which means that they can be
written as:

U = Y e (| = o (3.20)

where H is Hermitian. This is an example for the general statement that any normal operator can be written as a
function of some Hermitian operator H.

[3.5] Generators

Later we are going to discuss unitary operations that depend on some parameter. For example: D(a) is distance a
displacement; R(®) is angle ® rotation; and U (¢) is evolution during time ¢. Note that D(0) = R(0) = U(0) = 1.
We shall define generators for those operations. For example, for evolution we define U (t) = exp(—itH).

Proof: We assume that the operation, say the evolution, has the so-called group property

Utz +t1) = Ultz) U(tr) (3.21)
It follows that

ut)y = [U@/N)N (3.22)
where N can be as large as we want. The evolution during an infinitesimal time interval can be written as:

Udt) = 1+Gdt+0dt?) = 1—idtH+ O(dt?) (3.23)

The first equality is a Taylor expansion, or one may say that G is the derivative of U(¢). Loosely speaking G is
the ”evolution per unit of time”. From UTU =1 it follows that GT = —G. The physics community does not like
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anti-hermitian operators, and therefore we define H = iG, that satisfies #' = #. By multiplying many infinitesimal
time steps we get:

N
U = (1—idtH)--- (1 —idtH)(1 — idtH) = (1—2';77{) = e (3.24)

In the last step we have taken the N — oo limit, and used the definition of the exponential function, Namely,
exp(t) = lim(1 +t/N)Y, that follows from the assumed multiplicative property exp(t;)exp(ts) = exp(t; + to).

[3.6] Conventions regarding notations

In Mathematica there is a clear distinction between dummy indexes and fixed values. For example f(x_) = 8 means
that f(x) = 8 for any z, hence z is a dummy index. But if z = 4 then f(x) = 8 means that only one element of the
vector f(x) is specified. Unfortunately in the printed mathematical literature there are no clear conventions. However
the tradition is to use notations such as f(z) and f(z') where z and 2’ are dummy indexes, while f(z¢) and f(x1)
where zg and x; are fixed values. Thus

Ay - (g 5’;) (3.25)

A =5 for ip =2 and jo =1

10Jo
Another typical example is

Ter = {(zlk) = matrix (3.26)
U(z) = (x|ko) = column (3.27)

In the first equality we regard (z|k) as a matrix: it is the transformation matrix form the position to the momentum
basis. In the second equality we regard the same object (with fixed ko) as a column, or as a ”wave-function”.

We shall keep the following extra convention: The "bra” indexes would appear as subscripts (used for representation),
while the "ket” indexes would appear as superscripts (reserved for the specification of the state). For example:

Y(0,9) = (0,p|fm) = spherical harmonics (3.28)
¢"(x) = (xzln) = harmonic oscillator eigenfunctions (3.29)
¥n = {(nltp) = representation of wavefunction in the n basis (3.30)

Sometime it is convenient to use the Einstein summation convention, where summation over repeated dummy indexes
is implicit. For example:

FO.0) = Y (0. 0ltm)tm|f) = fenY"(6,0) (3.31)

m

In any case of ambiguity it is best to translate everything into Dirac notations.

[3.7] Change of basis

Definition of T:

Assume we have an ”old” basis and a "new” basis for a given vector space. In Dirac notation:

old basis
new basis = {|n=1), [n=2), [n=3), ...}

(3.32)

|
—~
=.
—_
N
.
Il
[\
~
.
I
w
S~
-
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The matrix T;, whose columns represent the vectors of the new basis in the old basis is called the ”transformation
matrix from the old basis to the new basis”. In Dirac notation this may be written as:

n) = Z Tia li) (3.33)

In general, the bases do not have to be orthonormal. However, if they are orthonormal then T" must be unitary and
we have

Tin = (iln) (3.34)

)

In this section we will discuss the general case, not assuming orthonormal basis, but in the future we will always work
with orthonormal bases.

Definition of S:

If we have a vector-state then we can represent it in the old basis or in the new basis:

|¥)

> il (3.35)
> nln)

[¥)

So, the change of representation can be written as:
Un =Y Snithi (3.36)

Or, written abstractly:

b o= Si (3.37)

The transformation matrix S = T~ reflects that change of basis can be regarded as an active operation on the state
of the system. For example, if T represents forward translation of the axes (change of basis, passive point of view),
then S represents a backward translation of the system (operation, active point of view).

Similarity Transformation:

A unitary operation can be represented in either the new basis or the old basis:

0, = ZAi,j¢j (3.38)

e = 3 Aupiin
The implied transformation between the representations is:
A = SAS™! = T'AT (3.39)

This is called a similarity transformation.
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[3.8] Non-orthonormal basis and the dual basis

Given an arbitrary basis that is not necessarily orthonormal, we define a metric g;; = (i|7) such that the inner product
can be calculated as follows

(ulv) = Zgijuf?fj (3.40)
ij

A dual basis |j> is defined such that

(ilg) = i (3.41)

On the technical level the representation of the j-th dual state is found from the equation ), g; x¥x = 0; ;. Accord-
ingly, the transformation matrix G from the original basis to the dual basis is the inverse of the metric g. For the
coefficients of |u) = >, u; |i) we get u; = (i|u). The completeness relation is

Z i)y (i = 1 (3.42)

If we change basis from |i) to |n) the transformation matrix is T;, = <;|n> The inverse transformation is with
Sn.; = (n]j). Note that T'S = 1. It also follows that change of representation of an operator is a similarity transfor-
mation, in agreement with the simpler presentation of the previous section.

[3.9] Generalized spectral decompositions

Not any operator is normal: that means that not any matrix can be diagonalized by a unitary transformation. In
particular we have sometime to deal with non-Hermitian Hamiltonian that appear in the reduced description of open
systems. For this reason and others it is important to know how the spectral decomposition can be generalized. The
generalization has a price: either we have to work with non-orthonormal basis or else we have to work with two
unrelated orthonormal sets. The latter procedure is known as singular value decomposition (SVD).

Given a matrix A we can find its eigenvalues \,, which we assume below to be non degenerate. without making any
other assumption we can always define a set |r) of right eigenstates that satisfy A|r) = \.|r). We can also define a
set |7) of left eigenstates that satisfy AT|7) = A\*|7). Unless A is normal, the r basis is not orthogonal, and therefore
(r|A|s) is not diagonal. But by considering (7|A|s) we can prove that (7|s) =0 if r # s. Hence we have dual basis
sets, and without loss of generality we adopt a normalization convention such that

(T[s) = Or.s (3.43)

so as to have the generalized spectral decomposition:

A = DA = T [diag{\}] T (3.44)

where T is the transformation matrix whose columns are the right eigenvectors, while the rows of 7! are the
left eigenvectors. In the standard decomposition method A is regarded as describing stretching/squeezing in some
principal directions, where T is the transformation matrix. The SVD procedure provides a different type of decom-
positions. Within the SVD framework A is regarded as a sequence of 3 operations: a generalized "rotation” followed
by stretching/squeezing, and another generalized "rotation”. Namely:

A = Y |UWBV| = U/diag{p} V! (3.45)
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Here the positive numbers p,. are called singular values, and U, and V,. are not dual bases but unrelated orthonormal
sets. The corresponding unitary transformation matrices are U and V.

[3.10] The separation of variables theorem

Assume that the operator H commutes with an Hermitian operator A. It follows that if |a,v) is a basis in which A
is diagonalized, then the operator H is block diagonal in that basis:

(a,v|Ald', VY = abaarbuu (3.46)
(a,v[H|d', V') = 6aa/7-ll(f,lj), (3.47)

where the top index indicates which is the block that belongs to the eigenvalue a.
To make the notations clear consider the following example:

20000 53000
02000 36000 5 3 428
A=100900 H=|00428 H® = H® =[2509 (3.48)
00090 002509 36 897
00009 00897
Proof: [H,A]=0 (3.49)

(a,v|HA — AH|d', V") =0
a'(a,v|H|a', V') — ala,v|H|d',V') =0
(@ —aYHav,ar =0
a#ad = Haar =0
(a,v|H|d' V) = Guqr H')

1%7%4

It follows that there is a basis in which both A and H are diagonalized. This is because we can diagonalize the
matrix H block by block (the diagonalizing of a specific block does not affect the rest of the matrix).

[3.11] Separation of variables - examples

A trivial example for “separation of variables” concerns Hamiltonian that is “separable” by construction. Consider a
system with two degrees-of-freedom |z, y) = |z) ® |y). The x can be a spatial coordinate of a particle, and the y can be
a transverse coordinate, or an up/down spin degree of freedom. If there is no coupling between the two freedoms, the
Hamiltonian is the sum of two commuting terms, namely H = H® @ 14+ 1 ® H® . The corresponding eigenstates
have a factorized form |n,m) = |n) ® |m), with eigenvalues E,, ,,, = e 4+ W,

A less trivial standard example for “separation of variables” is for the Hamiltonian of a particle in a centrally symmetric
field in 2D or in 3D. In the first case L, is constant of motion while in the second case both L? and L, are constants
of motion. The separation of the Hamiltonian into blocks is as follows:

Central symmetry in 2D:

standard basis = |z,y) = |r,p) ( )
constant of motion = L, (3.51)
basis for separation = |m,7r) (3.52)
(myr[Hm! 7'y = S H™ (3.53)

ror!



The original Hamiltonian and its blocks:

L, Lio 1.,
1 m? 10 0
(m) — 2 o 174 h 2 _ - 7
" 2P,« + 272 V() WHELE Py ror <T6T>
Central symmetry in 3D:
standard basis = |z,y,2) = |r,0,¢)
constants of motion = L2, L,
basis for separation = |[fm,r)
Em,r|H|'m' 7'y = Sow Omyms Hﬁfﬁ'/’)
The original Hamiltonian and its blocks:
H = 12+V()—1 2y 1y +V(r)
- 9P YT og\Prma "
1 0L+ 1) 1 02
¢ _ 2 2
HEm™) = Pt =5 F V(r) where pZ +— 52"

20

(3.54)

(3.55)
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[4] A particle in an N site system

[4.1] N site system

A site is a location where a particle can be positioned. If we have N = 5 sites it means that we have a 5-dimensional
Hilbert space of quantum states. Later we shall assume that the particle can ”jump” between sites. For mathematical
reasons it is conveneint to assume torus topology. This means that the next site after x =5 is x = 1. This is also
called periodic boundary conditions.

The standard basis is the position basis. For example: |z) with 2 = 1,2,3,4,5. So we can define the position operator
as follows:

Z|z) = x|x) (4.1)

In this example we get:

10000
02000
z— 100300 (4.2)
00040
00005
The operation of this operator on a state vector is for example:
1) = 713) + 5[2) (4.3)
Z|y) = 21|3) + 10]2)
[4.2] Translation operators
The one-step translation operator is defined as follows:
Dlz) = |z +1) (4.4)
For example:
00001
10000
D— 101000 (4.5)
00100
00010
and hence D|1) = |2) and D|2) = |3) and D|5) = |1). Let us consider the superposition:
1
) = —=[11) +12) +[3) + |4) + [5)] (4.6)

V5

It is clear that D|y) = |). This means that ¢ is an eigenstate of the translation operator (with eigenvalue e'®). The
translation operator has other eigenstates that we will discuss in the next section.
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[4.3] Momentum states

The momentum states are defined as follows:

1 .
k) = ——e'" 47
b= = @)
2m .
k= N = integer mod (N)

In the previous section we have encountered the k¥ = 0 momentum state. In Dirac notation this is written as:
_ Z L &k | ) (4.8)
—~ VN

or equivalently as:

1 ikx
(xlk) = ﬁe k (4.9)

while in old fashioned notation it is written as:

vy = (z[k) (4.10)

where the upper index k identifies the state, and the lower index x is the representation index. Note that if x were
continuous then it would be written as ¥ (x).

The k states are eigenstates of the translation operator. This can be proved as follows:
. 1 .
DIk) =Y Dlx)(z|k) = x + 1 m(w ) =ik ') ——=eF = |k 4.11
|>§;\><I>Z\ Z\ ;H\/ﬁ k) (411)

Hence we get the result:
Dk) = e~ k) (4.12)

and conclude that |k) is an eigenstate of D with an eigenvalue e~ Note that the number of independent eigenstates
is N. For exmaple for a 5-site system we have e**s = e?F1,

[4.4] Momentum operator

The momentum operator is defined as follows:

blk) = Klk) (4.13)
From the relation D|k) = e~%|k) it follows that D|k) = e~ *|k). Therefore we deduce the operator identity:

D = e (4.14)

We can also define 2-step, 3-step, and a-step translation operators as follows:

D(2) = (D)? = e (4.15)
DB) = (D) = e
D(a) = (D)* e~iap
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[5] The continuum limit

[5.1] Definition of the Wave Function

Below we will consider a site system in the continuum limit. ¢ — 0 is the distance between the sites, and L is the length
of the system. So, the number of sites is N = L/e — oco. The eigenvalues of the position operator are z; = € X integer.
We use the following recipe for changing a sum into an integral:

;H/dj (5.1)

11> 12>

The definition of the position operator is:
LIA?|.T1> = .”L'Z|.’Ez> (52)

The completeness of the basis can be written as follows

1= Yladel = [lo)data (5.3)

In order to get rid of the € in the integration measure we have re-defined the normalization of the basis states as
follows:

1
%m)

[infinite norm! (5.4)

z) =
Accordingly the orthonormality relation takes the following form,
(xl]z)y = &(x—2) (5.5)

where the Dirac delta function is defined as 6(0) = 1/¢ and zero otherwise. Consequently the representation of a
quantum state is:

W) = Yk = [douia)in) (5:6)

where

1

ﬁwx (5.7)

Y() = (zly) =
Note the normalization of the ”wave function” is:

Wy = Sl = [Tk = [P - 1 6.9



[5.2] Momentum States

The definition of the momentum states using this normalization convention is:
1 .

wk(m) _ 761161

where the eigenvalues are:
27 .

k= T X integer
We use the following recipe for changing a sum into an integral:

>[5

p 27 /L

We can verify the orthogonality of the momentum states:

(kalky) = "(kala)(alky) = > g2yl = /dm/)k2 (z) V" (2) = %/dﬂ?ei(kl_kz)x = Ok

x x

The transformation from the position basis to the momentum basis is:

Uy = (k|v) = > (klz)(zlv) = /wk(ﬂc)*z/}(m)dx - \% /w(x)e—““dg;

x

For convenience we will define:
U(k) = VLU,

Now we can write the above relation as a Fourier transform:
(k) = / P(z)e *dx

Or, in the reverse direction:

vle) = [ Fruiets

[5.3] Translations

We define the translation operator:
D(a)|z) = |z +a)
We now proof the following:

Given that: [t) = (x)
It follows that: D(a)|) — (x — a)

24

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)



In Dirac notation we may write:

(z[D(a)|9) = (x — aly)

25

(5.20)

This can obviously be proved easily by operating Dt on the "bra”. However, for pedagogical reasons we will also

present a longer proof: Given
) =D w(@))

Then

D(a)ly) =Y (@)l +a) =Y (@ —a)la’) =) 9z —a)lz)

[5.4] The Momentum Operator

The momentum states are eigenstates of the translation operators:
D(a)lk) = e™"*|k)

The momentum operator is defined the same as in the discrete case:
plk) = klk)

Therefore the following operator identity emerges:

For an infinitesimal translation:
D(da) =1 —idap
We see that the momentum operator is the generator of the translations.

[5.5] The differential representation

The matrix elements of the translation operator are:
(z[D(a)lz) = o((z —2’) —a)
For an infinitesimal translation we write:
(x|(1 —idap)|z’y = oz —2a') —dad(x — ')
Hence we deduce:

(@lpla’) = —id'(x —a")

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)
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We notice that the delta function is symmetric, so its derivative is anti-symmetric. In analogy to multiplying a
matrix with a column vector we write: A[W) — >, A;;¥;. Let us examine how the momentum opertor operates on
a "wavefunction”:

) = Y = [l - (5.30)
= fi/5'(xfx’)\11(x’)dx’ = fig §(x — 2" (z")dx! = ,ngp(@
Ox ox
Therefore:
W) o i () (5.31)
b oz ’

We see that in the continuum limit the operation of p can be realized by a differential operator. Let us perform a
consistency check. We have already proved in a previous section that:

D(a)l$) — ¢(z—a) (5.32)

For an infinitesimal translation we have:

(1—i5ap>|¢> — Qp(m)—éa%dj(x) (5.33)

From here it follows that

d

{lply) = —iy(z) (5.34)

This means: the operation of p on a wavefunction is realized by the differential operator —i(d/dx).

[5.6] Algebraic characterization of translations

If |z) is an eigenstate of & with eigenvalue x, then D|z) is an eigenstate of & with eigenvalue z + a. In Dirac notations:

i{D|x>] = (z+a) [D|x>} for any x (5.35)
We have (x + a)D = D(xz + a), and z|x) = Z|z). Therefore the above equality can be re-written as

ZD|x) = D(Z+a)l|x) for any x (5.36)
Therefore the following operator identity is implied:

#D = D(i+a) (5.37)
Which can also be written as

[#,D] = aD (5.38)

The opposite is correct too: if an operator D fulfills the above relation with another operator z, then the former is a
translation operator with respect to the latter, where a is the translation distance.
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The above characterization applies to any type of translation operators, include "raising/lowering” operators which
are not necessarily unitary. A nicer variation of the algebraic relation that characterizes a translation operator is
obtained if D is unitary:

D™ 'iD = i+4a (5.39)

If we write the infinitesimal version of this operator relation, by substituting D(da) = 1 — idap and expanding to the
first order, then we get the following commutation relation:

6] = i (>:40)

The commutation relations allow us to understand the operation of operators without having to actually use them on
wave functions.

[5.7] Particle in a 3D space

Up to now we have discussed the representation of a a particle which is confined to move in a one dimensional
geometry. The generalization to a system with three geometrical dimensions is straightforward:

lz,y,2) = |2) ®|y) ® |2) (5.41)
tlz,y,2) = z|z,9,2)
vz, y,2) = ylr,y,2)
2wy, 2) = z|w,y,2)

We define a ”vector operator” which is actually a ”package” of three operators:
= (@,.2) (>4
And similarly:

= (Pa, Dy, D) (5.43)

> o

1

—

S>

8

>

<

=

Iy

N

A= A(F) = (Aa(2,9, 2), Ay(#,5, 2), A. (3,5, 2)) (5.44)
For example A = #/|£[3. We also note that the following notation is commonly used:

P’ =P D=0 +0, + P’ (5.45)

[5.8] Translations in 3D space

The translation operator in 3-D is defined as:

D(a)|r) = |r + a) (5.46)



An infinitesimal translation can be written as:

15(551) _ efiéamﬁm efiéayﬁyefiéazﬁz

= 1—ibayp, — i0aypy — 10a.p, = 1—ida-p

The matrix elements of the translation operator are:
(r|D(a)[r’) = &*(r — (r' + a))

Consequently, the differential representation of the momentum operator is:

p|v) — (—ia\I/,—ialIl,—ia\Il>
or Y

or in simpler notation p|¥) — —iVV¥. We also notice that p?|¥) — —V2U.
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(5.47)

(5.48)

(5.49)
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[6] Rotations

[6.1] The Euclidean Rotation Matrix

The Euclidean Rotation Matrix R¥ (5) is a 3 x 3 matrix that rotates the vector r.

x/ T
AR (ROTATION) 6.1)

MATRIX

SIS

/

The Euclidean matrices constitute a representation of dimension 3 of the rotation group. The parametrization of a
rotation is requires three numbers that are kept in a vector ®. These are the rotation axis orientation (6, ¢), and the
rotation angle ®. Namely,

d = ®F = ®(sinfcos¢, sinfsing, cosh) (6.2)
An infinitesimal rotation §® can be written as:
RPr = r+6dxr (6.3)

Recalling the definition of a cross product we write this formula using matrix notations:

ZRiEjrj = Z r; (64)

J

51'3' + Z 5(I3k fkji
k

Hence we deduce that the matrix that represents an arbitrary infinitesimal rotations is

k

To find the matrix representation for a finite rotation is more complicated. In the future we shall learn a simple recipe
how to construct a matrix that represents an arbitrary large rotation around an arbitrary axis. For now we shall be
satisfied in writing the matrix that represents an arbitrary large rotation around the 7 axis:

cos(P) —sin(P) 0
R(®e,) = sinéq)) cosO(CI)) (1) = R*(9) (6.6)

Similar expressions hold for X axis and Y axis rotations. We note that ® = R?(p)RY(#)é., hence by similarity
transformation it follows that

R(®) = R(p)RY(O)R*(2)RY(-O)R*(—¢p) (6.7)

This shows that it is enough to know the rotations matrices around Y and Z to construct any other rotation matrix.
However, this is not an efficient way to construct rotation matrices. Optionally a rotation matrice can be parameterized
by its so-called ”Euler angles”

R(®) = R*(a) R"(B) R*(v) (6.8)
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This reflects the same idea (here we use the common ZXZ convention). To find the Euler angles can be complicated,
and the advantage is not clear.

[6.2] The Rotation Operator Over the Hilbert Space

The rotation operator over the Hilbert space is defined (in analogy to the translation operator) as:
R(®)[r) = |RE(®)r) (6.9)

This operator operates over an infinite dimension Hilbert space (the standard basis is an infinite number of ”sites” in
the three-dimensional physical space). Therefore, it is represented by an infinite dimension matrix:

Ryp = ('|R|r) = (*'|RFr) = 6(r' — RFr) (6.10)
That is in direct analogy to the translation operator which is represented by the matrix:
Dyrp = (F'|D|r) = ('|r +a) = 6(+' — (r + a)) (6.11)

Both operators R and D can be regarded as ”permutation operators”. When they act on some superposition (rep-
resented by a ”"wavefunction”) their effect is to shift it somewhere else. As discussed in a previous section if a
wavefunction 1 (r) is translated by D(a) then it becomes ¥ (r — a). In complete analogy,

Given that: [v) — ¥(r) (6.12)
It follows that:  R(®)|)) — (RE(=®)r) (6.13)

[6.3] Which Operator is the Generator of Rotations?

The generator of rotations (the ”angular momentum operator”) is defined in analogy to the definition of the generator
of translations (the ”linear momentum operator”). In order to define the generator of rotations around the axis n we
will look at an infinitesimal rotation of an angle d®7. An infinitesimal rotation is written as:

R(6®7) = 1 —i6®L, (6.14)

Below we will prove that the generator of rotations around the axis n is:

L,=17-(rxp) (6.15)
where:

P = (5,9,2) (6.16)

p = (ﬁwvﬁzﬁﬁz)

Proof: We shall show that both sides of the equation give the same result if they operate on any basis state |r). This
means that we have an operator identity.

R(0®)|r) = |RF(6®)r) = |r+6® x 1) = D(6® x r)|r) (6.17)
|

= [1—i(0® x1) -pllry=[1—ip-6® xr]|r) = [1 —ip - 6P x £]|r)
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So we get the following operator identity:
R(6®)=1—ip -6 x ¢ (6.18)
Which can also be written (by exploiting the cyclic property of the triple vectorial multiplication):
R(6®) =1—i6® - (f x P) (6.19)

From here we get the desired result. Note: The more common procedure to derive this identity is based on expanding
the rotated wavefunction ¥ (R¥(—§®)r) = ¢(r — 6® x r), and exploiting the association p — —iV.

[6.4] Algebraic characterization of rotations

A unitary operator D realizes a translation a in the basis which is determined by an observable & if we have the
equality D™'#D = 2 + a. Let us prove the analogous statement for rotations: A unitary operator R realizes rotation
® in the basis which is determined by an observable  if we have the equality

R7'%R = Y REF (6.20)
J

where R¥ is the Euclidean rotation matrix. This relation constitutes an algebraic characterization of the rotation
operator. As a particular example we write the characterization of an operator that induce 90° rotation around the
7, axis:

R™'R = —4, R™YR =2, R 'tRh=:3 (6.21)
This should be contrasted, say, with the characterization of translation in the X direction:

D™'2D =i +a, D7Y4D =y, D7':D =2 (6.22)

Proof: The proof of the general statement with regard to the algebraic characterization of the rotation operator is
totally analogous to that in the case of translations. We first argue that R is a rotation operator iff

Rlr) = |RPr) for any r (6.23)

This implies that
7 [R\T)] = Z Rg»rj [R|7‘)} for any r (6.24)
J

By the same manipulation as in the case of translations we deduce that

FR|r) = ZRE R |r) for any r (6.25)
J

From here, operating on both sides with f%*l, we get the identity that we wanted to prove.



32

[6.5] The algebra of the generators of rotations

Going on in complete analogy with the case of translations we write the above algebraic characterization for an
infinitesimal rotation:

[1 + i(s(I)ij] 7 [1 — Z'(S(I)ij} = T+ €k 5‘I>j Tk (626)
where we used the Einstein summation convention. We deduce that
[Lj, 5] = —ieynfy (6.27)

Thus we deduce that in order to know if a set of operators (J;, J,, J,) generate rotations of eigenstates of a 3-component
observable A, we have to check whether the following algebraic relation is satisfied:

>

i, Aj] = ey Ay (6.28)

Note that for a stylistic convenience we have interchanged the order of the indexes. In particular we deduce that the
algebra that characterized the generators of rotations is

>

i, Jj] = i€in i (6.29)
This is going to be the starting point for constructing other representations of the rotation group.

[6.6] Scalars, Vectors, and Tensor Operators

We can classify operators according to the way that they transform under rotations. The simplest possibility is a
scalar operator C. It has the defining property

R'CR = C, for any rotation (6.30)

which means that

7, ¢ = 0 (6.31)

R7'A,R = REA, for any rotation (6.32)

or equivalently

>

i Aj] = ieijndy (6.33)

The generalization of this idea leads to the notion of a tensor. A multi-component observer is a tensor of rank £, if it
transforms according to the Rfj representation of rotations. Hence a tensor of rank ¢ should have 2/ + 1 components.
In the special case of a 3-component ”vector”, as discussed above, the transformation is done using the Euclidean
matrices Rf;

It is easy to prove that if A and B are vector operators, then C' = A - B is a scalar operator. We can prove it either
directly, or by using the commutation relations. The generalization of this idea to tensors leads to the notion of
”contraction of indices”.
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[6.7] Wigner-Eckart Theorem

If we know the transformation properties of an operator, it has implications on its matrix elements. This section
assumes that the student is already familiar with the representations of the rotation group.

Let us assume that the representation of the rotations over our Hilbert (sub)space is irreducible of dimension
dim=2j+1. The basis states are |m) with m = —j... +j. Let us see what are the implications with regard to
scalar and vector operators.

The representation of a scalar operator C should be trivial, i.e. proportional to the identity, i.e. a ”constant”:
Covm = COmim within a given j irreducible subspace (6.34)

else it would follow from the “separation of variables theorem” that all the generators (.J;) are block-diagonal in the
same basis. Note that within the pre-specified subspace we can write ¢ = (C), where the expectation value can be
taken with any state.

A similar theorem applies to a vector operator A. Namely,

[Aklmm = 9 X [Je]m'm within a given j irreducible subspace (6.35)
How can we determine the coefficient g7 We simply observe that from the last equation it follows that

(A Towm = g[Plwm = 93 +1) G (6.36)
in agreement with what we had claimed regarding scalars in general. Therefore we get the formula

g = m (6.37)

where the expectation value of the scalar can be calculated with any state.

The direct proof of the Wigner-Eckart theorem, as e.g. in Cohen-Tannoudji, is extremely lengthy. Here we propose a
very short proof that can be regarded as a variation on what we call the ”separation of variable theorem”.

Proof step (1): From [A,,J;] =0 we deduce that A, is diagonal in the J, basis, so we can write this relation
as Ay = f(Jz). The rotational invariance implies that the same function f() related A, to J, and A, to J,. This
invariance is implied by a similarity transformation and using the defining algebraic property of vector operators.

Proof step (2): Next we realize that for a vector operator [J,, Ay] = A, where A, = A, +1A,. It follows that Ay
is a raising operator in the J, basis, and therefore must be expressible as A, = g(J.)[J, + iJ,], where g() is some
function.

Proof step (3): It is clear that the only way to satisfy the equality f(J,)+if(Jy) = g(J.)[Jz +4Jy), is to have
f(X) =gX and g(X) = g, where g is a constant. Hence the Wigner-Eckart theorem is proved.
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Fundamentals (part IT)

[7] Quantum states / EPR / Bell / postulates

[7.1] The two slit experiment

If we have a beam of electrons, that have been prepared with a well defined velocity, and we direct it to a screen
through two slits, then we get an interference pattern from which we can determine the ”de-Broglie wavelength” of
the electrons. I will assume that the student is familiar with the discussion of this experiment from introductory
courses. The bottom line is that the individual electrons behave like wave and can be characterized by a wavefunction
(x). This by itself does not mean that our world in not classical. We still can speculate that 1(x) has a classical
interpenetration. Maybe our modeling of the system is not detailed enough. Maybe the two slits, if they are both
open, deform the space in a special way that makes the electrons likely to move only in specific directions? Maybe,
if we had better experimental control, we could predict with certainty where each electron will hit the screen.

The modern interpenetration of the two slit experiment is not classical. The so called ”quantum picture” is that the
electron can be at the same time at two different places: it goes via both slits and interferes with itself. This sounds
strange.

Whether the quantum interpenetration is correct we cannot establish: maybe in the future we will have a different
theory. What we can establish is that a classical interpretation of reality is not possible. This statement is based on
a different type of an experiment that we discuss below.

[7.2] Is the world classical? (EPR, Bell)

We would like to examine whether the world we live in is “classical” or not. The notion of classical world includes
mainly two ingredients: (i) realism (ii) determinism. By realism we means that any quantity that can be measured
is well defined even if we do not measure it in practice. By determinism we mean that the result of a measurement
is determined in a definite way by the state of the system and by the measurement setup. We shall see later that
quantum mechanics is not classical in both respects: In the case of spin 1/2 we cannot associate a definite value of
Gy for a spin which has been polarized in the 6, direction. Moreover, if we measure the &, of a ¢, polarized spin, we
get with equal probability +1 as the result.

In this section we would like to assume that our world is ”classical”. Also we would like to assume that interactions
cannot travel faster than light. In some textbooks the latter is called ”locality of the interactions” or ”causality”. It
has been found by Bell that the two assumptions lead to an inequality that can be tested experimentally. It turns
out from actual experiments that Bell’s inequality are violated. This means that our world is either non-classical or
else we have to assume that interactions can travel faster than light.

If the world is classical it follows that for any set of initial conditions a given measurement would yield a definite
result. Whether or not we know how to predict or calculate the outcome of a possible measurement is not assumed.
To be specific let us consider a particle of zero spin, which disintegrates into two particles going in opposite directions,
each with spin 1/2. Let us assume that each spin is described by a set of state variables.

state of particle A = x4, z2', ... (7.1)
state of particle B = 2 2 ..

The number of state variables might be very big, but it is assumed to be a finite set. Possibly we are not aware or
not able to measure some of these “hidden” variables.

Since we possibly do not have total control over the disintegration, the emerging state of the two particles is described
by a joint probability function p (z{,...,2P,...). We assume that the particles do not affect each other after the
disintegration (“causality” assumption). We measure the spin of each of the particles using a Stern-Gerlach apparatus.
The measurement can yield either 1 or —1. For the first particle the measurement outcome will be denoted as a,
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and for the second particle it will be denoted as b. It is assumed that the outcomes a and b are determined in a
deterministic fashion. Namely, given the state variables of the particle and the orientation 6 of the apparatus we have

= f(Oa, i, 25,..) = £1 (7.2)
b = fp,zP, 28, ) =+1

where the function f() is possibly very complicated. If we put the Stern-Gerlach machine in a different orientation
then we will get different results:

d = f (0,2 25,..) ==£1 (7.3)
Vo= f(0p,27,28,.) =+l

We have the following innocent identity:
ab+ ab' +a'b—a't) = +2 (7.4)

The proof is as follows: if b =V’ the sum is +2a, while if b = —b’ the sum is +2a’. Though this identity looks innocent,
it is completely non trivial. It assumes both "reality” and ”causality”. The realism is reflected by the assumption
that both a and a’ have definite values, as implied by the function f(), even if we do not measure them. In the
classical context it is not an issue whether there is a practical possibility to measure both a and a’ at a single run of
the experiment. As for the causality: it is reflected by assuming that a depends on 64 but not on the distant setup
parameter 0p.

Let us assume that we have conducted this experiment many times. Since we have a joint probability distribution p,
we can calculate average values, for instance:

(ab) = /p (:c‘f, ez ) f (0,4,:5‘14, ) f (93,;5{3, ) (7.5)

Thus we get that the following inequality should hold:
[(ab) + (ab) + ('b) — (V)] < 2 (7.6)

This is called Bell’s inequality (in fact it is a variation of the original version). Let us see whether it is consistent with
quantum mechanics. We assume that all the pairs are generated in a singlet (zero angular momentum) state. It is
not difficult to calculate the expectation values. The result is

(ab) = —cos(Ba—0p) = C(04—0p) (7.7)
we have for example

1

C(0°) = -1, O =~

C(90°) =0, C(180°) = +1. (7.8)

If the world were classical the Bell’s inequality would imply
(C(0a — 0) + C(0.4 — Olp) + C(0y — 015) — C(0)s — 0l)| < 2 (7.9)

Let us take 04 = 0° and 0 = 45° and 0y = 90° and 6 = —45°. Assuming that quantum mechanics holds we get

)+ () ()l -
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It turns out, on the basis of celebrated experiments that Nature has chosen to violate Bell’s inequality. Furthermore
it seems that the results of the experiments are consistent with the predictions of quantum mechanics. Assuming that
we do not want to admit that interactions can travel faster than light it follows that our world is not classical.

In order to generalize the Bell inequality for other systems, it is worth noting that it is a variation of (F') < /(F?).
Above F = (ab+ ab’ + a’b — a’b’). The issue is that <F2>Cl provides a lower bound, while <F2>qm is larger.

[7.3] Optional tests of realism

Mermin and Greenberger-Horne-Zeilinger have proposed optional tests for realism. The idea is to show that the
feasibility of preparing some quantum states cannot be explained within the framework of a classical theory. We
provide below two simple examples. The spin 1/2 mathematics that is required to understand these examples will be
discussed in later lecture. What we need below is merely the following identities that express polarizations in the X
and Y directions as a superposition of polarizations in the Z direction:

(Iz) +[2)) (7.11)
(Iz) — 12)) (7.12)

(Iz) +1|2)) (7.13)

Sl =8-S S

(I2) = il2)) (7.14)

19)

We use the notations |z) and |z) for denoting ”spin up” and ”spin down” in Z polarization measurement, and similar
convection for polarization measurement in the other optional directions X and Y.
Three spin example.— Consider 3 spins that are prepared in the following superposition state:

o
V2

L (onzy — 1222 (7.15)

%) 7

(1) = 1)

If we measure the polarization of 3 spins we get a = +1 and b= 41 and ¢= %1, and the product would be
C = abc = £1. If the the measurement is in the ZZZ basis the result might be either Czz7 = +1 or Czzz = —1
with equal probabilities. But optionally we can perform an XXX measurement or XYY, or YXY, or YYX measure-
ment. If for example we perform XYY measurement it is useful to write the state in the XYY basis:

) = 5 (I7yy) +[25y) + [297) + |2yy)) (7.16)

1
2

We see that the product of polarization is always Cxyy = +1. Similarly one can show that Cyxy = +1 and
Cyyx = +1. If the world were classical we could predict the result of an XXX measurement:

CXXX = awbxcaj = Qg bI Cyp a§ b; Ci = nyynyyCYYX =1 (717)

But quantum theory predicts a contradicting result. To see what is the expected result we write the state in the XXX
basis:

) = = (|zzx) + |zTx) + |z2Z) + |TTT)) (7.18)

N | =

We see that the product of polarization is always C'xxx = —1. Thus, the experimental feasibility of preparing such
quantum state contradicts classical realism.
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Two spin example.— Consider 2 spins that are prepared in the following superposition state:

Lo s
) = %(\zz>+lzz>—lzz>) (7.19)
1 _ __
G (|zz) — |2Z) + 2|27)) (7.20)
1 _ _
G (lzz) — |z2) + 2|E2)) (7.21)
= L (jea) + |22) + |z2) — 372)) (7.22)

V12

Above we wrote the state in the optional bases ZZ and ZX and XZ and XX. By inspection we see the following;:

(1) The ZZ measurement result |zz) is impossible.

(2) The ZX measurement result |Zz) is impossible.

(3) The XZ measurement result |zZ) is impossible.

(4) All XX measurement results are possible with finite probability.
We now realize that in a classical reality observation (4) is in contradiction with observations (1-3). The argument is
as follow: in each run of the experiment the state @ = (a., a,) of the first particle is determined by some set of hidden

variables. The same applies with regard to the b= (bs,b,) of the second particle. We can define a joint probability
function f ((E’, E) that gives the probabilities to have any of the 4 x 4 possibilities (irrespective of what we measure

in practice). It is useful to draw a 4 x 4 truth table and to indicate all the possibilities that are not compatible with
(1-3). Then it turns out that the remaining possibilities are all characterized by having a, = —1 or b, = —1. This
means that in a classical reality the probability to measure |zx) is zero. This contradicts the quantum prediction (4).
Thus, the experimental feasibility of preparing such quantum state contradicts classical realism.

[7.4] The notion of quantum state

A-priory we can classify the possible ”statistical states” of a prepared system as follows:

e Classical state: any measurement gives a definite value.

e Pure state: there is a complete set of measurements that give definite value, while any other measurement gives
an uncertain value.

e Mixture: it is not possible to find a complete set of measurements that give a definite value.

When we go to Nature we find that classical states do not exist. The best we can get are ”pure states”. For example:

(1) The best we can have with the spin of an electron is 100% polarization (say) in the X direction, but then
any measurement in any different direction gives an uncertain result, except the —X direction which we call the
”orthogonal” direction. Consequently we are inclined to postulate that polarization (say) in the non-orthogonal Z
direction is a superposition of the orthogonal X and —X states.

(2) With photons we are inclined to postulate that linear polarization in the 45° direction is a superposition of the
orthogonal X polarization and Y polarization states. Note however that contrary to the electronic spin, here the
superposition of linear polarized states can optionally give different type of polarization (circular / elliptic).

(3) With the same reasoning, and on the basis of the “two slit experiment” phenomenology, we postulate that a
particle can be in a superposition state of two different locations. The subtlety here is that superposition of different
locations is not another location but rather (say) a momentum state, while superposition of different polarizations
states is still another polarization state.

Having postulated that all possible pure states can be regarded as forming an Hilbert space, it still does not help
us to define the notion of quantum state in the statistical sense. We need a second postulate that would imply the
following: If a full set of measurements is performed (in the statistical sense), then one should be able to predict (in
the statistical sense) the result of any other measurement.
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Example: In the case of spins 1/2, say that one measures the average polarization M; in the i = XY, Z directions.
Can one predict the result for M,,, where n is a unit vector pointing in an arbitrary direction? According to the second
postulate of quantum mechanics (see next section) the answer is positive. Indeed experiments reveal that M,, = n-M.
Taking together the above two postulates, our objective would be to derive and predict such linear relations from our
conception of Hilbert space. In the spin 1/2 example we would like to view M,, = n - M as arising from the dim=2
representation of the rotation group. Furthermore, we would like to derive more complicated relations that would
apply to other representations (higher spins).

[7.5] The four Postulates of Quantum Mechanics

The 18th century version of classical mechanics can be derived from three postulates: The three laws of Newton. The
better formulated 19th century version of classical mechanics can be derived from three postulates: (1) The state
of classical particles is determined by the specification of their positions and its velocities; (2) The trajectories are
determined by an “action principle”, hence derived from a Lagrangian. (3) The form of the Lagrangian of the theory
is determined by symmetry considerations, namely Galilei invariance in the non-relativistic case. See the Mechanics
book of Landau and Lifshitz for details.

Quantum mechanics requires four postulates: two postulates define the notion of quantum state, while the other two
postulates, in analogy with classical mechanics, are about the laws that govern the evolution of quantum mechanical
systems. The four postulates are:

(1) The collection of "pure” states is a linear space (Hilbert).

(2) The expectation values of observables obey linearity: (aX 4+ AY) = a(X) + B(Y)
(8) The evolution in time obey the superposition principle: a|¥°) + 5|®°%) — a|¥t) + 3|d?)

(4) The dynamics of a system is invariant under specific transformations (”gauge”, ” Galilei”).

The first postulate refers to ”pure states”. These are states that have been filtered. The filtering is called ”prepara-
tion”. For example: we take a beam of electrons. Without ”filtering” the beam is not polarized. If we measure the
spin we will find (in any orientation of the measurement apparatus) that the polarization is zero. On the other hand,
if we "filter” the beam (e.g. in the left direction) then there is a direction for which we will get a definite result (in
the above example, in the right/left direction). In that case we say that there is full polarization - a pure state. The
”uncertainty principle” tells us that if in a specific measurement we get a definite result (in the above example, in
the right/left direction), then there are different measurements (in the above example, in the up/down direction) for
which the result is uncertain. The uncertainty principle is implied by the first postulate.

The second postulate use the notion of ”expectation value” that refers to ”quantum measurement”. In contrast with
classical mechanics, the measurement has meaning only in a statistical sense. We measure ”states” in the following
way: we prepare a collection of systems that were all prepared in the same way. We make the measurement on all the
”copies”. The outcome of the measurement is an event & = x that can be characterized by a distribution function.
The single event can show that a particular outcome has a non-zero probability, but cannot provide full information
on the state of the system. For example, if we measured the spin of a single electron and get 6, = 1, it does not mean
that the state is polarized ”up”. In order to know whether the electron is polarized we must measure a large number
of electrons that were prepared in an identical way. If only 50% of the events give 6, = 1 we should conclude that
there is no definite polarization in the direction we measured.

[7.6] Observables as random variables

Observable is a random variable that can have upon measurement a real numerical value. In other words z =«
is an event. Let us assume, for example, that we have a particle that can be in one of five sites: = =1,2,3,4,5.
An experimentalist could measure Prob(# = 3) or Prob(p = 3(27/5)). Another example is a measurement of the
probability Prob(6, = 1) that the particle will have spin up.

The collection of values of = is called the spectrum of values of the observable. We make the distinction between
random variables with a discrete spectrum, and random variables with a continuous spectrum. The probability
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function for a random variable with a discrete spectrum is defined as:

f(z) = Prob(z = x) (7.23)
The probability density function for a random variable with a continuous spectrum is defined as:

f(z)dxr = Prob(z < & < z + dx) (7.24)

The expectation value of a variable is defined as:
@ =Y fla) (7.25)
x

where the sum should be understood as an integral [ dz in the case the x has a continuous spectrum. Of particular
importance is the random variable

PP = 034 (7.26)
This random variable equals 1 if £ = x and zero otherwise. Its expectation value is the probability to get 1, namely
flx) = (P7) (7.27)

Note that & can be expressed as the linear combination ) P

[7.7] Quantum Versus Statistical Mechanics

Quantum mechanics stands opposite classical statistical mechanics. A particle is described in classical statistical
mechanics by a probability function:

p(z,p)dxdp = Prob(x < i <z+dr,p<p<p+dp) (7.28)
Optionally this definition can be expressed as the expectation value of a phase space projector
plz,p) = (6(&—2)6(p—p)) (7.29)

The expectation value of a random variable A = A(#,p) is implied:

A = [ A@ppepdody (7.30)
From this follows the linear relation:
(0A+ BB) = ofA)+ B(B) (7.31)

We see that the linear relation of the expectation values is a trivial result of classical probability theory. It assumes
that a joint probability function can be defined. But in quantum mechanics we cannot define a ”quantum state” using
a joint probability function, as implied by the observation that our world is not “classical”. For example we cannot
have both the location and the momentum well defined simultaneously: a momentum state, by definition, is spread
all over space. For this reason, we have to use a more sophisticated definition of p. The more sophisticated definition



40

regards p as set of expectation values, from which all other expectation values can be deduced, taking the linearity of
the expectation value as a postulate.

[7.8] Observables as operators

In the quantum mechanical treatment we regard an observable  as an operator. Namely we define its operation on
the basis states as Z|z) = z|x), and by linearity its operation is defined on any other state. We can associate with the

basis states projectors P For example

100 ) 100 A 000 A 000
g—(020]; Pl |oo00]; P2 l010]; PP—(0o00]; (7.32)
003 000 000 001

In order to further discuss the implications of the first two postulates of quantum mechanics it is useful to consider
the simplest example, which is spin 1/2. Motivated by the experimental context, we make the following associations
between random variables and operators:

on (é 01> n = x,y,z or any other direction (7.33)
~~/in the n basis

Optionally we can define the projectors

P ((1) 8) n = x,y,z or any other direction (7.34)
in the n basis
Note that
6, = 2P 1 (7.35)

It follows from the first postulate that the polarization state |n) can be expressed as a linear combination of, say, ”up”
and "down” polarizations. We shall see that the mathematical theory of the rotation group representation, implies
that in the standard (up/down) basis the operators 6,, dy, and 6. are represented by the Pauli matrices o, oy, and
o,. We use the notations:

(00 (05 e (30 -

Furthermore, the mathematical theory of the rotation group representation, allows us to write any o, as a linear
combination of (o,,0y,0,), namely o, =7 - & = ny0, + Nyoy, + N50,.

Taking a more abstract viewpoint we point out that any spin operator is represented by a 2 x 2 matrix, that can be
written as a linear combination of standard basis matrices as follows:

(Ccl g) - a((l) 8) +b(8 (1)> +C((1) 8) +d(8 (1)) = ;Anmpm" (7.37)

In the example above we denote the basis matrices as { P#, S, S~, P~*}. In general we use the notation P™" = |n)(m|.
Note that P™ = P™" are projectors, while the n # m operators are not even hermitian, and therefore cannot be
interpreted as representing observables.

Instead of using the standard basis { P#, S*, S™, P~*} it is possibly more physically illuminating to take {1, 6,,6,,5.}
as the basis set. Optionally one can take {1, pz,py,ﬁ’z} or {IE’Z, P~z pr, py} as the basis set.
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The bottom line is that the operators that act on an N dimensional Hilbert space form an N? dimensional space. We
can span this space in the standard basis, but physically it is more illuminating, and always possible, to pick a basis
set of N2 hermitian operators. Optionally we can pick a complete set of N? linearly independent projectors. The
linear relations between sets of states (as implied by the first postulate of quantum mechanics) translate into linear
relations between sets of operators. One should be careful not to abuse the latter statement: in the above example
the projectors { P*, PY, P*} are linearly independent, while the associated states {|x), |y), |z)} are not.

[7.9] The tomography of quantum states

The first postulate of Quantum Mechanics implies that with any observable we can associate an Hermitian operator
that belongs to the IV 2—dimpnsional space of operators. We can span the whole space of observables by any set of
N? independent operators P". The standard basis is not physically illuminating, because the matrices P™" are not
hermitian, and therefore cannot be associated with random variables. But without loss of generality we can always
assume an optional basis of hermitian matrices, possibly N2 independent projectors.

From the second postulate of Quantum mechanics it follows that if A= o a, P then

(A = ZaT.p,. where p, = (P") (7.38)

The set of N? expectation values fully characterizes the quantum state. Hence we can say the p represents the
quantum state, in the same sense that a probability function represent a statistical state in classical mechanics. The
determination of the state p on the basis of a set of measurements is called ”"quantum tomography”. It should be
clear that if we know p we can predict the expectation value of any other measurement.

In the dim= 2 spin case any operator can be written as a linear combination of the Pauli matrices:

A = aol +azo,+ ayoy +a0. = a+a-o (7.39)
It is implied by the second postulate of quantum mechanics that
(AY = ap+ au(o,) +ayloy) +a.lo.) = ap+a-M (7.40)

where the polarization vector is defined as follows:

M = ((62),(0,),02)) (7.41)

In the general case, to be discussed below, we define a package p = {p,} of expectation values that we call probability
matriz. The polarization vector M can be regarded as the simplest example for such matrix. The term “matrix” is
used because in general the label r that distinguishes the N? basis operators is composed of two indexes. We note that
a measurement of a non-degenerate observable provides N—1 independent expectation values (the probabilities to get
any of the possible outcomes). Accordingly quantum tomography requires the measurement of N+1 non-commuting
observables.

[7.10] Definition of the probability matrix

The definition of p in quantum mechanics is based on the trivial observation that any observable A can be written as
a linear combination of N2—1 independent projectors. If we know the associated N2—1 independent probabilities, or
any other set of N?—1 independent expectation values, then we can predict the result of any other measurement (in
the statistical sense). The possibility to make a prediction is based on taking the linearity of the expectation value as
a postulate. The above statement is explained below, but the best is to consider the N = 2 example that comes later.

Any Hermitian operator can be written as a combination of N2 operators as follows:

A = D nynlAm)(m| = Y Apy, P (7.42)



42

where Pmn = |n){m|. These N2 operators are not all hermitians, and therefore, strictly speaking, they do not represent
a set of observables. However we can easily express them using a set of N2 hermitian observables as follows:

P = pr (7.43)
1

Pt = §(X’" +1Y") for m>n (7.44)
1

pmr = §(XT —iY") for m<n (7.45)

where r = (nm) = (mn) is a composite index that runs over the [IN(N—1)/2] possible combinations of n and m. The
definitions of X" and Y are implied by the above expressions: in the dim= 2 case X and Y are called Pauli matrices,
while here we shall call them generalized Pauli matrices. It is useful to notice that the generalized Pauli matrices can
be expressed as combinations of elementary Projectors. Define Q" as a projector on the state |n) + |m) and R" as a
projector on the state |n) + i|m). Then we have:

xXmm o = gQnm) _ pn _ pm (7.46)
ym) = gpm) _ pn_ pm (7.47)

Accordingly the set of generalized projectors P™", is in fact equivalent to a set of N? proper projectors (P",Q", R").
If one can extract from measurements the associated probabilities, it becomes possible to predict the result of any
other expectation value according to the equation:

(4) = ZAnmpmn = trace(4p) (7.48)

where p is named the probability matriz. Each entry in the probability matrix is a linear combination of expectation
values of projectors. Note that the expectation value of a projector P = |¢){¢| is the probability to find the systems
in the state |¢), while the expectation values of a generalized projector P” is defined as ({(X") +¢(Y"))/2, as implied
by the definitions above.

[7.11] Example: probability matrix for spin

Let us relate the two common ways in which one can specify the quantum state of a spin 1/2 entity. On possibility
is to specify the polarization vector, as discussed in previous section. The other way is to define a 2 x 2 probability
matrix as follows. The generalized projectors are

PNl = (g0) = pte) = P (749
P= el = (0 )
P10l = (§g) = st -
(£2) - oo -

The elements of the probability matrix are the expectation values of the above generalized projectors. Consequently
we deduce the following relation between the probability matrix and the polarization vector:

1
s1-0) = 1-PF
(2P% — 1) + %(213@ —

P = | (1]

(2P% — 1) — L(2PY — 1)

N = N =

1
2

_piy 3(1+ M)  5(My —iMy) 1
po= P = (é(M1+iZ\342) %(1—M3)> 2

(i+M-5) (7.50)
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[7.12] Pure states as opposed to mixed states

After diagonalization, the probability matrix can be written as:

p1 0 O
0 P2 0
p = |00 (7.51)

The convention is to order the diagonal elements in descending order. Using the common jargon we say that the state
represented by p is a mixture of |1),|2),|3),... with weights p1,p2, ps,.... The most well known mixed state is the
canonical state:

1
_ 1 _BE, _ _ —BE,
pr=e , B=1/T, Z= % e (7.52)

A "pure state” is the special case where the probability matrix after diagonalization is of the form:

100 .
00O0.
) = 000 (7.53)

This may be written in a more compact way as p = |1)(1] = [2))(¢)| = P¥. Note that (P¥) = 1. This means a definite
outcome for a measurement that is aimed in checking whether the particle is in state ”1”. That is why we say that
the state is pure.

[7.13] Various versions of the expectation value formula

[1] The standard version of the expectation value formula:
(4) = tr(Ap) (7.54)

[2] The ?mixture” formula:
(A = > pe(rlApr) (7.55)

[3] The ”sandwich” formula:
(Ap = (WlAR) (7.56)
[4] The ”projection” formula:

Prob(¢ly)) = [(¢|)| (7.57)

The equivalence of statements 1-4 can be proved. In particular let us see how we go from the fourth statement to the
third:

(A)y = Y Problalp)a = > [al)Pa = (W[Alp) (7.58)
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[8] The evolution of quantum mechanical states

[8.1] The Evolution Operator and the Hamiltonian

Consider a particle in an N site system. If we redefine the first basis state as |1) = —8|1) we get a non-orthonormal
basis, and therefore not convenient for practical mathematical calculations. Explanation: if we represent the state 1)
as a linear combination of normalized basis vectors [¢)) = >, ¢;|j), then we can find the coefficients of the combination

by using the formula v¢; = (i[¢)).

Even if we decide to work with a set of orthonormal states, still there is some freedom left which is called ”gauge
freedom” or ”phase freedom”: multiplying a state with a phase factor does not imply a different state, p stays the
same, and hence all physical expectation values remain the same too. Ezample: The spin states | 1) and e5?| 1) are
represented by the same polarization vector, or optionally by the same p.

From the superposition principle, and from the above remarks regarding the normalization, it follows that the evolution
in quantum mechanics is described by a unitary operator:

W= = v") (8.1)
vt = UR'=?)

It is assumed here that the system is isolated. In order to simplify the discussion below we further assume that the
external fields are constant in time. In such a case, the evolution operator must fulfill the following ” group property”:

Ulta+t1) = Ulta) U(ty) (8.2)
It follows that the evolution operator can be written as
Uty = e tH (8.3)

where H is called the Hamiltonian or ”generator” of the evolution.

Proof: The constructive way of proving the last formula is as follows: In order to know the evolution of a system
from ¢; to t2 we divide the time into many small intervals of equal size dt = (¢t — ¢1)/N. This means that:

Uty ty) = Ulty, to—dt) - - - U(t1+2dt, ty + dt) U(ty+dt, ;) (8.4)
The evolution during an infinitesimal time interval can be written as:
Udt) = 1—idtH (8.5)

where the Hamiltonian can be regarded as the ”evolution per unit of time”. Or we may say that H is the log derivative
of U with respect to time. By multiplying many infinitesimal time steps we get:

#steps )
H) _ efth (86)

o = (1 o idtH) . (1 — idt?‘[)(l — idtH) = (1 B i#steps

where we have assumed that the Hamiltonian does not change in time, so that the multiplication of exponents
can be changed into a single exponent with a sum of powers. We have used above the definition of the expo-
nential function in mathematics: exp(t) = lim(1 + ¢/N)¥, that follows from the assumed multiplicative property
exp(t1) exp(t2) = exp(t1 + t2).
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[8.2] The Schrodinger Equation

Consider the evolution of a pure state:

o= Uy=? (8.7)
From the rerlation **9 = (1 — idtH)y? it follows that

i

i i (8.8)

This is the Schrodinger equation. We have allowed ourselves above to use sloppy notations (the "ket” has been
omitted). One should realize that the Schrodinger equation reflects the definition of the Hamiltonian as the generator
of the evolution.

We now consider the evolution of a general mixture:

p o= > Irper| (8.9)

we have |r) — U|r) and (r| — (r|UT, therefore the evolution of p in time is:

pt = Up=Ut (8.10)
dp .
w sl (8.11)

This is the Liouville von-Neumann equation. One of its advantages is that the correspondence between the formalism
of statistical mechanics and quantum mechanics becomes explicit. The difference is that in quantum mechanics we
deal with a probability matrix whereas in statistical mechanics we deal with a probability function.

[8.3] Stationary States (the ”Energy Basis”)

We can find the eigenstates |n) and the eigenvalues E,, of a Hamiltonian, which is called diagonalization:

Hin) = E,|n) (8.12)
Uln) = e Enljp) (8.13)
U — Opme Ent (8.14)

Using Dirac notations:
(n|Ulm) = bpme™ ! (8.15)

If we prepare a superposition of basis states:
) (8.16)
n

we get after time ¢

@) = Y e iy, |n) (8.17)
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[8.4] How do we construct the Hamiltonian?

We construct the Hamiltonian from ”symmetry” considerations. In the next lecture our object will be to show that
the Hamiltonian of a non-relativistic particle is of the form:

H o= %(p—A(x)f—kV(x) (8.18)

In this lecture we discuss a simpler case: the Hamiltonian of a particle in a two-site system. We make the following
assumptions about the two-site dynamics:

e The system is symmetric with respect to reflection.
e The particle can move from site to site.

These two assumptions determine the form of the Hamiltonian. In addition, we will see how ”gauge” considerations
can make the Hamiltonian simpler, without loss of generality.

In advance we note that because of gauge considerations, the Hamiltonian can only be determined up to a constant.
H — H+el (8.19)

Namely, if we add a constant to a Hamiltonian, then the evolution operator only changes by a global phase factor:
U(t) — e—it(H+€oi) — e—ieot e—itH (8.20)

This global phase factor can be gauged away by means of time dependent gauge transformation. We shall discuss
gauge transformations in the next sections.

[8.5] The Hamiltonian of a two-site system

It would seem that the most general Hamiltonian for a particle in a two-site system includes 4 parameters:

—i¢
. €1 ce
" = (cew5 ) (8.21)

€2
The first observation is that thanks to gauge freedom we can define a new basis such that ¢ = 0. The new basis is

0 = (5.22)

2) = €?[2)
and we see that:
QIHIT) = e @@2IH|1) = e = ¢ (8.23)

Next we can make change the Hamiltonian by a constant €. This can be regarded as gauge transformation in time.
This means that the basis in time ¢ is identified as |1) = exp(—i€pt)|1) and |2) = exp(—iegt)|2). In this time dependent
basis the diagonal matrix elements of the Hamiltonian becomes €; = ¢; — ¢y and é; = €5 — €p. It should be emphasized
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that on physical grounds one cannot say whether the old or new basis is “really” time dependent. All we can say is
that the new basis is time dependent relative to the old basis. This is just another example of the relativity principle.

The bottom line is that, without loss of generality, we can set ¢ = 0 and write the most general Hamiltonian of a two
site systems with just two physical parameters:

H = <Z 8) = coy + (¢/2)o3 4 const = h-& + const = ho, + const (8.24)

where h = (¢,0,€¢/2), and h = /c? 4 (€/2)?, such that h = hii, and o, = i - &. The matrices oy and o3 and in general
o, are known as the Pauli matrices. They satisfy o2 = 1, and therefore have eigenvalues +1. It follows that the
eigenvalues of H are +h + const.

[8.6] The evolution of a two-site system

For the purpose of demonstration we further assume the the two-site system has a reflection symmetry. This implies
e = 0. We are left with a single parameter Hamiltonian: In a future lecture we will see that the hopping frequency c
is just a different (optional) was to specify the inertial mass of the particle. The eigenstates of the mirror symmetric
Hamiltonian are the states that are symmetric or anti-symmetric with respect to reflection:

) = s +12) (5.25)
) = s-12) (5.20)

sl-

The Hamiltonian in the new basis is:

" = (8 _Oc> = (EO+ EO) (8.27)

Let us assume that we have prepared the particle in the first site:

1

W) = o=

() +1-)) (8.28)

The state of the particle, after time t will be:

n - L e et e =t _ = cos(c —isin(c
") = ﬁ( |+) + =) (ct)[1) (ct)[2) (8:29)

We see that a particle in a two-site system makes coherent oscillations between the two sites. In particular the
probability to find it in the initial site is:

P(t) = |cos(ct)]? = %[1+cos(Qt)] (8.30)

where the frequency of oscillations is 2 = 2¢. This result should be contrasted with classical stochastic evolution where
the probability to be in each site (if we wait long enough time) would become equal. We can repeat the procedure
for a non-symmetric two site system, with the result

Q = E,—-E. = /22 +¢& (8.31)

Here + signifies arbitrary indexing of the two eigenstates, namely, |[+) is the upper orbital and |—) is the lower orbital.
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[9] The non-relativistic Hamiltonian

[9.1] N Site system in the continuum Limit

In the last lecture we deduced the Hamiltonian H that describes a two-site system using gauge and symmetry
considerations. Now we are going to generalize this deduction for an N-site system. We start with 1D modeling,
where the distance between two adjacent sites is a. The assumption is that the particle is able to move from site to
site. We want to write an expression for the generator H of the particle movement, such that

Uj(dt) = 6 — idtH,, (9.1)

11> 12>

The Hamiltonian should reflect the possibility that the particle can either stay in its place or move one step right or
one step left. Say that N = 4. Taking into account that H should be Hermitian it has to be of the form

v ct 0 ¢
Hij = 8 Z CU CO* = K(so called kinetic part) + V(so called potential part) (9.2)
¢ 0 ¢ v

For a moment we assume that all the diagonal elements (“on sites energies”) are the same, and that also all the
hopping amplitudes are the same. Thus for general N we can write

H = c¢D+c*D 14 Const = ce " 4 ¢*e'® 4+ Const (9.3)

We define ¢ = cpe’®, where ¢ is real, and get:

H = coe =) 4 eH9P=9) 4 Const (9.4)

We define A = ¢/a (phase per unit distance) and get:

H = coe P4 1 pete®=A) 1 Const (9.5)
By using the identity e ~ 1 + iz — (1/2)2? we get:

A 1
H=_—(p-4A)7°+V,

— = —cpa®, V = Const + 2co (9.6)
2m

1
2m
The above expression for H has three constants: m, A, V. If we assume that the space is homogeneous then the
constants are the same all over space. But, in general, it does not have to be so, therefore:

Ho= (- A@) + V(@) (9.7)

If A and V depend on z we say that there is a field in space. In fact also m can be a function of z, but then one
should be careful to keep H hermitian, caring for appropriate “symmetrization”. A mass that changes from place
to place could perhaps describe an electron in a non-uniform metal. Here we discuss a particle whose mass m is the
same all over space, for a reason that will be explained in the next section.
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[9.2] The Hamiltonian of a Particle in 3-D Space

In 3D we can adopt the same steps in order to deduce the Hamiltonian. We write:

H = cDy+c*D;' +cDy+c*D,t +¢eD. +c* D]} (9.8)

_ ce bz _|_cx<empJc —‘rCe_WPH _"_c*ezapy +Ce—zapz _|_c*ezapz

After expanding to second order and allowing space dependence we get:

H = %(ﬁaz _Am(i‘agvé))Q_‘_%(ﬁy _Ay(‘i"?)aé))Q_F%(ﬁz _Az(i‘7yvé))2+v(£7g?2)
= - A®PHVE) = (B AP+ T (9.9

This is the most general Hamiltonian that is invariant under Galilein transformations. Note that having a mass that
is both isotropic and position-independent is required by this invariance requirement. The Galilein group includes
translations, rotations and boosts. The relativistic version of the Galilein group is the Lorentz group (not included
in the syllabus of this course). In addition, we expect the Hamiltonian to be invariant under gauge transformations,
which is indeed the case as further discussed below.

[9.3] The dynamical phase, electric field

Consider the case where there is no hopping between sites (cop = 0). Accordingly the Hamiltonian H = V(x) does not

include a kinetic part, and the evolution operator is U(t) = exp[—itV (#)]. A particle that is located in a given point
in space will accumulate so called a dynamical phase:

Ut)|ze) = eV @o)|gzg) (9.10)

The potential V' is the ”dynamical phase” that the particle accumulates per unit time. The V in a specific site is
called ”binding energy” or ”on site energy” or ”potential energy” depending on the physical context. A V(z) that
changes from site to site reflects the non-homogeneity of the space, or the presence of an ”external field”. To further
clarify the significance of V' let us consider a simple prototype example. Let us assume that V(z) = —€x. If the
particle is initially prepared in a momentum eigenstate we get after some time

Ut)po) = e Vipo) = e““lpo) = |po+Et) (9.11)

This means that the momentum changes with time. The rate of momentum increase equals £. We shall see later that
this can be interpreted as the ”second law of Newton”.

[9.4] The geometric phase, magnetic field

Once we assume that the particle can move from site to site we have a hopping amplitude which we write as ¢ = cpe’®.
It includes both a geometric phase ¢ and an inertial parameter cg. The latter tells us what is the tendency of the
particle to ”leak” from site to site. In order to have a Galileo invariant Hamiltonian we assume that ¢y is isotropic
and the same all over space, hence we can characterize the particle by its inertial mass m.

Still, in general the hopping amplitudes might be complex numbers ¢;_,; x e?®i~i. These phases do not threaten
Galileo invariance. Accordingly, as the particle moves from site to site, it accumulates in each jump an additional
phase ¢;_,; that can vary along its path. This is called ”geometric phase”. By definition the vector potential A is the
”geometric phase” that the particle accumulates per unit distance. It is defined via the following formula:

i = A- (rj—r;) = Azde+ Aydy+ A.dz (9.12)
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The three components of A give the accumulated phase per distance for motion in the X, Y, and Z directions
respectively. An infinitesimal jump in a diagonal direction is regarded as a sum of infinitesimal jumps in the X, Y,
and Z directions, hence the scalar product.

In the following section we shall clarify that using gauge freedom we can describe the same system by a different A.
However, the circulation of A, which gives the total phase that is accumulated along a closed trajectory, is gauge
invariant. Consequently we can define the circulation per unit area:

B = VxA (9.13)

We shall see later that this can be interpreted as "magnetic field”. This field characterizes Aina gauge invariant way.

[9.5] What determines V(z) and A(z)

We have defined V(z) and A(z) as the phase that is accumulated by a particle per time or per distance, respectively.
In the next section we shall see that the presence of V(z) and A(z) in the Hamiltonian are required in order to ensure
gauge invariance: the Hamiltonian should have the same form irrespective of the way we gauge the ”phases” of the
position basis states. Next comes the physical question: what determines V(z) and A(x) in reality. A-priori the
particle can accumulate phase either due to a non-trivial geometry of space-time, or due to the presence of fields. The
former effect is called Gravitation, while the latter are implied by the standard model. For our purpose it is enough to
consider the electromagnetic (EM) field. It is reasonable to postulate that different particles have different couplings
to the EM field. Hence we characterize a particle by its charge (e) and write in CGS units:

V(z) = V(z) + eVEM(z) (9.14)
Alz) = Ax) + (e/c)ABM(2) (9.15)

With regard to the gravitation we note that on the surface of Earth we have V' = mgh, where h is the vertical height
of the particle, and V x A = 2m{2 which is responsible for the Coriolis force. Note that by the equivalence principle,
so-called fictitious forces are merely a simple example of a gravitational effect, i.e. they reflect a non-trivial metric
tensor that describes the space-time geometry in a given coordinate system.

From now on, unless stated otherwise, V(x) and A(z) refer to the electromagnetic field. We note that in the Feynman
path-integral formalism, which we describe in a different lecture, the probability amplitude of a particle to get form
point 1 to point 2, namely (z2|U(t2,t1)|z1), is expressed as a sum over amplitudes explid[z(¢)]]. The sum extends
over all possible paths. The contribution of the electromagnetic field to the accumulated phase along a given path is

olz(t)] = m/12d7 - e/ledt + 6/12A~dx (9.16)

This is the so-called "action” in classical mechanics. The proper time along the trajectory is an integral over
dr = [gwdx”dx”]l/z. Accordingly, the first term can be written as an integral over Lo(x,#)dt. The Ly function
can be expanded in & in order to get the non-relativistic Lagrangian. The two other terms are due to the electromag-
netic field, and can be written compactly as a line integral over —eA, dz*.

[9.6] Invariance under Gauge Transformation

Let us define a new basis:
1Z) = e M@)|g) (9.17)
The hopping amplitudes from |Z;) = e ™1|z1) to |To) = e ™2|xy) is

Close = (BH|E) = P2 M (go|H|r,) = &P2Me (9.18)
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We can rewrite this as:
P12 = G1oo+ (Ay—Ay) (9.19)

Dividing by the size of the step and taking the continuum limit we get:

@) = AW+ A (9.20)

Or, in three dimensions:
Alx) = A(z) + VA(z) (9.21)

We see that the Hamiltonian is invariant (keeps its form) under gauge. As we have said, there is also invariance for all
the Galilei transformations (notably boosts). This means that it is possible to find transformation laws that connect
the fields in the "new” reference frame with the fields in the "laboratory” reference frame.

[9.7] Is it possible to simplify the Hamiltonian further?

Is it possible to find a gauge transformation of the basis so that A will disappear? We have seen that for a two-site
system the answer is yes: by choosing A(z) correctly, we can eliminate A and simplify the Hamiltonian. On the other
hand, if there is more than one route that connects two points, the answer becomes no. The reason is that in any
gauge we may choose, the following expression will always be gauge invariant:

}Iﬁfl -dl = %A -dl = gauge invariant (9.22)

In other words: it is possible to change each of the phases separately, but the sum of phases along a closed loop will
always stay the same. We shall demonstrate this with a three-site system:

1) = ™)
2) = e7™ef2)
3) = e ™M[3)

G2 = G+ (Ao —Ay)
Poss = Pasz+ (Mg — Ag)
G351 = d31 + (A — Ag)
Groe+ Pass + P31 = Groe + P2 + B3

If the system had three sites but with an open topology, then we could have gotten rid of A like in the two-site system.
That is also generally true of all the one dimensional problems, if the boundary conditions are ”zero” at infinity. Once
the one-dimensional topology is closed ("ring” boundary conditions) such a gauge transformation cannot be made.
Furthermore, when the motion is in two or three dimensional space, there is always more than one route that connects
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any two points, without regard to the boundary conditions. Consequently we can define the gauge invariant field B
that characterizes A. It follows that in general one cannot eliminate A from the Hamiltonian.

[9.8] Gauging away the V(x) potential

We have concluded that in general it is impossible to gauge away the A(x). But we can ask the opposite question,
whether it is possible to gauge away the V(z). The answer here is trivially positive, but the ”price” is getting time
dependent hopping amplitudes. The gauge transformation that does the job is

Z) = e @D |2)  with Az, t) = V(x)t (9.23)

This is a temporal gauge of the basis. It is analogous to a transforming into a moving frame (in both cases the new
basis is time dependent relative to the lab frame). In the new frame we have

~ OA

V(z;t) = V—E =0 (9.24)
Az;t) = A+% = A(z) +tVV(x) (9.25)

Hence we get the same magnetic and electric fields, but now both derived from a time dependent A(z;t). In practical
terms: we can always generate electric fields by time dependent fluxes.

[9.9] Invariance of the Hamiltonian

The definition of ”invariance” is as follows: Given that H = h(x,p;V, A) is the Hamiltonian of a system in the labora-
tory reference frame, there exist V' and A such that the Hamiltonian in the "new” reference frame is H = h(z,p; V, A).
The most general Hamiltonian that is invariant under translations, rotations and boosts is:

N 1

Ho= h@pVA) = 5-(-A@)*+ V(@) (9.26)
Let us demonstrate the invariance of the Hamiltonian under translations: in the original basis |z) we have the fields
V(z) and A(z). In the translated reference frame the new basis is |Z) = [z + a), hence (Z[H|Z') = (z[H[2') with
H = D'HD. Hence we deduce that the Hamiltonian is ”invariant” (keeps its form) with

V(z) = V(z+a) (9.27)
Alz) = Alz+a) (9.28)

In order to verify that we are not confused with the signs, let us consider the potential V(z) = §(x). If we make a
translation with @ = 7, then the basis in the new reference frame will be |Z) = |x 4+ 7), and we get V(z) = §(z +7)
which means a delta at + = —7.

For completeness we cite how the Hamiltonian transform under Galilean transformation 7" to a moving frame whose
velocity is vg. This transformation is composed of a translation e~*0® and a boost e'™?0%  The following result is
derived in a dedicated lecture:

H = T'HT — vo-p = hxp;V,A) (9.29)
where

V(z) = V(z+uvot) — vo- Az + vot) (9.30)

Alz) = Az +vgt) (9.31)

From here follows the well know no-relativistic transformation €& = € + vy x B, and B = B.
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[10] Getting the equations of motion

[10.1] Rate of change of the expectation value

Given an Hamiltonian, with any operator A we can associate an operator B,

- - . 0A
B = A 10.1
it A+ (10,1
such that
d(4) ;
—— = (B 10.2
= ) (10.2)
proof: From the expectation value formula:
(A); = trace(Ap(t)) (10.3)
Using the Liouville equation and the cyclic property of the trace, we get:
d, 0A ~dp(t)
%<A>t = trace < 5 p(t)> + trace <A it (10.4)
= trace ( ) itrace (A[H, p(t)])
= trace (8 ) + dtrace ([H, A]p(t))
- (5
Optionally, if the state is pure, we can write:
(A, = @OIARE®) (10.5)
Using the Schrodinger equation, we get
d /. d |- d
a@ = Gl + (g + Gl 5 l) (105)

- ilual) () + (o) -

We would like to highlight the distinction between a full derivative and a partial derlvatlve Let us assume that there
is an operator that perhaps represents a ﬁeld that depends on the time ¢, for example A = 3% + t38. Then the partial
derivative with respect to ¢ is: 9A/0t = &, while the total derivative of (A) takes into account the change in the
quantum state too.

Useful identities:

Commutation by parts: [A, B ] = [A, B]C + BJA, ]
Poisson brackets: [f(z),p] = if'(z) and [z,9(p)] =
Jacobi identity: [A4, [B,C]] + [B,[C,A]] + [C,[A, B]] = 0
Heisenberg picture: A(t) =U(t )TAU( ), hence (fl) (P|A(t)|P).
To calculate A(t) one can use the identity:

¢ABe=4 — B+ [A, B+ 1[A A, B + 31' (A, [A,[AB]] +-- = 1B (10.7)
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[10.2] The classical equations of motion

If  is the location of a particle, then its rate of change is called velocity. By the rate of change formula we identify
the velocity operator v as follows:

0= i = |- A@2e| = Lo Aw) (103)
and we have:

) _ - A (5.0.8) Doe (Db D

Wf(v% 3D: &:=(&,9,2), 0= (0,0y,0:) (10.9)

It is useful to relaize that the kinetic part of the Hamiltonian can be written as (1/2)m®2. The commutaion relations
of the velocity components are

[mos, md;] = i(0;4; — 0;Ai) = icinBi (10.10)
V@),me] = i0,V(2) (10.11)

The rate of change of the velocity ¢ is called acceleration. By the rate of change formula

% - <z Bmauv(@x @]+‘Z§> = :1<;(vxl’>’—8xv)+5> (10.12)

Note that this is dense vector-style writing of 3 equations, for the rate of change of (9,) and (9,) and (9,). Above we
have used the follwing notations:

B=VxA (10.13)
9A
£ = -5 -V

We would like to emphasize that the Hamiltonian is the ”generator” of the evolution of the system, and therefore all
the equations of motion can be derived from it. From the above it follows that in case of a "minimal” wavepacket
the expectation values of Z and © obey the classical equations approximately. The classical Lorentz force equation
becomes exact if the B and £ are constants in the region where the motion takes place:

i L/ A %[—Box<u>+50 (10.14)

[10.3] Heuristic interpretation

In the expression for the acceleration we have two terms: the “electric” force and the “magnetic” (Lorentz) force.
These forces bend the trajectory of the particle. It is important to realize that the bending of trajectories has to do
with interference and has a very intuitive heuristic explanation. This heuristic explanation is due to Huygens: We
should regard each front of the propagating beam as a point-like source of waves. The next front (after time dt) is
determined by interference of waves that come from all the points of the previous front. For presentation purpose
it is easier to consider first the interference of N = 2 points, then to generalize to N points, and then to take the
continuum limit of plane-wave front. The case N = 2 is formally equivalent to a two slit experiment. The main
peak of constructive interference is in the forward direction. We want to explain why the presence of an electric or a
magnetic field can shift the main peak. A straightforward generalization of the argument explains why a trajectory
of a plane-wave is bent.
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The Huygens deflection formula: Consider a beam with wavenumber k that propagates in the z direction. It
goes through two slits that are located on the y axis. The transverse distance between the slits is d. A detector is
positioned at some angle 6 very far away from the slits. The phase difference between the oscillations that arrive to
the detector from the two slits is

po—¢1 = Ap — k-d-0 (10.15)

In this formula it is assumed that after the slits there is a ”scattering region” of length Az where fields may be
applied. We define A¢ as the phase difference after this ”scattering region”, while ¢o — ¢; is the phase difference at
the very distant detector. The ray propagation direction is defined by the requirement ¢, — ¢1 = 0, leading to the
optical deflection formula § = A¢/(kd). Changing notations k — p, and d — Ay we write the deflection formula as
follows:

A

0 = % = Deflection angle (10.16)
A

Ap, = A—j = Optical Impulse (10.17)

From the definition of the dynamical and the geometrical phases it follows that if there are electric and magnetic
fields in the scattering region then

Ap = (Vo—W)At + &g (10.18)

where &5 = BAzAy is the magnetic flux that is enclosed by the interfering rays, and Vo — V; = £Ay is the potential
difference between the two slits, and At = Ax/v is the travel time via the scattering region. From here follows that
the optical impulse is

Ap, = =2 = &At + BAx (10.19)

The Newtonian deflection formula: In the Newtonian perspective the deflection of a beam of particles is

A

9 = =P — Deflection angle (10.20)
Py

Ap, = FAt = Newtonian Impulse (10.21)

where F' is called the ”"Newtonian force”. By comparison with the Huygens analysis we deduce that the ”force” on
the particles is

A
F = Apty = &4+ Bv = Lorentz force (10.22)

It is important to realize that the deflection is due to an interference effect: The trajectory is bending either due to
a gradient in V(x), or due to the presence of an enclosed magnetic flux. Unlike the classical point of view, it is not
B(x) that matters but rather A(x), which describes the geometric accumulation of the phase along the interfering
rays. We further discuss this interference under the headline “The Aharonov Bohm effect”:
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[10.4] Semiclassical perspective

Consider Hamiltonian H = H (x, p), with conjugate operators [z, p] = i. Commutators can be approximated by Poisson
Brackets, namely, [f, g] ~ i[f, g]ps. Therefore the quantum equations of motion for & and p can be approximated by
the classical Hamilton equations. For that we have to assume that we are dealing with a “minimal” wavepacket such
that (f(z,p)) = f({z), (p)) holds for any reasonable smooth function f. If quantum dynamics can be approximated
by classical dynamics we say that there is Quantum-to-Classical Correspondence (QCC). There are more refined
statements regarding QCC, that do not involve assumption regarding the wavepacket preparation, but we shall not
get into it here...

Irrespective of QCC, we can play with the units of z and p, and also with the units of the time ¢. Let us define scaled
units such that x = aX and p = P and t = 7. Let us define a classical Hamiltonian

Ha(X,P) = [v/(af)] H(aX,5P) (10.23)

Note that [X, P] = ih, with A =1/(«af8). One can easily verify that U = exp[—itH] = exp[—i(T/h)Hy (X, P)]. Fur-
thermore, one can easily verify that the correct equations of motion are obtained for X and P using Hamilton’s
equations.

Using this procedure we can bring the original Hamiltonian into a scaled form, that determines the classical dynamics,
while in the quantum version we have an additional dimensionless parameter A that has no effect on the classical
dynamics. For example, consider the Hamiltonian H = B2p? + A%(z? + y?) + C?22y?. If we choose a = A/C and
B = A%/(BC) and v = 1/(AB) we get Hy = P> + X2 + Y2 + X?Y?, with h = BC?/A%. Now we can test how QCC
is affected as h becomes smaller...

Let us discuss an additional example, that better illuminates the meaning of the scaled h. Consider a particle of mass
M is a one-dimensional box of length L and depth V. In a classical scaling procedure it is natural to choose units such
that L = 1, and the units of momentum such that 2¢/2MV = 1, and the units of time such that (2/L)/2V/M = 1.
With such units the phase-space area is unity, and 27h is the so called Planck cell area, measured in phase-space
units. Clearly we can place a particle in this box only if the QCC condition 27k < 1 is satisfied. Essentially the
same example, in a somewhat different presentation, refers to a particle of mass M and kinetic energy E is a box of
length L. Here the we can choose units such that v2ME = 1. Then it follows that the the dimensionless 7 is the
ratio between between its De-Broglie wavelength and the length L of the box.

We can also go in reverse. Say we are given classical Hamiltonian .Hcl(X , P) with conjugate coordinates [X, P| = ih.
From a quantum perspective it is then more natural to define coordinates X = x and P = hp, such that [z,p] = 1.
The evolution U = exp[—iHt] is generated by the quantum Hamiltonian

2

P Ly (10.24)

H = —Hy(x, hp) = herh

St =

One has to realize that different values of % are classically equivalent (up to choice of units) but it is not so quantum-
mechanically.

QCC for eigenstates.— Using the Wigner-Weyl formalism (see special topics lecture) it can be established that
eigenstates correspond to classical microcanonical states that are supported by energy shells H(X, P) = const. This
statement strictly holds for fully chaotic systems. The analogous statement for single degree of freedom system is
implied by the WKB formalism (see dedicated lecture), while the generalization to integrable systems with more
degrees of freedom is known as EBK.

Quasi periodicity.— In general the quantum dynamics is always quasi-periodic on the so-called Heisenberg time
scale ty = 27 /A where A is the mean level spacing. But breakdown of QCC can happen much before. On the
technical level the breakdown is related to higher % orders in the expansion of [f, g], and also to the failure to factorize
expectation values, namely, in general (fg) # (f) (g). In a semiclassical perspective A sets a limit for the resolution
of structures in phase space, and non-classical features may arise in the dynamical evolution.

Recurrences.— Of special interest are simple systems such as oscillator or particle-in-a-box where the spectrum
is E, = Qn + An?. Observables oscillates with frequencies Qy,,,, = (E,, — E,,). There are two periods involved here:
27/ and 27 /A. Recurrences happens whenever the time ¢ is multiple of those periods, aka Talbot effect.
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[10.5] The continuity Equation (conservation of probability)

The Schrodinger equation is traditionally written as follows:

H = H(i,p) (10.25)
oY) .

ov

il —iH (x, 28 > v

ov 1

o _ {m(_z‘v — A(2))? + V(m)] V()

Using the "rate of change formula” for the probability density we can obtain a continuity equation:

Ip(z)
ot

= -V-J(2) (10.26)

In this formula the probability density and probability current are defined as the expectation values of the following
operators:

plx) = 6(& —x) (10.27)

J(z) = %(@5(@-@%(@—@@)) (10.28)
leading to

pz) = (Up(z)|¥) = [¥(x)] (10.29)

J@) = (Ui@))0) = Re [w*(z);(iVA(x))m(x) (10.30)

The procedure to get this result can be optionally applied to a particle in an N-site system.

[10.6] Definition of generalized forces

We would like to know how the system energy changes when we change a parameters X on which the Hamiltonian H
depends. We define the generalized force F as

F = —a= (10.31)

() _ <i[7q,;q+5f‘> (10.32)

<387:> _ X<g§‘(> — X (P (10.33)
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If E(0) is the energy at time ¢ = 0 we can calculate the energy F(t) at a later time. Using standard phrasing we say
that an external work E(t) — E(0) is involved in the process. Hence it is customary to define the work W which is
done by the system as:

W = —(B(t)- B(0) — / (FyXdt — / (F)dX (10.34)

A ”Newtonian force” is associated with the displacement of a piston. A generalized force called ” pressure” is associated
with the change of the volume of a box. A generalized force called ”polarization” is associated with the change in an
electric field. A generalized force called ”magnetization” is associated with the change in a magnetic field.

[10.7] Definition of currents

There are two ways to define ”current” operators. The ”probability current” is defined via the rate of change of the
occupation operator (see discussion of the ” continuity equation”). The ”electrical current” is defined as the generalized
force associated with the change in a magnetic flux. Namely, let us assume that at a moment ¢ the flux is ®, and that
at the moment ¢ 4 dt the flux is ® + d®. The electromotive force (measured in volts) is according to Faraday’s law:

EMF = —— (10.35)

If the electrical current is I then the amount of charge that has been displaced is:

dQ = Idt (10.36)
The (”external”) work which is done by the electric field on the displaced charge, is

—dW = EMF xdQ = -Id® (10.37)

This formula implies that the generalized force which is associated with the change of magnetic flux is in fact the
electrical current. Note the analogy between flux and magnetic field, and hence between current and magnetization.
In fact one can regard the current in the ring as the ”magnetization” of a spinning charge.
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[10.8] The Concept of Symmetry

Symmetry and invariance are two different concepts. Invariance means that the laws of physics and hence the form
of the Hamiltonian do not change. But the fields in the Hamiltonian may change. In contrast to that in case of a
symmetry we requite H = H, meaning that the fields look the literally same. As an example consider a particle that
moves in the periodic potential V(x; R) = cos(2m(x — R)/L). The Hamiltonian is invariant under translations: If we
make translation a then the new Hamiltonian will be the same but with R = R — a. But in the special case that R/L
is an integer we have symmetry, because then V(x; R) stays the same.

Pedagogical remark.— In order to motivate and to clarify the abstract discussion in this section it is recommended
to consider the problem of finding the Landau levels in Hall geometry, where the system is invariant to = translations
and hence p, is a constant of motion. Later the ideas are extended to discuss motion in centrally symmetrical
potentials.

Significance of Commutation.— Let us assume for example that [H,p,] =0. We say in such case that the
Hamiltonian commutes with the generator of translations. What are the implication of this statement? The answer
is that in such case:

The Hamiltonian is symmetric under translations

The Hamiltonian is block diagonal in the momentum basis
The momentum is a constant of motion

There might be systematic degeneracies in the spectrum

The second statement follows from the “separation of variables” theorem. The third statement follows from the
expectation value rate of change formula:

d<pac>
dt

= (i[”,ps]) = 0 (10.38)

The first and the fourth statements are further discussed below.

Conservation of Momentum.— Consider a collision between two particles. Assuming that they have an interaction
V(x1 — x2) that depends on their distance, the Hamiltonian has symmetry under translations, and hence the total
momentum P = p; + py is constant of motion. This observations implies that the quantum definition of mass (as
parameter in the dispersion relation) is consistent with the Newtonian definition of inertial mass (where mass ratio is
determined via a collision experiment).

Conservation of Energy.— For time independent Hamiltonians E = (H) is a constant of the motion because
[H,H] = 0. Thus (H) = const is associated with symmetry with respect to “translations” in time, while (p) = const
is associated with symmetry with respect to translations in space, and (L) = const is associated with symmetry with
respect to rotations.

[10.9] Symmetry under translations and rotations

We would like to clarify the algebraic characterization of symmetry. For simplicity of presentation we consider
translations. We claim that the Hamiltonian is symmetric under translations iff

[H,pi] =0 fori=u=x,y,z (10.39)
This implies that

[H,D(a)] =0, for any a (10.40)
which can be written as HD — DH = 0, or optionally as

D HD = H (10.41)
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If we change to a translated frame of reference, then we have a new basis which is defined as follows:
|Z) = |z+a) = Dlz) (10.42)
The transformation matrix is

Thwy = (21]F2) = [D(a)] (10.43)

Z1,T2

and the Hamiltonian matrix in the new basis is

Horws = (@1[HlE2) = [T7'HT) (10.44)

T1,T2

The commutation of # with D implies that the transformed Hamiltonian 7 is the same in the translated frame of
reference.

An analogous statement holds for rotations. The algebraic characterization of symmetry in this case is

[H,L;) =0 fori=uxzy,z (10.45)
which implies

[H,R(®)] =0, for any & (10.46)

leading as before to the conclusion that the Hamiltonian remains the same if we transform it to a rotated frame of
reference.

[10.10] Momentum for particle-and-field system

We have clarified above, for a system that is symmetric under translation, that the momentum operator is a constant
of motion. Let us find the explicit expression for the (total) momentum operator in the less trivial case of particle-
and-field system. In what follows we are going to explain that it can be expressed as

P o= pt Ykn (10.47)
k

where bold letters indicate operators. The operator p is the generator of particle translations. The modes of the field
are distinguished by the wavenumber index k. The ny are the respective occupation operators.

In order to have a tangible model of field in mind, let us assume that in each point x of space we have an harmonic
oscillator whose dynamics is described by the complex coordinate A, = (Q, + iP,)/v/2. The dynamics of an individ-
ual oscillator is generated by (1/2)[P? + Q?] or equivalently QAT A. The Hamiltonian H 4 of the free field contains
interaction between the oscillators. If we assume that H 4 is invariant under translation, the normal modes are denoted
ay, such that A, = L=1/2 Yok e’**q,, where L is the length of the system. Then the free field Hamiltonian takes the

form Ha = >, Qrny, where the occupation operator is defined as nj = a;ak. For the free particle let us assume
Hp o p?, where p generates translations in r. For the particle-field system let us consider

H = Hp+Hat Y u(r—x)AlA, (10.48)

As a preliminary pedagogical stage, let us treat this Hamiltonian classically. The Hamilton’s equations of motion are

p = —Zu'(r —z) Al A, (10.49)

OH 4
AL

—iu(r —z) A, (10.50)

z = —1
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By direct substitution one can verify that N =" Al A, and P=p —1i)_ A0, A, are constants of motion, namely
(d/dt)N = (d/dt)P = 0. Rewriting in terms of mode-operators we get N = > ny and P =p+ > knj. These con-
stants of motion are anticipated in advance because, repsectively, H has symmetries for A-gauge and for translations.

To see that P is the generator of translations, we have to prove that D = exp(—i)_, kfny) indeed translates the field
a distance £. It is enough to show that for any basis state |ny,ng,...) we have

Dni,ny,...) = e tXeknein ny ) (10.51)

The proof is as follows: consider a field state |¥). By definition we have DA |¥) = Al 1D V). It follows that
DA}ID" = Al _,. Hence we deduced the algebraic characterization Daj D' = e~"*‘a]. Next we observe that that

In1,n2,...) up to normalization is [(a])™ (a})"2..]10,0,...). Inserting D'D = 1 between the a-s, and using the
algebraic characterization, we get the desired result.

[10.11] Symmetry implied degeneracies

Let us assume that H is symmetric under translations D. Then if |¢)) is an eigenstate of H then also |¢) = DJ) is
an eigenstate with the same eigenvalue. This is because

Hl|p) = HDJY) = DH|Y) = Elp) (10.52)

Now there are two possibilities. One possibility is that |¢) is an eigenstate of D, and hence |¢) is the same state as
|t)). In such case we say that the symmetry of |¢) is the same as of H, and a degeneracy is not implied. The other
possibility is that |¢) has lower symmetry compared with 7. Then it is implied that |¢)) and |p) span a subspace of
degenerate states. If we have two symmetry operations A and B, then we might suspect that some eigenstates would
have both symmetries: that means both Aly) o |[¢) and B|¢) o |¢). If both symmetries hold for all the eigenstates,
then it follows that [A, B] = 0, because both are diagonal in the same basis.

In order to argue a symmetry implied degeneracy the Hamiltonian should commute with a non-commutative group of
operators. It is simplest to explain this statement by considering an example. Let us consider particle on a clean ring.
The Hamiltonian has symmetry under translations (generated by p) and also under reflections (R). We can take the
k. states as a basis. They are eigenstates of the Hamiltonian, and they are also eigenstates of p. The ground state
n = 0 has the same symmetries as that of the Hamiltonian and therefore there is no implied degeneracy. But |k,,)
with n # 0 has lower symmetry compared with H, and therefore there is an implied degeneracy with its mirror image
|k_,). These degeneracies are unavoidable. If all the states were non-degenerated it would imply that both p and R
are diagonal in the same basis. This cannot be the case because the group of translations together with reflection is
non-commutative.

The dimensions of a degenerate subspaces.— These are determined by the dimensions of the irreducible rep-
resentations of the symmetry group. The jargon will be better clarified in a future lecture. In simple language it is
implied by the following argument: One can regard H as a mutual constant of motion for all the group operators;
therefore, by the “separation of variables theorem”, it induces a block-decomposition of the group representation.
The dimensions of the blocks are the dimensions of the degenerate subspaces, and at the same time they must be
compatible with the dimensions of the irreducible representations of the group.

Accidental degeneracies.— Above we were discussing only the systematic degeneracies that are implied by the
symmetry group of the Hamiltonian. In principle we can have also “accidental” degeneracies which are not implied
by symmetries. The way to ”cook” such symmetry is as follows: pick two neighboring levels, and change some
parameters in the Hamiltonian so as to make them degenerate. It can be easily argued that in general we have to
adjust 3 parameters in order to cook a degeneracy. If the system has time reversal symmetry, then the Hamiltonian
can be represented by a real matrix. In such case it is enough to adjust 2 parameters in order to cook a degeneracy.

Avoided crossings.— A more common scenario that leads to accidental degeneracies, assumes that the Hamiltonian
is block diagonal due to some symmetry, for any value of a control parameter. The control parameter is likely to
affect differently the blocks. As the control parameter is varied, the levels that are associated with one block cross
the levels that are associated with the other blocks. This typically lead to multiple crossing points. These crossings
become avoided crossings if a perturbation that does not respect the symmetry is added to the Hamiltonian.
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Fundamentals (part IIT)

[11] Group representation theory

[11.1] Groups

A group is a set of elements with a binary operation:

The operation is defined by a multiplication table for 7% 7’.
There is a unique identity element 1.

Every element has an inverse element such that 77! =1
Associativity: 7 (77« 77) = (1% 7') % 7"

Commutativity does not have to be obeyed: this means that in general 7 * 7/ # 7/ % 7. In practice, a group that has
a finite number of elements, can be defined via a multiplication table. But this is strategy is not practical if we are
dealing with a group that has infinite number of elements. Such is the group of rotations SO(3).

For a Lie group, we assume that each element 7 of the group is labeled by a set of parameters that serve as coordinates.
Therefore we can regard the set of elements as a set of points that form a manifold. By convention we label the
identity 1 as 7 = (0,0, ...,0), and refer to it as the origin of the manifold. For SO(3) the standard labeling of rotations

is ® = (g, Py, P.), and the manifold is a ball of radius 7.

In order to provide a tangible definition for the group operation, each element of the group is regarded as a transfor-
mation over some space:

element of the group = 7= (71,72,...,7d) (11.1)
corresponding transformation = U(T) (11.2)
the "group property” = U(T)U(T")=U(T*71") (11.3)

The association 7 +— U(7) is called a realization. We use the notations 7 % 7 * ... * 7 = n7, where n is the number of
repetitions. Accordingly U(0) =1, and U(n7) = U(7)U(7)...U(7) = U(7)". The crucial observation for a Lie group
is that we can generate large transformations from infinitesimal transformations. Thus it is meaningful to define a
ray of elements as U(at) where « is a real number. For SO(3) a ray of elements includes all the rotations around the
same axis.

[11.2] Realization using linear transformations

As defined above, a realization means that we regard each element of the group as an operation over a space. We
treat the elements as transformations. Below we discuss the possibility of finding a realization that consists of linear
transformations.

First we will discuss the concept of linear transformation, in order to clarify it. Consider a function that can be
regarded as a realization for a translation, namely, f(x) = z + 5. Is it a linear function? A linear function must fulfill
the condition:

flaXy+BXy) = af (X1) + Bf(X2) (11.4)
Checking f(x):

F(3) = 8, £(5) = 10, (8) = 13 (115)
F(3+5) # £(3) + £(5)

Hence we realize that f(x) is not linear.
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In the defining realization of the Galilein group over phase space, rotations are linear transformations, but translations
and boosts are not. If we want to realize the Galilein group using linear transformations, the most natural way would
be to define a realization over the function space. For example, the translation of a function is defined as:

Ta: U(z) = U(z —a) (11.6)

The translation of a function is a linear operation. In other words, if we translate the function ay(x) + S¢(x) a spatial
distance a, then we get the appropriate linear combination of the translated functions ay)®(x — a) + Be(x — a).

Linear transformations are represented by matrices. This leads us to the concept of a ”representation”, which we
discuss in the next section.

[11.3] Representation of a group using matrices

A representation associates with each element 7 of the group a matrix U;;(7). The “multiplication table” of the
matrices is required to be be in one-to-one correspondence to the multiplication table of the elements of the group.
Below we “soften” this requirement, being satisfied with having a “multiplication table” that is the same “up to a
phase factor”:

Ulr' x7") = ei(phase)U(T/)U(T//) (11.7)

It is natural to consider realizations that consist of orthogonal transformations over a real space, or unitary trans-
formations over a complex space. Any realization using a linear transformations provides a “representation” once a
basis is chosen: linear transformations are represented by matrices. For example, we may consider the realization of
translations over the function space. Any function can be written as a combination of delta functions:

¥o) = [ W(@)s(a - o/ )do (11.8)
In Dirac notation this can be written as:

) =570, a) (1L.9)

In this basis, each translation is represented by a matrix:
D, = (z|D(a)|lz’) = 6(z — (2’ +a)) (11.10)

Finding a "representation” for a group is very useful: the operative meaning of "multiplying group elements” becomes
"multiplying matrices”. This means that we can deal with groups using Linear Algebra tools.

[11.4] Some algebraic observations

Given two matrices A and B that do not commute we have in general
edeB £ eBeA £ AYB (11.11)
But if the matrices are infinitesimal then:

eeAteB  — oehgeB — oBetd  — 11 A4 B+ O() (11.12)
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If the small parameter e is absent, we can still do the exponentiation in small steps, leading to the so called Trotter
formula, namely,

AHE i[04 e(l/N)B}N (11.13)

N —o00
Above the small parameter is e = 1/N, and the re-ordering of the multiplication involves O(N) transpositions, each

with error €2. To get eAeP using further re-ordering is not possible because the number of required transpositions
exceeds O(N?), leading to and error that does not vanish in the N — oo limit.

A similar reasoning leads to the following Commutator formula
. ) . . N
elABl = {e_“/gB o IVEA iVeB e“/gA} (11.14)
where e = 1/N, and we used the leading-order identity

1+¢(AB - BA) = <1 —iveB — 3632) (1 —ieA — ;EA2> (1 +iv/eB — ;eB2> (1 +iveA — ;GA2)

Finally we mention the Baker-Campbell-Hausdorff formula that allows to express the result of multiplication in terms
of commutators:

efeB = ATBHC (11.15)

Here C' is an expression that includes linear combination of matrices and their commutators. The explicit expression
for C requires a Taylor expansion

C = log(e?eP)-A-B = %[A,B]Jr%[(AfB),[A,B]]+... (11.16)

It is possible to find an explicit expression up to any desired accuracy. For details see Wikipedia, or a paper by Wilcox
(1967).

[11.5] Generators and their Algebra

For a given ray of elements we can defined a generator, say we call it G;. Then we can define a parameter 7 that
labels the elements along this ray. Namely,

U((STl) = 1- i5TlG1 (1117)
Such that
Ulr) = e m& (11.18)

There are infinitely many rays, so there are infinitely many generators. But the set of generators form a linear space.
This means that if G; and G5 are generators, then also G = a1G1 4+ as G4 is a generator. The argument is as follows:
We have to show that U = exp[itG] is an element of the group. Using the Trotter formula we can express it as a
multiplication of exp[—id71G1] and exp[—id7oG2| operations. The latter represent elements of the group, hence also
their product represents an element of the group.

In fact the set of generators form an Algebra that is known as Lie Algebra. Namely, we also have an operation such
that if G1 and G5 are generators, then also G = i[G1, G5] is a generator. It should be clear that if G; = A and G, = B
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generate (say) rotations, it does not imply (say) that the hermitian operator H = A3B? + B2A3 is a generator of a
rotation. On the other hand, it does imply that G = i[A, B] is a generator of a group element. The argument for that
proceeds as in the previous paragraph, using the Commutator formula.

[11.6] Generating a representation

The linear space of generators obviously has a finite dimension because the generators are represented by matrices
that have finite dimension. Note that the dimension of this linear-space is the dimension of the group-manifold. For
example, in the standard representations of SO(3) and SU(3) the generators are 3 x 3 matrices, and the dimension of
the manifold is d=3 and d=8 respectively. Consequently we can choose a basis G, such that a general generator is
written as a linear combination

G = > oG = a-G (11.19)
I

Then, using G, we can generate matrices that represent a ray of group elements:
Ut) = exp[-itG] = exp[-iT-G] = U(r,m,..) (11.20)

The bottom line is that any element of the group can be represented by a matrix U(7), where 7 is a set of coordinates
that label points of the group-manifold. The Trotter formula can be used in order to express any such U as a
composition of infinitesimal transformations as follows:

U(r) = [U@T)N (11.21)

[U(6m) U(dm2)--- 1N =
— [ e—i5T1G1 e—i572G2 .. ]N

[11.7] Structure constants

We have argued that i[G,,, G,] is a generator. Therefore, it must be a linear combination of the basic generators. In
other words, there exit constants cf;l, such that the following closure relation is satisfied:

GGyl = i) )G (11.22)
A

The constants cﬁy are called the structure constants of the group. Every Lie group has its own structure coefficients.

If we know the structure constants, we can reconstruct the group multiplication table. This observation is based on
the Baker-Campbell-Hausdorff formula. Form this formula it follows that

i@ (=BG _ -G (11.23)

where

1 1,
YA = ax+ B+ écﬁyaﬂﬂy — Ecégcw(a — Bou By + ... (11.24)

In the next lecture we shall deduce the structure constants of the rotation group from its defining representation, and
then we shall learn how to build up all its other representations, just from our knowledge of the structure constants.
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[11.8] The group of rotations

In the next lecture we are going to concentrate of the group of rotations. More precisely we consider on equal footing
the groups SO(3) and SU(2). Both are characterized by the same Lie algebra, and consequently share the same
multiplication table up to phase factors. The difference between the two groups is the topology of their manifold. The
manifold of SO(3) is a ball of radius 7w, where apposite points on its boundary are identified as the same point. The
manifold of SU(2) is simpler. It is a ball of radius 27, where all the points on its boundary are identified as the same
point. This gives as expected a sphere (S3). We say “as expected”, because any SU(2) matrix can be parameterized
trivially as follows:

R = (”71 t i xi”“‘“) (11.25)
—X3 + 1Ty T1 — 1X2

with 23 + 23 + 23 + 23 = 1.

[11.9] The Galilein Group

The Galilein group includes translations, rotations, and boosts. A translation is specified uniquely by three parameters
a = (a1,a2,a3). Rotations are specified by (6, ¢, ®), from which ® is constructed. A boost is parametrized by the
relative velocity u = (u1,ug,u3). A general element is any translation, rotation, boost, or any combination of them.
The Galilein group is a Lie group with 9 parameters. The rotation group is a Lie group with 3 parameters. The
realization that defines the Galilein group is over the six dimensional phase space (x,v). The realization of a translation
is

X = X
Ta {v . (11.27)

and the realization of a rotation is

Te {f _ ggg;j (11.28)

A translation by b, and afterward a translation by a, gives a translation by b 4+ a. This composition rule is simple.
More generally the ”multiplication” of group elements 7 = 7/ * 7/ implies a very complicated function

(a7§7u) = f(al7¢/’ u,;a//7¢//7 u//) (11'29)

We notice that this function requires 18 input parameters, and outputs 9 parameters. It is not practical to construct
this function explicitly. Rather, in order to “multiply” elements we compose transformations.

The number of independent generators is the same as the number of parameters that specify the elements of the
group, e.g. 3 generators for the rotation group. In the case of the Galieli we have 9 generators, but since we allow
arbitrary phase factor in the multiplaication table, we have in fact 10 generators:

PmpyvpzaJmajyvjzan»vaéza and 1. (11'30)

Consider the standard representation over wavefunctions. It follows from the commutation relation [z, p] = ¢ that —&

is the generator of translations in p. Hence it follows that he generators of the boosts are Qm = —m2, where m is the
mass.
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[11.10] The Heisenberg group

In the present section we relate to the group of translations and boosts. Without loss of generality we assume a
one-dimensional geometrical space. One option is to define this group is via a realization over an (z,v) phase space. If
we adopt this definition we get a Abelian group whose elements commute with each other. Let us call it the ” Galilein
version” of the group.

Optionally we can consider a realization of translations and boosts over complex wavefunctions ¥(x). In the standard
representation the space of wavefunctions is spanned by the eigenstates of the & operator, and the translations are
generated by P = p. It follows from [Z, p] = ¢ that the generator of boosts is Q = —&. Hence the group is non-Abelian
and characterized by the Lie algebra [P, Q] = i. It is known as the ”Heisenberg group”. It has the same multiplication
table as the Abelian ” Galilein version”, up to phase factors.

If we believe (following the two slit experiment) that the state of particle is described by a wavefunction, it follows,
as argued above, that boost and translations do not commute. Let us illuminate this point using an intuitive physics
language. Say we have a particle in the laboratory reference frame that is described by a wavefunction ¥(z) that is
an eigenstate of the translation operators. In other words, we are talking about a momentum eigenstate that has a
well defined wavenumber k. Let us transform to a moving reference frame. Assuming that boosts were commuting
with translations, if follows that boost is a symmetry operation, and hence the transformed state ¥(z) is still a
momentum eigenstate with the same k. From this we would come to the absurd conclusion that the particle has the
same momentum in all reference frames.

It is interesting to look for a realization of the Heisenberg group over a finite-dimensional ”phase-space”. For this
purpose we have to assume that phase space has a third coordinate: instead of (z,v) we need (a,b,c). The way to
come to this conclusion is based on the observation that any element of the Heisenberg group can be written in the
standard representation as

U(a,b,c) = exp(iaQ + ibP +ic) (11.31)

Hence the multiplication U(aq, b1, c1) U(ag, be, ¢.) is realized by the composition law

1
(al,b1,61) * (a27b2702) = (Ch +ag, by + b2, 1 + 02,—|—§(a1b2 - b1a2)> (11.32)

Here a is position displacement, and b is momentum displacement, and ¢ is an additional coordinate. If the order
of a translation and a boost is reversed the new result is different by a phase factor exp(iC), where C' equals the
symplectic area of the encircled phase-space cell. This non-commutativity is reflected in the ¢ coordinate.
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[12] The group of rotations

[12.1] The rotation group SO(3)

The multiplication table of the rotation group SO(3) is defined by its "natural” representaion, namely, the set of 3 x 3
orthogonal matrices that has +1 determinant. It is a non-commutative group: the order of rotations is important.
Despite this, it is important to remember that infinitesimal rotations commute. We have already pointed out this
statement in general, but let us demonstrate it once again for the specific case of rotations, using elemntary vector
notations:

R(6®P)r = r+6Pxr (12.1)
Therefore, in the first-order approximation,

R(5®%)R(6®")r (r+0®' xr)+0®% x (r+0®' xr) = (12.2)

= r+ (0P +6®%) xr = R(OP)r

Obviously, this is not correct for finite non-infinitesimal rotations:

R(®HR(D?) # R(P' + 82) # R(P*)R(D') (12.3)
We can construct any infinitesimal rotation from small rotations around the major axes:

R(é@') = R(0P €, +Pye, +0D.6.) = R(6P,€,)R(0P,€y)R(0D.E,) (12.4)

Using the vector notation M = (M, M, M), we conclude that a finite rotation around any axis can be written as:

R(®7) R(®) = RN = (R(6®,)R(6®,)R(59,))N (12.5)

(e—i65~M)N _ e—i<f>~M _ o i®M,

Hence we conclude that M,, =7 - M is the generator of the rotations around the axis 7i.

[12.2] Structure constants of the rotation group

We would like to find the structure constants of the rotation group SO(3), using its defining representation. The SO(3)
matrices induce rotations without performing reflections and all their elements are real. The matrix representation of
a rotation around the z axis is:

cos(®) —sin(P) 0
R(®e,) = sinéq)) COS(;CI)) (1) (12.6)

1 6@ 0 . 0 -10 .
R(6®e,) = 6 1 0 = 14611 0 O = 1—i0®dM, (12.7)
0 0 1 0 0 O
where:
0 -0
M, = i 00 (12.8)
0 00
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We can find the other generators in the same way:

000 0 0 ¢
My=[00 —¢|, My=10 00 (12.9)
04 0 —3 00
In compact notation the 3 generators are
[MkL = —ieyn (12.10)
ij

Now we can calculate the structure constants. For example [M,, M,] = iM,, and in general:
[Mi, Mj] = ieijiMy, (12.11)

We could of course use a different representation of the rotation group in order to deduce this Lie algebra. In particular
we could use the differential representation of the L; over the infinite-dimensional Hilbert space of wavefunctions.

[12.3] The “rotation” group SU(2)

We have defined the rotation group by the Euclidean realization over 3D space. Obviously, this representation can
be used to make calculations (”to multiply rotations”). The advantage is that it is intuitive, and there is no need
for complex numbers. The disadvantage is that they are 3 x 3 matrices with inconvenient algebraic properties, so a
calculation could take hours. It would be convenient if we could "multiply rotations” with simple 2 x 2 matrices. In
other words, we are interested in a dim=2 representation of the rotation group. The mission is to find three simple
2 X 2 matrices that fulfill:

[Ju, Jy] = iJ. et (12.12)

In the next lecture we will learn a systematic approach to building all the representations of the rotation group. In
the present lecture, we will simply find the requested representation by guessing. It is easy to verify that the matrices

—oy, S;=-0; (12.13)

fulfill the above commutation relations. So, we can use them to create a dim=2 representation of the rotation group.
We construct the rotation matrices using the formula:

R(®) = e i®5 (12.14)

The matrices that are generated necessarily satisfy the group multiplication table.

In fact the dim=2 representation that we have found is not a representation of SO(3) but a representation of SU(2).
The two groups have in a sense the same multiplication table, but there is a twist. For SO(3) the generated R(®1)
matrices are duplicated modulo 27, while for SU(2) they are duplicated modulo 47. In the latter case R(®7) = —1
for a ®=27 rotation. We can say that the radius of the SU(2) manifold is twice compared to that of SO(3). Namely,
it is |®| < 27 instead of |P| < 7.



70

[12.4] Algebraic perspective on SU(2), SU(3) and SO(3)

Let us forget about rotations, and ask what is the Lie Algebra of SU(2). Any unitary matrix can be writ-
tenb as U = exp(—iH) where H is hermitain. Any hermitain 2 X 2 matrix can be written a linear combination
H =cl+ a101 + azos + azos, with real coefficients (¢, a1, as, ag). If we require det(U) =1, we have to impose
¢ = 0. So we reach again the conclusion that SU(2) has a 3-dimensional manifold. The Lie algebra is [0, 03] = i2073,
etc. But then we realize that upon the definition of the generators Sy, S2, S5 we get exactly the same Lie algebra as
that of SO(3). Hence we conclude that the two groups have the same multiplication table, disregarding the different
”periodic boundary conditions” that are satisfied by their respective manifolds.

The same algebraic approach can be used for SU(3). Any unitary matrix can be writtenb as U = exp(—iH ) where
H is hermitain. Any hermitian 3 X 3 matrix can be written a linear combination of 9 generators. Imposing the
requirement det(U) =1, we conclude that SU(3) has 8 generators, meaning that the Lie algebra of SU(3) is much
richer than that of the rotation group.

The same algebraic approach can be used for SO(3). The group elements can be regarded as sub-set of SU(3). The
additional requirement is to have real matrices. Writing U = exp(A) with A = —iH, the generator A has to be a real
antisymmetric matrix

0 —Q3 Q9
A = Qa3 0 —Q = Ozl[—iMl] + CKQ[—’L'MQ] + Oég[—ng] (1215)
—Q2 (1 0

Thus we find that we have 3 generators, that upon realization we can identify as generating rotations.

We should remember the distinction between a realization and a representation: in a realization it matters what we
are rotating. In a representation it only matters to us that the correct multiplication table is satisfied. Is it possible
to regard any representation as a realization? Is it possible to say what the rotation matrices rotate? When there is a
dim=3 Euclidean rotation matrix we can use it on real vectors that represent points in space. If the matrix operates
on complex vectors, then we must look for another interpretation for the vectors. This will lead us to the definition
of the concept of spin (spin 1). When we are talking about a dim=2 representation it is possible to give the vectors
an interpretation. The interpretation will be another type of spin (spin 1/2).

[12.5] How to calculate a general rotation matrix

The calculation of a 2 x 2 rotation matrix is extremely simple. All the even powers of a given Pauli matrix are equal
to the identity matrix, while all the odd powers are equal to the original matrix. From this (using Taylor expansion
and separating into two partial sums), we get the result:

R(®) = R(®A) =e 5 = cos(®/2)1 —isin(®/2)0, (12.16)

where 0, =i - &, and S, = (1/2)0,, is the generator of a rotation around the 7 axis.

The analogous formula for constructing a 3 x 3 rotation matrix is:
R(®) = R(®i) =e M0 = 14 (cos(®) — 1)M? —isin(®)M, (12.17)

where M, =1 - M is the generator of a rotation around the 72 axis. The proof is based on a Taylor expansion.
We notice that M2 = M., from this it follows that for all the odd powers M¥ = M, while for all the even powers
MF = M? where k > 0. The same properties apply to any M,, because all the rotations are ”similar” one to the
other (moving to another reference frame is done by means of a similarity transformation that represents a change of
basis).
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[12.6] An example for multiplication of rotations

Let us make a 90° rotation R(90%.,) around the Z axis, followed by a 90° rotation R(90%,) around the Y axis. We
would like to know what this sequence gives. Using the Euclidean representation

R=1—isin®M, — (1 — cos ®)M? (12.18)
we get
R(90%,) =1 —iM, — M? (12.19)

R(90%,) =1 —iM, — M,

We do not wish to open the parentheses, and add up 9 terms which include multiplications of 3 x 3 matrices. Therefore
we abandon the Euclidean representation and try and do the same thing with a dim=2 representation, working with
the 2 x 2 Pauli matrices.

R(®) = cos(®/2)1 — isin(®/2)0, (12.20)
R(90°%.) = %(i o)
R(900%,) = %(i _ioy)
Hence
R = R(90%,)R(90%,) = %(1 — o, —ioy, —i0s) (12.21)

where we have used the fact that 0,0, = i0,. We can write this result as:

120° . 120°

— 4 sin

R = cos .o (12.22)

1

where n = %(1, 1,1). This defines the equivalent rotation which is obtained by combining the two 90° rotations.
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[13] Building the representations of rotations

[13.1] Irreducible representations

A reducible representation is a representation for which a basis can be found such that each matrix in the group
decomposes into the same block structure. In this basis the set of single-block sub-matrices obeys the same multipli-
cation table as that of the full matrices, hence we say that the representation is the sum of smaller representations.
For a commutative group a basis can be found in which all the matrices are diagonal. In the latter case we can say
that the representation decomposes into one-dimensional representations.

The rotation group is not a commutative group. We are interested in finding all its irreducible representations. Let
us assume that someone hands us an irreducible representation. We can find its generators, written as matrices in
some "standard basis”, and we can verify that they satisfy the desired Lie algebra. We shall see that it is enough
to know the dimension of the irreducible representation in order to figure out what are the matrices that we have in
hand (up to a choice of basis). In this way we establish that there is one, and only one, irreducible representation for
each dimension.

[13.2] First Stage - determination of basis

If we have a representation of the rotation group, we can look at infinitesimal rotations and define generators. For a
small rotation around the X axis, we can write:

R(®E,) = 1-id®J, (13.1)

In the same way we can write rotations round the Z and Y axes. So, we can find the matrices Iy, jy, J.. How can
we check that the representation that we have is indeed a representation of the rotation group? All we have to do is
check that the following equation is obeyed:

>

i Jj] = i€iid (13.2)
We define:
Jr = J.£iJ, (13.3)

o N o A 1 . 2 PN o
J? = J§+J§+J§:§(J+J_+J_J+)+Jf

We notice that the operator J? commutes with all the generators, and therefore also with all the rotation matrices.
From the “separation of variable” theorems it follows that if J2 has (say) two different eigenvalues, then it induces a
decomposition of all the rotation matrices into two blocks. So in such case the representation is reducible. Without
loss of generality our interest is focused on irreducible representations for which we necessarily have J2? = A1, where \
is a constant. Later we shall argue that A is uniquely determined by the dimension of the irreducible representation.

If we have a representation, we still have the freedom to decide in which basis to write it. Without loss of generality,
we can decide on a basis that is determined by the operator J,:

J.lm) = m|m) (13.4)

Obviously, the other generators, or a general rotation matrix will not be diagonal in this basis, so we have

(m|J*m’) = Ao (13.5)
(m|J.|m'y = mbpmms
(m|Rm') = R},



[13.3] Reminder: Ladder Operators
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Given an operator ﬁ, which does not have to be unitary or Hermitian, and an observable 2 that obeys the commutation

relation

[#,D] = aD

we prove that D is a “ladder” operator that shifts between eigenstates of Z.

tD = D(&+a)
iD|z) = D(&+a)lz)
iDlz) = D(z+a)lz)
¢[Dlz)] = (z+a)Dlz)]

(13.6)

(13.7)

So the state |¥) = D|x) is an eigenstate of Z with eigenvalue (z + a). The normalization of |¥) is determined by:

1)l = V(¥[¥) = y/(z|DtDlz)

[13.4] Second stage: identification of ladder operators

It follows from the commutation relations of the generators that:

(13.8)

(13.9)

So J4 are ladder operators in the basis that we have chosen. Using them we can shift from a given eigenstate |m) to

other eigenstates: ...,|m —2),|m —1),|m +1),|m + 2),|m + 3), ....
From the commutation relations of the generators

(JyJ )= (J-Jy) = [y, J]=2J.

From the definition of J2

(Jpd)+ (J-Jy) = 2(J% = (].)?)

By adding and subtracting these two identities we get respectively:

J_J. = JP—J.(J.+1)
Jodo = JP—J.(J.-1)

Now we can find the normalization of the states that are found by using the ladder operators:

am)l = ml-Jifm) = (mJ2jm) = (m|J.(J2 + Dlm) = A= m(m+1)
Vom)l® =y pm) =l J2pm) — (m| 1. = Dlm) = A= m(m 1)

(13.10)

(13.11)

(13.12)

(13.13)
(13.14)
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It will be convenient from now on to write the eigenvalue of J? as A = j(j + 1). Therefore:

Jim) = ViG+1) —mim+1) m+1) (13.15)
Jm) = VG +1) —m(m—1)|m—1) (13.16)

Mathematical Comment.— Define j = N/2 and an observable n such that J, = —(N/2) + n. The ladder operators
perform translations in the range n = 0,1,2,..., N. Define a unitary translation operator such that D |n) = |n + 1).
Then it follows from the above that Jy |n) = \/(n+ 1)(N —n) |[n+1), and therefore we can write

J. = Dyn+1)(N-n) = vnDVN—n (13.17)

A related trick is known as the Holstein-Primakoff transformation. Define n = a’a as for harmonic oscillator, then
it follows that J, = af\/(N — afa), where we used a' = \/nD.

[13.5] Third stage - deducing the representation

Since the representation is of a finite dimension, the shift process of raising or lowering cannot go on forever. By
looking at the results of the last section we may conclude that there is only one way that the raising process could
stop: at some stage we should get m = +j. Similarly, there is only one way that the lowering process could stop: at
some stage we should get m = —j. Hence from the raising/lowering process we get a ladder that includes dim = 2j 4+ 1
basis states. This number must be an integer number. Therefore j must be either an integer or half integer number.

For a given j the matrix representation of the generators is determined uniquely. This is based on the formulas of the
previous section, from which we conclude:

[ +]m’m = \/](] + 1) - m(m + ]-) 5m/,m+1 (1318)
[j—]m’m = \/j(] + 1) - m(m — 1) 5m’,m—1

And all that is left to do is to write:

[jx]m’m = % {(j-l-)m’m + (j—)m’m] (13.19)
[ Ay]m’m = % [(j-l-)m’m - (j—)m/m}
[Jmim = M

And then we get every rotation matrix in the representation by:

Ry = o %7 (13.20)

A technical note: In the raising/lowering process described above we get a "multiplet” of m states. Can we get
several independent multiplets? Without loss of generality we had assumed that we are dealing with an irreducible
representation, and therefore there is only one multiplet.
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[14] Rotations of spins and of wavefunctions

[14.1] Building the dim=2 representation (spin 1/2)

Let us find the j = 1/2 representation. This representation can be interpreted as a realization of spin 1/2. We
therefore use from now on the notation .S instead on J.

1/1
2 = - (=4+1)Im 14.1
S = 3 (3+1)m) (141)
1
S, — (2 01) (14.2)
0 —3
Using formulas of the previous section we find Sy and S_ and hence S, and S,
01
S, = (0 O) (14.3)
00
5. - (1 0) (14.4)

S, = ;((g é) + (2 8)) - %az (14.5)
2o D6 -

R(®) = R(®A) = e 9 = cos(®/2)1 —isin(®/2)o, (14.7)
where
i = (sinfcosyp, sinfsing, cosb) (14.8)
oL cosf e “¥sinf
On = M0 = (ew sinf —cosf ) (14.9)
Hence
> cos(®/2) —icos(f)sin(®/2)  —ie” ¥ sin(f) sin(P/2)
R(®) ( —ie'¥ sin(6) sin(®/2) cos(®/2) + i cos(0) sin(P®/2) (14.10)
In particular a rotation around the Z axis is given by:
i e—i<I>/2 0
R = e % = ( 0 e@/?) (14.11)

And a rotation round the Y axis is given by:

_ s, _ [cos(®/2) —sin(®/2)
R = '™ = (sin(CI)/Q) cos(CI)/2)> (14.12)
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[14.2] Polarization states of Spin 1/2

We now discuss the physical interpretation of the "states” that the s = 1/2 matrices rotate. Any state of ”spin 1/2” is
represented by a vector with two complex number. That means we have 4 parameters. After gauge and normalization,
we are left with 2 physical parameters which can be associated with the polarization direction (6, ¢). Thus it makes
sense to represent the state of spin 1/2 by an arrow that points to some direction in space.

The eigenstates of S, do not change when we rotate them around the Z axis (aside from a phase factor). Therefore
the following interpretation comes to mind:

m=t3) = 1 =11~ () (14.13)
1) <(1)) (14.14)

3
|
|
N[ =
\/
I
i
I

This interpretation is confirmed by rotating the "up” state by 180 degrees, and getting the "down” state.

s, 0 -1
R = e ™ = (1 o) (14.15)

We see that:

(é) ~ 180 ~» (?) ~ 1800~ —(é) (14.16)

With two rotations of 180° we get back the "up” state, with a minus sign. Optionally one observes that
e—i27rSz — Mo _—  _1 (14.17)

and hence by similarity this holds for any 27 rotation. We see that the representation that we found is not a one-to-
one representation of the rotation group. It does not obey the multiplication table in a one-to-one fashion! In fact,
we have found a representation of SU(2) and not SO(3). The minus sign has a physical significance. In a two slit
experiment it is possible to turn destructive interference into constructive interference by placing a magnetic field in
one of the paths. The magnetic field rotates the spin of the electrons. If we induce 360° rotation, then the relative
phase of the interference change sign, and hence constructive interference becomes destructive and vice versa. The
relative phase is important! Therefore, we must not ignore the minus sign.

It is important to emphasize that the physical degree of freedom that is called ”spin 1/2” cannot be visualized as a
arising from the spinning of small rigid body around some axis like a top. If it were possible, then we could say that
the spin can be described by a wave function. In this case, if we would rotate it by 360° we would get the same state,
with the same sign. But in the representation we are discussing we get minus the same state. That is in contradiction
with the definition of a (wave) function as a single valued object.

We can get from the "up” state all the other possible states merely by using the appropriate rotation matrix. In
particular we can get any spin polarization state by combining a rotation round the Y axis and a rotation round the
Z axis. The result is:

i i e~%/2 cos
o) = RAROIT) = e Sig) o (40 cnl0/) (14.18)
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[14.3] Building the dim=3 representation (spin 1)

Let us find the j = 1 representation. This representation can be interpreted as a realization of spin 1, and hence we
use the notation S instead of J as in the previous section.

S%m) = 1(1+1)|m) (14.19)
10 0

S. = (000 (14.20)
00 —1
0v2 0

S, = 0 0 V2 (14.21)
00 0

1 (010 1 (0 —2 0 10 0
S » |—[(101],— (¢ 0O —i],[{00 O (14.22)
v2\o 10/ v2\o i o) \oo -1
We remember that the Euclidean representation is:
00 0 0 04 0 —i 0
M — 00 —i|,{0 0O0],{¢ OO (14.23)
0z 0 — 00 0 00

Now we have two different dim=3 representations that represent the rotation group. They are actually the same
representation in a different basis. By changing bases (diagonalizing M, ) it is possible to move from the Euclidean
representation to the standard representation. It is obvious that diagonalizing M, is only possible over the complex
field. In the defining realization, the matrices of the Euclidean representation rotate points in the real space. But it
is possible also to use them on complex vectors. In the latter case it is a realization for spin 1.

For future use we list some useful matrices:

1 (101 1 (1 0-1 100
Si=-1020], S;=-|1020]|, S=(000 (14.24)
2\101 2\-10 1 001
As expected for the s = 1 representation we have
200
§? = 245048 = (020 = s(s+ 1) (14.25)
002

We note that one can define a projector P =1— S? on the m = 0 state. Similarly we can define projectors
P*=1-S5%2and PV =1— Sg. We see that this set is complete P* + PY 4+ P? = 1, and one can verify that these
projectors are orthogonal. In the next section we shall see that they define the Euclidean basis that consist of so-called
linearly polarized states. In this basis the generators are represented by the matrices M, M, M.

Having found the generators we can construct any rotation of spin 1. We notice the following equation:

S = 51-251- = 5 fori=ux,y,z2 (14.26)
From this equation we conclude that all the odd powers (1, 3,5, ...) are the same and are equal to .S;, and all the even
powers (2,4,6,...) are the same and equal to SZ. It follows (by way of a Taylor expansion) that:

U@) = e 5 = 1—isin(®)8, — (1 — cos(®))S2

n

(14.27)
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where:
S, = it-S (14.28)

Any rotation can be given by a combination of a rotation round the z axis and a rotation round the y axis. We mark
the rotation angle around the y axis by €, and the rotation angle around the z axis by ¢, and get:

e % 0 0
U(pii,) = e % = 0 10 (14.29)
0 0 e¥
‘ 1(1+ cosd) 7%Sin9 1(1— cosb)
Uoi,) = e W = 5 sind cos  —ssind (14.30)
3(1 —cosd) %sin@ (1 + cos0)

[14.4] Polarization states of a spin 1

The states of ”Spin 1”7 cannot be represented by simple arrows. This should be obvious in advance because it is
represented by a vector that has three complex components. That means we have 6 parameters. After gauge and
normalization, we still have 4 physical parameters. Hence it is not possible to find all the possible states of spin 1 by
using only rotations. Below we further discuss the physical interpretation of spin 1 states. This discussion suggest to
use the following notations for the basis states of the standard representation:

1

m=1) = |3 = [1) ~ 8 (14.31)
0

m=0 = |Z) = [{) — (1) (14.32)
0

m=-1) = |z) = [§) =~ (1) (14.33)

The first and the last states represent circular polarizations. By rotating the first state by 180° around the Y axis
we get the third state. This means that we have 180° degree orthogonality. However, the middle state is different: it
describes linear polarization. Rotating the middle state by 180° degrees around the Y axis gives the same state again!
This explains the reason for marking this state with a double headed arrow.

If we rotate the linear polarization state | {) by 90°, once around the Y axis and once around the X axis, we get an
orthogonal set of states:

-1

ey L 1

) = ﬁ( I +14) = 7 (1) (14.34)

o = 2 (s

) = ﬁ(|ﬂ>+|ll>) 7 ? (14.35)
0

Z) = 10 = (1) (14.36)

This basis is called the linear basis. States of ”spin 17 can be written either in the standard basis or in the basis
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of linear polarizations. The latter option, where we have 90° orthogonality of the basis vectors, corresponds to the
Euclidean representation.

We can rotate the state | {}) in order to get other circularly polarized states:

1(1+ cosf)e ™
7o) = Ulpiiz)U(07,)| 1) = J5sinf (14.37)
1(1—cosf)e’?

Similarly, we can rotate the state | {) in order to get other linearly polarized states:

—%Sinﬁe_w
fige) = Ulei)U(07,)]§) = cos 0 (14.38)

LG el
73 8in fe

In particular we note that linearly polarized states in the XY plane can be written as follows:

1

ip) = ﬁ(—e_wlﬂ>+ew|iﬁ>) = cos(p)|Z) + sin(p)[¥) (14.39)

As defined above the circularly polarized states are obtained by rotating the | {}) state, while the linearly polarized
states are obtained by rotating the | {) state. But a general polarization state will not necessarily be circularly
polarized, neither linearly polarized. We shall argue below that any polarization state of spin 1 can be obtained by
rotation of so-called elliptically polarized state

lelliptic) = % (\/1 a1 —1—¢ u)) (14.40)

where 0 < ¢ < 1. This is an interpolation between ¢ = 1 circular polarization in the Z direction, and ¢ = 0 linear
polarization in the X direction. The states that are obtained by rotation of the ¢ = 1 state are the circularly polarized
states, while the states that are obtained by rotation of the ¢ = 0 state are the linearly polarized states. From this
follows that a general spin 1 state is characterized by 4 parameters: g and the 3 angles that define rotation. This is
consistent with the discussion in the opening of this section.

In order to establish that the most general polarization state is elliptic we define the following procedure. Given
an arbitrary state vector (¢4,10,%_) we can re-orient the z axis in a (6, ) direction such that 1y = 0. We say
that this (0, ) direction defines a “polarization plane”. Using ¢ rotation around the new Z axis, and taking gauge
freedom into account, we can arrange that the amplitudes (¢4,1_) would be real with opposite sign (representing
X polarization). Hence we have establish that after suitable rotation we get what we called elliptic polarization that
can be characterized by a number 0 < ¢ < 1. Thus we see that indeed an arbitrary state is characterized by the four
parameters (60, ¢, ¢,q). We can represent the state by an ellipse as follows: The angles (6, ) define the plane of the
ellipse, while ¢ describes the angle of major axes in this plane, and ¢ describes the ratio of the major radii. Note that
180° rotation in the polarization plane leads to the same state (with minus sign). The special case ¢ = 0 is called
circular polarization because any rotation in the polarization plane leads to the same state (up to a phase). The
special case ¢ = 0 is called linear polarization: the ellipse becomes a double headed arrow.

It follows from the above procedure that is possible to find one-to-one relation between polarization states of spin 1
and ellipses. The direction of the polarization is the orientation of the ellipse. When the ellipse is a circle, the spin is
circularly polarized, and when the ellipse shrinks down to a line, the spin is linearly polarized. In the latter case the
orientation of the polarization plane is ill defined.



80

[14.5] Translations and rotations of wavefunctions

We first consider in this section the space of functions that live on a torus (bagel). We shall see that the representation
of translations over this space decomposes into one-dimensional irreducible representations, as expected in the case of
a commutative group. Then we consider the space of functions that live on the surface of a sphere. We shall see that
the representation of rotations over this space decomposes as 1 3P 5@ .... The basis in which this decomposition
becomes apparent consists of the spherical harmonics.

Consider the space of functions that live on a torus (bagel). This functions can represent the motion of a particle in a
2-D box of size L, x L, with periodic boundary conditions. Without loss of generality we assume that the dimensions
of the surface are L, = L, = 27, and use & = (¢, ) as the coordinates. The representation of the state of a particle
in the standard basis is:

©) = Y (0, 9)160,0) (14.41)
0,p

The momentum states are labeled as k = (n,m). The representation of a wavefunction in this basis is:

©) = > Upmln,m) (14.42)

where the transformation matrix is:

1 .
0 - i(n6-+me) 14.43
(0, 0ln,m) = e (14.43)

The displacement operators in the standard basis are not diagonal:

Dypo = 60— (0'+a)d(p— (¢ +0)) (14.44)
However, in the momentum basis we get diagonal matrices:

Digr = OppOm € @ H0M) (14.45)

In other words, we have decomposed the translations group into 1-D representations. This is possible because the
group is commutative. If a group is not commutative it is not possible to find a basis in which all the matrices of the
group are diagonal simultaneously.

Now we consider the space of functions that live on the surface of a sphere. This functions can represent the motion
of a particle in a 2-D spherical shell. Without loss of generality we assume that the radius of the sphere is unity. In
full analogy with the case of a torus, the standard representation of the states of a particle that moves on the surface
of a sphere is:

W) = ) w(0,9)0,0) (14.46)
0,¢

Alternatively, we can work with a different basis:

T) = > Wy |l,m) (14.47)
Im

where the transformation matrix is:

0,016,m) = Y™(0,0) (14.48)
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The ”displacement” matrices are actually "rotation” matrices. They are not diagonal in the standard basis:

Rusr = 00— f(0',¢")0(p —g(0',¢)) (14.49)

where f() and g() are complicated functions. But if we take Y™ (6, ¢) to be the spherical harmonics then in the new
basis the representation of rotations becomes simpler:

X 0 0
0 3x3 O 0 .
Remprm: = 0 0 5x5 0 = block diagonal (14.50)
0 0

When we rotate a function, each block stays ”within itself”. The rotation does not mix states that have different £. In
other words: in the basis |¢,m) the representation of rotations decomposes into a sum of irreducible representations
of finite dimension:

1e3050... (14.51)

In the next section we show how the general procedure that we have learned for decomposing representations, does
indeed help us to find the Y™ (6, ) functions.

[14.6] The spherical harmonics

We have already found the representation of the generators of rotations over the 3D space of wavefunctions. Namely
we have proved that L = 7 x p. If we write the differential representation of L is spherical coordinates we find as
expected that the radial coordinate r is not involved:

L. — —z‘ai (14.52)
+ip 0 . 0
Ly — e :I:% +1 Cot(ﬂ)% (14.53)
: L0 0L
L Lm(ﬁ) 50 (sin(9) 80) 26 95 (14.54)

Thus the representation trivially decompose with respect to r, and without loss of generality we can focus on the
subspace of wavefunctions ¥ (6, ¢) that live on a spherical shell of a given radius. We would like to find the basis in
which the representation decomposes, as defined by

L2V =0+ 1)¥ (14.55)
LU =mW¥ (14.56)

The solution is:

20+1 (0 —m)!
4 (L4 m)!

1/2 ‘
Yo, o) = [ } [(—=1)™ P (cos(9))] ™ (14.57)

It is customary in quantum textbooks to absorb the factor (—1)™ in the definition of the Legendre polynomials. We
note that it is convenient to start with

Y(0,4) o (sin(h))*e™? (14.58)
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and then to find the rest of the functions using the lowering operator:

16,;m) o< L™ |0, 0) (14.59)

Let us give some examples for Spherical Functions. The simplest function is spread uniformly over the surface of the
sphere, while a linear polarization state along the Z axis is concentrated mostly at the poles:

1 /3
0,0 _ 1,0 _
YUt = T Y g cos(0) (14.60)

If we rotate the polar wave function by 90 degrees we get:

vie L ino)con(e), v = [ sin(o)sinte) (14.61)

While according to the standard ”recipe” the circular polarizations are:

3

yhl=— S—Sm(o)ew, a— ’/si sin(f)e™"¥ (14.62)
Y T

The Y™ can be visualized as a free-wave with m periods in the azimuthal ¢ direction, and /—m nodal circles in the
0 direction. Here is an illustration that is taken from Wikipedia:

LD




83

[15] Multiplying representations

[15.1] Product space

Let us assume that we have two Hilbert spaces. One is spanned by the basis |¢) and the other is spanned by the basis
|a). We can multiply the two spaces ”externally” and get a space with a basis defined by:

o) = i) @a) (15.1)
The dimension of the Hilbert space that we obtain is the multiplication of the dimensions. For example, we can
multiply the ”position” space x by the spin space m. We assume that the space contains three sites z = 1,2, 3, and

that the particle has spin 1/2 with m = +1/2. The dimension of the space that we get from the external multiplication
is 2 x 3 = 6. The basis states are

lz,m) = |z)®|m) (15.2)

A general state is represented by a column vector:
(15.3)

Or, in Dirac notation:

W) = Uyl m) (15.4)
If x has a continuous spectrum then the common notational style is
v ($)>
Uy = U, (x)|x,m = U,,(x)= T 15.5
¥ = Y @ =3 (155

If we prepare separately the position wavefunction as v, and the spin polarization as x,,, then the state of the particle
is:

P1xp

$1X¢

_ _ _ 2X1
0) = [¥)@x) v VYom = Yuxm = ol (15.6)

»3xt

P3xy

It should be clear that in general an arbitrary |¥) of a particle cannot be written as a product of some |¢) with some
[x). In other words: the space and spin degrees of freedom of the particle might be entangled. More generally, one
observes that different subsystems might be entangled: this is typically the case after the subsystems interact with
each other.

[15.2] External multiplication of operators

Let us assume that in the Hilbert space that is spanned by the basis |a), an operator is defined, with the representation
A — A, g. This definition has a natural extension over the product space |i, ), namely A — §; ;As g. Similarly for
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an operator that acts over the second Hilbert space B — B; i0a,8- Formally if we have operators A and B that are

defined over the respective Hilbert spaces, we can use the notations 1 ® A and B® 1 for their extension over the
product space, and define their external product as

é = B ® A = (B ® j.) (j. & A)7 Cia,jﬁ — Bi,j Aa’ﬁ (157)
In Dirac notation:

(ia|CljiB) = (i|Blj) (o AlB) (15.8)

For example, let us assume that we have a particle in a three-site system:

100
T = 020 (15.9)
003
> 2> 13>
If the particle has spin 1/2 we must define the position operator as:
i = 2o1 (15.10)
That means that:
Zlz,m) = x|z, m) (15.11)
And the matrix representation is:
100000
010000
100
L 10\ _ 002000
To= 8§g®(01)_ 000200 (15.12)
000030
00000O03

The system has a 6 dimensional basis. We notice that in physics textbooks there is no distinction between the notation
of the operator in the original space and the operator in the space that includes the spin. We must understand the
”dimension” of the operator representation by the context. A less trivial example of an external multiplication of
operators:

210084
120048
104
21 004200
2§g®<12>: 002400 (15.13)
840063
480036

Specifically, we see that if the operator that we are multiplying externally is diagonal, then we get a block diagonal
matrix.
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[15.3] External multiplication of spin spaces
Let us consider two operators in different Hilbert spaces L and S. The bases of the spaces are |me), |ms). The

eigenvalues are my = 0, £1 and m; = £1/2. We label the new states as follows: | 1), |f), |1, | $4), | 41),
| 1) This basis consists of 6 states. Therefore, each operator is represented by a 6 x 6 matrix. For example:

Jo = So+L, (15.14)
A mathematician would write it as follows:

J, = 108, +L, 1 (15.15)

Let us consider for example the case £ = 1 and s = 1/2. In the natural basis we have

10
) 0 -1
10 1 10
S, — 11 ®§(0 _1) = 3 0 -1 (15.16)
10
0 -1
01
) 10
01 1 01
Sy — 11 ®§(10> = 3 10 (15.17)
01
10
1 0 0
1 0 0
100 1 0 0 0
L. = {00 0 & = 00 0 (15.18)
00 -1 0o o0 1
0 0 -1
0 1 0
0 1 0
010 1 1 0 1
L, —(101])e( = Lo 1 (15.19)
010 o 1 o
0 1 0

etc. Empty entries means a zero value that is implied by the fact that the operator act only on the ”other” degree of
freedom. This way of writing highlights the block structure of the matrices.

[15.4] Rotations of a Composite system

We assume that we have a spin ¢ entity whose states are represented by the basis

|me = —£... + £) (15.20)
and a spin s entity whose states are represented by the basis

|ms = —s... + 5) (15.21)
The natural (2¢ 4 1) x (2s + 1) basis for the representation of the composite system is defined as

Ime,ms) = Ime) ® [ms) (15.22)
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A rotation of the ¢ entity is represented by the matrix

R = R'@l = e™®ngi = e i®nel (15.23)
We have used the identity f(A) ® 1 = f(A® 1) which is easily established by considering the operation of both sides
on a basis |a,b) that diagonalizes A. More generally we would like to rotate both the ¢ entity and the s entity. This

two operations commute since they act on different degrees of freedom (unlike two successive rotation of the same
entity). Thus we get

R = o i®l®S, —idL,@l _  —idJ (15.24)
where
J=Lel+lesS = L+S (15.25)

From now on we use the conventional sloppy notations of physicists as in the last equality: the space over which the
operator operates and the associated dimension of its matrix representation are implied by the context. Note that in
full index notations the above can be summarized as follows:

(mems|RImym.) = ane,ng;zs,m’ (15.26)
(mgms|Ji|m2m;> = [Li]me,m;(sms,m’s + 6mz’m2 [Si]ms,m; (15~27)

[15.5] Addition of angular momentum

It is important to realize that the basis states |my, m,) are eigenstates of .J., but not of J2.
Jolme,ms) = (mg+mg)|me,ms) = m|mg,mg) (15.28)
J2‘m¢,ms> = superposition“mg[:tl],ms[$1]>} (15.29)
The second expression is based on the observation that
1
J2 =T+ S+ T T4) (15.30)
Jr =Ly + 54 (15.31)

This means that the representation is reducible, and can be written as a sum of irreducible representations. Using a
conventional procedure we shall show later in this lecture that

20+1)@2s+1) = 2+s|+1) @@ (2l —s|+1) (15.32)

It is called the ”addition of angular momentum” theorem. The output of the ”addition of angular momentum”
procedure is a new basis |j, m) that satisfies

J2j,m) = j(j + 1)lj,m) (15.33)
Jlj,m) = mlj,m) (15.34)
In the next sections we learn how to make the following decompositions:

2@2=3¢1 (15.35)
203=402
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The first decomposition is useful in connection with the problem of two particles with spin 1/2, where we can define
a basis that includes three j =1 states (the "triplet”) and one j = 0 state (the ”singlet”). The second example is
useful in analyzing the Zeeman splitting of atomic levels.

[15.6] The Clebsch-Gordan-Racah coefficients

We shall see how to efficiently find the transformation matrix between the |my, ms) and the |j, m) bases. The entries
of the transformation matrix are called the Clebsch-Gordan-Racah Coefficients, and are commonly expressed using
the Wigner 3j-symbol:

- —stm_ /o7 L s g
Trgme,jm = (me,mglj,m) = (_1)e * \/23+1< / ) (15.36)

Mg Mg —mM

Note that the Wigner 3j-symbol is non-zero only if its entries can be regarded as the sides of a triangle which is formed
by 3 vectors of length ¢ and s and j whose projections m, and my and —m sum to zero. This geometrical picture is
implied by the addition of angular momentum theorem.

With the Clebsch-Gordan-Racah transformation matrix we can transform states and the operators between the two
optional representations. In particular, note that J? is diagonal in the "new” basis, while in the ”old basis” it can be
calculated as follows:

[J%)o1d basis  —  (my, mL|J?|me,ms) = Z(mf,m’sb‘/, m'Y (G’ m!|.J?|5, m)(j, m|mg, mg) (15.37)
or in short
[J2]old basis — T[J2]diag0nalTT (1538)

We shall see that in practical applications each representation has its own advantages.

[15.7] The inefficient decomposition method

Let us discuss as an example the case £ = 1 and s = 1/2. In order to find J? we apparently have to do the following
calculation:

1
J o= 4+ = 5 (e + T J) + J? (15.39)
The simplest term in this expression is the square of the diagonal matrix

J, = L,+8, — [6x6 matrix] (15.40)

We have additional terms in the J? expression that contain non-diagonal 6 x 6 matrices. To find them in a straightfor-
ward fashion can be time consuming. Doing the calculation of the matrix elements in the |mg, mg) basis, one realizes
that most of the off-diagonal elements are zero: it is advised to use the (mg, ms) diagram of the next section in order
to identify which basis states are coupled. The result is

54 0 0 0
0 7/4 V2 0
0

0
15.41

0 (15.41)

0

0
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Next we have to diagonalize J2 in order to get the "new” basis in which the representations decomposes into its
irreducible components.

In the next section we shall introduce a more efficient procedure to find the matrix elements of J2, and the "new”
basis, using a ”ladder operator picture”. Furthermore, it is implied by the ”addition of angular momentum” theorem
that 3 ® 2 = 4 @ 2, meaning that we have a j = 3/2 subspace and a j = 1/2 subspace. Therefore it is a-priori clear
that after diagonalization we should get

(15/4) 0 0 0 0 0
0 (15/4) 0 0 0 0
0 0 (15/4) 0 0 0
2ol Y 0 ( 0/) a0 o (15.42)
0 0 0 0 (3/4) 0
0 0 0 0 0 (3/4)

This by itself is valuable information. Furthermore, if we know the transformation matrix 7" we can switch back to
the old basis by using a similarity transformation.

[15.8] The efficient decomposition method

In order to explain the procedure to build the new basis we consider, as an example, the addition of £ = 2 and s = %

The figure below serves to clarify this example. Each point in the left panle represents a basis state in the |mg, ms)
basis. The diagonal lines connect states that span the same J, subspace, namely m, + ms; = const = m. Let us call
each such subspace a "floor”. The upper floor m = ¢ + s contains only one state. The lower floor also contains only
one state.

s m;
3/27 LR LR LR . °
A A A . 72 +
. . . N 52 1 —
12s e e . .. e 32 1
\ \ \ 12 1
-2 e ' t t e -12 1
\ \ 321
321 e e e e e s 1t —
-2 -
-2 -1 0 1 2 m, 1}2 3)2 5}2 7}2 j
We recall that
Jeme,ms) = (me + ms)|me, ms) (15.43)
S_|mg,ms) = v/s(s + 1) — mg(ms — 1)|mg, mg — 1) (15.44)
L_|mg,mg) = /(0 + 1) —mg(my — 1)|mg — 1,m) (15.45)
J_=S_+1L_ (15.46)
1
J2 =T+ S+ JJ4) (15.47)

Applying J_ or J, on a state takes us either one floor down or one floor up. By inspection we see that if .J? operates
on the state in the upper or in the lower floor, then we stay ”there”. This means that these states are eigenstates of
J? corresponding to the eigenvalue j = £+ s. Note that they could not belong to an eigenvalue j > £ + s because this
would imply having larger (or smaller) m values.

Now we can use J_ in order to obtain the multiplet of j = £+ s states from the m = ¢ + s state. Next we look at the
second floor from above and notice that we know the |j = £+ s,m = £+ s — 1) state, so by orthogonalization we can



89

find the |j =€+ s—1,m = £ + s — 1) state. Once again we can get the whole multiplet by applying J_. Going on
with this procedure gives us a set of states as arranged in the right graph.

By suggesting the above procedure we have in fact proven the ”addition of angular momentum” statement. In the
displayed illustration we end up with 4 multiplets (j = %, g, %, %) so we have 5® 4 =8@® 6 ®4 ® 2. In the following
sections we review some basic examples in detail.

[15.9] The case of 2®2=3d 1

Consider the addition of £ = % and s = 2 (for example, two electrons). In this case the ”old” basis is

1
2
[meym) = |13, 114, 419, |44) (15.48)

The "new” basis we want to find is

4, m) = |1,1),1,0),[1,-1),0,0) (15.49)
~——

These states are called triplet and singlet states.

SR -ttt

u
I TR n o

~12 12

The decomposition procedure gives:

L1 = [11) (15.50)
11,0) o J_[ ) = 1) + | 41) (15.51)
1,-1) o J_J_[ 1) =2/ W) (15.52)

By orthogonaliztion we get the singlet state, which after normalization is

_ L

0,0) = 7 (1) = 111) (15.53)

Hence the transformation matrix from the old to the new basis is

100 0
0 =0 -

Tonpamaliom = | ﬁ 0 _ﬂ% (15.54)
2 2
00 1 0
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The operator J? in the |my, m,) basis is

2000 2000
172 . 0200 +_ (0110
<m27ms|‘] |m€>ms> =T 0020 T = 0110 (1555)
0000 0002
[15.10] The case of 3®2 =42
Consider the composite system of £ =1 and s = %
In this case the ”old” basis is
Ime,mg) = [ A1), [ ) [T, 130, [ U0), [ U) (15.56)
The "new” basis we want to find is
3 3 31 3 1 3 3 11 1 1
j ==, = —, = -, —= -, — -, = —, == 15.
‘]7m> ‘272>7 272>a 9’ 2>7 9’ 2>;‘2a2>7’27 2> (557)
m, m;
0 32 1 R
9 T | |
124 —
2 i -121 E—
oo, v M
—1/2+ ° ° ° apnl
-1 0 1 m n n j

The decomposition procedure is applied as in the previous section. Note that here the lowering operator L_ is
associated with a v/2 prefactor:

2‘;’> = [ (15.58)
31
2,2> oc J-[ ) =) + V2 D) (15.59)
3-3) x LI =2V $1 42 ) (15.60)
3 3
3-3) X STt =6l 4 (15.61)

By orthogonalization we get the starting point of the next multiplet, and then we use the lowering operator again:

35) x VAN HIB (15.62)
3-3) x ~180+va (15.63)
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Hence the transformation matrix from the old to the new basis is

1 0 00 0 0
045 0 0 —/2 0
04/2 0 0 /i o
Tm; mg|j,m — (1564)
el 2 1
00 V2o o -\
00 /50 0 2
00 0 1 0 0
and the operator J2 in the |my, ms) basis is
Lo o0 000 L0 0 0 00
0¥ 0 o000 02 v2 0 0 0
P g2 _ 002ooo|+_[O0Vv22i 0 00
(mg, mil Jolme,ms) =T oo |70 0 0 L2 0 (15.65)
000020 00 0 V2 I 0
000 003% 00 0 0 0 1

This calculation is done in the Mathematica file zeeman.nb.

[15.11] The case of (20 +1)®2 = (20 +2) & (2()

The last example was a special case of a more general result which is extremely useful in studying the Zeeman Effect
in atomic physics. We consider the addition of integer ¢ (angular momentum) and s = % (spin). The procedure is
exactly as in the previous example, leading to two multiplets: The j = ¢ + % multiplet and the j = ¢ — % multiplet.
The final expression for the new basis states is:

1 1 1
‘j€+2,m> = +6‘m+2,¢>+a m2,T> (15.66)
oo L — almt+ i)+ 8lm- Ly (15.67)
.]_ 27m - Q |m 2a m 2) .
where

(+(1/2)+m (+(1/2) —m
=\ Ty P=V""271 (15.68)
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[16] Galilei group and the non-relativistic Hamiltonian

[16.1] The Representation of the Galilei Group

The defining realization of the Galilei group is over phase space. Accordingly, that natural representation is with
functions that ”live” in phase space. Thus the a-translated p(z,v) is p(x —a, v) while the u-boosted p(z,v) is p(x, v—u)
etc.

The generators of the displacements are denoted P,,P,,P_, the generators of the boosts are denoted Qz,Qy,Q:,
and the generators of the rotations are denoted J.,J,,J.. Thus we have 9 generators. It is clear that translations
and boosts commute, so the only non-trivial structure constants of the Lie algebra have to do with the rotations:

P;,P;]=0 (16.1)
Qi,Q;]=0 (16.2)
P;,Q;] = (to be discussed) (16.3)
[Ji, A]} = ieijkAlc for A = P, Q, J (164)

Now we ask the following question: is it possible to find a faithful representation of the Galilei group that ”lives”
in configuration space. We already know that the answer is ”almost” positive: We can represent pure quantum
states using ”wavefunctions” ¢ (z). These wavefunctions can be translated and rotated. On a physical basis it
is also clear that we can talk about "boosted” states: this means to give the particle a different velocity. So we
can also boost wavefunctions. On physical grounds it is clear that the boost should not change |1 (z)|?. In fact
it is not difficult to figure out that the boost is realized by a multiplication of ¥ (x) by el(m)z - Hence we get the
identifications P, — —i(d/dx) and Q. — —mz for the generators. Still the wise reader should realize that in this
”new” representation boosts and translations do not commute, while in case of the strict phase space realization they
do commute!

On the mathematical side it would be nice to convince ourselves that the price of not having commutation between
translations and boosts is inevitable, and that there is a unique representation (up to a gauge) of the Galilei group using
?wavefunctions”. This mathematical discussion should clarify that the ”compromise” for having such a representation
is: (1) The wavefunctions have to be complex; (2) The boosts commute with the translations only up to a phase factor.
We shall see that the price that we have to pay is to add 1 as a tenth generator to the Lie algebra. This is similar
to the discussion of the relation between SO(3) and SU(2). The elements of the latter can be regarded as ”rotations”
provided we ignore an extra ”sign factor”. Here rather than ignoring a ”sign factor” we have to ignore a complex
”phase factor”.

Finally, we shall see that the most general form of the non-relativistic Hamiltonian of a spinless particle, and in
particular its mass, are implied by the structure of the quantum Lie algebra.

[16.2] The Mathematical Concept of Mass

An element 7 of the Galilei group is parametrized by 9 parameters. To find a strict (unitary) representation means
to associate with each element a linear operator U(7) such that 7! @ 72 = 73 implies

U(rhu(r?) = U(%) (16.5)

Let us see why this strict requirement cannot be realized if we want a representation with ”wavefunctions”. Suppose
that we have an eigenstate of P such that P|k) = k|k). since we would like to assume that boosts commute with
translations it follows that also Upeest|k) is an eigenstate of P with the same eigenvalue. This is absurd, because
it is like saying that a particle has the same momentum in all reference frames. So we have to replace the strict
requirement by

U(r1)U (%) = etxPhaserr (3 (16.6)
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This means that now we have an extended group that ”covers” the Galilei group, where we have an additional

parameter (a phase), and correspondingly an additional generator (1). The Lie algebra of the ten generators is
characterized by

(G G =1 cp,Ga (16.7)
A

where Gy = 1 and the other nine generators are P;, Q;,J; with i = z,y,2. It is not difficult to convince ourselves
that without loss of generality this introduces one "free” parameter into the algebra (the other additional structure
constants can be set to zero via appropriate re-definition of the generators). The ”free” non-trivial structure constant
m appears in the commutation

which implies that boosts do not commute with translations.

[16.3] Finding the Most General Hamiltonian

Assume that we have a spinless particle for which the standard basis for representation is |x). With appropriate gauge
of the x basis the generator of the translations is P — —i(d/dz). From the commutation relation [P, Q] = im we
deduce that @ = —mZ + g(p), where g() is an arbitrary function. With appropraite gauge of the momentum basis we
can assume () = —mz.

The next step is to observe that the effect of a boost on the velocity operator should be

Uboost (U)_lﬁUboost (u) =0+u (169)

(6~ A@) (16:10)

where A is an arbitrary function. This time we cannot gauge away A.

The final step is to recall the rate of change formula which implies the relation ¢ = i[H,#]. The simplest operator
that will give the desired result for v is H = ﬁ(p — A(x))?. But the most general possibility involves a second
undetermined function:

H= i(ﬁ —A(2))? + V() (16.11)

Thus we have determined the most general Hamiltonian that agrees with the Lie algebra of the Galilei group. In the
next sections we shall see that this Hamiltonian is indeed invariant under Galilei transformations.
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[17] Transformations and invariance

[17.1] Transformation of the Hamiltonian

First we would like to make an important distinction between passive [?Heisenberg”| and active [”Schrédinger”| points
of view regarding transformations. The failure to appreciate this distinction is an endless source of confusion.

In classical mechanics we are used to the passive point of view. Namely, to go to another reference frame (say a
displaced frame) is like a change of basis. Namely, we relate the new coordinates to the old ones (say & =z - a), and
in complete analogy we relate the new basis |Z) to the old basis |z) by a transformation matrix 7' = e~"*? such that
) =Tlz) = |z + a).

However we can also use an active point of view. Rather than saying that we ”change the basis” we can say that we
”transform the wavefunction”. It is like saying that ”the tree is moving backwards” instead of saying that ”the car is
moving forward”. In this active approach the transformation of the wavefunction is induced by S = T—!, while the
observables stay the same. So it is meaningless to make a distinction between old (x) and new (%) coordinates!

From now on we use the more convenient active point of view. It is more convenient because it is in the spirit of the
Schrodinger (rather than Heisenberg) picture. In this active point of view observables do not transform. Only the
wavefunction transforms (”backwards”). Below we discuss the associated transformation of the evolution operator
and the Hamiltonian.

Assume that the transformation of the state as we go from the "old frame” to the "new frame” is ¢ = Si. The
evolution operator that propagates the state of the system from ¢y to ¢ in the new frame is:

Ult,to) = S(HU(t,t0)S™ (to) (17.1)

The idea is that we have to transform the state to the old frame (laboratory) by S~!, then calculate the evolution
there, and finally go back to our new frame. We recall that the Hamiltonian is defined as the generator of the
evolution. By definition

Ut + 6t to) = (1 — istH () U (¢, to) (17.2)
Hence
H = z‘%—(tjﬁ—l =i 6‘2—t(wUS(to)‘1+S(t)%—gS(to)—l S(to)ULS(t)~t (17.3)

and we get the result

H = SHS*1+Z'%—§S*1 (17.4)

In practice we assume a Hamiltonian of the form H = h(z,p;V, A). Hence we get that the Hamiltonian in the new
frame is

.08

| = xS, S5pS 3V A)+1—5" 17.5
H h(SzS~™t SpS™hV, A atsl 7

Recall that ”invariance” means that the Hamiltonian keeps its form, but the fields in the Hamiltonian may have
changed. So the question is whether we can write the new Hamiltonian as

H = h(z,p; A, V) (17.6)
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To have "symmetry” rather than merely ”invariance” means that the Hamiltonian remains the same with A=A and
V = V. We are going to show that the following Hamiltonian is invariant under translations, rotations, boosts and
gauge transformations:

H= i ( . A’(gc))2 V() (17.7)

We shall argue that this is the most general non-relativistic Hamiltonian for a spinless particle. We shall also discuss
the issue of time reversal (anti-unitary) transformations.

[17.2] Invariance Under Translations

T = D(a) = e (17.8)
S = T7! = ¢

The coordinates (basis) transform with 7', while the wavefunctions are transformed with S.
SiS'=z+a (17.9)
SpS~t=p
Sf(&,p)S™ = f(S2S™,SpS™") = f(& +a,p)
(17.10)

Therefore the Hamiltonian is invariant with

V(z) = V(z+a) (17.11)
A

T = e @ (17.12)
S
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V(z) = V(x) (17.13)
A(z) = A(z) 4+ VA(z)

Note that the electric and the magnetic fields are not affected by this transformation.
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More generally we can consider time dependent gauge transformations with A(z,t). Then we get in the "new”
Hamiltonian an additional term, leading to

V(z) — (d/dt)A(z,t) (17.14)
() = A(x)+ VA(x,t)

) S\‘
&
I

In particular we can use the very simple gauge A = ¢t in order to change the Hamiltonian by a constant (H = H —¢).

[17.4] Boosts and Transformations to a Moving System

From an algebraic point of view a boost can be regarded as a special case of gauge:

T = elmue (17.15)
S = e—i(mu)x
SiS =4z

SpSTt =P+ mu

Hence V(z) = V(z) and A(z) = A(z) — mu. But a transformation to a moving frame is not quite the same thing. The
latter combines a boost and a time dependent displacement. The order of these operations is not important because
we get the same result up to a constant phase factor that can be gauged away:

S — eibhase(w) ,—i(muwz i(ut)p (17.16)
SzS™h =3+ ut
SpS~t =p+mu

The new Hamiltonian is

H=SHS'+ iaa—fS_l =SHS™ —up = %(ﬁ — A(x))? + V() + const(u) (17.17)
where

V(z,t) = V(z+ut,t) —u- Az + ut,t) (17.18)

Az, t) = Az + ut,t)

Thus in the new frame the magnetic field is the same (up to the displacement) while the electric field is:

5:—%—?—Vf/:8+ux8 (17.19)

In the derivation of the latter we used the identity
V(u-A)—(u-V)A=ux (VxA) (17.20)

Finally we note that if we do not include the boost in S, then we get essentially the same results up to a gauge. By
including the boost we keep the same dispersion relation: If in the lab frame A = 0 and we have v = p/m, then in
the new frame we also have A = 0 and therefore v = p/m still holds.

[17.5] Transformations to a rotating frame

Let us assume that we have a spinless particle held by a a potential V(z). Assume that we transform to a rotating
frame. We shall see that the transformed Hamiltonian will have in it a Coriolis force and a centrifugal force.
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The transformation that we consider is
S = @l (17.21)

The new Hamiltonian is

0S ., 1 A
ZES = 5P +V(@)—-Q-L (17.22)

H = SHS'+
It is implicit that the new = coordinate is relative to the rotating frame of reference. Without loss of generality we
assume {2 = (0,0,9). Thus we got Hamiltonian that looks very similar to that of a particle in a uniform magnetic
field (see appropriate lecture):

H = i( —Al@)*+V(z) = i—EL +B—2(x2+ H+V(x) (17.23)
o 2mp T 2m 2m °  8m y '

The Coriolis force is the "magnetic field” B = 2m{. By adding and subtracting a quadratic term we can write the
Hamiltonian H in the standard way with

v

1
V- §m92(x2 +?) (17.24)

A+mQxr

b
|

The extra —(1/2)mQ2(2? + 3?) term is called the centrifugal potential.

[17.6] Time Reversal transformations

Assume for simplicity that the Hamiltonian is time independent. The evolution operator is U = e~#"*. If we make a
unitary transformation T we get
U = T le—iHtp _ (T 'HT)t _  —iHt (17.25)

where H = TYHT. Suppose we want to reverse the evolution in our laboratory. Apparently we have to engineer
T such that T-'HT = —H. If this can be done the propagator U will take the system backwards in time. We can
name such T operation a ”Maxwell demon” for historical reasons. Indeed for systems with spins such transformations
have been realized using NMR techniques. But for the "standard” Hamiltonian H = p?/(2m) it is impossible to find
a unitary transformation that do the trick for a reason that we explain below.

At first sight it seems that in classical mechanics there is a transformation that reverses the dynamics. All we have
to do is to invert the sign of the velocity. Namely p — —p while x — x. So why not to realize this transformation
in the laboratory? This was Loschmidt’s claim against Boltzman. Boltzman’s answer was ”go and do it”. Why is it
7difficult” to do? Most people will probably say that to reverse the sign of an Avogadro number of particles is tough.
But in fact there is a better answer. In a sense it is impossible to reverse the sign even of one particle! If we believe
that the dynamics of the system are realized by a Hamiltonian, then the only physical transformations are proper
canonical transformations. Such transformations preserves the Poisson brackets, whereas {p — —p, z — z} inverts
sign. So it cannot be physically realized.

In quantum mechanical language we say that any physical realizable evolution process is described by a unitary
operator. We claim that the transformation p — —p while x — x cannot be realized by any physical Hamiltonian.

Assume that we have a unitary transformation T such that TpT—! = —p while 72T~ = 2. This would imply
T[z,p|T~! = —[2,p]. So we get i = —i. This means that such a transformation does not exist.

But there is a way out. Wigner has proved that there are two types of transformations that map states in Hilbert
space such that the overlap between states remains the same. These are either unitary transformations or anti-unitary
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transformations. The time reversal transformations that we are going to discuss are anti-unitary. They cannot be
realized in an actual laboratory experiment. This leads to the distinction between ”microreversibility” and actual
"reversibility”: It is one thing to say that a Hamiltonian has time reversal symmetry. It is a different story to actually
reverse the evolution.

We shall explain in the next section that the ”velocity reversal” transformation that has been mentioned above can
be realized by an antiunitary transformation. We also explain that in the case of an antiunitary transformation we
get

U = T le—iHtp _ Hi(T'HDE _ —ift (17.26)

where #H = —T~'HT. Thus in order to reverse the evolution we have to engineer T’ such that T-*HT = H, or
equivalently [H,T] = 0. If such a T exists then we say that H has time reversal symmetry. In particular we shall
explain that in the absence of a magnetic field the non-relativistic Hamiltonian has a time reversal symmetry.

There is a subtle distinction between the physical notion of time reversal invariance, as opposed to invariance under
unitary operation. In the latter case, say ”rotation”, the given transformation T is well defined irrespective of the
dynamics. Then we can check whether the ”physical law” of the dynamics is ”invariant”

Given T, VA, 3A, T 'U[AT = U[A] (17.27)
In contrast to that time reversal invariance means:
3T, VA, 3A, U[A]"! =TU[A]T! (17.28)

For example, if A is the vector potential, time reversal invariance implies the transformation A = —A, which means
that the time reversed dynamics can be realized by inverting the magnetic field. Thus, the definition of time reversal
transformation is implied by the dynamics, and cannot be introduced out of context.

[17.7] Anti-unitary Operators

An anti-unitary operator has an anti-linear rather than linear property. Namely,

T(alp) +B)) =T o) + BT |¢) (17.29)

An anti-unitary operator can be represented by a matrix T;; whose columns are the images of the basis vectors.
Accordingly [p) = T'[t) implies ¢; = Tj;1)7. So its operation is complex conjugation followed by linear transformation.

It is useful to note that H = T~ HT implies H w = 17, H;T;,. This is proved by pointing out that the effect of double

complex conjugation when operating on a vector is canceled as far as its elements are concerned.

The simplest procedure to construct an anti-unitary operator is as follows: We pick an arbitrary basis |r) and define
a diagonal anti-unitary operator K that is represented by the unity matrix. Such operator maps 1, to ¥}, and has
the property K2 = 1. Note also that for such operator Elij = H;. In a sense there is only one anti-unitary operator
per choice of a basis. Namely, assume that T is represented by the diagonal matrix {e’*"}. That means

T|ry = e |r) (17.30)

Without loss of generality we can assume that ¢, = 0. This is because we can gauge the basis. Namely, we can define
a new basis |7) = e'*r|r) for which

T|F) = @22 |F) (17.31)

By setting A, = ¢,./2 we can make all the eigenvalues equal to one, and hence T = K. Any other antiunitary
operator can be written trivially as T = (TK)K where TK is unitary. So in practice any T is represented by complex
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conjugation followed by a unitary transformation. Disregarding the option of having the ”extra” unitary operation,
time reversal symmetry T~ 'HT = H means that in the particular basis where T is diagonal the Hamiltonian matrix
is real (M) ; = H,,s), rather than complex.

Coming back to the ”velocity reversal” transformation it is clear that T should be diagonal in the position basis (z
should remain the same). Indeed we can verify that such a T automatically reverses the sign of the momentum:

k) => ek |z) (17.32)
Tlk)y =Y Te*|z) = e ™ |z) = |-k)

In the absence of a magnetic field the kinetic term p? in the Hamiltonian has symmetry with respect to this 7.
Therefore we say that in the absence of a magnetic field we have time reversal symmetry. In which case the Hamiltonian
is real in the position representation.

What happens if we have a magnetic field? Does it mean that there is no time reversal symmetry? Obviously in
particular cases the Hamiltonian may have a different anti-unitary symmetry: if V(—x) = V() then the Hamiltonian
is symmetric with respect to the transformation x — —x while p — p. The anti-unitary T in this case is diagonal in
the p representation. It can be regarded as a product of ”velocity reversal” and ”inversion” (x — —z and p — —p).
The former is anti-unitary while the latter is a unitary operation.

If the particle has a spin we can define K with respect to the standard basis. The standard basis is determined by
Z and o3. However, T' = K is not the standard time reversal symmetry: It reverse the polarization if it is in the
Y direction, but leave it unchanged if it is in the Z or in the X direction. We would like to have T~'¢T = —¢. This
implies that

T = ™K = —io,K (17.33)

Note that T? = (—1)" where N is the number of spin 1/2 particles in the system. This implies Kramers degeneracy
for odd N. The argument goes as follows: If v is an eigenstate of the Hamiltonian, then symmetry with respect to T
implies that also T is an eigenstate. Thus we must have a degeneracy unless TW = A\, where X is a phase factor.
But this would imply that T2¢ = A%y while for odd N we have T? = —1. The issue of time reversal for particles with
spin is further discussed in [Messiah p.669].
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Dynamics and Driven Systems

[18] Transition probabilities

[18.1] Time dependent Hamiltonians

To find the evolution which is generated by a time independent Hamiltonian is relatively easy. Such a Hamiltonian
has eigenstates |n) which are the ”stationary” states of the system. The evolution in time of an arbitrary state is:

() = Y e Friyn) (18.1)

But in general the Hamiltonian can be time-dependent [H(t1), H(t2)] # 0. In such case the strategy that was described
above for finding the evolution in time loses its significance. In this case, there is no simple expression for the evolution
operator:

t
Ult,tg) = e dinHin) . omidtzl(tz)gmidhH () =  Texp {—i H(t’)dt’} (18.2)
to

where Texp denotes time-ordered exponential, that can be replaced by the ordinary exp if H is constant, but not in
general.

Of special interest is the case where the Hamiltonian can be written as the sum of a time independent part Hg and a
time dependent perturbation V'(¢). In such case we can make the substitution

e*idth(tn) — efidtho (1 _ ’Ldth(tn)) (183)

Next we can expand and rearrange the Texp sum as follows:

Ut) = Us(tto) + (*i)/ dty Uo(t, t1)V (t1)Uo(t1, to) (18.4)
+ (—i)Q// dtadty Uo(t,tg)V(tQ)Uo(tQ,tl)V(tl)Uo(tl,to) + (185)

There are few cases where the calculation can be carried out analytically to infinite order (a nice example is the
Landau-Zener problem). In many case, if the perturbation is weak enough, one is satisfied with the leading order
approximation. Below we assume that the Hamiltonian can be written as a sum of a time independent part Hy and
a time dependent perturbation. Namely,

H = Ho+V = Hy —‘r—f(t)W (18.6)
Using first order perturbation theory, we shall introduce a formula for calculating the probability of transition between

unperturbed eigenstates. The formula can be obtained directly in ”one line” derivation from the above expansion.
But for pedagogical reason we shall repeat its derivation using a traditional iterative scheme.

[18.2] The interaction picture

We would like to work in a basis such that Hg is diagonal:

Holn) = Enln) (18.7)
W(t) = > Tn(t)|n)
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The evolution is determined by the Schrodinger’s equation:

b,

= B, ' W 18.
"t d’*;v (18.8)

which can be written in a matrix style as follows:

Uy E v, Vit Vig -~ U,y
z% Uy — | E2¥2 + | Ve Vo2 oo Uy (18.9)

e—iE"t

Without the perturbation we would get 1, (t) = ¢, , where ¢,, are constants. It is therefore natural to use the

variation of parameters method, and to write
U, (t) = cp(t) e iEnt (18.10)

In other words, we represent the ”wave function” by the amplitudes ¢, (t) = 1, (t)e*F~? rather than by the amplitudes
W, (t). The Schrodinger’s equation in the new representation takes the form

de .
. n _ (Ep—E, /)t V.
1 dt = }/ e’ nn’ Cn/(t) (1811)

This is called the Schrédinger’s equation in the ”interaction picture”. It is a convenient equation because the term
on the right is assumed to be ”small”. Therefore, the amplitudes ¢, (t) change slowly. This equation can be solved
using an iterative scheme which leads naturally to a perturbative expansion. The iteration are done with the integral
version of the above equation:

t
szcmy4z/a%ﬂmwwwﬁ’ (18.12)
n/ O

where E,,,, = E, — E,s. In each iteration we get the next order. Let us assume that the system has been prepared
in level ng. This means that the zero order solution is

) = ca(0) = Gnm (18.13)

We iterate once and get the first-order solution:

t
enl(t) = g —i /O T A 4 (18.14)

It is instructive to consider constant perturbation (V' does not depend on time). Doing the integral and going back
to the standard representation we get the following result for the first-order transition amplitude:

e~ iBnt _ q—iEngt

n(t = n,n ’
w() VaO En_EnO

[constant perturbation, n # ng] (18.15)

We notice that for very short times we get ¥, (t) = —iV}, ¢, which reflects the definition of the matrix elements of
the Hamiltonian as the "hopping” amplitude per unit of time. As long as the energy difference (B, — Ey,) is not
resolved, this expression is merely modulated v, (t) & [—iV, n,tJe*En? | reflecting the choice of the energy reference.
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But for longer times the accumulation of the amplitude is suppressed due to the temporal oscillations of the integrand.
If the perturbation is constant, the oscillation frequency of the integrand is w = (E,, — E,/). If the perturbation is
characterized by a frequency £, this oscillation frequency becomes v = (E,, — E,» — Q).

In order to illustrate the effect of the oscillating integrand, consider a problem in which the unperturbed Hamiltonian
is "to be in some site”. We can regard the possibility to move from site to site as a perturbation. The energy
differences in the site problem are the gradients of the potential energy, which we call “electric field”. The hopping
amplitude is the same in each "hop” even if the hop into a potential wall. However, due to the potential difference
the probability amplitude does not ”"accumulate” and therefore the particle is likely to be reflected. The reflection is
not due to the lack of coupling between site, but due to the potential difference that induces “fields” that suppresses
the transition probability.

[18.3] The transition probability formula

The expression we found for the wavefunction amplitudes using first-order perturbation theory can be written as:

cn(t) = for n =ng (18.16)

1
t ‘ )
en(t) = —iWn,no/ f(t)etFnnot gt otherwise (18.17)
0

The latter expression for the transition amplitude can be written optionally as a Fourier transform (FT):
en(t) = —iWpn, FT[f(1)] (18.18)

We use here the convention that f(¢) = 0 before and after the pulse. For example, if we turn on a constant perturbation
for a finite duration, then f(t) is a rectangle function. It is implicit that the FT is calculated at the frequency of the
transition w = E),, — E,,, namely,

FT[f(t)] = / F(t) eBrmot’ gy’ (18.19)
The associated expression for the transition probability is:

(18.20)

Pinlng) ~ [Wanol? x [FTL0)][

[18.4] The effect of a constant or harmonic perturbation

We consider the following scenario: A particle is prepared in the state ng, and then a constant perturbation is turned
on for a time t. We want to know what is the probability of finding the particle at some later time in the state n.
Using the transition probability formula we get

1 — eiBa—Eng)t |2

Pinlg) = lealOP = [Wony? |———
n no

(18.21)

We notice that the transition amplitude is larger to closer levels and smaller for distant levels.

The above expression can be regarded as a special case of a more general result that concerns harmonic perturbation:

() = e ™ for t €0, (18.22)
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Recall that the Hamiltonian should be hermitian. Therefore this perturbation has a physical meaning only if it
appears together with a conjugate term et In other words, the driving is done by a real field 2 cos(2t’) that
changes periodically. Below we treat only "half” of the perturbation: the effect of the second half is obtained by
making the replacement 2 — —Q.

Using the transition probability formula with finite {2 we get the same integral as for constant perturbation with
E, — E,, replaced by E,, — E,, — Q. Accordingly the result is

; 2
Pilning) = (Wl |* ;(_EEji; ' - (W 220 _((gj(f’%;fi”z); )0 (18.23)
_ Wn7n024sm2(($EEn_—EEno_) g—l)ﬂz)t/ D Wi 22 sinc (Ey — Epy — Q)1/2) (18.24)
n no
Schematically we can write this result as follows:
Pi(nno) = 27 [Wynol|® Sorjt(En — Enyg — Q) x ¢ (18.25)

The schematic way of writing emphasizes that if ¢ is large enough the sinc? function becomes a narrow function of
width 27/t that resembles a delta function. Namely,

sinc(v) = Sinl/(”) (18.26)
/jo ;l—;sin& (%) =1 (18.27)

[18.5] The Fermi golden rule (FGR)

The main transitions which are induced by a purely harmonic driving is to energy levels that obey the "resonance
condition”:

(Bn = Eny) ~ Q (18.28)

From the expression we found, we see that the probability of transition to levels that obey |E,, — (En, + Q)| < 27/t
is proportional to t2. That is what we would expect to get by the definition of the Hamiltonian as the probability
amplitude for transitions per unit time. But the ”width” of the area that includes these levels is proportional to 27 /t.
From this we conclude that the probability of transition to other levels grows linearly. We call the rate of transition
to other levels T'.

2w
r = K|W,,W|2 = 2m0(E) [Wyn,|? (18.29)

The formula can be proved by calculating the probability to stay in level ng:

E 2
P(t) = 1—- Y Pinng) = 1- d—Pt(E|E0) = 1_%’“L|WW|2 = 1-Tt (18.30)

A
n(#no)

It is implicit in the above derivation that we assume a dense spectrum with well defined density of states. We also
assume that the relevant matrix elements are all of the same order of magnitude.

Let us discuss the conditions for the validity of the Fermi golden rule picture. First-order perturbation theory is valid
as long as P(t) ~ 1, or equivalently I't < 1. Hence a relevant time scale is the Wigner time

1
tr = ¢ (18.31)
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Another important time scale that gets into the game is the Heisenberg time which is defined as:

2T
- 18.32
t = (18.32)

We distinguish below between the case of weak perturbation (|[W] <« A), for which ¢ty < ¢r from the case of strong
perturbation (|W| > A), for which ¢z > tr.

In the case |W| <« A first-order perturbation theory is still valid when ¢ = ¢g. If perturbation theory is valid up to
this time then it is valid at any time, since after the Heisenberg time the (small) probability that has moved from the
initial state to other energy levels oscillates, and does not grow further. This argument is based on the assumption
that the difference v = E,, — (E,, + ) is of the order A, even for levels in the middle of the resonance. If there is
an ”exact” resonance, it is possible to show that the probability will oscillate between the two energy levels, as in the
7two-site” problem, and there is no ”cumulative” leakage of the probability to other levels.

In the case |W| > A first-order perturbation theory breaks down before the Heisenberg time. Then we must go to
higher orders of perturbation theory. With some limitation we find the result:

P(t) = e (18.33)

This means that there is a decay. In another lecture we analyze a simple model where we can get this result exactly. In
the general case, this is an approximation that has, at best, limited validity. For an isolated system it can be justified
on the basis of rezolvent theory (see separate lecture) assuming that a single pole is dominating. For a non-isolated
system it can be justified on the basis of a Markovian picture.

Finally it should be clear that the FGR is irrelevant if the time is very short. Let us assume that Ay is the width of
the energy-band whose levels E,, are coupled by W,, , to the initial level E,,. Or optionally let us assume that the
density of states has variation on some energy scale A,. We define an associate time scale

2w
te = — 18.34
A (18.34)

During the time ¢ < t. the total transition probability is possibly growing like 2. The FGR holds only after the
bandwidth Aj is ”resolved”, which can be written as t > t.. If the driving source is noisy (the ”other” version of

Fermi golden rule) one identifies ¢. = 7. as the correlation time of the noise. The bottom line is that the Fermi golden
rule in any of its variations is likely to be applicable during a finite time interval

te < t < tg (18.35)

[19] Transition rates

In the previous subsection we have derived an expression for the transition probability if the driving is purely harmonic.
In this section we assume a noisy driving. The “noise” is characterized by a correlation function

(fO)f) = Ft—t) (19.1)

where the average is taken over realizations of f(t). The Fourier transform of of the correlation function is the power
spectrum of the noise F'(w). From the transition probability formula we get

t t
Pi(njm) = [Wyppl|? /O /0 (FANVFE)) Brm =) qi'at” x| Wy |? Fw=Epnm) X t (19.2)

where the approximation assumes that the duration of the noise is much larger compared with its correlation time 7.
In practice we can distinguish 3 cases of interest: (a) White noise; (b) Low frequency noise; (c) Noisy periodic driving.
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In the first case F(w) is flat and wide, so it is enough to characterize it by its spectral intensity v = F(w), and to
write the above result as P;(n|m) = wp,,t, where the transition rates are wy, = v|Wyn,|?. In the second case F(w)
is narrow, with some spectral width 27 /7., that is determined by the correlation time 7.. We write F(0) = (f?) = &2
where ¢ is the RMS intensity of the noise. Then it follows that its peak spectral intensity is v = F (0) = 27.. The third
case refers to noisy harmonic driving that has a correlation time 7, >> 27/Q. In the latter case F (w) is concentrated
around the frequency €2, and it is suggestive to re-write the expression for the transition rate schematically as follows:

Wnm = 2 |Wam|® 2102, )7.(En — Em) — Q) (19.3)

Note that ¢ can be absorbed into the definition of W. The above result for constant rate transition between levels is
commonly regarded as a special version of the Fermi golden rule that we discussed in the previous lecture.

[19.1] Master equations

The above version of the FGR is commonly used in order to determine the rates constants in Master equations that
provide a reduced description for the dynamics of a system that is coupled to a bath or to a noise source. Here we
demonstrates how a Master equation is derived for the simplest case: system that is subjected to the influence of a
white noise source.

Consider the Hamiltonian H = Ho + f(t)W, were f(t) represents white noise: that means that upon ensemble average
(f(t)) =0, while (f(¢)f(t')) =vd(t —t'). The Liouville von-Neumann equation for the time evolution of p can be
solved iteratively in order to determine p(t + dt) given p(t) = p, where dt is small time interval:

t+dt t4+dt  pt’
p(t+dt) — p—i/ dt' (1, ) —/ / dt'dt" [H, [H, pl] + ... (19.4)
t t t

Averaging over realizations of f(¢) all the odd orders in this expansion vanish, while the leading d¢ contribution comes
only from the zero order term that involves Ho and from the second order term that involves W. Consequently we
get the following Master equation:

dp _

P — —ifHo,p] ~ W, W, ] (19.5)

2

In the most standard example W = 2, and the second term corresponds to the diffusion term (v/2)9?p/dp? in the
classical Fokker-Plank equation.

In the weak noise limit the rate of the noise induced transitions becomes much smaller compared with the Bloch
frequency of the coherent transitions. Then we can ignore all the highly oscillating terms that involve the off-diagonal
terms, because they average to zero. Consequently we get the so-called Pauli mater equation for the probabilities p,,

T wi

d£ = Wp W = W21 —FQ (196)

dt

In this equation the VW matrix is in agreement with the FGR picture. Namely, the rate constants are wy,,, = v|Wym|?,
and the decay constants are I',, = Zm Wpm. We note that if we had interaction with a bath, then the ratio wis/wa;
would not be unity, but would favor downwards transitions.

The noise induced “diffusion” term in the master equation that we have derived is WpW — (1/2)(WWp + pWW).
We can regard it as a special case of the so-called Lindblad equation. The evolution of a non-isolated system is
further discussed under Special topics in the lecture regarding Quantum states, operations and measurements. The
presentation of the Master Equation formalism for a system that is coupled to a bath has been differed to Lecture
Notes in Statistical Mechanics and Mesoscopic, arXiv:1107.0568


http://arxiv.org/abs/1107.0568
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[20] The cross section in the Born approximation

[20.1] Cross Section

In both classical mechanics and quantum mechanics there are two types of problems: closed systems and open systems.
We will discuss an open system. The dynamical problem that we will analyze is called a ”scattering problem”. For
example, a wave that is scattered on a sphere. In a problem of this type the energy is given. We assume that there
is an ”incident particle flux” and we ask what is the ”scattered flux”.

N

shadow

////

We notice that the sphere "hides” a certain area of the beam. The total hidden area is called the ”total cross
section” oyotal. Let us assume that we have a beam of particles with energy F and velocity vg, so that the current
density is:

J[particles/time/area] = povg (20.1)
where pg is the particle density. We write the scattered current as:

Tscattered = [Utotal] x J (202)

where the cross section oyots is defined as the ratio of the scattered current Igcattereq to the incident particle flux
density J. We notice that each area element of the sphere scatters to a different direction. Therefore, it is more
interesting to talk about the differential cross section o(£2). In full analogy o(£2)d(2 is defined by the formula:

I(k € dQlky) = [o(Q)dQ) x J (20.3)

where kg denotes the initial momentum, while k is the final momentum. Here only the scattering into the angular
element df? is detected.

[20.2] Cross section and rate of transition

For the theoretical discussion that will follow, it is convenient to think of the space as if it has a finite volume
L3 = L,L,L, with periodic boundary conditions. In addition we assume that the ”incident” beam takes up the whole
volume. If we normalize the particle density according to the volume then py = 1/L3. With this normalization, the
flux J (particles per unit time) is actually the ”probability current” (probability per unit time), and the current
Iscattered 18 in fact the scattering rate. Therefore an equivalent definition of the cross section is:

D(k € dQky) = [0(2)dQ] x (20.4)

3"

Given the scattering potential U(r) we can calculate its Fourier transform U/(q)

0(q) = FIUW)] = / / / U (r)e—i7 gy (20.5)
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Then we get from the Fermi golden rule (see derivation below) a formula for the differential cross section which is
called the ”Born approximation”:

o(Q) = — (’“E)QU(EQ—EO)? - (E)Q(U(EQ—EO)

2
(2m)? \vg 27 ‘

(20.6)
The second expression assumes the non-relativistic dispersion relation vg = kg/m. The Born approximation is a

first-order perturbation theory approximation. It can be derived with higher order corrections within the framework
of scattering theory.

[20.3] The DOS for a free particle

In order to use the Fermi golden rule we need an expression for the density of states of a free particle. In the past
we defined o(F)dE as the number of states with energy F < E < E + dE. But in order to calculate the differential
cross section we need a refined definition:

o(Q, E)dQdE = Number of states k € dQ2 with energy E < E;, < E + dE (20.7)

If we have a three-dimensional space with volume L3 = L, Ly L, and periodic boundary conditions, then the momentum
states are:

21 2 21
knm,"yﬂ’bz = (I@nw’ fyny7 LGz> (208)
x>~

The number of states with a momentum that in a specified region of k space is:

dk, dk, dk. L L3 L3 dE
el 2 = s A’k = s KdQdk = = kRdQ— (20.9)
o (27) (27) (2m) VE

where we have moved to spherical coordinates and used the relation dE = vgdk. Therefore, we find the result:

L3 k2
Q. E)dQdE = “E 4OdE 20.1
0(Q, E)dQd @8 o 4 (20.10)
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[20.4] Derivation of the Born formula

Let us assume that we have a flux of particles that are moving in a box with periodic boundary conditions in the
z direction. As a result of the presence of the scatterer there are transitions to other momentum states (i.e. to other
directions of motion). According to the Fermi golden rule the transition rate is:

(k€ dQlko) = 27 [0( E)dQ) |Usg kol? (20.11)

By comparing with the definition of a cross section we get the formula:

21
o(Q) = ELSQ(QvEHUkQ,kOF (20.12)

We notice that the matrix elements of the scattering potential are:

1
J5

3
Fumie) = [ LEewgeyetr =

et 1
= / U(r) e 0T = S0k — ko) (20.13)

By substituting this expression and using the result for the density of states we get the Born formula.

[20.5] Scattering by a spherically symmetric potential

In order to use the Born formula in practice we define our system of coordinates as follows: the incident wave
propagates in the z direction, and the scattering direction is Q = (g, pq). The difference between the k of the
scattered wave and the k¢ of the incident wave is §= k — ko. Next we have to calculate U (¢) which is the Fourier
transform of U(r). If the potential is spherically symmetric we can use a rotated coordinate system for the calculation
of the Fourier transform integral. Namely, we can use spherical coordinates such that 6 = 0 is the direction of ¢.
Consequently

0(q) = / / / U (r)e=1<50) dod cos()r2dr = 4n /0 ~ U(r) sine(qr) r2dr (20.14)

where the angular integration has been done using

1 —ixs7! X a—iX :
s e et —e 2sin(A) .
ds = = = =2 A 20.1
/_1e ° { —i)\} 1 iA A sinc(A) (20.15)

As an example consider U(r) = 1/r, for which we get U(q) = 47/¢* (Rutherford formula).
Next, we can go on calculating the total cross section:

Ototal = //a(Q)dQ = (271T)Q<E>2/0W|(~](q)|227rsin99d99 (20.16)

We note that by simple trigonometry:

0 0 d
q = 2kg sin el ~ dq = kg cos et dfq ~> sin Oqdfo = q—zq (20.17)
2 2 k%,
Hence we can write the integral of the cross section as:
1 2kg 5 5
ota — U d 20.1
T = gy [ 0P (20.15)
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[21] Dynamics in the adiabatic picture

[21.1] The notion of adiabaticity

Consider a particle in a one dimensional box with infinite walls. We now move the wall. What happens to the particle?
Let us assume that the particle has been prepared in a certain level. It turns out that if the wall is displaced slowly,
the particle stays in the same level. This is called the ”adiabatic approximation”. We notice that staying in the same
energy level means that the state of the particle changes! If the wall is moved very fast then the state of the particle
does not have time to change. This is called the ”sudden approximation”. In the latter case the final state (after the
displacement of the wall) is not an eigenstate of the (new) Hamiltonian. After a sudden displacement of the wall, the
particle has to ”ergodize” its state inside the box.

The fact that the energy of the particle decreases when we move the wall outwards, means that the particle is doing
work. If the wall is displaced adiabatically, and then displaced back to its original location, then there is no net work
done. In such case we say that the process is reversible. But if the displacement of the wall is not adiabatically slow,
the particle makes transitions to other energy levels. This scattering to other energy levels is in general irreversible.

In the problem that we have considered above, the parameter X that we change is the length L of the box. Therefore
V = X is the velocity at which the wall (or the ”piston”) is displaced. In other problems X could be any field. An
important example is a particle in a ring where X = @ is the magnetic flux through the ring, and EMF = —X is the
electro motive force (by Faraday law). In problems of this type, the change in the parameter X can be very large,
so we cannot use standard perturbation theory to analyze the evolution in time. Therefore, we would like to find
another way to write Schrodinger’s equation, so that X is the small parameter.

In the following section we transform the Schrédinger equation to the adiabatic basis. This can be regarded as a
transformation to a moving frame. Namely, what we derive is a special case of the following general result:

10T

ot
H TYHT —iT" = (21.1)

See lecture “Transformations and invariance” for further discussion. The second term is the generator of the trans-
formation to the moving frame, which is here the adiabatic basis.

[21.2] The Schrédinger equation in the adiabatic basis

We assume that we have Hamiltonian ’H(Q,P;X ) that depends on a parameter X. The adiabatic states are the
eigenstates of the instantaneous Hamiltonian:

H(X) [n(X)) = En(X) [n(X)) (21.2)

It is natural in such problems to work with the adiabatic basis and not with a fixed basis. We write the state of the
system as:

) = D an(t) (X)), an(t) = (n(X(1))[¥(1)) (21.3)

If we prepare the particle in the energy level ng and change X in adiabatically, then we shall see that |a,(t)|* & §,,.n,
at later times. We shall find a slowness condition for the validity of this approximation. Our starting point is the
Schrodinger’s equation

dv

prli —iH(z,p; X(t)) T (21.4)



110

from which we get:

e (o) () - Sl (o) o)

= —iE an—|—XZ< 4 ’m> — —iEnan—i-iXZAmnam (21.6)

We conclude that in the adiabatic basis the effective Hamiltonian acquires an additional term, namely H — H — X A.
As an example consider the case where X is the position of a box that confine a particle, then we get in the moving
frame H = H — Xp.

[21.3] The calculation of A,,,

Before we make further progress we would like to dwell on the calculation of the perturbation matrix A,,,. First of
all we notice that for any X

0 0 0
() =bum g (o) =0~ <8Xn‘m> * <” aXm> =0 (21.7)
Which means that (On|m) is anti-Hermitian, and therefore —i (On|m) is Hermitian. If follows that
0 0 or
Apm ) <8Xn m> i <n 6Xm> < T ‘m> (21.8)

where T'(X) is the transformation to the moving frame, namely, [n(X)) = T(X) |n(0)). For the diagonal elements we
use the notation

Ap(X) = Apn = z<n £{n> (21.9)

With regard to the off-diagonal elements one observes that

—iVam _ [OH
Apm = B, _E. Vam = <8‘X)nm (21.10)

This is a very practical formula. Its proof is based on the following:
<n‘7—[’m> =0 for n #m, for any X (21.11)
~ g () =0
~ —n‘?—[‘m ' H’m + n‘?—[‘im =0
0X 0X 0X N

0 0
~ B, <8Xn‘m> + Vom + En <n (‘9Xm> =0

[21.4] The adiabatic condition

We found that in the adiabatic basis the Schrodinger’s equation takes the form

day,

p —iEpan + iX;Anmam = —i(E,—XA,) —zZanam (21.12)
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For sake of analysis we separated above the diagonal part of the perturbation. We use the simplified notation
Apn = Apyn, and packed the off-diagonal elements into the matrix W, = —X Ay, whose diagonal elements are zero.
It should be noticed that the strength of the perturbation in this representation is determined by the rate X and not
by the amplitude of the driving.

Let us write again the Schrodinger equation in the adiabatic basis, with the substitution of the explicit expression
that we have derived for the perturbation W,

da,

. Y v Vnm
— —i(En — XAp)an + X > <> am (21.13)

En - Em
m(#n)

If X is small enough, the perturbation matrix W is not able to induce transitions between levels, and we get the
adiabatic approximation |a,,(t)|? ~ const. This means that the probability distribution does not change with time.
In particular, if the particle is prepared in level n, then is stays in this level all the time.

From the discussion of first-order perturbation theory we know that we can neglect the coupling between two different
energy levels if the absolute value of the matrix element is smaller compared with the energy difference between the
levels. Assuming that all the matrix elements are comparable the main danger to the adiabaticity are transitions to
neighboring levels. Therefore the adiabatic condition is [W| < A or

X <= 21.14
< o ( )

where o is the estimate for the matrix element V,,,, that couples neighbouring levels.

An example is in order. Consider a particle in a box of length L. The wall is displaced at a velocity X. Given that the
energy of the particle is E' we recall that the energy level spacing is A = (7w/L)vg, while the coupling of neighbouring
levels, based on a formula that we derive in the Hard Walls subsection (p.195), is

L5 1 2 I
— [ — _ = — .1
o mLk” mL(mUE) 7MVE (21.15)
It follows that the adiabatic condition is
X o« (21.16)
mL ’

Note that the result does not depend on E. This is not the typical case. In typical cases the density of states increases
with energy, and consequently it becomes more difficult to satisfy the adiabatic condition.

It is worth pointing out that in the classical framework the adiabatic condition for a moving wall is X < vg. If
the classical condition is violated the sudden approximation applies. If the classical condition is obeyed, but not
the quantum adiabatic condition, the dynamics is semi-classical. Namely, in each collision with the moving wall the
change of energy is A, = 2mvg X. In the semi-classical regime the energy changes in steps A.; that are larger than A.
This gives just the opposite condition to quantum adibaticity. For more details see [arXiv:cond-mat/0605591].

[21.5] The zero order adiabatic approximation

Assuming we can ignore the coupling between different levels, the adiabatic equation becomes

da,,

= i, = XAua, (21.17)

And its solution is:

an(t) = e ® g, (0) (21.18)


http://arxiv.org/abs/cond-mat/0605591

112

where the accumulated phase is

D,(t) = /t( E, +XA /E dt' + /X(t)An(X’)dX’ (21.19)
0

X(0)
As already observed the probability |a,(t)|? to be in a specific energy level does not change in time. This is the
adiabatic approximation. But it is interesting to look at the phase that the particle accumulates. Apart from
the dynamical phase, the particle also accumulates a geometrical phase. An interesting case is when we several
parameters in a cyclic manner. In this case, just as in the Aharonov-Bohm effect, the “geometrical phase” is regarded
as “topological phase” or “Berry phase”

Dperry = yﬁAn(X)dX (21.20)

In fact, the Aharonov-Bohm effect can be viewed as a special case of the topological effect that has been explained
above. In order to discuss further topological effects we have to generalize the derivation of the adiabatic equation.
This will be done in the next lecture.

[21.6] Beyond the adiabatic approximation

Here we assume that we deal with one-parameter driving, accordingly the A, can be gauged away, and the ®,, is
simply the integral over E,. We can handle the adiabatic Hamiltonian within the framework of an “interaction
picture”, meaning that we substitute

an(t) = cp(t) (21.21)

hence getting the equation

de . ! m —i(D, —P
no— X E n W(Pn—Pm) m 21.22
E, Eme ¢ ( )

Note the implicit time dependence of the energies and the matrix elements, due to their parametric dependence on
X = X(t). The leading order evaluation of the non-adiabatic transition probability is

2

P,(n|m) o~ U®a=®n) Xy (21.23)

It is illuminating to consider a constant rate process X = const (>0) and use dX rather than dt integration. Then
the above expression takes the following schematic form:

[ 8 el

The approximation is based on the assumption that the integral is dominated by a single complex pole where g(X) = 0.
For the simplest example of such calculation see the Landau-Zener dynamics subsection, where we present the analysis
of the non-adiabatic two-level crossing.

2

P = ~  ecomst/X (21.24)
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[22] The Berry phase and adiabatic transport

In the following lectures we discuss the adiabatic formalism and the linear-response (Kubo) theory adopting the
presentation and the notations as in [cond-mat/0307619]. Note that unlike most textbooks we write the Schrédinger
equation in the adiabatic representation without switching to the “interaction picture”.

[22.1] Geometric phase

Consider a parametric cycle in Hilbert space C(t) = [¢(t))(¥(t)|, where ¢ is parameter, and it is assumed that the final
”state” is the same as the initial ”"state”. The question how the cycle is realized is irrelevant, hence an Hamiltonian
is not specified. We can associate with the cycle so-called geometric phase as follows:

V[C] = ¢< (t)]0p(t) §I§A¢dt (22.1)

This is the "phase” that is accumulated by ¢ (t) during the cycle. The definition is non-ambiguous because it is
invariant under gauge. Namely, if (t) is replaced by e *A(")y)(t) we get the same result. In is also independent of the
t-parametrization. If ¢(t) is an eigenstate of some parametric Hamiltonian #(t), then + is called ”Berry phase”, and
Ay is known as the ”Berry connection”.

[22.2] Parallel transport perspective

Let us assume that we want to perform ”parallel transport” of an arrow (or of a spin) upon Earth. The coordinates
of the manifold are r = (0, ), and the trajectory along which we go is r(¢). We can define a simple-minded parallel
transport, such that the arrow keeps the same orientation with respect to a fixed reference frame. But we are interested
in a different notion of ”parallel transport” where an "up” arrow with respect to the surface of Earth remains ”"up”,
while a "down” arrow remains ”down”. We shall see that the two notions of ”parallel transport” formally correspond
to the ”sudden limit” and to the "adiabatic limit” of quantum-mechanical processes. Most importantly, we shall see
that the ”Berry phase” naturally appears in the analysis of " parallel transport” irrespective of the quantum-mechanical
context: it is merely a geometrical phase that is implied by the topology of the manifold.

There are several equivalent methods to visualize ”"parallel transport” on a sphere. Some methods (a,b) assume that
the 2D manifold is embedded in a 3D Euclidean space, while the other methods (c,d,e) relay on the intrinsic topology
of the surface. In options (a-c) we consider an SO(3) arrow. The transport of its perpendicular component is trivial,
hence without loss of generality we consider arrows that are tangent to the surface. One find out that for a closed-cycle
the rotation angle of a tangent vector equals the solid angle €2 of the surface-region that is encircled. In method (e)
we consider an SU(2) spin, whose orientation is a superposition of "up” and ”down” states. In the latter case the
same rotation angle (Q) is deduced from the ”Berry phases” of the up” and ”down” polarizations. Below we provide
details on methods (

A

(a) Projection method.— We divide the trajectory r(¢) into small infinitesimal steps. In each step the arrow is
parallel transported in the simple-minded Euclidean sense, but then it is projected back to the tangent direction.
Note that the shortening of the length is second order in the step size, hence the arrows keeps its length in the limit
of a continuous process.

(b) Tangent plane method.— At each point along the trajectory r(t) we attach a flat piece of tangent plane. For


http://arxiv.org/abs/cond-mat/0307619
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example, if we move along a line of constant latitude the union of all these pieces is a conical surface. This surface
can be regarded as flat, and we can perform on it an Euclidean ”parallel transport”. See left panels of the figure
[N.P.Ong website].

(¢) Geodesic walk method.— We can always approximated r(t) as a sum of infinitesimal geodesic steps. In the
case of a sphere ”geodesic” means to go along a big circle. The law of ”parallel transport” is simple: the arrow should
keep fixed angle with the geodesic. See right panel of the figure [N.Manini website].

(d) Metric connection method.— To each point r = (1, 22) on the surface we attach a set of "unit vectors” with
which a metric is associated:

. =0,r = 857’“, Gom = (€ n|Em) = (Onr|Omr) (22.2)
Ln

Then we can define so called “connection”, that can be derived from the metric:

1

The metric connection allows us to calculate full derivatives:

‘U> = Z Un |€>"> ’ Dy, |U> = Z [&c%L + Z Fn,km'Um‘| |€>n> (22.4)

n

The construct D = 9 + I' is known as the ”covariant derivative”. It takes into account the explicit variation of the
vector-components as well as the implicit parametric variation of the basis-vectors. We say that the vector v is
parallel transported if Dv = 0. Accordingly I" can be regarded as the generator of an orthogonal transformation that
preservers the scalar product.

(e) Hermitian connection method.— We can repeat the formal derivation of the parallel transport law, considering
transport of SU(2) spins instead of SO(3) arrows. To each point » = (x1,x2) on the surface we attach a set basis
vectors |n(r)). For example:

_( cos(6/2) B sin(6/2)
Then we can define an Hermitian connection, and an associate ”covariant derivative” as follows:

Dy [simple minded parallel transport] = 9y, + (n(r)|Opm(r)) = 9 —iAF, (22.6)
The requirement D = 0 defines a simple-minded parallel transport, corresponding to the sudden-approximation in
the quantum-dynamics context. We would like to define a different notion of ”parallel transport” that respects ”up”
and "down” relative to the surface. Therefore the ”connection” in the definition of the covariant derivative should
be modified. In a fixed-basis frame we can write D = d — ¢I', while in the n-basis frame it should transforms into a
diagonal matrix

Dy [parametric parallel transport] = 0y — 1 [Fﬁm + Aﬁm] = 0, —iAk (22.7)

where A = diag{ A, } is a diagonal matrix in the n-representation. In the concluding paragraph of this section we
argue that A,, should be identified as the Berry connection, hence A%, =4, ,,A* . Once this is established it follows
automatically that for a cyclic parallel transport process C, (t) = |n(t))(n(t)|, the transported |n) accumulates a phase
that equals v, = v[C,]. Consequently, if we start at o and go along a trajectory r(t) back to rg, then a tangent spin
will rotate as follows:

It (ro)) + |4 (r0))  ~ eirlr] [T (r0)) + el I (r0)) RotationAngle = — (v — ;) (22.8)


http://www.princeton.edu/~npo/SurveyTopics/Berry_examples_files/Berryphase.html
http://www.mi.infm.it/manini/berryphase.html
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Specifically if we go along the constant 6 latitude line, the connection is AY = —[sin(#/2)]?, and one obtains 14 = —/2,
where Q = 27[1—cos(f)]. Similarly for a ”down” spin one obtains v, = +1/2. Hence the expected result for the
rotation angle is recovered.

Natural hermitian connection.— To deduce the connection for an SO(3) arrow given the metric of the manifold
is easy. To deduce the connection for an SU(2) spin requires further reasoning. What we want is to have a parallel
transport law that preserves |n)(n|. This means that "up” remains "up” and "down” remains "down”. Namely
[9(t)) = e ® |n(t)) should be qualified as a parallel-transport process, where 7, (t) still has to be determined. From
such transport law it follows that A,, = 0;7,. We would like to argue that the proper determination of 7, (t) implies
that A,, is the Berry connection.

At first sight it seems that the problem is ill-defined, and that 7,(t) can be chosen in an arbitrary way. The
naive prescription would be v, (t) = 0. Clearly such prescription is gauge dependent: if we define a different basis
[2(r)) = e~ (") |n(r)) we get a different rotation angle for a tangent vector. Even if we allow such gauge-dependent
law of transport, still there is a problem. For a manifold with non-trivial topology (here it is a sphere) there is no way
to have a well-defined gauge globally. With our choice of gauge the n states at the SouthPole remains ambiguous.
Any gauge requires the exclusion of at least one point from the sphere, which is like saying that we are not dealing
with a sphere...

The remedy for all this gauge-related complications is to define a parallel-transport law that does not depend on
the gauge. Saying it differently, we claim that there is a natural way to define a gauge-invariant connection, such
that "up” remains "up” and "down” remains "down”. We first note that a change |0¢) = | (t+dt)) — |9 (t)) can be
decomposed into ”parallel” and ”transverse” components as follows:

09)y = [0 @I6Y) = —idy ) (22.9)
00), = [69) = |) (DoY) = |0) +iAy[¥) (22.10)

Inspired by the “projection method” for constructing a parallel-transport process, the requirement for parallel trans-
port becomes |5¢>” = 0. Note that in the SO(3) treatment the projection was onto the tangent direction, while here
we are keeping the spin in the perpendicular (”parallel”) direction. We realize that |n(t)) is not a proper parallel
transport process. The remedy is to consider |¢(t)) = =) |n(t)) with 0;y, = A,(t), which is a gauge-invariant
prescription. This implies that A = diag{A, } is the hermitian connection.

[22.3] The Berry curvature

We consider a set of basis states (n(x)| that depend on a set of parameters © = (z1, x2, 3, ...). In the previous section
we have motivated the definition of the hermitian connection matrix

Al (z) = ih<n(m)‘6(zjm(x)> (22.11)

The hermiticity of the matrix can be deduced via differentiation by parts of 9;(n(x)|m(z)) = 0. Furthermore, from
differentiation by parts of 9;(n(z)|H|m(x)) = 0, we get for n # m the following expressions:

oH . inF,

E,, — B,

It should be realized that AJ

J m is not gauge invariant. The effect of gauge transformation is

- Ap ()
—i ==

n(z)) = e
Al

[n(z)) (22.13)
A%m + (67 An)(snm

iAn—Am
e h

We now focus on the the diagonal elements A7 = A7, . These are real, and transform as AJ, — A% +9;A,,. Associated
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with A, (z) is the gauge invariant 2-form which is called the ”Berry curvature”:

BF = 9, A} — 9;AF = —2hIm(On|d;n) = WImZAnm . (22.14)

This can be written in abstract notation as B = 9 A A, and if not singular (see below) it has zero divergence
(OANB=0ANIJNA=0). The derivation of the following identity is straightforward:

: I ]—"’“ Fi,
BY = o Z m | )2] (22.15)

From this expression it is evident that the sources of the divergenceless field B,, are located at point where it encounters
a degeneracy with a neighbouring level. Also it is useful to notice that >  B,, = 0, because the double summation
results in a real expression inside the Im[]. The Berry phase can be regarded as the "flux” of B, namely,

Vo = %Anodr = //Bn-ds (22.16)

Using the same argumentation as in the discussion of Dirac monopoles (see [here]) we deduce that

1

o B, -ds = integer = Chern number (22.17)
T

The mathematical digression below clarifies the analogy between B and the notion of magnetic field.

[22.4] Digression - Geometrical Forms

Geometrical forms are the “vector analysis” generalization of the length, area and volume concepts to any dimension.
In Euclidean geometry with three dimensions the basis for the usual vector space is €1, €2, €3. These are called 1-forms.
We can also define a basis for surface elements (2-forms) and volume (3-form).

€12 = €1 N\ éq €93 = €9 N €3 €31 = €3 N\ é1 €1 N\ és A é3 (2218)

By definition és; = —€12, and é; Aés Aés = —és Aé1 Aég etc. There is a natural duality between 2-forms and 1-forms,
namely é15 — é3 and éa3 +— €1 and é3; — é3. This duality between surface elements and 1-forms does not hold
in Euclidean geometry of higher dimension. For example in 4 dimensions the surface elements (2-forms) constitute
C3 = 6 dimensional space. In the latter case we have duality between the hyper-surface elements (3-forms) and the
1-forms, which are both 4 dimensional spaces. There is of course the simplest example of Euclidean geometry in 2
diemnsional space where 2-forms are regarded as either area or as volume and not as 1-form vectors. In general for
N dimensional Euclidean geometry the k forms constitute a C]’i, dimensional vector space, and they are dual to the
(N — k) forms. We can multiply 1-forms as follows:

[Z Alé1:| A [Z Bléj] = Z AZA]éZ A éj = Z(AlAJ - AJAZ)GA,L AN éj (2219)
4,J 1<y
Note that €; A €; = Null. This leads to the practical formula for a wedge product

(AANB)y; = A;Bj—A;B; (22.20)

Similarly we use the notation (0 A A);; = 0;A; — 0;A;. Note that in 3 dimensional Euclidean geometry we have the
following association with conventional ”vector analysis” notations:

ONA — VxA if A is a 1-forms (22.21)
ONB — V-B if B is a 2-forms
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The above identifications are implied by the following;:

9 = 916y + O1és + Drés (22.22)
A = Aié; + Ayég + Azés
B = DBj3é12 + Ba3éaz + B31€31

We now introduce a more flexible notations. We regard any scalar function f(z) as a O-form, and associate differential
quantities with 1-forms and 2-forms as follows:

wy = f(x) wy = ZAjd:cj =A-dr wp = ZBijdxi Ndzj| =B -ds (22.23)
J i<j

we also use the notation d = ) . 0;dxz; for full differential. With this notation a relation like B = 9 A A can be written
as wg = d Awa. The Stokes integral theorem is conventionally written as

}lﬁ/bdr = /8/\A~ds (22.24)

This concerns 1-forms. The Divergence integral theorem concerns 2-forms. The generalized Stokes theorem relates
the closed boundary integral over a k-form to an integral over a (k+1)-form within the interior. With the above
notations it can be written as

ygwA = //d/\wA (22.25)

where A is any k-form.

[22.5] Adiabatic evolution

The adiabatic equation is obtained from the Schrédinger equation by expanding the wavefunction in the x-dependent
adiabatic basis:

d i
D) = L) W (22.20
) = D an(t) In(x())
day, 1 1 4
W = _ﬁEnan + ﬁ ; ;xJAnmam

We define the perturbation matrix as

Wom = — Z ﬂ'chfm forn #m (22.27)
J

and W7, = 0 for n = m. Then the adiabatic equation can be re-written as follows:

da i ) i
—i =3 By = An)an — - > Womam (22.28)
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If we neglect the perturbation W, then we get the strict adiabatic solution:

(1)) = o= (J5 Bn@(t)dt' [ An(2)-dz) In(z(t))) (22.29)

The time dependence of this solution is exclusively via the x dependence of the basis states. On top, due to A, ()
we have the so called geometric phase. This can be gauged away unless we consider a closed cycle. For a closed cycle,
the gauge invariant phase % gS A - dx is called the Berry phase.

With the above zero-order solution we can obtain the following result:

@ = (vio|-5

w<t>> = o (nle)] M) () (22.30)

In the standard examples this corresponds to a conservative force or to a persistent current. From now on we ignore
this trivial contribution to (F*), and look for the a first order contribution.

[22.6] Adiabatic Transport

For linear driving (unlike the case of a cycle) the A, (z) field can be gauged away. Assuming further that the adiabatic
equation can be treated as parameter independent (that means disregarding the dependence of E,, and W on z) one
realizes that the Schrodinger equation in the adiabatic basis possesses stationary solutions. To first order these are:

o) = )+ 3 ) (22.31)

m(#n)

Note that in a fized-basis representation the above stationary solution is in fact time-dependent. Hence the explicit
notations |n(z(t))) and |m(z(t))) are possibly more appropriate.

With the above solution we can write (F*) as a sum of zero order and first order contributions. From now on we
ignore the zero order contribution, but keep the first order contribution:

(F&y = = Y 7EW””}E <n —gj m>+CC =) <z§ :A’fLmA{;m+CC> @ = = BY i (22.32)
n — Lm k -
m J

m(#n) J

For a general stationary preparation, either pure or mixed, one obtains

(FFy ==Y _GM i, (22.33)

J
with

G" = N f(E,) BY (22.34)

where f(FE,) are weighting factors, with the normalization ) f(E,) = 1. For a pure state preparation f(E,)
distinguishes only one state n, while for a canonical preparation f(E,) e En/T where T is the temperature.
For a many-body system of non-interacting particles f(E,) is re-interpreted as the occupation function, so that
> o f(En) = N is the total number of particles.

Thus we see that the assumption of a stationary first-order solution leads to a non-dissipative (antisymmetric) con-
ductance matrix. This is known as either ”adiabatic transport” or ”geometric magnetism”. In the next lecture we
are going to see that ”adiabatic transport” is in fact a special limit of the Kubo formula.



[23] Linear response theory and the Kubo formula

[23.1] Linear Response Theory

We assume that the Hamiltonian depends on several parameters, say three parameters:
H = H(Faﬁa xl(t)axZ(t)7x3<t))
and we define generalized forces

on

k—f
7= 83;‘k

Linear response means that
o0 .
(F*y, = Z/ kit —t') Sxi(t')dt
i —o00
where a*7(7) = 0 for 7 < 0. The expression for the response Kernel is known as the Kubo formula:

" (7) = O(r) £ (F* (7). O))

119

(23.1)

(23.2)

(23.3)

(23.4)

where the average is taken with the assumed zero order stationary solution. Before we present the standard derivation
of this result we would like to illuminate the DC limit of this formula, and to further explain the adiabatic limit that

was discussed in the previous section.

[23.2] Susceptibility and DC Conductance

The Fourier transform of o*7(7) is the generalized susceptibility x*/(w). Hence
(F)e = D ox0" @)zl = > 1M (@) [#5]
J J

where the dissipation coefficient is defined as

k() — Im[x" (w)] _ ki ST)
i (w) = —=——= /O (1) d

N w w
In the ?”DC limit” (w — 0) it is natural to define the generalized conductance matrix:

, . ki o
GY = P ~0) = i X / oM (T)rdr
0

w—0 w

Consequently the non-conservative part of the response can be written as a generalized Ohm law.

(F) = =36 i

(23.5)

(23.6)

(23.7)

(23.8)
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It is convenient to write the conductance matrix as

GM = pki 4 M (23.9)

where 77 = n/¥ is the symmetric part of the conductance matrix, while B¥ = —BJ* is the antisymmetric part.
In our case there are three parameters so we can arrange the elements of the antisymmetric part as a vector
B = (B%, B3, B'%). Consequently the generalized Ohm law can be written in abstract notation as

(F) = —n-& — BA# (23.10)

where the dot product should be interpreted as matrix-vector multiplication, which involves summation over the
index j. The wedge-product can also be regarded as a matrix-vector multiplication. It reduces to the more familiar
cross-product in the case we have been considering - 3 parameters. The dissipation, which is defined as the rate at
which energy is absorbed into the system, is given by

W = —(F)-i = > 0" i, (23.11)
kj

which is a generalization of Joule’s law. Only the symmetric part contributes to the dissipation. The contribution of
the antisymmetric part is identically zero.

The conductance matrix is essentially a synonym for the term ”dissipation coefficient”. However, ”conductance” is a
better (less misleading) terminology: it does not have the (wrong) connotation of being specifically associated with
dissipation, and consequently it is less confusing to say that it contains a non-dissipative component. We summarize
the various definitions by the following diagram:

oMt —t)
{

X (w)

T
Re[x* (w)] (1/w)Im[x* (w)]

9
AN
ki BFi
(dissipative) (non-dissipative)

[23.3] Derivation of the Kubo formula

If the driving is not strictly adiabatic the validity of the stationary adiabatic solution that has been presented in
the previous lecture becomes questionable. In general we have to take non-adiabatic transitions between levels into
account. This leads to the Kubo formula for the response which we discuss below. The Kubo formula has many type
of derivations. One possibility is to use the same procedure as in the previous lecture starting with

t
[(t)) = e Fntin) + Z [—inn/O ei(E"_E’")t,dt’} e~ Emtim) (23.12)
m(Zn)
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We shall not expand further on this way of derivation, which becomes quite subtle once we go beyond the stationary
adiabatic approximation. A one line derivation of the Kubo formula is based on the interaction picture, and is
presented in a dedicted section There are various different looking derivations of the Kubo formula that highlight the
quantum-to-classical correspondence and/or the limitations of this formula. The advantage of the derivation below is
that it also allows some extensions within the framework of a master equation approach that takes the environment
into account.

For notational simplicity we write the Hamiltonian as
H = Ho — f)V (23.13)

We assume that the system, in the absence of driving, is prepared in a stationary state pg. In the presence of driving
we look for a first order solution p(t) = po + p(t). The equation for 5(t) is:

9p(t)

P~ —ilHo, 0] + ()Y, o (23.14)

Next we use the substitution p(t) = Uy(t)p(t)Us(t)~!, where Upy(t) is the evolution operator which is generated by
Ho. Thus we eliminate from the equation the zero order term:

IO iU VUo(0). 0] (23.15)

The solution of the latter equation is straightforward and leads to
t
o) % ot [0 V(=)o) S(E)a (23.16)
where we use the common notation V() = Uy(7) ~1V Uy (7).

Consider now the time dependence of the expectation value (F); = trace(Fp(t)) of an observable. Disregarding the
zero order contribution, the first order expression is

(F) =~ / i trace (F[V (=(t=t")), po]) f(t)dt' = / at—t") fit"Hdt
where the response kernel «(7) is defined for 7 > 0 as
a(t) =i trace (F[V(—7), po]) =i trace ([F,V(=7)]po) = i([F,V(=7)]) =([F(r),V]) (23.17)

where we have used the cyclic property of the trace operation; the stationarity UypoU, 1 = py of the unperturbed
state; and the notation F(1) = Up(7) "1 FUy(T).
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[24] The Born-Oppenheimer picture

We now consider a more complicated problem, where z becomes a dynamical variable. The standard basis for the
representation of the composite system is |z, Q) = |z) ® |Q). We assume a total Hamiltonian of the form

Mot = ;nzp +H(Q, Pix) — FHV(Q) (24.1)

Rather than using the standard basis, we can use the Born-Oppenheimer basis |2, n(x)) = |z) ® |n(z)). Accordingly
the state of the combined system is represented by the wavefunction ¥, (z), namely

W) = > Wy(2) |z,n(x)) (24.2)

The matrix elements of H are

(z,n(z)|H|zo, m(z0)) = 6(x — 20) X OnmEn(T) (24.3)
The matrix elements of V(Q) are

(z,n(z)|V(Q)|xo,m(x0)) = d(x —z0) X Vi () (24.4)
The matrix elements of p are

(z,n(x)|pjlze, m(x0)) = (—i0;0(x—20)) X (n(x)|m(z0))
The latter can be manipulated ”by parts” leading to

x) (24.5)

(z,n(@)lp;lzo, m(w0)) = —i0;0(x — 20)0nm — 6(x — 20) Al (
This can be summarized by saying that the operation of p; on a wavefunction is like the differential operator
—10; — A, (x). Thus in the Born-Oppenheimer basis the total Hamiltonian takes the form

1

Hiotal = om Z(pj — AL (2))? 4 G En () — f(t) Vi (2) (24.6)

Assuming that the system is prepared in energy level n, and disregarding the effect of A and V, the adiabatic motion of
x is determined by the effective potential F, (x). This is the standard approximation in studies of diatomic molecules,
where x is the distance between the nuclei. If we treat the slow motion as classical, then the interaction with A can
be written as

Hi(igeraction = - Z T Aiwn (.1‘) (247)
J

This brings us back to the theory of driven systems as discussed in previous sections. The other interaction that can
induce transitions between levels is

He) = —f(t)Vom() (24.8)

interaction

The analysis of molecular ”wavepacket dynamics” is based on this picture.
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The Green function approach

[25] The propagator and Feynman path integral

[25.1] The propagator

The evolution of a quantum mechanical system is described by a unitary operator

(W(t) = Ut to) [¥(to)) (25.1)
The Hamiltonian is defined by writing the infinitesimal evolution as

U(t+dt,t) =1—idtH(t) (25.2)

This expression has an imaginary ¢ in order to make H a Hermitian matrix. If we want to describe continuous
evolution we can "break” the time interval into N infinitesimal steps:

Ult.ty) = (1—idtnH)...(1—idtsH)(1 —idtyH) = Te o HE (25.3)

For a time independent Hamiltonian we get simply U(t) = e"®" because of the identity ete? = e+ if [A, B] = 0.

If we consider a particle and use the standard position representation then the unitary operator is represented by a
matrix U(z|xo). The time interval [to, t] is implicit. We alway assume that ¢ > ¢¢. Later it would be convenient to
define the propagator as U(x|zg) for ¢t > to and as zero otherwise. The reason for this convention is related to the
formalism that we are going to introduce later on.

[25.2] The Propagator for linear evolution

Consider a free particle in one dimension.

n o= (25.4)

The derivation of the next section leads to the result

1
x0> = ( m )Qei%(“’—mz (25.5)

U - < ‘—iﬁpz
(wlzo) v 2mit

For Hamiltonian that generates linear evolution in phase-space, the expression for the propagator comes out a Gaussian
kernel. The calculation procedure will be explained later. For the harmonic oscillator

P’ 1 2,2
0 3
m . mQ 2 2
U — . i 5otz (€08 Qt(z° +x5) —2220) 25.7
(zlo) <2m'sith> . 3.1

If we take t — 0 then U — 1, and therefore U(x|z¢) — 6(z — xo).
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[25.3] Propagator for free particle - derivation

We first clarify that the following kernels become delta functions in the a — oo limit:

| a 1 5. a 1 5. a . 1 5. [ a T
27Texp{ 2a7‘:|, \/;COS|: 2a7":|, \/;sm{ 2ar}, o XP {Qar (25.8)

The last expression is formally obtained from the first expression by the replacement a — —ia. But this procedure is
misleading, and also vague with respect to the meaning of v/i. It is better to regard the last expression as the sum of
”cos” and ”sin” kernels. The proper normalization is implied by the integral

/O; cos (;72) dr = \@/Ooo Ci)/saudu =7 (25.9)

Therefore the ”area” of expl[i - - -] is (144)y/7 = /427, with the convention v/i = exp(+in/4). Note that for negative a
we get the opposite phase.

The derivation of the expression for the propagator in the case of a free particle goes as follows. For clarity we use
units such that m = 1:

(aletfo0) = Salt) et hlag) = [ SLemihtrikiemm (25.10)
mw
k

This is formally an inverse FT of a Gaussian, and one obtains the desired result, which is formally a Gaussian that has
an imaginary variance #t. The more careful procedure is to complete the squares, and to split the remaining integral
into ”cos” and ”sin” as in the calculation of the previous paragraph. This leads to

(wle™" 3% |zo) =

1 1 1 Wz —=q)*
cos(x—xo)2+zsin(x—$o)2} = T (25.11)

1
vV 2mat [ 2t 2t V2mit

For oscillator one may be tempted to use a similar procedure, namely, to transform the kernel from the basis that
diagonalize the Hamiltonian. But the simpler procedure is to use the Feynman path-integral procedure as described
below.

[25.4] Gaussian integrals

Consider a quadradic form over = (21,29, ,zn). It can be written as
1
7

where A;; is a real symmetric matrix. Such matrix can be diagonalized in a ”k” basis with eigenvalues aj. The
Gaussian integral is

/d[x]e*v“m = H/dgz«k em 27 — | [Det (ﬁ) (25.13)
k

Below we are going to use the Stationary Phase Approximation for the estimate of an integral over exp(i.A[z]), where
Alz] is called the action. The main contribution to the integral comes from the point © = Z, which is in fact a
trajectory. For this stationary point, the first variation of the action is zero. For simplicity of notation let us assume
that N = 1. The stationary point is determined by the equation A’(z) = 0. We expand near this point:

Alr) = A(x) + %A"(E)(m—f)z—i—... (25.14)
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and then the Gaussian integral becomes

/elA(x)dm ~ e’A(f)/e’%A”(f)(z_i)zdx = r{?gr_)em(f) (25.15)
V T

The generalization of this expression for any N is straightforward. Namely, inside the square-root we will have a
determinant of A;; = 0,0;A[Z]. The further N — oo generalization to handle integration over trajectories x(t) is
further discussed below.

[25.5] The Feynman Path Integrals

How can we find the propagator U(z|xo) for the general Hamiltonian H = % +V(z)? The idea is to write (z|e~"*|x)
as a convolution of small time steps:

(zle™"H|xg) = > (le ™ oy ) - (wale T M ay) (wa]e M) (25.16)

L1,T2,...TN—1

Now we have to find the propagator for each infinitesimal step. At first sight it looks as if we just complicated the
calculation. But then we recall that for infinitesimal operations we have:

efAteB o @t At n ofBetA for any A and B (25.17)

This is because the higher order correction can be made as small as we want. So we write

1
p2 P2 2 m e N2t V(s
<xj otttV (@) Ij_1> ~ <xj etV (@) 1612 Ij_1> ~ <27ert»> o T @ V@) s gy
j
and get:
m \%
_ iAlr]  — iAlz]
U(z|zo) /d;vldxg codrn_g (2mdt> e = /d[x] e (25.19)
where A[z] is called the action.
No1o 1
Aja] = ; [y =y a)? = iV ()] = /<2mfv2—V(x)> it — /[Z(x,i;)dt (25.20)

More generally, if we include the vector potential in the Hamiltonian, then we get the Lagrangian

Lz, ) = %mdcz —V(z) + A(z)d (25.21)

and the action becomes
Alz] = /(2m9'c2 - V(x)) dt + /A(x)~dx (25.22)

The calculation of the propagator for e.g. Harmonic Oscillator requires the calculation of the determinant of the matrix
A; j that is defined by inspection of of the time-discretized action, and then taking the N — oo limit. However, a
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shortcut is available if we use the Van-Vleck formula of the next section, that provides an exact result for Hamiltonians
that generate linear evolution.

[25.6] The semiclassical approximation

The generalization of the Stationary Phase Approximation that we have discussed previously, for the purpose of
evaluating the multi-dimensional integral over d[x], is immediate. The stationary point is the trajectory for which the
first order variation is zero (6.4 = 0). This leads to Lagrange equation, hence the ”stationary point” is identified as
the classical trajectory. Consequently we get the so called semiclassical (Van-Vleck) approximation:

1 d/2 62./451
Z (1271') det <_ 89&8330)

cl
where the action of the classical trajectory as a function of the two end points is

1/2
i Aet (,w0)=i(m/2)vel (25.23)

Q

Ulzx|zy) = / d[z] eAl]

Ac(z,20) = Alx ] (25.24)

The number of degrees of freedom is d, and the determinant is d x d. The detailed derivation of the Van-Vleck
expression can be found in textbooks and is not very illuminating. Below we focus on the emergence of the Morse-
Maslov index v;.

For simplicity we consider one degree of freedom system (d = 1). Within the framework of the Stationary Phase
Approximation the action A[z. + dx] is expanded to second order around the classical trajectory. The zero order
provided the classical action; the first order term vanishes by definition; and the second order provides a quadaratic
form that can be diagonalized. Using the notation z(t) = xz(t) + ¥(t), one obtains the eigenvalue equation

M)~ Ve = M), 1l 1] (25.25)

For very short t ¢ — ¢ this is formally the same as the equation for the eigenstates of a particle in a narrow rectangular
well, hence all the N—1 eigenvalues are positive. Consequently, after the Gaussian integration, the pre-exponential
(i2m)~N/2 factor is get multiplied by (i27)N~=1/2, The net prefactor is (i27)~ /2. However, for larger ty, some
of the eigenvalues can become negative, which implies that x.; is a saddle point and no longer a minimum for the
action. The Morse-Maslov index v, counts the number of negative eigenvalues. From the above reasoning it follows
that the Morse-Maslov index v, counts the number of conjugate points along the classical trajectory. If the time is
short it equals zero and then both this index and the absolute value that enclosed the determinant can be omitted.
A conjugate point (in time) is defined as the time t; when the above linearized equation has a A=0 solution. This
implies that x(ts) is on a caustic or a focal point of trajectories. In the case of a reflection from a wall, the Morse
index is +1 for each collision. This is correct for “soft” wall. In case of “hard” wall the standard semiclassical result
for v.; breaks down, and the correct result turns out to be +2 for each collision. The latter rule is implied by the
Dirichlet boundary conditions. Note, that it would be 40 in the case of Neumann boundary conditions. The
Van-Vleck semiclassical approximation is exact for quadratic Hamiltonians because the ”stationary phase integral” is
exact if there are no higher order terms in the Taylor expansion.

Let us verify that the U(z|xo) for a free particle is indeed obtained from the Van-Vleck expression. The action A[z]
for the free particle is

t
Alz] = / %ma’cht’. (25.26)
0

Given the end points we find the classical path

Y (25.27)

Ty = To+
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and hence

t _ 2
Aalz,z) = /%m (M’> At = (- ) (25.28)
0

We also observe that

82Acl o m
_83:83:0 = 7 (25.29)

in agreement with the exact result. It should be noted that the latter expression has simple phase-space interpretation
within the Wigner function formalism: it is simply the decreasing overlap due to spatial spreading of an initial squeezed
state. A straightforward generalization provides a more general expression for the propagator of an harmonic oscillator.
In the Wigner function formalism the quantum propagator for any linear evolution comes out identical with the
classical Liouville propagator, namely, describing motion along classical trajectories.



128

[26] The resolvent and the Green function

[26.1] The resolvent

The resolvent is defined in the complex plane as

1
z—H

G(z) = (26.1)

In case of a bounded system it has poles at the eigenvalues. We postpone for later the discussion of unbounded
systems. It is possibly more illuminating to look on the matrix elements of the resolvent

Glaloo) = (el6()ee) = 32 D) o 57 e (26.2)

where ¥ () = (z|n) are the eigenstates of the Hamiltonian. If we fix x and x¢ and regard this expression as a function
of z this is formally the complex representation of an electric field in a two dimensional electrostatic problem.

We can look on G(x|zg), with fixed z = E and xg, as a wavefunction in the variable z. We see that G(x|z) is a
superposition of eigenstates. If we operate on it with (E — #H) the coefficients of this superposition are multiplied
by (E — E}), and because of the completeness of the basis we get d(z — o). This means that G(x|zg) satisfies the
Schrodinger equation with the complex energy F and with an added source at © = xy. Namely,

(E —H)G(z|ro) = 6(x — x0) (26.3)

This is simply the standard representation of the equation (z —H)G =1 which defines the matrix inversion
G =1/(z —H). The wavefunction G(z|zg) should satisfy that appropriate boundary conditions. If we deal with
a particle in a box this means Dirichlet boundary conditions. In the case of an unbounded system the issue of
boundary conditions deserves further discussion (see later).

The importance of the Green functions comes from its Fourier transform relation to the propagator. Namely,
FT| 0(t)e™" U(t)] = iG(w+ i) (26.4)
where ©(t) is the step function, ©(t)U(t) is the "propagator”, and e~ is an envelope function that guarantees

convergence of the FT integral. Later we discuss the limit n — 0.

We note that we can extract from the resolvent useful information. For example, we can get the energy eigenfunction
by calculation the residues of G(z). The Green functions, which we discuss in the next section are obtained (defined)
as follows:

1
+ _ _ ) —
G (w) = G(z=w=xi0) = M0 (26.5)
From this definition follows that
Im[G] = —%(cﬁ — G )= —m6(E —H) (26.6)

From here we get expression for the density of states o(FE) and for the local density of states p(F), where the latter
is with respect to an arbitrary reference state W

o(E) = —%trace( Im[G+(E)]) (26.7)
o(B) = —(v| m(G*(p)] |v)
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Further applications of the Green functions will be discussed later on.

Concluding this section we note that from the above it should become clear that there are three methods of calculating
the matrix elements of the resolvent:

e Summing as expansion in the energy basis
e Solving an equation (Helmholtz for a free particle)
e Finding the Fourier transform of the propagator

Possibly the second method is the simplest, while the third one is useful in semiclassical schemes.

[26.2] Mathematical digression

Let us summarize some useful mathematical facts that are related to the theory of the resolvent. First of all we have
the following identity for a decomposition into ”principal” and ”singular” parts:

1 w .0 1
o0 - o oy < ;—mé(w) (26.8)

where 0 is an infinitesimal. An optional proof of this identity in the context of contour integration is based on
deforming the contour into a semicircle in the upper complex half plane, and then displacing the pole to be on the real
axis. Then the first term is contributed by the principal part, while the second term is contributed by the semicircle.

The following Fourier transform relation is extremely useful, and we would like to establish it both in the forward
and in the backward directions:
i
FT[O(t)] = 26.9
oM = (26.9)

An equivalent relation is

1
FT [@(t) - 2} = — [the FT that gives the principal part] (26.10)

In the forward direction the proof is based on taking the v — 0 limit of

> - 1
FT [O(t)e "] = / em Ty = —— (26.11)
0 v —iw
Note that this is not the same as
2
FT [e‘”lt‘] S [the FT that gives the singular part] (26.12)
w2 + 72
In the backward direction the simplest is to use contour integration:
* dw [ie~t _ , . .
o loriol = 2mi x Residue [for ¢ > 0 the contour is closed in the lower half plane]  (26.13)
oo 2T Wi

The other possibility is to stay with the original contour along the real axis, but to split the integrand into principal
part and singular part. The integral over the principal part is in-fact the inverse Fourier transform of i/w. Its
calculation is based on the elementary integral

+oo s
/ sin(az) 1 — Sign(a)r = +r (26.14)
x

—0o0
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[26.3] The Green function of a bounded particle

In order to get insight into the mathematics of G*(z) we first consider how G(z) looks like for a particle in a very
large box. To be more specific we can consider a particle in a potential well or on a ring. In the latter case it means
periodic boundary conditions rather than Dirichlet boundary conditions. Later we would like to take the length L of
the box to be infinite so as to have a ”free particle”. Expanding ¢ (z) = (z|G(z)|xo) in the energy basis we get the
following expressions:

sin(kyz) sin k:nx
(2] Grven(2)[0) = LZ 0) (26.15)

zkn (x—z0)

(2|Gring(2)|z0) = LZ z—FE

where the real k, correspond to a box of length L. As discussed in the previous lecture, this sum can be visualized
as the field which is created by a string of charges along the real axis. If we are far enough from the real axis we get
a field which is the same as that of a smooth distribution of ”charge”. Let us call it the ”far field” region. As we
take the volume of the box to infinity the "near field” region, whose width is determined by the level spacing, shrinks
and disappears. Then we are left with the ”far field” which is the resolvent of a free particle. The result should not
depend on whether we consider Dirichlet of periodic boundary conditions.

The summation of the above sums is technically too difficult. In order to get an explicit expression for the resolvent
we recall that i (x) = (x|G(z)|zo) is the solution of a Schrodinger equation with complex energy z and a source at
x = xo9. The solution of this equation is

(]G (2)|zo) = —i%eik‘z’m + Aethe 4 Be~ike (26.16)

where k = (2mz)'/? corresponds to the complex energy z. The first term satisfies the matching condition at the
source, while the other two terms are ”free waves” that solve the associated homogeneous equation. The coefficients
A and B should be adjusted such that the boundary conditions are satisfied. For the "well” we should ensure the
Dirichlet boundary conditions ¢(z) = 0 for = 0, L, while for the "ring” we should ensure the periodic boundary

conditions ¥(0) = ¢(L) and ¢'(0) = ¢'(L).

Let us try to gain some insight for the solution. If z is in the upper half plane then we can write k = kg + i where
both kg and « are positive(!) real numbers. This means that a propagating wave (either right going or left going)
exponentially decays to zero in the propagation direction, and exponentially explodes in the opposite direction. It is
not difficult to conclude that in the limit of a very large L the coefficients A and B become exponentially small. In
the strict L — oo limit we may say that ¢ (x) should satisfy ”outgoing boundary conditions”. If we want to make
analytical continuation of G(z) to the lower half plane, we should stick to these ”outgoing boundary conditions”. The
implication is that t(z) in the lower half plane exponentially explodes at infinity.

An optional argument that establishes the application of the outgoing boundary conditions is based on the observation
that the FT of the retarded G (w) gives the propagator. The propagator is identically zero for negative times. If we
use the propagator to propagate a wavepacket, we should get a non-zero result for positive times and a zero result for
negative times. In the case of an unbounded particle only outgoing waves are consistent with this description.

[26.4] Analytic continuation

The resolvent is well defined for any z away from the real axis. We define G*(z) = G(z) in the upper half of the
complex plane. As long as we discuss bounded systems this ”definition” looks like a duplication. The mathematics
becomes more interesting once we consider unbounded systems with a continuous energy spectrum. In the latter case
there are circumstances that allow analytic continuation of GT(z) into the lower half of the complex plane. This
analytical continuation, if exists, would not coincide with G~ (z).

In order to make the discussion of analytical continuation transparent let us assume, without loss of generality, that
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we are interested in the following object:

f2) = (WG = 3 (26.17)

n

The function f(z) with z = = + iy can be regarded as describing the electric field in a two dimensional electrostatic
problem. The field is created by charges that are placed along the real axis. As the system grows larger and larger
the charges become more and more dense, and therefore in the "far field” the discrete sum ) can be replaced by
an integral [ o(E)dE where p(FE) is the smoothed density of states. By "far field” we mean that Im[z] is much larger
compared with the mean level spacing and therefore we cannot resolve the finite distance between the charges. In the
limit of an infinite system this becomes exact for any finite (non-zero) distance from the real axis.

In order to motivate the discussion of analytical continuation let us consider a typical problem. Consider a system
built of two weakly coupled 1D regions. One is a small "box” and the other is a very large "surrounding”. The barrier
between the two regions is a large delta function. According to perturbation theory the zero order states of the
"surrounding” are mixed with the zero order bound states of the "box”. The mixing is strong if the energy difference
of the zero order states is small. Thus we have mixing mainly in the vicinity of the energies E, where we formerly had
bound states of the isolated "box”. Let us assume that ¥ describes the initial preparation of the particle inside the
"box”. Consequently we have large ¢, only for states with E,, =~ E,. This means that we have an increased ”charge
density” in the vicinity of energies E,.. It is the LDOS rather than the DOS which is responsible for this increased
charge density. Now we want to calculate f(z). What would be the implication of the increased charge density on
the calculation?

In order to understand the implication of the increased charge density on the calculation we recall a familiar problem
from electrostatics. Assume that we have a conducting metal plate and a positive electric charge. Obviously there
will be an induced negative charge distribution on the metal plate. We can follow the electric field lines through the
plate, from above the plate to the other side. We realize that we can replace all the charge distribution on the plate
by a single negative electric charge (this is the so called "image charge”).

S S S

bounded system continuum @ image

Returning to the resolvent, we realize that we can represent the effect of the increased ”charge density” using an
”image charge” which we call a ”resonance pole”. The location of the "resonance pole” is written as E,. — i(I',./2).
Formally we say that the resonance poles are obtained by the analytic continuation of G(z) from the upper half plane
into the lower half plane. In practice we can find these poles by looking for complex energies for which the Schrodinger
equation has solutions with ”outgoing” boundary conditions. In another section we give an explicit solution for the
above problem. Assume that this way or another we find an approximation for f(z) using such ”image charges”:

f(E) = (V|GH(E)¥) = Z m = Z o (ETQ—Ti(FT/Q)) + smooth background (26.18)

We observe that the sum over n is in fact an integral, while the sum over r is a discrete sum. So the analytic
continuation provides a simple expression for G(z). Now we can use this expression in order to deduce physical
information. We immediately find the LDOS can be written as as sum over Lorentzians. The Fourier transform of
the LDOS is the survival amplitude, which comes out a sum over exponentials. In fact we can get the result for the
survival amplitude directly by recalling that ©(¢)U(¢) is the FT of iG*(w). Hence

(x|U(t)|zo) = Z Qe = /2t 4 ghort time corrections (26.19)

s
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If ¥ involves contribution from only one resonance, then the probability to stay inside the "box” decreases exponen-
tially with time. This is the type of result that we would expect form either Wigner theory or from the Fermi Golden
rule. Indeed we are going later to develop a perturbation theory for the resolvent, and to show that the expression
for I' in leading order is as expected.

[26.5] The Green function via direct diagonalization

For a free particle the eigenstates are known and we can calculate the expression by inserting a complete set and
integrating. From now on we set m = 1 in calculations, but we restore it in the final result.

G* (afo) = D {alk) oy (kla) (26.20)
k 2

_ / dk e’ik‘r 1
] (@2n)d E—1k2+4i0

where d is the dimension of the space. In order to compute this expression we define ¥ = I — 23 and choose our
coordinate system in such a way that the Z direction will coincide with the direction of r.

2eikrcos9 kod—ldk
G (x]xo) = / PR B ST T (26.21)

where kg = v2mE is the wavenumber for a particle with energy E. The integral is a d-dimensional spherical integral.
The solutions of |k| = & in 1D give two k’s, while in 2D and 3D the k’s lie on a circle and on a sphere respectively.
We recall that g is 2, 27,47 in 1D, 2D and 3D respectively, and define averaging over all directions for a function
f(0) as follows:

(f(0))a= Qid /f(t‘))dQ (26.22)

With this definition we get
_ d=1
<ezkr cosG>d — Jo(k"l"), d:27 (2623)
i d=3

where Jo(z) is the zero order Bessel function of the first kind. Substituting these results and using the notation z = kr
we get in the 3D case:

GHr) = Ll/oo zsin z 11 z(e* —e7%)

Sl L S P 96.24
2r2) m?— 2240 wrdi)_. zp? — 22+ 0 (26.24)

1 1 zet? e~
T onrdi {_/ (z — (28 +i0)) (2 + (25 + iO))dZ + / (z — (25 +i0)) (2 + (25 + io))d'z
1 1 L 1 ] metsr
= Z Res[f(2)] = — {e — —e } =——

27 T 2mr | 2 2 2 1
poles
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E+i0
[ ]

Re

[ ]
—(E+i0)

The contour of integration (see figure) has been closed in the upper half of the plane for the term containing e**,
and in the lower half for the term with e %%, so the arc at infinity add zero contribution. Then the contour has been
deformed, so the contribution for each term comes from one of the poles at +(zg + i0). We see that the solution is a
variation on the familiar Coulomb law.

[26.6] Solving the Helmholtz equation in 1D /2D /3D

The simplest method to find the Green function is by solving the Schrodinger equation with a source and appropriate
boundary conditions. In the case of a free particle we get the Helmholtz equation which is a generalization of the
Poisson equation of electrostatic problems:

(V2 + kg®)G(r|rg) = —¢d(r — o) (26.25)

where the "charge” in our case is ¢ = —2m/h?. For kg = 0 this is the Poisson equation and the solution is the
Coulomb law. For kg # 0 the solution is a variation on Coulomb law. We shall explore below the results in case of a
particle in 3D, and then also for 1D and 2D.

The 3D case:

In the 3D case the ”Coulomb law” is:

q

G(r(ro) = m

cos(kg|r — ro|) (26.26)

This solution still has a gauge freedom, just as in electrostatics where we have a ”free constant”. We can add to this
solution any ”constant”, which in our case means an arbitrary (so called ”free wave”) solution of the homogeneous
equation. Note that any ”free wave” can be constructed from a superpostion of planar waves. In particular the
"spherical” free wave is obtained by averaging e’®™ over all directions. If we want to satisfy the ”outgoing wave”
boundary conditions we get:

G(r) = 1o cos(kpr) + i sin(kpr) = e = — Telher (26.27)

The solutions for 1D and 2D can be derived in the same way.
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The 1D case:

In the one dimensional case the equation that determines the Green function is

(aa; + k%) G(z) = —qd(z) (26.28)

where for simplicity we set zo = 0. The delta function source requires a jump of the derivative G'(+0) — G'(—0) = —q.
Using different phrasing: in order for the second derivative to be a delta function the first derivative must have a step
function. Thus, when kg = 0 we get the 1D Coulomb law G(z) = —(g/2)|z|, but for kg # 0 we have a variation on
Coulomb law

G(z) = —% sin(kz|z|) (26.29)

(see figure). To this we can add any 1D free wave. In order to satisfy the ”outgoing waves” boundary conditions we
add cos(kx) = cos(k|z|) to this expression, hence we get the retarded Green’s function in 1D

G(z) = i—L ethelal — ;M gikslal (26.30)

2kg kg

The 2D case:
In two dimensions for kg = 0 we use Gauss’ law to calculate the electrostatic field that goes like 1/r, and hence the
electrostatic potential is G(r) = —(1/(2m)) Inr. for kg # 0 we get the modulated result

G(r) = —%YO(kEr) (26.31)

where Yo(z) is the Bessel function of the second kind

Yo'(z) = —Yi(x) (26.32)
2
Yo(x) ~ — sin(x — %) , for large x

The second independent solution of the associated homogeneous equation is the Bessel function of the first kind Jo(x).
Adding this ”free wave” solution leads to a solution that satisfies the ”outgoing wave” boundary conditions. Hence
we get the retarded Green’s function in 2D

G(r) = i%HO(kEr) = —igHo(kEr) (26.33)

where Ho(z) = Jo(x) +iYo(x) is the Hankel function.
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[26.7] Green function for a quasi 1D network

There is a very simple expression for the Green function of a particle that has energy E in a quasi 1D network (see
”QM is practice” section):

G(x|zo) = —ii > A (B)etkete (26.34)
p

where p labels trajectories that start at xp and end at x. The length of a given trajectory is L,, while A,(FE) is
the product of transmission and reflection amplitudes due to scattering at the nodes of the network. The proof
of this formula is a straightforward generalization of the standard 1D case: The function ¥(z) = G(z|zo) satisfies
the Schrodinger equation for any = # =z, and in particular the matching conditions at the nodes are satisfied by
construction. At xp the function ¥(z) has the same discontinuity as in the standard 1D case, because for the direct
trajectory L, = |x —xo| has a jump in its derivative. This discontinuity reflects having a source at x = x( as required.

Delta scatterer.— Possibly the simplest quasi 1D networks, is a line with one node. We can describe the node as a
delta function potential:

V(z) = wélx) = |0)u(0] (26.35)

In the last equality we point out that V(z) is essentially a projector |1)(1)|. For this type of potential there is a
simple inversion formula that we discuss below, that allows a direct evaluation of the resolvent. Optionally one can
get this formula from a 3D-style sum over trajectories in terms of the reflection coefficient r, namely, we have a direct
trajetory and a scattered trajectory:

Glz|z) = it [eikEll‘—“O‘ + retke(el+lwol) (26.36)
VE
where
po— —t/ve) (26.37)
1+i(u/vg)
One can verify consistency with the general network 1D-style formula upon the idetification t = 1 + r.
Inversion formula.— Given a state b we have the identity
e = 1 A (26.35)
1= [)A Y] 1-A '

This is proved by selecting an orthonormal basis that contains 1 as one of its states, such that the matrix in the
denominator is diag{1—X, 1,1, 1, ...}. The formula above allows analytical inversion of (1 — V). A generalization of this
formula (see next lecture regarding perturbation theory) allows to get explicit expression for G = (4 — V)™, provided
we know what is Gy = A~!. Namely, we get the relation G = Gy + GoT Gy, where T =V +VGoV + VGV + ...
With the substitution V' = |0)u(0| we get the result

T = 1+(ug)+(ug)2+(ug)3+'-']‘/ = (1>V = 1—|—iu (x) (26.39)

1 uG(E) (wfos)’

where G(E) = (0|Go|0) = G¢(0]|0). The operator T is like effective V' that incorporates all higher-orders of the scat-
tering process. The formula for G(x|zg) is directly obtained from G = Go + GoT'Gyp, hence including a direct term,
and a look-alike first-order scattering term with reflection coefficient r that incorporates all higher orders in u.



136

[26.8] Semiclassical evaluation of the Green function

The semiclassical procedure, based on the Van-Vleck formula, provides a common approximation for all the special
cases that have been discussed above, and also allows further generalization. The Green function is the FT of the
propagator:

Glxlzg) ~ / eiAa(@,z0)+iBt 3y, giSa(E,2o) (26.40)
0

In order to derive the last expression one applies the stationary phase approximation for the evaluation of the dt
integral. The stationary point is determined by the equation E. = E where E, = —d.Aq/dt. The reduced action is
defined as

t z(t)
Scl((ﬂ, IEo) = .AC] + Bt = / [ﬁcl + E]dt = / Del * dx (2641)
0 z(0)

It is implicit in this definition that the reduced action is evaluated for a classical trajectory that has energy E and
connects the points z(0) and z(t), and likewise the classical momentum p, is evaluated along this trajectory.

[26.9] The boundary integral method
The Schrédinger equation Hip = Eg can be written as Hg1 = 0 where
Hi = -V +Ug(r) (26.42)
with Ug(r) = U(r) — E. Green’s function solves the equation HrpG(r|rg) = —qd(r — ro) with ¢ = —2m/h%. In this

section we follow the convention of electrostatics and set ¢ = 1. From this point on we use the following (generalized)
terminology:

Laplace equation [no source]: Hey(r) =0 (26.43)
Poisson equation: He(r) = p(r) (26.44)
Definition of the Coulomb kernel: HeG(r|ro) = d(r —ro) (26.45)

The solution of the Poisson equation is unique up to an arbitrary solution of the associated Laplace equation. If the
charge density p(r) is real, then the imaginary part of ¢(r) is a solution of the Laplace equation. Therefore without
loss of generality we can assume that 1 (r) and G(r|rg) are real. From the definition of the Coulomb kernel it follows
that the solution of the Poisson equation is

Coulomb law: P(r) = /G(r|r’)p(r’)dr’ (26.46)

In particular we write the solution which is obtained if we have a charged closed boundary r = r(s). Assuming that
the charge density on the boundary is o(s) and that the dipole density (see discussion below) is d(s) we get:

P(r) = % ([G’(r|s)}o(s) + [&;G(T|s)]d(s))d5 (26.47)
We use here the obvious notation G(r|s) = G(r|r(s)). The normal derivative 0 = 7 - V is taken with respect to the
source coordinate, where 77 is a unit vector that points outwards.

It should be obvious that the obtained 1 (r) solves the Laplace equation in the interior region, as well as in the exterior
region, while across the boundary it satisfies the matching conditions

Gauss law: oU(st) —o(s™) = —a(s) (26.48)
B(sH) —p(sT) = d(s) (26.49)
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These matching conditions can be regarded as variations of Gauss law. They are obtained by integrating the Poisson
equation over an infinitesimal range across the boundary. The charge density o(s) implies a jump in the electric field
—0v(s). The dipole density d(s) is formally like a very thin parallel plates capacitor, and it implies a jump in the
potential ¥(s).

Let us ask the inverse question: Given a solution of Laplace equation in the interior region, can we find o(s) and d(s)
that generate it? The answer is yes. In fact, as implied from the discussion below, there are infinitely many possible
choices. But in particular there is one unique choice that gives v (r) inside and zero outside. Namely, o(s) = 9 (s)
and d(s) = —(s), where 9(s) = 1(r(s)). Thus we get:

The bounday integral formula: P(r) = 55 ([G(r\s)]aw(s) - [8SG(7"\5)]1/J(5))d5 (26.50)

The bounday integral formula allows to express the 1(r) at an arbitrary point inside the domain using a boundary
integral over ¢(s) and its normal derivative 9u(s).

The standard derivation of the boundary integral formula is based on formal algebraic manipulations with Green’s
theorem. We prefer below a simpler physics-oriented argumentation. If ¢ (r) satisfies Laplace equation in the interior,
and it is defined to be zero in the exterior, then it satisfies (trivially) the Laplace equation also in the exterior. On
top it satisfies the Gauss matching conditions with o(s) = 99 (s™) and d(s) = —¢(s~). Accordingly it is a solution of
the Poisson equation with o(s) and d(s) as sources. But for the same o(s) and d(s) we can optionally obtain another
solutions of the Poisson equation from the bounday integral formula. The two solutions can differ by a solution of
the associated Laplace equation. If we supplement the problem with zero boundary conditions at infinity, the two
solutions have to coincide.

For the case where the wave function vanishes on the boundary 1 (s) = 0 the expression becomes very simple

vlr) = § Glrls (s (26.51)

where ¢(s) = 01(s), and in particular as we approach the boundary we should get:

/G(s|s’)<p(s')ds’ =0 (26.52)

An obvious application of this formula leads to a powerful numerical method for finding eigenfunctions. This is the
so called boundary integral method. Let us consider the problem of a particle in a billiard potential. Our Green’s
function is (up to a constant)

G(s|s') = Yo(kg|r(s) —r(s')|) (26.53)

If we divide the boundary line into N segments then for any point on the boundary the equality [ G(s|s)¢(s')ds’ =0
should hold, so:

ZAij(pj =0 with Aij = Yo(kE‘T(SZ) - ’I“(Sj)') (2654)
J

Every time the determinant det(A) vanishes we get a non trivial solution to the equation, and hence we can construct
an eigenfunction. So all we have to do is plot the determinant det(A) as a function of kr. The points where det(A)
equals zero are the values of kg for which the energy E is an eigenvalue of the Hamiltonian .



[27] Perturbation theory

[27.1] Perturbation theory for the resolvent
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We first generalize the ”inversion formula” that has been introduced in the previous lecture. There it has been applied
to the exact calculation of the Green function for a delta function. Here we consider general matrices A and B, and

point out the formal identity

5 - (1-B)' = nZ%B"

= (AQ-AT'B)™' = (1-A7'B)'ATN = Y (A'B)rAT!

n

1 1 1 1 1 1

Applying the above formal expansion for the calculation of the resolvent one obtains:

1 1 1
B = TR T V) T o)V

= GO(Z) + GO(Z)VGO(Z) + Go(Z)VGQ(Z)VGo(Z + ...

Or, in matrix representation
G(z|xo) = Go(z|xo) + /Go(x|x2)dx2(x2|V|x1>dx1G0(x1|x0) +...
Note that for the scalar potential V = u(Z) we get

G(z|zo) = Go(z|z0) + /da:’Go(a:|a:’)u(x')G0(x’|x0) +...

[27.2] Perturbation Theory for the Propagator

For the Green function we get

G (@) = G (@) + G @)VGE (@) + G @)V G @V ) + ...
Recall that

Gt (w) = FT — —iO(1)U(T)

Then from the convolution theorem it follows that

’ ’

(—=))[0)U(t)] = (=)[OUs(t)] + (—i)* /dt'[@(t — YUt —1)] V][O )Uo(t)] + ...
which leads to

U(t) = Up(t) + Z(—z’)"/o by . .. dtadty Uo(t — t,)V ... Ug(ty — t1)VUs(t1)

<t <to<--<tp<t

(27.1)

(27.2)

(27.3)
(27.4)

(27.5)

(27.6)

(27.7)

(27.8)

(27.9)

(27.10)
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for t > 0 and zero otherwise. This can be illustrated diagrammatically using Feynman diagrams.

Let us see how we use this expression in order to get the transition probability formula. The first order expression for
the evolution operator is

U(t) = Uy — i/dt/Uo(t — £ )YWU(t) (27.11)

Assume that the system is prepared in an eigenstate m of the unperturbed Hamiltonian, we get the amplitude to find
it after time ¢ in another eigenstate n is

(n|U(t)[m) = e~iBnts,. —i / dt e~ En (=) (| V) e~ iEmt (27.12)

If n # m it follows that:

2

t
Pu(nlm) = |(n|U (1) m)[? = / Gt Vel B )Y (27.13)
0

[27.3] Perturbation theory for the evolution

In this section we review the elementary approach to solve the evolution problem via an iterative scheme with the
Schrodinger equation. Then we make the bridge to a more powerful procedure. Consider

) = 3w (1)) (27.14)
It follows that:

i

v,
- BV, e 27.1
ot 2 Van (27.15)

We want to solve in the method which is called ”variation of parameters”, so we set:

U, (t) = cp(t)e Fnt (27.16)
Hence:

Con S BB, (1) (27.17)

dt

n’

From the zero order solution ¢, (t) = 0., we get after one iteration:
t ‘ )
en(t) = Opm — i / dt' " En—En)t'y (27.18)
0

In order to make the connection with the formal approach of the previous and of the next section we write

e = <n|U61U(t)‘m> = (n|Ur(t)|m) (27.19)
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and note that
i En—Emlty, - _ <n|U0(t)_1VUo(t)|m> = (n|Vi(t)|m) (27.20)

Hence the above first order result can be written as
t
([T (6)[m) = S — i / (Vi (#))m) dt’ (27.21)
0

In the next sections we generalize this result to all orders.

[27.4] The Interaction Picture

First we would like to recall the definition of time ordered exponentiation

Ut to) = (1 — idtnH(ty)) ... (1 — idtaH(ts)) (1 — idtr H(t1)) = Te oo HE (27.22)

Previously we have assumed that the Hamiltonian is not time dependent. But in general this is not the case, so we
have to keep the time order. The parenthesis in the above definition can be ”opened” and then we can assemble the
terms of order of dt. Then we get the expansion

Ult,to) = 1—i(dtnH(tn)) - —i(dtaH(t)) + (=) (dEnH(tn)) (dtn 1 H(tn-1)) + ... (27.23)
= 1—z’/ H(t’)dt’+(—z’)2/ HEYH(E )dt"dt' + ...

to<t'<t'"<t
00

_ Z(_i)n/ dty ... dtyH(t,) ... H(ty)

n=0 to<t1<to-<tn,<t

Note that if H(t') = H is not time dependent then we simply get the usual Taylor expansion of the exponential
function where the 1/n! prefactors would come from the time ordering limitation.

The above expansion is not very useful because the sum is likely to be divergent. What we would like to consider is
the case

" o= Ho+V (27.24)

where V' is a small perturbation. The perturbation V can be either time dependent or time independent. It is
convenient to regard the evolution as a sequence of ”free” evolution during [t, 0], an interaction at ¢t = 0, and a later
"free” evolution during [0,¢]. Consequently we define a unitary operator Uy such that

U(t,to) = Uo(t,to) UrUop(0,20) (27.25)

Accordingly Uy = 1 if V = 0. Otherwise U; gives the effect of the interaction as if it happened at the reference
time ¢ = 0. For simplicity we adopt from now on the convention to = 0, and use the notation U(t) instead of U(t, ).
Thus

U = Uy(t) ' U®) (27.26)
We also define the following notation

Vi(t) = Uo(t)™" V Up(t) (27.27)
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By definition of H as the generator of the evolution:

d

%U(t) = —i(Ho+V)U(t) (27.28)
Consequently:

d .

%UI = —iVi(t) Us (27.29)

The solution is by time ordered exponentiation

t [e’e)
U = Texp (—2/ VI(t’)dt’> = Z(—i)"/ dty, ...dtr Vi(ty) ... Vi(t1) (27.30)
0 n=0 0<t1<ta--<tp<t
Which can be written formally as
Uy = i(_i)n /tdt dty TVi(tn) ... Vi(ty) (27.31)
I N' o n ... 1 I mn).-.- I 1 .

n=0
Optionally we can switch back to the Schrodinger picture:

oo

Ut) = Z(-z’)n/o dty . .. dtadty Ug(t — tn)V ... Ug(ty — t1) VU (t1) (27.32)

n=0 <t <to<---<tp<t

The latter expression is more general than the one which we had obtained via FT of the resolvent expansion, because
here V is allowed to be time dependent.

[27.5] The Kubo formula

Consider the special case of having a time dependent perturbation V = —f (t)B The first order expression for the
evolution operator in the interaction picture is

Ur(t) = 1+i/tA1(t’)f(t’)dt’ (27.33)
0

where Aj(t) is A in the interaction picture. If our interest is in the evolution of an expectation value of another
observable A, then we have the identity

(A = @OIAR®D) = @Az = @UI() " AOU)]) (27.34)
To leading order we find
We = ) + [ e (27.35)

where the linear response kernel is given by the Kubo formula:

a(t,t’) = i[A(t), Bi(t)]) (27.36)
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In the above formulas expectation values without subscript are taken with the state . It should be clear that the
Kubo formula is merely the interaction picture version of the “rate of change” formula: The rate of change of the
expectation value of A is determined by the expectation value of the commutator [#, A], hence in the interaction
picture it is determined by the expectation value of [V, A].

[27.6] The S operator

The formula that we have found for the evolution operator in the interaction picture can be re-written for an evolution
that starts at t = —oo (instead of ¢ = 0) and ends at ¢ = co. For such scenario we use the notation S instead of Uy
and write:

— 00

§ = i(;;?" /+Oodtn...dt1TVI(tn)...VI(tl) (27.37)

It is convenient to regard t = —oo and t = oo as two well defined points in the far past and in the far future respectively.
The limit ¢t = —oco and t — oo is ill defined unless S is sandwiched between states in the same energy shell, as in the
context of time independent scattering.

The S operator formulation is useful for the purpose of obtaining an expression for the temporal cross-correlation
of (say) two observables A and B. The type of system that we have in mind is (say) a Fermi sea of electrons. The
interest is in the the ground state v of the system which we can regard as the “vacuum state”. The object that we
want to calculate, written in the Heisenberg / Schrodinger / Interaction pictures is

Cpaltz,t1) = (Y|Bu(tz)An(t1)[¥) (27.38)
= (|U(t2) ' BU(t2, 1) AU(t1) [4) (27.39)
= (| Ur(ta) ™" Br(ta) Ur(ta, t1) As(t1) Ur(ty) [¢b) (27.40)

where it is implicitly assumed that t5 > ¢; > 0, and we use the notation Uj(ta,t1) = Ur(t2)Ur(t1)~1, which is the
evolution operator in the interaction picture referenced to the time ¢; rather than to t=0. Note that S = Ut (00, —00).
Assuming that 1 is obtained from the non-interacting ground state ¢ via an adiabatic switching of the perturbation
during the time —oo < t < 0 we can rewrite this expression as follows:

CBA(tg,tl) = <¢|U1(OO,—OO)_1 U[(Oo,tg) B[(tg) U[(tgﬂfl)A[(tl)U[(tl,—OO) |qf)> (2741)
(0| STT 8 Bi(t2) Ar(th) |9) (27.42)

In the last line it is implicit that one should first substitute the expansion for S , and then (prior to integration)
perform the time ordering of each term. The Gell-Mann-Low theorem rewrites the above expression as follows:

(Y| TBu(t2)An(t1)ly) = <¢|TSBZ;}E?$’(“)|¢> = (@|TSB;(t2)Ar(t1)|d)connected (27.43)

The first equality follows from the observation that due to the assumed adiabaticity the operation of S on ¢ is merely
a multiplication by a phase factor. The second equality is explained using a diagrammatic language. Each term in the
perturbative expansion is illustrated by a Feynman diagram. It is argued that the implicit unrestricted summation
of the diagrams in the numerator equals to the restricted sum over all the connected diagrams, multiplied by the
unrestricted summation of vacuum-to-vacuum diagrams (as in the numerator). The actual diagrammatic calculation
is carried out by applying Wick’s theorem. The details of the diagrammatic formalism are beyond the scope of our
presentation.
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[28] Complex poles from perturbation theory

[28.1] Models of interest

In this section we solve the particle decay problem using perturbation theory for the resolvent. We are going to show
that for this Hamiltonian the analytical continuation of the resolvent has a pole in the lower part of the complex
z-plane. The imaginary part ("decay rate”) of the pole that we find is the same as we found by either the Fermi
golden rule or by the exact solution of the Schrédinger equation.

We imagine that we have an ”unperturbed problem” with one energy level |0) of energy Ej and a continuum of levels
|k) with energies Ej. A model of this kind may be used for describing tunneling from a metastable state. Another
application is the decay of an excited atomic state due to emission of photons. In the latter case the initial state would
be the excited atomic state without photons, while the continuum are states such that the atom is in its ground state
and there is a photon. Schematically we have

H=Ho+V (28.1)
where we assume

(k|]V]0) =0 (coupling to the continuum) (28.2)

(K'|V|k)y =0  (no transitions within the continuum)

Due to gauge freedom we can assume that the coupling coefficients are real numbers without loss of generality. The
Hamiltonian matrix can be illustrated as follows:

E() o1 092 O3 Ok
g1 E1 0 0 0
g2 0 E2 0 PR 0
g3 0 0 E3 ... 0
H=| . . . . .. .0 (28.3)
0
or, 0 0 0 000 Ej .

We later assume that the system under study is prepared in state |0) at an initial time (¢ = 0), and we want to obtain
the probability amplitude to stay in the initial state at a later times.

It is important to notice the following (a) we take one state and neglect other states in the well. (b) we assume that V'
allows transitions from this particular state in the well (zero state |0)) into the |k) states in the continuum, while we do
not have transitions in the continuum itself. These assumptions allow us to make exact calculation using perturbation
theory to infinite order. The advantage of the perturbation theory formalism is that it allows the treatment of more
complicated problems for which exact solutions cannot be found.

[28.2] Heuristic approach

The Hamiltonian of the previous section is of the form
B _(HE O 0 vPe
7‘[7‘[0+V( 0 H()Q)Jr(VQP 0 (28.4)

and the wavefunction can be written as

U= (i) (28.5)
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In the decay problem of the previous section H! is a 1 x 1 matrix, and H(? is an oo X oo matrix. The perturbation
allows transitions between P and @) states. In the literature it is customary to define projectors P and Q on the
respective sub-spaces.

Pro = i (28.6)

Our interest is focused only in the 9 piece of the wavefunction, which describes the state of the particle in the P space.
On the other hand we assume that H has a continuous spectrum, and therefore any E above the ground state defines
a stationary state via the equation

(‘%i 2;) @) =F @) (28.7)

From the second raw of the above equation it follows that x = GRV@Py, where G = 1/(E — HY). Consequently
the reduced equation for v is obtained from the first raw of the matrix equation

[Hg’ +VPRGRVQP |y = By (28.8)

The second term in the square brackets $(E) = VPRGEV QP is the so called “self energy”. Using the vague prescrip-
tion E — E + i0 we can split it into an effective potential due to so called ”polarization cloud” (also known as Lamb
shift) and an imaginary part due to FGR decay:

HY = HY +A—iT'/2 (28.9)
B Vit Vi
Ay = oo (28.10)
ke
Tij = 21y ViVijO(E — Ey) (28.11)
keQ

We argue that H” generates the time evolution of 1 within P space. This effective Hamiltonian is non-hermitian
because probability can escape to the @ space. It can be diagonalized so as to get the decay modes of the system.
Each mode is characterized by its complex energy E,. — i(T'./2). Note that the effective Hamiltonian is non-hermitian
and therefore the eigen-modes are in general non-orthogonal [see discussion of generalized spectral decomposition in
the Fundementals I section].

The advantage of the above treatment is its technical simplicity. However, the mathematical significance of the
E +— E + i0 prescription is vague. We therefore turn to a more formal derivation of the same result, which illuminates
how the non-hermiticity emerges once the () continuum is eliminated.

[28.3] The P + () formalism

We want to calculate the resolvent. But we are interested only in the single matrix element (0,0) because we want to
know the probability to stay in the |0) state:

2
survival probability = ‘FT[ (0/G/(w)|0) H (28.12)

Here G(w) is the retarded Green function. More generally we may have several states in the well. In such a case
instead of P =]0)(0| we have

P= > |n)n| (28.13)

newell
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If we prepare the particle in an arbitrary state ¥ inside the well, then the probability to survive in the same state is
2 2
survival probability = ‘FT[ (U|G (w)|T) } ‘ - ’FT[ (U|GP (w)|0) } ‘ (28.14)
Namely, we are interested only in one block of the resolvent which we call
GP(2) = PG(2)P (28.15)

Using the usual expansion we can write

1
G = PGP=P——————~P=P(Gy+GoVGy+...)P 28.16
z—(Ho+V) (Go+CGoVGo +...) (28.16)
= PGoP + PGo(P + Q)V(P + Q)GoP + PGo(P + Q)V (P + Q)Go(P + Q)V(P + Q)GoP + ...
= GU+GEYPGE + GE=PGIEPGE + ...
1
z— (HY +%P)

where the ”self energy” term
wP = yPeglyer (28.17)

represents the possibility of making a round trip out of the well. Note that only even order terms contribute to this
perturbative expansion because we made the simplifying assumption that the perturbation does not have ”diagonal
blocks”. In our problem £ is a 1 x 1 matrix that we can calculate as follows:

Vi |?

=P _—
E — E; + 0

> 0|V k) (k|Golk) (k|V[0) = >

k

k
- ZE‘V’“E —im Y [Vi’6(E — E) = Ag—i(T0/2)
ko Tk k

(28.18)

In the last step we have implicitly assumed that our interest is in the retarded Green function. We have identified as
before the Fermi golden rule rate

Lo =2m > [Vi[’0(E - Ey) = 2mo(E)|V]? (28.19)
k

Thus, the resolvent is the 1 x 1 matrix.

1 1
Ghe) = = (BT +5P) = (e0 + Do) + i(To/2) (28.20)

We see that due to the truncation of the ) states we get a complex Hamiltonian, and hence the resolvent has a pole
in the lower plane. The Fourier transform of this expression is the survival amplitude. After squaring it gives a simple
exponential decay e~ .
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Scattering Theory

[29] The plane wave basis

There are several different conventions for the normalization of plane waves:
e Box normalized plane waves |n)

e  Density normalized plane waves |k)

e  Energy shell normalized plane waves |F, Q)

We are going to be very strict in our notations, else errors are likely. We clarify the three conventions first in the 1D
case, and later in the 3D case, and then to remark on energy shell bases in general.

[29.1] Plane waves in 1D

The most intuitive basis set originates from quantization in a box with periodic boundary conditions (a torus):

n) — —=etn® (29.1)

where
2
K = %n (29.2)
Orthonormality:
(nln’) = 6y (29.3)
Completeness:

> In)(n| =1 (29.4)

The second convention is to have the density normalized to unity:

k) — eth® (29.5)
Orthonormality:

(k|k") = 2mo(k — k) (29.6)
Completeness:

JCECE (20.7

Yet there is a third convention which assumes that the states are labeled by their energy, and by another index that
indicate the direction.

1 1
— |k ——_gtkos 29.8
TE| Q) — e (29.8)

‘E7Q> = Nor
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where 0 < F < oo and {2 is the direction of propagation with ng = 41, hence

ko = nokp = £V2mE (29.9)
Orthonormality:

(E,QIE", Q) =275(E — E")dqqr (29.10)
Completeness:

dE N
/ﬁZw,QxE,m =i (29.11)
Q
In order to prove the orthonormality we note that dE' = vgdk and therefore

§(E—E') = Uia(k — k) (29.12)

The energy shell normalization of plane waves in 1D is very convenient also for another reason. We see that the
probability flux of the plane waves is normalized to unity. We note that this does not hold in more than 1D. Still also
in more than 1D, the S matrix formalism reduces the scattering problem to 1D channels, and therefore this property
is very important in general.

[29.2] Plane waves in 3D

The generalization of the box normalization convention to the 3D case is immediate. The same applied to the density
normalized plane waves:

|5y — eiF? (29.13)
Orthonormality:
()K" = (2m)36%(k — k') (29.14)
Completeness:
- d3k - .
/|k> o) (k| =1 (29.15)

The generalization of the energy shell normalization convention is less trivial:

1 kg - 1 k
Lo ke py o Lke
21 \/UE 21 \JvE

E,Q) = ika-& (29.16)

where we define the direction by Q = (6, ), with an associated unit vector 7 and a wavenumber

—

ko = kgiig (29.17)
Orthonormality:

(B,QIE", Q) = 216(E — E')6*(Q — Q) (29.18)
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Completeness:

/%/|E,Q>dQ(E,Q| =1 (29.19)

To prove the identities above we note that

E E
Pk = k*dkdQ = k%d—dQ = k%d—dgpd cos ) (29.20)
VE VE
and
Bk—F) = %5@ “ENR(OQ-Q) = %5(1@ — E)d(p — ¢')5(cosf — cos ) (29.21)

In general we have to remember that any change of the "measure” is associated with a compensating change in the
normalization of the delta functions.

[29.3] Optional energy shell bases

Instead of the standard energy shell basis |E, Q) one can use some other basis |E,a), where a is a quantum number
that labels the different basis states. In particular in 3D problem it is convenient to use the |E, fm) basis:

(E',Q|E, tm) = 2m3(E' — E) Y™ (Q) (29.22)

Note that in position representation we have

(r,QE, tm) = 25% Je(kpr) YO () (29.23)

This wavefunction is properly normalized as an energy-shell basis state. The asymptotic behaviour of the spherical
Bessel function is jy(kr) ~ sin(kr — phase)/(kr), and accordingly, as in the 1D case, this wavefunction is also ”flux
normalized”: the flux of both the ingoing and the outgoing wave components is unity.
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[30] Scattering in the T-matrix formalism

[30.1] The Scattering States

Our purpose is to solve the Schrodinger’s equation for a given energy E.

(Ho+V)¥ =E¥ (30.1)
If we rearrange the terms, we get:

(E-—Ho—-V)T =0 (30.2)

In fact we want to find scattering solutions. These are determined uniquely if we define what is the ”incident wave”
and require outgoing boundary conditions for the scattered component. Thus we write ¥ as a superposition of a free
wave and a scattered wave,

U = ¢+ pseatt (30.3)
The scattered wave W%t is required to satisfy outgoing boundary conditions. The free wave ¢ is any solution of:

Hop = E¢ (30.4)
Substituting, we obtain:

(E —Ho — V)T = Vg (30.5)
with the solution ¥%°%* = GtV ¢, leading to:

U o= (1+G'V)¢ (30.6)

[30.2] The Lippman Schwinger equation

The explicit solution for ¥ that was found in the previous section is in typically useless, because it is difficult to get G.
A more powerful approach is to write an integral equation for W. For this purpose we re-arrange the differential
equation as

(B —Hp)¥ =V (30.7)
Using exactly the same procedure as in the previous section we get
U=0¢+GVUY (30.8)

This Lippman Schwinger equation can be solved for ¥ using standard techniques (see example in the next section).
More generally closed analytical solutions cannot be obtained. Still if V' is small we can try to find a solution iteratively,
starting with the free wave as a zero order solution. This leads to a perturbative expansion for ¥ which we are going
to derive in a later section using a simpler approach.
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[30.3] Example: scattering by a regularized delta function

Let us demonstrate the procedure of solving Lippman Schwinger equation for scattering on a delta potential ud(z) in
one dimension. The relation ¥ = ¢ + G§ V¥ is written as

U(z) = ei“—i%\p(())eiklﬂﬂl (30.9)

Setting 2 = 0 we obtain a closed equation for the unknown wave amplitude ¥(0), whose solution leads to

—i(u/vE)

] — ik ik|x| —
(x) e 4 re'IT, TT i(ujon)

(30.10)

where r is identified as the reflection coefficient, while the transmission coefficient is t =1+ r.

It is instructive to consider the more general case of scattering by a regularized delta function in any dimension, and
with any dispersion relation. This generalization is also known as s-scattering. In particular it illuminates how a
divergent series for the T matrix (see next section) can give a finite result, and why in the absence of regularization
a delta function does not scatter in more than one dimension. By a regularized delta function we mean a potential
V(z) whose non-zero matrix elements are

Vi = u, for |k, |k'| < A (30.11)

where A is a large momentum cutoff. The Lippman Schwinger equation reads

U(z) = ¢(z)+ > (2|Gylk) Vi (K'T) (30.12)
.k’

The sum over k and k' factorizes, hence the second term in the right hand side can be approximated as uGg (x[0)¥(0).
Setting = 0 we obtain a closed equation for the unknown wave amplitude ¥(0), whose solution leads to

_ + v
\Ij('r) - ¢(1‘) + G(0 ($|0) ueff(b(o)a Ueff 1_ ’LLg(E) (3013)
where G(E) = G (0/0). The above expression for ¥(x) can be written as ¥ = (1 + Gg T)¢ where
T = ues () (30.14)

In the next section we further discuss the significance of T', which can be regarded as a renormalized version of the
potential V' = ud(x).

We now turn to discuss the practical calculation of G(E). From the definition it follows that

GE) = GIOD = X o (30.15)
k

The k& summation should be treated with the appropriate integration measure. It equals —i/vg for a non-regularized
Dirac delta function in one dimension. In higher dimensions G(F) has a real part that diverges, which implies that
the scattering goes to zero. The regularization makes G(E) finite. In three dimensions we get G(E) = —(m/7%)Ag
where

A g3
A3k 1 1 A+ kg K
Ap = —272 =A— kgl —k 30.16
E 7T/O 2m)3 k% — k2 + 10 2 EOg(Ak,;)“Q E (30.16)
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Another interesting case to consider is having (say) a constant density of states with a threshold energy. The divergence
of G(E) near a threshold is logarithmic. It is quite amusing that the second order as well as all the higher terms in
perturbation theory are divergent, while their sum goes to zero...

[30.4] Perturbation Theory for the Scattering State

Going back to the formal solution for ¥ we can substitute there the perturbative expansion of G

G=Gy+G)VGy+ GyVGVGy+ ... (3017)
leading to
U=(14+GV)p=0¢d+GVo+GVGoVd+... (30.18)

As an example consider the typical case of scattering by a potential V(z). In this case the above expansion to leading
order in space representation is:

U(z) = d(z) + / Golz, ')V (2)o(a) da’ (30.19)

[30.5] The T matrix

It is customary to define the T' matrix as follows
T = V4+VGV+VGVG)YWV+... = V4+VGV (30.20)

The T matrix can be regarded as a ”corrected” version of the potential V', so as to make the following first order
look-alike expression exact:

G = Go+ GyTGy (30.21)
Or the equivalent expression for the wavefunction:
U =¢+GiTe (30.22)

Later it is convenient to take matrix elements in the unperturbed basis of free waves:

Vs
Top(E)

(6 [V]e7) (30.23)
(6™ |T(E)| ¢7)

In principle we can take the matrix elements between any states. But in practice our interest is in states that have
the same energy, namely E, = Eg = E. Therefore it is convenient to use two indexes (E,a), where the index a
distinguishes different free waves that have the same energy. In particular a may stand for the ”direction” (£2) of the
plane wave. Thus in practice we are interested only in matrix elements ”on the energy shell”:

Tup(E) = (o™ |T(E)| ¢"") (30.24)
One should be very careful to handle correctly the different measures that are associated with different type of indexes.

In particular note that in 3D:

1 (kg)®
TQ,Q() = @ (27’(’) Tkn,kgo (3025)
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[30.6] Scattering states in 1D problems

In this section we look for a scattering solution that originates from the free wave |kg). Using the result of a previous
section we write U = ¢ + G ToFo with

pro(r) = etkor [density normalized] (30.26)
In Dirac notations:

O) = [¢%) +GgT|¢™) (30.27)
In space representation:

(@|®) = (zlp*) + (2GS T|¢™) (30.28)

or in “old style” notation:
V() = ¢ () +/Go+(x\xo)da:o<molT\ko> (30.29)

In 1D problems the Green function is

i L —x
G (xlro) = (2|Gflwo) = —Eez’“’f'“’ 0 (30.30)
Thus we get:
W) = e L / ek =50l g (0 1T ) (30.31)
()

By observation of the left asymptotic region we deduce that the reflection coefficient is
) .
ro= - (=ko|T|ko) = —i(E,—|T|E,+) (30.32)
E
By observation of the right asymptotic region we deduce that the transmission coefficient is

t = (ko|Tlko) = 1—i(E,+T|E,+) = 1+ (30.33)

1
1— —
VE

We note that conservation of probability implies |r|? + [¢t|? = 1. With the substitution of the above relations it follows
that

7|2+ |rol> = —2Re[ro] (30.34)

This is a special example for an ”optical theorem” that we shall discuss later on: it relates the total cross section
(here the left hand side) to the ”forward” scattering amplitude (r9). Note that ¢ is the sum of the forward scattering
with the incident wave. In the special case of delta scattering we have ro = r and consequently we deduce that the
scattering phase shift satisfies

cos(d) = —|r| (30.35)
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[30.7] Scattering states in 3D problems

The derivation is the 3D case follows the same procedure as in the 1D case. The incident wave is
pro(r) = eiko T [density normalized] (30.36)

and the implied scattering state is

U(r) = ¢’“°(r)+/G§(rlro)dro<rolT|ko> (30.37)

m eikg‘?‘—?"(ﬂ

+ _ oy M
G (rlro) = (rlGglro) = —o— F— (30.38)
Thus we get
A m eikE|r—T0|
W(r) =g¢™(r) - o / W<T0|T|ko> dro (30.39)

So far everything is exact. Now we want to get a simpler expression for the asymptotic form of the wavefunction.
Note that from the experimental point of view only the ”far field” region (far away from the target) is of interest.
The major observation is that the drg integration is effectively bounded to the scattering region |r| < rg where the
matrix elements of V' and hence of T' are non-zero. Therefore for |r| > |rg| we can use the approximation

-
|7 — 7| =/ (F—7)2 = \/|r|2 — 27 - 7 + O(|ro]?) =~ |r| [1 — fig - |:|] = |r| —iig - 7o (30.40)

Here and below we use the following notations:

7 = |r|fg (30.41)
Q = (0, ) = spherical coordinates
fig = (sinf cos ¢, sin fsin ¢, cos 6)
ko = kpiig
Z

0
/_\
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With the approximation above we get:

W) ~ oo M / e o Tlko)dry = &7 1 f(@)S (30.42)
~ o7 1 0 0)drg = ] .
where
m - -

F(Q) = =5 (ka|T(E)lko) (30.43)
It follows that the differential cross section is

O = @P = (o) [ 2 (30.44)

aQ — \opn) |t '

This formula assumes density normalized plane waves. It relates the scattering which is described by f(£2) to the T
matrix. It can be regarded as a special case of a more general relation between the S matrix and the T matrix, as
discussed in later sections (and see in particular the discussion of the ”optical theorem” below).

[30.8] Born approximation and beyond

For potential scattering the first order approximation 7' ~ V leads to the Born approximation:
m - -
F(9) =~ (Ra|T(B) o) ~ — -7 (q) (30.45)
where ¢ = kq — ko and V(q) is the Fourier transform of V(7). The corresponding formula for the cross section is

consistent with the Fermi golden rule.

It is customary in high energy physics to take into account higher orders. The various terms in the expansion are
illustrated using Feynman diagrams. However, there are circumstance where we can gain better insight by considering
the analytical properties of the Green function. In particular we can ask what happens if G has a pole at some complex
energy z = F, —i(I',./2). Assuming that the scattering is dominated by that resonance we get that the cross section
has a Lorentzian line shape. More generally, If there is an interference between the resonance and the non-resonant
terms then we get a Fano line shape. We shall discuss further resonances later on within the framework of the S
matrix formalism.

[30.9] The Optical Theorem

From the energy-shell matrix elements of the T operator we can form an object that later we identify as the S matrix:
Sap = 0ap — i{(E,a|T|E,b) (30.46)
Using a more sloppy notation the equation above can be written as S = 1 —¢7. We should remember that S is not

an operator, and that S,; are not the matrix elements of an operator. In contrast to that T,; are the on-shell matrix
elements of an operator. This relation assumes that the energy shell basis states are properly normalized.

The S matrix, as we define it later, is unitary. So we have STS = 1, and therefore we conclude that the T matrix
should satisfy the following equality:

(Tt —T) =iT'T (30.47)
In particular we can write:

(ag|T — TT|ag) = —iZ(ao|T|a> (a|T|ao) (30.48)
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and we get:

Z ‘T(l(lo ‘2 = *21H1[Ta0a0] (3049)

This so called ”optical theorem” establishes a connection between the ”cross section” and the forward scattering
amplitude T},q,. It should be clear that if this relation holds in one particular energy-shell basis, then it holds also
in any other (properly normalized) energy shell basis. In 3D scattering problems we can write one of the following
expressions:

Z ‘<¢E,£,m|T‘¢E,ZO,mO> ‘2 _ —21m[<¢E’lo’m0 |T|¢E,lo,mo>] (3050)

Zm

ST HEPATIGP)P = —2m[ (65 |T] %))

Q

Using the relations

1 kg
F() = =5 (Rl T(B) o)

|E79>:

we get
- - 2T 2 - -
/|<k‘Q|T\k0>\2dQ = —2ug (kE) Im[(ko|T |ko)] (30.52)
Or the more familiar version:
9 4r
Ototal = |f(Q)FdQ = @hﬂ[f(o)] (30.53)

[30.10] Subtleties in the notion of cross section

Assume that we have a scattering state ¥. We can write it as a sum of ”ingoing” and ”outgoing” waves or as a sum
of 7incident” and ”scattered” waves. This is not the same thing!

v = \Ilingoing + \I}outgoing (3054)
v

\Ijincident + \Ijscattered

The ”incident wave” is a ”free wave” that contains the ”ingoing” wave with its associated ”outgoing” component.
It corresponds to the #y Hamiltonian. The ”scattered wave” is what we have to add in order to get a solution to
the scattering problem with the Hamiltonian H. In the case of the usual boundary conditions it contains only an
”outgoing” component.
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¥ b

ingoing outgoing

B 4 //‘P, scattered
’ O

v incident

Below is an illustration of the 1D case where we have just two directions of propagation (forwards and backwards):

¥

ingoing incident

by

outgoing v

¥ outgoing +————— scattered

The S matrix gives the amplitudes of the outgoing wave, while the 7' = i(1 — ) matrix gives the amplitudes of the
scattered component (up to a phase factor). Let us consider extreme case in order to clarify this terminology. If we
have in the above 1D geometry a very high barrier, then the outgoing wave on the right will have zero amplitude.
This means that the scattered wave must have the same amplitude as the incident wave but with the opposite sign.

In order to define the ”cross section” we assume that the incident wave is a density normalized (p = 1) plane wave.
This is like having a current density J = pvg. If we regard the target as having some ”area” o then the scattered
current is

Iscattered = (va) X o (3055)

It is clear from this definition that the units of the cross section are [0] = L4~!. In particular in 1D geometry the
”differential cross section” into channel a, assuming an incident wave in channel ag is simply

00 = |Taa0l’ (30.56)
and by the ”optical theorem” the total cross section is
Ototal — _2Im[Tao,ao} (3057)

The notion of ”cross section” is problematic conceptually because it implies that it is possible for the scattered flux to
be larger than the incident flux. This is most evident in the 1D example that we have discussed above. We see that
the scattered wave is twice the incident wave, whereas in fact the forward scattering cancels the outgoing component
of the incident wave. Later we calculate the cross section of a sphere in 3D and get twice the classical cross section
(2ma?). The explanation is the same - there must be forward scattering that is equal in magnitude (but opposite in
sign) to the outgoing component of the incident wave in order to create a "shadow region” behind the sphere.



157

[31] Scattering in the S-matrix formalism

[31.1] Channel Representation

Before we define the S matrix, Let us review some of the underlying assumptions of the S matrix formalism. Define
2
p(x) = [V ()| (31.1)
The continuity equation is

Ip
—=-V-J 31.2
5t (31.2)
We are working with a time-independent Hamiltonian and looking for stationary solutions, hence:

V-J=0 (31.3)

The standard basis for representation is |x). We assume that the wave function is separable outside of the scattering
region. Accordingly we arrange the basis as follows:

|« € inside) = the particle is located inside the scattering region (31.4)

|a, ) = the particle is located along one of the outside channels

and write the quantum state in this representation as

) = Y wl@)fz) + Y Ralr) la,r) (3L.5)

z€inside

The simplest example for a system that has (naturally) this type of structure is a set of 1D wires connected together
to some "dot”. In such geometry the index a distinguishes the different wires. Another, less trivial example, is a lead
connected to a "dot”. Assuming for simplicity 2D geometry, the wavefunction in the lead can be expanded as

U(z) = U(r,s) = > Ra(r)x“(s) (31.6)

where the channel functions (waveguide modes) are:

2
x4(s) = \/;sin((za) s) witha=1,2,3... and 0 < s < ¢ (31.7)
In short, we can say that the wavefunction outside of the scattering region is represented by a set of radial functions:

U(z) — Ra(r) where a =1,2,3... and 0 < r < o0 (31.8)

The following figures illustrate several examples for scattering problems (from left to right): three connected wires,
dot-waveguide system, scattering in spherical geometry, and inelastic scattering. The last two systems will be discussed
below and in the exercises.
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[31.2] The Definition of the S Matrix

Our Hamiltonian is time-independent, so the energy F is a good quantum number, and therefore the Hamiltonian
‘H is block diagonal if we take E as one index of the representation. For a given energy E the Hamiltonian has an
infinite number of eigenstates which form the so called ”energy shell”. For example in 3D for a given energy E we
have all the plane waves with momentum |E| = kg, and all the possible superpositions of these waves. Once we are
on the energy shell, it is clear that the radial functions should be of the form

Ro(r) = A.R®“(r) — B,R®**(r) (31.9)

For example, in case of a waveguide

1 ,
REaE(p) = —— eFiker [flux normalized| (31.10)

NoH

where the radial momentum in channel a corresponds to the assumed energy F,

ko = \/Qm (E - % (Za)z) (31.11)

and the velocity v, = k,/m in channel a is determined by the dispersion relation. Thus on the energy shell the
wavefunctions can be represented by a set of ingoing and outgoing amplitudes:

U(z) — (Aq, Ba) witha =1,2,3... (31.12)

But we should remember that not all sets of amplitudes define a stationary energy state. In order to have a valid
energy eigenstate we have to match the ingoing and outgoing amplitudes on the boundary of the scattering region.
The matching condition is summarized by the S matrix.

By, = Y SiAa (31.13)

By convention the basis radial functions are ”flux normalized”. Consequently the current in channel a is I, =
|Ba|? — |A4]? and from the continuity equation it follows that

STIBa = D JALS (31.14)

From here follows that the S matrix is unitary. The unitarity of the S matrix sometimes implies surprising conse-
quences. For example: in 1D the transmission from-left-to-right must be equal to the transmission from-right-to-left.
More generally: if we have a system with two different leads 1 and 2 then 3, e |Spa|? = > ac2pel |Spa)?. The
latter observation is essential for the theory of the two-terminal Landauer conductance.
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In order to practice the definition of the S matrix consider a system with a single 2D lead. Let us assume that the
lead has 3 open channels. That means that k, is a real number for ¢ = 1, 2, 3, and becomes imaginary for a > 3. The
a > 3 channels are called ”closed channels” or ”evanescent modes”. They should not be included in the S matrix
because if we go far enough they contribute nothing to the wavefunction (their contribution decays exponentially).
Thus we have a system with 3 open channels, and we can write

1 .
Ra(r) = (e = Bre™h) (31.15)
1
1 )
Ry(r) = ﬁ(AQe*lk2r — Byethar)
1 )
R3(r) = \/Tig(Ageﬂk‘?T — Bgetham)
and
Bl Al
By| = S|4 (31.16)
B3 As

Simple examples for S matrices are provided in the “delta junction” sections of the “Boxes and Networks” lecture.

[31.3] Scattering states

Let us define the unperturbed Hamiltonian Hg as that for which the particle cannot make transitions between channels.
Furthermore without loss of generality the phases of Rai(r) is chosen such that S,, = d4p, or equivalently B, = A,
should give the ”free wave” solutions. We label the ”free” energy states that correspond to the Hamiltonian Hg as
|¢). In particular we define a complete set |¢®), that are indexed by « = (E, a), Namely, we define

6%) = [7%) s Buan (R (r) — R*H(r)) (31.17)

The following figure illustrates how the ”free wave” |¢¥2) 1 of a three wire system looks like.

3

It is clear that the states |¢%*%) form a complete basis. Now we take the actual Hamiltonian H that permits transitions
between channels. The general solution is written as

“Ija> — AaRai(r) - BaRa+ (T) (31.18)
where B, = SupAp or the equivalent relation A, = (S71)4By. In particular we can define the following sets of
solutions:

ety = [wFetet) s 5,4 R (r) = Sa.a, R (r) (31.19)

(Po7) =[PPy e (ST Naa, RYT(1) = Ga.an R7T(r)
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The set of (+) states describes an incident wave in the a, channel (A, = d4,4,) and a scattered wave that satisfies
”outgoing” boundary conditions. The sign convention is such that |¢*) is obtained for S = 1. The set of (—) states
is similarly defined. We illustrate some of these states in the case of a three wire system.

B+ e wEL)
N \ N
2 / 7/

3 3 3

2

[31.4] Time reversal in scattering theory

It is tempting to identify the (—) scattering states as the time reversed version of the (+) scattering states. This is
indeed correct in the absence of a magnetic field, when we have time reversal symmetry. Otherwise it is wrong. We
shall clarify this point below.

Assuming that we have the solution

L S S I, PN L (31.20)
The time reversed state is obtained via complex conjugation:

TIUE0H) s 5y 0™ — (5%) g 000 R (31.21)
This should be contrasted with

R B (e PPN S S (31.22)
We see that the two coincide (disregarding a global minus) only if

s* = g7t (31.23)

which means that the S matrix should be symmetric (ST = S). This is the condition for having time reversal
symmetry in the language of scattering theory.

[31.5] Orthonormality of the scattering states

The (+) states form a complete orthonormal basis. Also the (—) states form a complete orthonormal basis. The
orthonormality relation and the transformation that relates the two basis sets are

(Ev,a1,+|E2,a2,+) = 276(E1 — E2)da; 0, (31.24)
(Ev,a1,—|Ea a2, —) = 2m0(E) —E2)5a1,a2 (31.25)
<E1,CL1,*|E2,CLQ,+> = 2’/T5(E1*E2)Sa17a2 (3126)

The last equality follows directly from the definition of the S matrix. Without loss of generality we prove this lemma
for the 3 wire system. For example let us explain why it is true for a; =1 and as = 2. By inspection of the figure in
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a previous section we see that the singular overlaps comes only from the first and the second channels. Disregarding
the "flux” normalization factor the singular part of the overlap is

(E1,1,—|F2,2,+) — /000 [ — eikr} " { — SlgerOT} dr + /0OO [(S‘l)gle_ikr} " [e_ikor} dr (31.27)

00 0
/ Sue_i(k_ko)rdr + / 512e—i(k—kg)rdr = 27T5(k — ko)slg
0 —o00

where is the second line we have changed the dummy integration variables of the second integral from r to —r,
and used (S71)5; = Sia. If we restore the ”flux normalization” factor we get the desired result. One can wonder
what about the non-singular contributions to the overlaps. These may give, and indeed give, an overlap that goes
like 1/(E £ Ep). But on the other hand we know that for E # Ej the overlap should be exactly zero due to the
orthogonality of states with different energy (the Hamiltonian is Hermitian). If we check whether all the non-singular
overlaps cancel, we find that this is not the case. What is wrong? The answer is simple. In the above calculation we
disregarded a non-singular overlap which is contributed by the scattering region. This must cancel the non-singular
overlap in the outside region because as we said, the Hamiltonian is Hermitian.

[31.6] Getting the S matrix from the 7" matrix

In this section we present a relation between the S matrix and the 7" matrix. The derivation of this relations goes
as follows: On the one hand we express the overlap of the ingoing and outgoing scattering states using the S matrix.
On the other hand we express it using the 7" matrix. Namely,

(Hean | g2ty = 976(E) — Es) Saya, (31.28)
<\I/E1,a1,—‘\PE2,a2,+> = 210(E; — E») (6a1a2 — iTGIGZ)

By comparing the two expressions we deduce the relation between the S matrix and the 7" matrix:
Sa1a2 - 5a1a2 — 7o, a, (3129)

or in abstract notation S = 1—14T. Another way to re-phrase this relation is to say that the S matrix can be obtained
from the matrix elements of an S operator:

<¢E1,a1 |S‘¢E2,a2> — 27.‘.5(E1 _ Eg) Salaz (3130)

where the S operator is the evolution operator in the interaction picture. Within the framework of the time dependent
approach to scattering theory the latter relation is taken as the definition for the S matrix. The two identities that we
prove in the previous and in this section establish that the time-independent definition of the S matrix and the time
dependent approach are equivalent. The rest of this section is dedicated to the derivation of the T matrix relation.

First order derivation.— We recall that the scattering states are defined as the solution of HV = EV¥ and they
can be expressed as

gh2aat = (14 GH(B)V +...) ¢Po (31.31)
phra= = (14 Gy (B)V +...) P (31.32)
Hence
(Whran—(ghzety = (pFua|ghez) 4 (pPLa |V GE(Ey) 4+ G (B2)V|[97%) + ... (31.33)
1

_ <¢E1,a1 ‘¢E2,a2> + <¢E1,a1 ‘V‘¢E2’a2> + ... (3134)

Br—Fs+i0  Bs—Fr 410
218(Ey — E2)baya, — i270(E1 — Ey) {1 |V] pF2%2) 4 (31.35)
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Full derivation.— We recall that the scattering states can be expressed as

1
Pt = (14 G (By)V)ePe = (1 + WV) gl (31.36)

1
Eyr,a1,— - Ey,ar T Ey a1
v (14 G (E)V)o (1 5B ) ¢ (31.37)

where the last equality relays on GV = GyT. In the following calculation we use the first identity for the "ket”, and
after that the second identity for the "bra”:

1
pEuan,—|pkesa2,+\ — [ gFian— |
< | ) B - H +i0

\IfEl’a; 1 E27a2
E2 - El + 20 ’ ¢ >

1
Bvani 4 T(By) | |1+ o | | "2
¢ T Eg —7—[04—'0} [ +E2—E1+ZOH¢ >

¢E1,a1 -1 + T :H(bEz,az <¢E1 a1 V+T(E1)G+ El ’¢E2 a2>
T(En)

E1 E2+ZO EQ*El + 10
E3,a2 Ey,a1
¢ > + <¢ Es— E1 1 0

T(E,) ¢E2,a2>
= 206(E1 — E2)aya, — 1218(E1 — E) (¢ |T(Ey)| ¢™>2)

1% ¢E2v“2> (31.38)

¢E1,a1 14

By — By +140

where before the last step we have used the relation V + TGV =1T.

[31.7] The Wigner time delay

A given element of the S matrix can be written as
Sav = +/ge” (31.39)

where 0 < g < 1 is interpreted as either transmission or reflection coefficient, while 6 is called phase shift. The cross
section is related to g while the Wigner time delay that we discuss below is related to #. The Wigner time delay is
defined as follows:

de
Tdelay (E) = thE (31.40)

Consider for example the time delay in the case of a scattering on a “hard” sphere of radius R. We shall see that in
such case we have a smooth energy dependence 6§ ~ —2kR and consequently we get the expected result 7 ~ —2R/vg.
On the other hand we shall consider the case of a scattering on a shielded well. If the energy is off resonance we get
the same result 7 ~ —2R/vg. But if E is in the vicinity of a resonance, then we can get a very large (positive) time
delay 7 ~ f/T',., where I, is the so called “width” of the resonance. This (positive) time delay reflects ”trapping” and
it is associated with an abrupt variation of the cross section as discussed in a later section.

Let us explain the reasoning that leads to the definition of the Wigner time delay. For this purpose we consider the
propagation of a Gaussian wavepacket in a given channel:

U(z) = /dk e =ko)® /Gexp i (k(z — x0) + 0 — Et)] (31.41)

where both g and # and E are functions of k. In order to determine the position Z of the wavepaket we use the
stationary phase approximation. Disregarding the Gaussian envelope, and regarding g as constant at the energy
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range of interest, most of contribution to the dk integral comes from the k region where the phase is stationary. This
leads to

dd dE

The position T of the wavepacket is determined by the requirement that the above equation should have a solution
for k ~ kg. Thus we get

T =m0+ Vgroup X (t - 7Helay) (3143)

where vVgroup = (dE/dE) is the group velocity for k = ko and Tqelay is the Wigner time delay as defined above. How
this is related to a scattering problem? Consider for example scattering on one dimensions where we have ”left” and
”right” channels. Assume that the wavepacket at t = 0 is an undistorted Gaussian with § = 0. The initial wavepacket
is centered on the "left” around Z = xy with momentum k = ko. We would like to know how Z evolves with time
before and after the scattering. Say that we observe the transmitted part of the wavepacket that emerges in the
"right” channel. Following the above analysis we conclude that the effect of introducing 6 # 0 is the Wigner time
delay.

[31.8] The Friedel phase and the DOS

The issue that we discuss in this section is how to determine the number AN(E) of energy levels in the scattering
region if we know how the S matrix depends on the energy E. This would be the number of no interacting Fermions
that can be accommodated there at zero temperature. More precisely what we can extract from S(F) is the density
of states o(FE) in the scattering region. To have a clear idea of the physical picture it is best to imagine a single lead
system, where the lead is a waveguide with M modes, and the “depth” of the scattering region is L. In such system

oE) ~ M va% ~ M X Tielay (31.44)

where Tqelay ~ L/vg is the semiclassical estimate for the time delay. We shall see that the so called Friedel-sum-rule
is merely a refinement of the latter formula. In complete analogy with the Wigner formula, that express Tqelay as the
E derivative of the scattering phase shift, we are going to express o(F) as the E derivative of the “Friedel phase”.

The most illuminating way to define the energy levels of the scattering region is to impose Dirichlet boundary condition
at the r = 0 section. This leads to the equation (say for 3 modes):

Ay A
s[4, = (4 (31.45)
Az Az

This equation has a non-trivial solution if and on if
det (S(E) - 1) =0 (31.46)

Form this condition we can extract the eigen-energies. Recall that the S matrix is unitary. Therefore its M complex
eigenvalues e’ are located on a circle. We get zero determinant in the above equation each time that one of the
eigen-phases cross through # = 0. Thus the mean level spacing is simply 27/ M divided by the average “velocity”
df/dE. This leads to

1 (dbs 1 ds
oo~ b _ 45 g 1.4
oB) = 5 (dE) o oce (dES ) (3147)

where the Friedel phase is g = >, 0,. The last equality is easily derived by calculating the trace in the basis in
which S is diagonal.
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A straightforward generalization of the above considerations allow to calculate the number of fermions that are emitted
from the scattering region if a parameter X is being varied very very slowly such that at any moment we have zero

temperature occupation. The result can be written as dN = —GdX where
1 dS
G = —t —— st 31.48
omi e (dX ) (3148)

The further generalization of this relation to multi-lead geometry has been discussed by Brouwer following the work
of Buttiker Pretre and Thomas, and is known as the scattering approach to quantum pumping.

[31.9] Phase shifts and resonances

If we have only one wire (hence one channel) the S matrix is 1 x 1, and accordingly we can write

SO() exp[i260 (E)] (3149)
Too = —e“2sin(dy) (31.50)

where 0¢(E) is known as the phase shift. If the scattering potential is short range one can use a matching procedure in
order to determine the phase shift. This will be discussed in the next lecture. Another possibility is to use perturbation
theory via the T' matrix formalism:

Too = Voo+ (VGV)gy = Born expansion (31.51)

It is essential to calculate the matrix elements using properly flux-normalized free waves:

1 . 1 . 1
E —ikpr +ikpr  _ 2sin(k 31.52
0% = 7t Vor Vo 2 sintker) (81.52)

There are two limiting cases of particular interest.

e First order non-resonant scattering by a weak potential V'

e Resonant scattering which is dominated by a single pole of G

In the case of scattering by a weak potential we can use the first order Born approximation for the 7' matrix:
4 [ 9
Too ~ Voo = (oE|V|oF) = E/ V(r) (sin(kgr))” dr (31.53)
0

The assumption of weak scattering implies g < 1, leading to the first order Born approximation for the phase shift:

5B~ — 2 [ ) (sin(pr))? dr (31.54)
VE Jo

This formula is similar to the WKB phase shift formula. It has a straightforward generalization to any ¢ which we
discuss in the context of spherical geometry. We note that we have manged above to avoid the standard lengthy
derivation of this formula, which is based on the Wronskian theorem (Messiah p.404).

The other interesting case is resonant scattering where

(@F[Vr)(F[V]e*)

Too >~ (V&V)o = 555, /2)

(31.55)
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From the optical theorem 2Im[Tyg] = —|T00|2 we can deduce that the numerator, if it is real, must equal I',.. Thus we
can write this approximation in one of the following equivalent ways:

Iy
To = T im0, 2) (31.56)
_ E-E,—i(l,/2)
So = FTE i(T,/2) (31.57)
tan(d) = 7% (31.58)

Note that if the optical theorem were not satisfied by the approximation we would not be able to get a meaningful
expression for the phase shift. In order to prove the equivalence of the above expressions note that dg can be regarded
as the polar phase of the complex number z = (E—E,) — i([',./2).

The Wigner time delay is easily obtained by taking the derivative of dp(E) with respect to the energy. This gives a
Lorentzian variation of 74elay as a function of (E—E,). Namely,

r,
(- E.)?*+(I'/2)?

(31.59)

Tdelay

The width of the Lorentzian is I';., and the time delay at the center of the resonance is of order i/T,.
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[32] Scattering in quasi 1D geometry

In this lecture we consider various scattering problems is which the radial functions are exp(+ik,r), where a is the
channel index. In order to find a scattering solution we have to use a matching procedure. Namely the ingoing and
outgoing free wave solutions should match an interior solution within the scattering region. This requirement imposes
a boundary condition that relates the wavefunction amplitude and its derivative on the boundary. The simplest
example for this class of systems is a network that consists of M semi 1D wires that are connected at one junction.
The problem of s-scattering (¢ = 0) in spherical geometry is formally the same as M=1 "semi 1D wire” problem. We
shall discuss the general case (any ¢) in a later lecture. The 1D scattering problem on a line, where we have ”left”
and “right” leads, is formally an M=2 "semi 1D wire” system. Then it is natural to consider less trivial M channel
systems that can be regarded as generalizations of the 1D problem, including scattering in waveguides and multi-lead
geometries. Also inelastic scattering in 1D can be formally re-interpreted as an M channel ”semi 1D wire” problem.

[32.1] The matching procedure

In this section we would like to outline a procedure for finding an exact result for the phase shift is quasi 1D one
channel geometry. This procedure will allow us to analyze s-scattering by “hard” spheres as well as by “deep” wells.
The key assumption is that we have a finite range potential which is contained within the region » < R. The boundary
of the scattering region at » = R is fully characterized by the logarithmic derivative kq(E). The definition of the latter
is as follows: given the energy F, one finds the regular solution ¢ (r) of the Schrodinger equation in the interior (r < R)
region; Typically this solution is required to satisfy Dirichlet boundary conditions at the origin r = 0; Once the regular
solution is known, the logarithmic derivative at the boundary is calculated as follows:

];:0 N |:sz) dzﬁfnr):| r=R (321)

The derivative should be evaluated at the outer side of the boundary. For each problem I;:O(E) should be evaluated
from scratch. But once it is known we can find both the F < 0 bound states and the E > 0 scattering states of
the system. It is useful the consider the simplest example: square well of radius R that has potential floor V. The
regular solution in the interior region is W(r) o< SIN(ai,7), where SIN is either sin or sinh function. Accordingly the
logarithmic derivative at the boundary is

ko(E) = OéinCOT(OéinR), where Qip = 2m(|E7 V0|) (322)

Finding the bound states: In the case of a bound state the wavefunction at the outside region is ¢ (1) x exp(—agr).
The matching with the interior solution gives the equation

ko(E) = —ap where agp = /2m|E)| (32.3)

This equation determines the eigen-energies of the system. In order to have bound states ko should become negative.
This is indeed the case with square well (Vy < 0) if its depth |Vp] is large enough.

Finding the scattering states: For positive energies we look for scattering states. The scattering solution in the
outside region is

U(r) = Ae ker _ Beiker = A(emhEr _ oi20eikeTy = Csin(kgpr + o) (32.4)
where Jg is the phase shift. The matching with the interior solution gives the equation

kgcot(kgR+38) = ko (32.5)

This equation can be written as tan(dy —05°) = kg /ko, where 63° = —kgR is the solution for “hard sphere scattering”.
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Thus the explicit solution for the phase shift is

b = 58°+arctan(Z—E) (32.6)
0

It is clear that in practical problems the boundary » = R is an arbitrary radius in the ”outside” region. It is most
natural to extrapolate the outside solution into the the region r < R as if the potential there is zero. Then it is
possible to define the logarithmic derivative ko of the extrapolated wavefunction at r = 0. This function contains the
same information as kg, while the subtlety of fixing an arbitrary R is being avoided. From the above analysis we get

Ro(B) = [ 1/)(17‘) dﬁi")}ro — kpoot(6(E)) = ’I:OE t’jﬂizzzgzg (32.7)

At low energies, in the limit &z — 0, this expression takes the simpler form ko = ((1/ko) — R)~'.

[32.2] Low energy scattering

Of particular interest is the long-wavelength limit, which means kg R < 1 where R is the radius of the scattering
region. Then the regular solution for r ~ R, where the potential is zero, has the form ¢ (r) o< r — as. This implies by
definition that for low energy 69 = —kgas. The parameter ag is called the scattering length. Given ag, it follows from
the above definition that the log derivative, referenced to the origin, is kg = —1/as. More generally it is customary
to expand the log-derivative at the origin as follows:

_ 1 1
k‘o(E) = ]CECOt((SQ(E)) = —; + §Tbk‘2E+ (328)

Thus as is merely a parameter in the expression for phase shift in the limit of low energies. If this phase shift is small
it can be expressed as dg = —kgas. For a sphere of radius R and potential Vj one obtains as = R in the hard sphere
limit (Vo = 00). As Vj is decreased one obtains as ~ (2/3)mR3V;. For negative V, (“spherical well”) one obtains

as = R — (1/a) tan(aR), where @ = 1/2m|Vp|.

At this stage we mention a common terminology that might look strange at first sight. Referring to a square well
it is clear that is |Vp| is very small the potential has no bound state. We can regard such potential as a broadened
delta function V' (r) = ud(r) that has v < 0. In such situation we have do > 0 and as < 0, which should be contrasted
with hard sphere. Such u < 0 scattering potential is called “attractive”. As |Vj| becomes larger it can accommodate
a bound state, and it behaves like a u > 0 delta potential with §y < 0 and as; > 0. Such scattering potential is called
“repulsive”. The bound state energy of the such “repulsive” potential is determined from the matching condition that
has been discussed in the previous section, leading to

1

- 32.9
2ma? (32.9)

Ebound

It should be clear that this solution is meaningful provided the assumptions as > R and |Epound| < A are satisfied.
Here A is the range within which a4 can be regarded as a constant.

From the definition of the scattering length it follows that for weak scattering it can be expressed as g = —kgas. In
a later section we shall see that in 3D this means that the total s-scattering cross section is

4
Tiotal = ésm“'(éo) ~ Ama? (32.10)

A delta function V(z) = u§3(z) in 3D has a zero total cross section. Still from the first order Born approximation
for the T" matrix we get as an artifact

m 2
Ototal = 4m (%u) (3211)
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It is therefore common to describe an s-scatterer that is characterize by a scattering length ag, as a delta scatterer
with u = 2mas/m. One should be very careful with the latter point of view.

[32.3] Inelastic scattering by a delta scatterer

We consider inelastic scattering on a delta scatterer in one dimension [arXiv:0801.1202]

2
H = §—m + Q5(2) + Hscattorer (32.12)

The scatterer is assumed to have energy levels n with eigenvalues F,,. It should be clear that inelastic scattering of
a spinless particle by a multi level atom is mathematically equivalent to inelastic scattering of a multi level atom by
some static potential. Outside of the scattering region the total energy of the system (particle plus scatterer) is

E = a+E, (32.13)
We look for scattering states that satisfy the equation

H|T) = E|P) (32.14)
The scattering channels are labeled as

n = (no,n) (32.15)
where ng = left,right. We define

kn = 2m(€ — E,) for n € open (32.16)
on = /—2m(€ - E,) for n € closed (32.17)

later we use the notations

Un = kn/m (32.18)
Up = Qp/m (32.19)

and define diagonal matrices v = diag{v, } and u = diag{u,, }. The channel radial functions are written as

R(r) = Ape nr 4 B, efthnr for n € open (32.20)
R(r) = Cre= " for n € closed (32.21)

where r = |z|. Next we derive expression for the 2N x 2N transfer matrix T and for the 2N x 2N scattering matrix
S, where N is the number of open modes. The wavefunction can be written as

U(r,ng, Q) = Z Ry n(r)X™(Q) (32.22)

The matching equations are

U(0, right, Q) = ¥(0, left, Q) (32.23)
% [¥/(0, right, Q) 4+ ¥’ (0, left, Q)] = Q¥(0, Q) (32.24)


http://arxiv.org/abs/0801.1202
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The operator Q is represented by the matrix Q,,, that has the block structure

_ vi Qvu
Qnm = (qu Quu) (32.25)

For sake of later use we define

LQ 1 LQ 1
Mym = | X5 0 500 (32.26)

The matching conditions lead to the following set of matrix equations

Ar+Br = A + Bj, (32.27)
Cr = Cp, (32.28)
—iU(AR—BR+AL—BL) = 2vi(AL+BL)+2QquL (3229)
from here we get
Ar+Br = A + Bp, (32.31)
Ar— Bp+ AL — By = i2(v)"'Q(AL + Br) (32.32)
where
Q=Quw —Q éQ (32.33)
VU vu (u + Quu) uv N

The set of matching conditions can be expressed using a transfer matrix formalism that we discuss in the next
subsection, where

=My, — Myy———M,y, (32.34)

[32.4] Finding the S matrix from the transfer matrix

The set of matching conditions in the delta scattering problem can be written as

Br\ _ (AL
(%) =T (BL) (32.35)
where A,, = VU Ay and B, = \/UnBp. The transfer 2N x 2N matrix can be written in block form as follows:
(T T2\ (1—iM  —iM
T= <T+ T) - ( iM 14iM (32.36)

The S matrix is defined via

() == () s
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and can be written in block form as

_ (Sr St
Snm = (ST SR) (32.38)

A straightforward elimination gives

¢ _ ( N e T-! ) _ ((153\?}4—;_:1 (1(ij/\i4/;4‘)1_11> (32.39)

Now we can write expressions for Si and for St using the M matrix.

— L A2 i3
Sr = 1+i/\/l_1 M — M=+ iM” + (32.40)
Sr

Sr—1 (32.41)

[32.5] Elastic scattering by a delta in a waveguide

The elastic scattering of a spinless particle by a regularized delta scatterer in a waveguide is mathematically the same
problem as that of the previous section. We have

Q= cd(y — o) (32.42)
for which
Qun = ¢ / Xnb (= 90)xmdy = € X" (50)X™ (40) (32.43)

Given the total energy we define

1 1 M’U'U M'U’LL
Mym = Qnm = (M M. ) (3244)

V |vn | |V |

Regularization means that one impose a cutoff on the total number of coupled channels, hence M is a finite (truncated)
matrix. Using the formula for inverting a matrix of the type 1 — aa’, we first obtain M and then obtain

1My,

S =
B 1 trace[M,,] + trace[Myy]

(32.45)

Let us consider what happens as we change the total energy: Each time that a new channels is opened the scattering
cross section becomes zero. Similarly, if we remove the regularization we get zero scattering for any energy because
of the divergent contribution of the closed channels.

[32.6] Transmission through a tight-binding network

Consider a network that consists of IV sites and described by Hamiltonian H,. We can attach a lead to a site of the
network, or in general we attach several leads to different points. We would like to calculate the S matrix in this
configuration. For this purpose we apply the T matrix formalism, combined with the "P+Q” formalism where ”P” is
the network and ”Q” are the leads.
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The lead is regarded as a chain of sites (z = 1,2,3,...) with hopping amplitude —cy. Accordingly a free ”wave” with
wavenumber k£ has energy and velocity as follows:

e = —2¢gcos(k) (32.46)
v = 2¢psin(k), mass = 1/(2¢p) (32.47)

The flux-normalized free wave in a disconnected lead is

2 NG
= —sin(k Note: 1) = — 32.48
o) = - sinke), ote: (1) = & (32.48)
The Green function due a source at the first site is
1 . —1
Gled(g]l) = ——¢ihe Note: G(1]1) = =~ (32.49)
co 2c§

The hopping amplitude between the x = 1 site of the lead that is labeled as a, and a contact point the network that
is labeled as n,, will be denoted —c,. Later we shall define the dimensionless coupling parameter v = (¢, /c)?. If we
have M leads it is convenient to pack the couplings in a rectangular M x N contact matrix ) that is composed of

zeros and ones, such that V;,, = —c,Qq,n. The Green function of the network can be calculated using the "P+Q”
expression
Glnim) : . (32.50)
nim = = .
e—Ho—ViGeadV ] e—Ho— F(e—)QTQ],

The scattering matrix is expressed as S = 1 — i7", where the T matrix elements are

T, = = (o"|VGVT|eh) = L—HEHYN;QTQ} (32.51)
Na,Np

where n, and n; are the contact sites of lead a and lead b, and the definition of H.g is implied from the expression
for G(n|m). Note that the QQ term implies that the on-site potential at the contact sites becomes complex.

Assume that the network represents a 1D wire segment to which leads are attached at the endpoint. Ideal contacts
corresponds to v = 1. It is instructive to consider the continuum limit of the 7" matrix expression for such a setup. This
limit corresponds to small k& at the bottom of the band where € & —2¢y. One observes that the effective Hamiltonian
becomes

Hex = Ho—coQ'Q (32.52)

This Hamiltonian corresponds to Neumann boundary conditions. The reasoning is as follows: If we place a negative
delta —[1/(2ma)]d(x —a) at an infinitesimal distance a from the endpoint z = 0 of the segment, it forces the derivative
to be zero. In a tight-binding model this is like having a potential —cg at the first site.

[32.7] Transmission through a cavity

Consider a cavity to which a lead is attached. We would like to calculate the S matrix in this configuration. One
possibility is to take the continuum limit of the network model that we have solved in the previous section. This leads
to the so-called Weidenmuller formula:

1
S = 1— iWGW = 1 — iW wt 32.53
! E  Heg + i(WIW)2) (32.53)
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where Hog is the Hamiltonian of the cavity with Neumann boundary conditions on the surface of the scattering region.
It is convenient to find a complete set ¢(™) (x) of cavity eigenfunctions. Then the expression for the contact matrix
takes the form

Wan = Vi [ X*(6)0™ (a(s)) ds (32.54)

where x“%(s) are the channel functions and s is the transverse coordinate. Conventionally the Weidenmuller formula
is derived from the so called R matrix formalism, which we outline below.

The Fisher-Lee relation.— Before we go on it is appropriate to point out the duality between the Weidenmuller
formula and the Fisher-Lee relation. The latter expresses the Green function G(s|sg) using the S matrix as given. The
surface coordinates s and sy indicate points z(s) and z(s’) on the boundary of the scattering region. The standard
derivation goes as follows [Datta]: We place a source at the lead and use the S matrix to define the boundary
conditions on the surface z(s) of the scattering region. We solve for the outgoing amplitudes and find that

= 1 L s — L s
G(s|so) = Eb:mx () (8 = Dav Z=x"(s0) (32.55)

This relation can be inverted:

Sy = Oap — i\/vavb/x"(s) G(ss0) x’(s0) dsdsy = 172'WGWT} (32.56)

a,b

The latter expression has the same expected structure that is anticipated from T matrix theory, and therefore should
be equivalent to the Weidenmuller formula. Inserting a complete basis of cavity eigenstates for the representation of
the Green function, the integral over s becomes a sum over n, and the definition of W is implied. Still this perspective
does not provide a practical procedure for the choice of the n basis, and for the evaluation of G,, ;..

The R matrix formalism.— We would like to describe a formulation that opens the way for a powerful numerical
procedure for finding the S matrix of a cavity-lead system. The idea is to reduce the scattering problem to a bound
state problem by chopping the leads. It can be regarded as a generalization of the one-dimensional phase shift method
where the outer solution is matched to an interior solution. The latter is characterized by its log derivative on the
boundary. In the same spirit the R matrix is defined through the relation

U(s) = /R(s,s')a\II(s') ds' (32.57)

If we decompose this relation into channels we can rewrite it as

U, = Y RudY, (32.58)
b

Expressing ¥, and 9V, as the sum and the difference of the ingoing and the outgoing amplitudes A, and B,, one
finds a simple relation between the R matrix and the S matrix:

1 1-S
Ry = i—[—2 32.59
b N (1 n s)ab (32.59)

The inverse relation is

_ 1+iVkRVE
S = RRVE (32.60)
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From the Green theorem it follows that

2
R(s,s') = —;—mGN(S’b) (32.61)

where G¥ is the Green function of the interior with Neumann boundary conditions on the surface of the scattering
region. If we find a complete set of interior eigenfunctions then

() (") o™
Ny Pt (s")p'"™ (s)

= r /e A\ 2.62
G" (5']s) En E_E. (32.62)
and consequently

The corresponding result for the S matrix is obtained by expanding (1 + z)/(1 — ) = 1 4 2(...) with the identification
of (...) as the diagrammatic expression of the resolvent. This leads to the Weidenmuller formula.
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[33] Scattering in a spherical geometry

Of special interest is the scattering problem in 3D geometry. We shall consider in this lecture the definitions of the
channels and of the S matrix for this geometry. Later analyze in detail the scattering by a spherically symmetric
target. In the latter case the potential V(r) depends only on the distance from the origin. In order to find the
scattering states we can perform separation of variables, where ¢ and m are good quantum numbers. In the (¢,m)
subspace the equation for the radial function u(r) = rR(r) reduces to a one dimensional Schrédinger equation on the
0 < r < oo axis. To avoid divergence in R(r) we have to use the boundary condition u(0) = 0, as if there is an infinite
wall at » = 0.

Most textbooks focus on the Coulomb interaction V(r,0,¢) = —a/r for which the effective radial potential is
Verg(r) = —a/r + B/r?. This is an extremely exceptional potential because of the following:

There is no centrifugal barrier.

Therefore there are no resonances with the continuum.

It has an infinite rather than a finite number of bound states.

The frequencies of the radial and the angular motions are degenerate.
Hence there is no precession of the Kepler ellipse.

We are going to consider as an example scattering on a spherical target which we call either “sphere” or “well”. The
parameters that characterize the sphere are its radius a, the height of the potential floor V', and optionally the the
shielding barrier u. Namely,

V(r,0,90) = VO(a—r1)+ud(r—a) (33.1)

Disregarding the shielding the effective radial potential is Vog(r) = VO(a — 7) + 3/r?. We consider first hard sphere
(Vo = 00) and later on the scattering on a spherical well (Vy < 0). The effective potential for 3 representative values
of V is illustrated in panels (a)-(b)-(c) of the following figure. In panels (d) we illustrate, for sake of comparison, the
effective potential in case of a Coulomb interaction.

Vegr(1)

V,<0
Vo

I’ 1’
2ma* | 2ma® |
a a
2
2ma® +V, <0 —a/r + b/’
;2
Zmazi I\

N \_—

Classically it is clear that if the impact parameter b of a particle is larger than the radius a of the scattering region
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then there is no scattering at all. The impact parameter is the distance of the particle trajectory (extrapolated as
a straight line) from form the scattering center. Hence its angular momentum is £ = mugb. Thus the semiclassical
condition for non-negligible scattering can be written as

62

b<a = ! < kga = —
2ma?

(33.2)

The last version is interpreted as the condition for reflection from the centrifugal barrier (see Fig). In the channels
where the semiclassical condition is not satisfied we expect negligible scattering. (no phase shift). This semiclassical
expectation assumes that the ”forbidden” region is unaccessible to the particle, hence it ignores the possibility of
tunneling and resonances that we shall discuss later on. Whenever we neglect the latter possibilities, the scattering
state is simply a free wave which is described by the spherical Bessel function j,(kgr). For kgr < £ this spherical
Bessel function is exponentially small due to the centrifugal barrier, and therefore it is hardly affected by the presence
of the sphere.

[33.1] The spherical Bessel functions

Irrespective of whether the scattering potential is spherically symmetric or not the Schrodinger equation is separable
outside of the scattering region. This means that we can expand any wavefunction that satisfies H¥ = EWV in the
outside region as follows:

U(z) =D Rom(r)Y"™(0,0) (33.3)
£m

The channel index is a = (¢, m) while Q = (6, ¢) is analogous to the s of the 2D lead system. The Y*™ are the channel
functions. In complete analogy with the case of 1D geometry we can define the following set of functions:

hi(kpr) < et*er (33.4)
hy (kpr) <> e~ her

Je(kgr) <> sin(kgr)

ne(kgr) < cos(kgr)

Note that the right side equals the left side in the special case ¢ = 0, provided we divide by r. This is because the
semi-1D radial equation becomes literally the 1D Schrodinger equation only after the substitution R(r) = u(r)/r.

In what follows we use Messiah convention p.489. Note that other textbooks may use different sign convention. The
relation between the functions above is defined as follows:

hE = ng(kr) £ ije(kr) (33.5)

We note that the j,(r) are regular at the origin, while the n,,(r) are singular at the origin. Therefore only the former
qualify as global ”free waves”. The [ = 0 functions are:

Jokr) = Sink(fr) (33.6)
no(kr) = cos(kr)

kr
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The asymptotic behavior for kr > ¢+1 is:

e:l:ikr
hif (kr) ~ ()" —— (33.7)
cos(kr — 24
ng(kr) ~ %
sin(kr — Z0)
i(kr) ~ —— 27
Je(kr) kr
The short range kr < ¢+1 behavior is:
1\t 1 ,
~ 20— — 14+ —— .
ng(kr) (20 -1) (kr) { + 20— 1)(k:7“) + ] (33.8)
. (kr)* 2
kr) v~ ———— |1 — ——(k
Jelkr) ~ G | s Bt
[33.2] Free spherical waves
On the energy shell we write the radial wavefunctions as
Rfm (T) = AZmRE7[m7_(T) - B@mRE7£7m’+(7ﬂ) (339)
where in complete analogy with the 1D case we define
k
REAmE () = ZE bk (kgr) (33.10)

N

The asymptotic behavior of the spherical Hankel functions is (Fi)%e®™*#" /(kgr). From this follows that the flux of the
above radial functions is indeed normalized to unity as required. Also the sign convention that we use for RF-#m% (1)
is appropriate because the free waves are indeed given by

‘¢E,Zm> _ [lef(?ﬂ) _ le+(7,)] Yfm(97¢) = —i kEE 2jo(kpT) Yfm((Q’(p) (33.11)

NG,
This spherical free wave solution is analogous to the planar free wave |¢F?) s e?*272°% If we decide (without loss of

generality) that the planar wave is propagating in the z direction, then we can use the following expansion in order
to express a planar wave as a superposition of spherical waves:

e®rz = N (204 1) (i)" Pu(cos(9)) je(kpr) (33.12)
14

We note that we have only m = 0 basis functions because there is no dependence on the angle ¢. In different phrasing
one may say that a plane wave that propagates in the z direction has L, = 0 angular momentum. Using the identity

v - ./2{; L Py (cos(0)) (33.13)

we can write

oikpz Z \/(21+—1)7r(i)e+1\2E¢E’€””(7“,9,50) (33.14)
E

£,m=0
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which makes it easy to identify the ingoing and the outgoing components:
(€™ ingoing = Z Apn Y ™0, 0)R™ (1) (33.15)

(eik outgomg Z Bimyzm @)Rem+ (7‘)

where

Bim = At = 0mo 21+ )m (i) V e (33.16)
E

This means that the incident flux in channel (¢,0) is simply
Z.incident = |:k’2 (2€ + 1)] (3317)

The expression in the square brackets has units of area, and has the meaning of cross section. The actual cross section
(see next section) contains an additional factor that express how much of the incident wave is being scattered. The
maximum fraction that can be scattered is 400% as explained in the next section.

[33.3] The scattered wave, phase shifts, cross section

In the past we were looking for a solution which consists of incident plane wave plus scattered component. Namely,

‘ cikET
U(r) = e + f(2)— (33.18)
From the decomposition of the incident plane wave it is implied that the requested solution is
Vingoing = Y _ Aem Y (0, 0) R (r) (33.19)
tm
Uoutgoing = — Y Bem Y™ (0,0) R"™ (r)
‘m
where
Apy = o V(2L + D (i) \{% (33.20)

BZm = SZm,E’m’ Aé’m’

If we are interested in the scattered wave then we have to subtract from the outgoing wave the incident component.
This means that in the expression above we should replace S ¢ by —iTom, erm/

Of major interest is the case where the target has spherical symmetry. In such case the S matrix is diagonal:

Sem,erm (E) = 040G € (33.21)
Tgm7g/m/(E) = _5M'5mm’ eiée 28111((5@)
Consequently we get

eikr

Vcattered = ZTM 20+ 1) (i) YO0, 0)hf (r) ~ f(Q) (33.22)

r
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with
f(Q) = —é VEF )T T Y0, ) (33.23)
£

It follows that

4 .
Trotal = /|f(Q)|2dQ = é} (204 1)|Tul? = é} (20 + 1| sin(0) (33.24)
V4 V4

By inspection of the scattered wave expression we see that the scattered flux in each of the (¢, m=0) channels can be
written as iy = oyvg, where the partial cross section is

47

o0 = |Tul* x {(%H)W] = (204 1)|sin(6,)? = (33.25)
E

K

It is important to realize that the scattered flux can be as large as 4 times the corresponding incident flux. The
maximum is attained if the scattering induces a 7 /2 phase shift which inverts the sign of the incident wave. In such
case the scattered wave amplitude should be twice the incident wave with an opposite sign.

[33.4] Finding the phase shift from 7" matrix theory

We can get expressions for Ty = Vg + (VGV ) using the Born expansion, and hence to get approximations for the
phase shift §;, and for the partial cross section o,. The derivation is the same as in the quasi 1D ¢=0 case. The
flux-normalized free waves are

6Fmy = ’“EE 2o (kr)Y ™ (0, ) (33.26)

VU
The first order result for the phase shift is

2 o0
Dk ——— V(r) (kgrji(ker))? dr (33.27)
hvE 0

while in the vicinity of resonances we have

T, /2
d¢ = 05° — arctan (E _/Er) (33.28)

where 07° is a slowly varying “background” phase that represent the non-resonant contribution.

There are two physical quantities which are of special interest and can be deduced from the phase shift. One is the
time delay that we already have discussed in the quasi one dimensional context. The other is the cross section:

o(E) = (2€+1):72;|sin(64)|2 (33.29)

For resonant scattering the ”line shape” of the cross section versus energy is typically Breit-Wigner and more generally
of Fano type. The former is obtained if we neglect 05°, leading to

4 T, /2)?
o = (20+ 1)% F= E(T)Q/i)(FT/Q)Q (33.30)
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We see that due to a resonance the partial cross section oy can attain its maximum value (the so called ”unitary
limit”). If we take 63° into account we get a more general result which is known as Fano line shape:

4 1 [e +q]?
= (20+1)—~ 33.31
o0 = o () 50 (3331)
where ¢ = (E — E,)/(I'/2) is the scaled energy, and ¢ = —cot(;°) is the so called Fano asymmetry parameter.

The Breit-Wigner peak is obtained in the limit ¢ — oo, while a Breit-Wigner dip (also known as anti-resonance) is
obtained for ¢ = 0.

[33.5] Scattering by a soft sphere

Assuming that we have a soft sphere (|V] is small), we would like to evaluate the phase shift using the Born approx-
imation. Evidently the result makes sense only if the phase shift comes out small (§; <« 1). There are two limiting
cases. If ka < /+1 we can use the short range approximation of the spherical Bessel function to obtain

2 mV

Born a a 2041 .
g (20 +3)[(20 + 1)1 K2 (k) (33.32)

~
~

On the other hand, if ka > ¢+1 we can use the "far field” asymptotic approximation of the spherical Bessel function
which implies [krj(kr)]* & [sin(kr)]2 ~ 1/2. Then we obtain

1 mV
Born . _ 2 -1
i * hom Va 720 (ka) (33.33)

[33.6] Finding the phase shift by matching

We would like to generalize the quasi one-dimensional matching scheme to any ¢. First we have to find the radial
function for 0 < r < a and define the logarithmic derivative

o ()

Note that we use here R(r) and not u(r) and therefore in the £ = 0 case we get ko = kg — (1/a). The solution in the
outside region is

R(r) = Ahy (kgr) — B (kpr) (33.35)
= A(h; (kpr) — b} (kgr))
= C(cos(d¢)je(kpr) + sin(de)ne(kgr))

We do not care about the normalization because the matching equation involves only logarithmic derivatives:

cos(d)j’ + sin(d)n’

B cos(6)j + sin(d)n = ke (33.36)

solving this equation for tan(d,;) we get

keje(ka) — kgjy(ka)

" keng(ka) — kgn)(ka) (33.37)

tan(d;) =
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which can also be written as:

— J— —
o200 _ <he+ ) ke (hﬁ/h’i ke (33.38)
he ke — (hz /he )k’E

In order to go from the first expression to the second note that if tan(d) = a/b determines the phase of a complex
number z = a + ib then (a + ib)/(a — ib) = ¢"??. Thus we have expressions for the phase shift given the log derivative
of the regular solution on the boundary of the scattering region.

[33.7] Scattering by a hard sphere

The phase shifts for a hard sphere (V' — o0) can be found from the phase shift formula of the previous section using
k¢ — 00, leading to

tan(d;°) = —7% (33.39)

or equivalently

<6 500 h~ (kEa)
i267° _ 4
= W hpa) (33.40)

From the first version it is convenient to derive the result

X~ - 1 20+1
o 20+ D20 — 1) (kza) for £> ka (33.41)

where we have used the short range expansions j; oc 7 and n, o 1/7*1. From the second version it is convenient to
derive the result

0° = —arg(ht(kga)) ~ —(kpa-— gé) for { <« ka (33.42)

where we have used the asymptotic expression h(r) ~ (—1)¢ e?*=" /p.

Small hard sphere: In the case of a small sphere (kgpa < 1) we have 1 > dg > 61 > ... and the £ = 0 cross
section is dominant

b = —(hsa) (33.43)
Hence

7 = St (0) ~ o sin? () ~ dra? (33.44)

total = 2 sin” (0¢) =~ 2 sin“ (0g) ~ 4ma '

=0

We got a o that is 4 times bigger than the classical one. The scattering is isotropic because only the ¢ = 0 component
contributes to the scattered wave.

Large hard sphere: Now we turn to the case of a large sphere (kga > 1). We neglect all ¢, for which ¢ > kga. For
the non-vanishing phase shifts we get

0p= —(kga) for £=0,2,4,... (33.45)
0¢ = —(kpa)+% for£=1,3,5,...
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hence
4m .
Tiotal = 73 (21 + 1) sin?(kpa) + (20 + 1) cos?(kpa) (33.46)

£=0,2...ka {=1,3...ka
t=ka ka

4n 1 27 2m

N o (20 + 1)5 R~ ﬁ/ 2zdx = ﬁ(k};af = 27a®
£=0,1...ka 0

This time the result is 2 times the classical result. The factor of 2 is due to forward scattering which partially cancels
the incident wave so as to create a shadow region behind the sphere.

[33.8] Summary of results for scattering on a sphere

We have discussed scattering on a ”hard sphere”, on a ”deep well”, and finally on a ”soft sphere”. Now we would like
to put everything together and to draw an (a, V') diagram of all the different regimes.

v

Hard Sphere

ka<<1 ka>>1

Resonance

Let us discuss the various regimes in this diagram. It is natural to begin with a small sphere. A small sphere means
that the radius is small compared with the De-Broglie wavelength (ka < 1). This means that disregarding resonances
the cross section is dominated by s-scattering (¢ = 0). On the one hand we have the Born approximation and on the
other hand the hard sphere result:

Born
dg

3

oM~ —(ka)

Q

2 {";;/cﬁ] (ka) (33.47)

Thus we see that the crossover from ”soft” to "hard” happens at V ~ h?/(ma?). What about V < 0?7 It is clear
that the Born approximation cannot be valid once we encounter a resonance (at a resonance the phase shift becomes
large). So we are safe as long as the well is not deep enough to contain a quasi bound state. This leads to the sufficient
condition —A%/(ma?) < V < 0. For more negative V values we have resonances on top of a ”hard sphere” behavior.
Thus we conclude that for ka < 1 soft sphere means

V| < K?/(ma?) (33.48)
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We now consider the case of a large sphere (ka > 1). In the absence of resonances we have for small impact parameter
(¢ < ka) either the Born or the hard sphere approximations:

v

6Born o 33.49
¢ hop a ( )
st = o(1)
Also here we have to distinguish between two regimes. Namely, for ka > 1 soft sphere means
V| < hvg/a (33.50)

If this condition breaks down we expect to have a crossover to the Hard sphere result. However, one should be aware
that if V' < E, then one cannot trust the hard sphere approximation for the low ¢ scattering.
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QM in Practice (part I)

[34] Overview of prototype model systems

Below we consider some simple one-particle closed systems in 0D/1D/2D/3D. Later we further illuminate and analyze
some prototype problems.

Discrete site systems: Consider an N site systems. FEach site is regarded as a zero dimensional (0D) object,
sometimes called ”dot”. In the condense matter context these are known as ”tight binding models”. The simplest
is the two site (N = 2) system. If we want to have non-trivial topology we must consider at least a 3-site (N = 3)
system. Next we can construct N-site chains, or rings or networks or so called tight-binding arrays. If we regard these
models as a coarse grained description of motion in free space, then the hopping amplitude per unit time between two
nearby sites ¢ and j is determined by the mass of the particle (m) and by the hopping distance (a):

1
K = —5 (34.1)

Network systems: A one dimensional (1D) segment can be regarded as the continuum limit of a 1D chain. If the
particle in confined between two ends, the model is know as ”infinite well” or as 1D box with hard walls. If there are
periodic boundary conditions, the model is know as ”1D ring”. Several 1D boxes” can be connected into a network:
each 1D segment is called "bond”, and the junctions are called ”vortices”. The simplest is a ”delta junction” that
connects two wires: If we regard the junction as a barrier ud(x) the coupling between wire wavefunctions is

Unm =

(n) (m)
= ) [,

 4m2qy dr dr (342)

An unconnected endpoint of a 1D segment can be regarded as "hard wall”. If this hard wall can be displaced, it can
be regarded as a ”piston”. The perturbation due to a small displacement dL is

(n) (m)
“m o 5 s

Wam = 2m dr dr

(34.3)

1D systems: In the more general class of 1D systems the confining potential is not stepwise, but changes smoothly.
The simplest example is "a well with soft walls”, such as the harmonic oscillator, where the potential is V (z) = x2.
The prototype example for anharmonic potential, with a dividing separatrix in phase space, is the pendulum where

V(x) = cos(x).

2D systems: Genuine 2D systems are chaotic. If the potential floor is flat, and the walls are "hard”, they are called
"billiards”. These serve as prototype models for ”quantum chaos” studies. But if the system has (say) rectangular or
cylindrical symmetry then the problem reduces back to 1D.

3D systems: Genuine 3D systems are rarely considered. Typically people consider models with spherical symmetry
(e.g. the Hydrogen atom) where the problem is reduced to 1D, while the perturbations that do not respect the high
symmetry are treated using a few-level approximation.

Interacting particles: The treatment of non-interacting system with Bosons or with Fermions reduces to one-
particle analysis. In order to have new physics we have to take into account interactions. The prototype models

Kondo / Hubburd) assume that the interaction is of the type U o (72 —1)n where 1 = aTal is the simplest non-trivial
1

possibility in the case of Bosons, while n = aial + agag is the simplest non-trivial possibility in the case of Fermions.

System-bath models: If we have few distinguished degrees of freedom that we call "system”, and all the other
degrees of freedoms form a weakly coupled background that we call ”environment”, then there is a sense in using
a system-bath model in order to describe the (reduced) dynamics of the system. Typically the environment is
characterized by its fluctuations, and then modeled as a large collection of harmonic oscillators.



184

[35] Discrete site systems

Two site model.— The simplest non-trivial network that we can imagine is of course a two site system. Without
loss of generality we can write the Hamiltonian with a real hopping amplitude ¢, namely,

H:(Gf _5/2) - foteo = 6.8 (35.1)

where = (2¢,0,¢). We can define the occupation operator of (say) the first site as

1
M = 1)1 = 5(14—02) (35.2)
The definition of the current that comes out from this site is implied by the ”rate of change formula”, namely
Tie = —i[H,N]] = —co, (35.3)

So we have the continuity equation

SUR) = (i), (K5) = i, (T12) = 2e T (35.4)

General site model.— The generalization from a two site system to an N site system is straightforward. Assuming
that the one-particle Hamiltonian in the standard (position) basis is represented by a matrix H;;, we define occupation
operators and current operators as follow:

A= Ll (35.5)

Loy = =il Hyulil = i) Hiy (35.6)

so as to have the continuity equation

d . R
@(Nz? = —Xj:@i—»ﬁ (35.7)

Chain model.— Of particular important is the the standard tight binding model where we have a chain of N sites
with near neighbor hopping. For simplicity we assume periodic boundary conditions, which is like saying that we
have a closed ring. We also use length units such that the sites are positioned at x = 1,2, 3.... The Hamiltonian, with
real hopping amplitudes —c, can be written as

H = —c(D+DYH)+V(#) = —2ccos(p)+ V(&) (35.8)
where D is the one site displacement operator. The definition of the velocity operator is implied by the "rate of

change formula”, namely

o = i[H,i] = ic(D—D7') = 2esin(p) (35.9)

Note that for small velocities we have linear dispersion relation v = (1/m)p, where the mass is m = 1/(2c¢). If distance
between the sites were a rather then unity one would conclude the identification ¢ = 1/(2ma?).

Lattices.— It is interesting to consider a generalizations of the simple chain model, where the motion is on a lattice.
For example: the case of 1D chain with alternating lattice constant (a, b, a, b, ....). In the latter case we get two energy
bands rather than one. For further information consult textbooks on Solid State Physics.



185

[36] Two level dynamics

[36.1] Bloch sphere picture of the dynamics

The most general Hamiltonian for a particle with spin % is:

H = 0.-5=0,5,+9,5,+Q.5. (36.1)
¢. The evolution operator is:
Ut) = e = ¢S = RB@) (36.2)

where CI;(t) = (3. This means that the spin makes precession. It is best to represent the state of the spin using the

polarization vector M. Then we can describe the precession using a classical-like, so called ”Bloch sphere picture”.
The formal derivation of this claim is based on the relation between M(t) and p(t). We can write it either as

M(t) = trace(op(t)) or as an inverse relation p(t) = (1+ M(t) - o)/2. In the former case the derivation goes as
follows:

M;(¥) trace(o;p(t)) = trace(o;(t)p) (36.3)

= trace((R™'oyR)p) = trace((Rgaj)p) = RE(‘I)(t)) M;(0)

where we have used the evolution law p(t) = U(t)p(0)U(t)~! and the fact that & is a vector operator.

We notice that the evolution of any system whose states form a dim=2 Hilbert space can always be described using
a precession picture. The purpose of the subsequent exposition is (i) to show the power of the precession picture as
opposed to diagonalization; (ii) To explain the notion of small versus large perturbations. With appropriate gauge of
the standard basis the Hamiltonian can be written as:

H o= (eéz -f/2> = So.ten, = 4.8, = (2¢,0,¢) (36.4)

In the case of a symmetric system (¢ = 0) we can find the eigenstates and then find the evolution by expanding the
initial state at that basis. The frequency of the oscillations equals to the energy splitting of the eigen-energies. But

once (e # 0) this scheme becomes very lengthy and intimidating. It turns out that it is much much easier to use the
analogy with spin 1/2. Then it is clear, just by looking at the Hamiltonian that the oscillation frequency is

Q = (202+¢ (36.5)

and hence the eigenenergies are EL = £ /2. Furthermore, it is clear that the precession axis is tilted relative to the
z axis with an angle

6 = arctan(2c/e) (36.6)

Accordingly the eigenstates can be obtained from the 1 and from the | states by rotating them an angle 6 around the
y axis:

= (e ) = (Comier ) )

If we are interested in studying the dynamics there is no need to expand the initial state at this basis. It is much
easier to use write the explicit expression for the evolution operator:

Ut) = R(®() = cos(Qt/2)—isin(Qt/Q)[cos@O'Z+sin6 a] (36.8)
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Let us assume that initially the system is in the "up” state. We get that the state after time ¢ is
() = U@ = [cos(m/Q) - icosesm(m/z)]| - i[sinesin(m/mh 0 (36.9)

Let us define P(t) as the probability to be found after time ¢ in the same state. Initially we have P(0) = 1. We can
easily find the explicit expression for P(¢) without having to do any diagonalization of the Hamiltonian. Rather we
exploit the explicit expression above and get
2 . 9 .o (O
Pty = |(tle)] = 1-sin?(®)sin? (5 (36.10)

This result is called the Rabi Formula. We see that in order to have nearly complete transitions to the other site after
half a period, we need a very strong coupling (¢ > ¢€). In the opposite limit (¢ < €) the particle tends to stay in the
same site, indicating that the eigenstates are barely affected.

We note that the Rabi Formula can be optionally derived by considering the precession of the polarization vector
M (t). This procedure is on the one hand more illuminating, but on the other requires better geometrical insight: One
should realize that the inclination angle of M (t) oscillates between the values 0 and 26. Therefore M, (t) oscillates
between the maximal value M, = 1 and the minimal value M, = cos(26). Using the relation P(t) = (1 + M,(t))/2
one concludes that P(t) oscillates with the frequency € between the maximal value 1 and the minimal value (cos(6))?
leading to the Rabi Formula.

[36.2] Landau-Zener dynamics

A prototype adiabatic process is the Landau-Zener crossing of two levels. The Hamiltonian is

L fat & 1 1
=y <n —at) = oz + oo (36.11)
Let us assume that the system is prepared at t = —oo in the lower (”-”) level (which is the "up” state). We want to

find what is the probability to find the system at ¢ = oo in the upper ("+7) level (which is again the ”up” state!).
The exact result is know as the Landau-Zener formula:

2

P = Pu(lo) = PultD) = ew|-32] (36.12)

Exact solution.— The straightforward way to derive this formula is to sum the Texp terms up to infinite order:

AU L)| D) = e T 4 // dtadty (_ig)Qeﬂ%(<t2ft§>f<t§ft%>+<t§ftg>)

to<t1<ta<t

+////dt4dt3dt2dt1 <_Z‘g>4e*i%((t2*ti)*(ti*ti)ﬂt%*@)*(t%*tf)Jr(tf*t%)) + o (36.13)

where time ordering of the integration variables is required. Each term represent a sequence of spin flips that are
induced by the perturbation. Obviously only even orders appear in the calculation of P(1 | 1). Dropping phase factor,
rescaling the time variables, and taking the integration limits to infinity we get

oo

HUt )t = > (_l;\}af”/// dtoy - - dt1 exp —% (B —t3+13---—13,) (36.14)

Following Kayanuma [Appendix| we note that the time-ordered integral can be calculated using the following trick:
the nth term can be regarded as describing a train of n pulses; New integration variables 7; = to; — t2;—1 and ¢; are


http://journals.jps.jp/doi/abs/10.1143/JPSJ.53.108
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defined; The 7; is the length of the pulse and the fj is its reduced time; The latter is the value of ¢; if the pulses were
of zero length. Consequently one obtains integrals that are symmetric under time permutation, and can be factorized
into elementary Gaussian integrals, leading to 7™ /n!. Thus we get

oo

toeoly = X5 (-12) = eo[-32] (36,19

n=0

For pedagogical purpose we consider below the standard procedures for obtaining approzimations for the Landau-Zener
formula.

Diabatic approximation.— For a “fast” sweep, aka diabatic process, the problem can be treated using conventional
(fixed basis) perturbation theory. The first order result requires the calculation of p = |(] |U(¢,t0)| 1)|?>. Performing
the time integration one obtains p ~ (7/2)[k?/a], in consistency with the leading order term in the expansion of
Prz. Optionally the same result is obtained from the Schrodinger equation for the amplitude ¢|(¢) in the interaction
picture:

dey(t) K 1,
s z2exp[ ziat cr(t) (36.16)

Setting c4(t) — 1 and performing the time integration, one obtains the same first order estimate for p.

Adiabatic approximation.— In order to analyze the Landau-Zener transition in the adiabatic regime we write
the Schrodinger equation in the adiabatic basis, and write the analogous equation for the amplitude ¢4 (t). The
instantaneous eigenenergies are Ex = +(1/2)Q), with

Q) = /(at)? + k2 (36.17)
and the associated eigenstates are |[+) and |—), as defined in the previous section, with
0(t) = arctan(r/(at)). (36.18)

Note that 8= at t= — 0o evolves to §=0 at t=c0. In our choice of gauge the adiabatic eigenstates have real amplitudes,
and therefore the Berry “vector potential” comes out zero. At the same time the non-zero element of the perturbation
matrix W, is

' 1 _asin(6) QK e 1
_ = _— | = = — = 91— = - Nl
W "B~ b [ “3L T 502 2% [(at/n)uJ (36.19)

Following the standard procedure as in time-dependent perturbation theory we substitute

as(t) = cilt) exp [—i / tEidt’} (36.20)

Using the rescaled variable 7 = at/x, and changing to 7 = sinh(z), the expression for the dynamical phase is

D(t) = ’i/TdTm _ L (z+;sinh(2z)> (36.21)

K
« 2

Thus for the amplitude c4 () we get the equation

dcjit(t) _ _%% {W] e ¢ (1) (36.22)
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Starting with the zero order solution (c_(t) — —1), and performing the time integration, one obtains the first order
adiabatic estimate for the amplitude ¢, (t), leading to

1/~ 1 2 1/~ 1
P ~ - - 7,<I>(T)d _ 7/ - 2<I>(z)d
Lz ‘2/0o 211 g 2 OOcosh(z)e :

i (36.23)

In order to evaluate this integral one can use contour integration. The explicit expression for the phase ® as a function
of z=x+1iyis

B(z) = %2 y % Kx + %sinh(Q;c) Cos(2y)) i (y + ;cosh(m)sin@y)ﬂ (36.24)

The original contour of integration is y = 0, but we would like to deform it into the complex plane so as to get rid of
the rapid oscillations of the phase factor, and have instead a smooth monotonic variation. The details can be found
in section VI of [arXiv]. The deformed contour is displayed in Fig4 there. The phase is pure imaginary along the
curves C_ and Cy. At 29 = 0+ i(7/2) we have ® = i(7/4)x?/a, while coshz ~ i(z — 29). Consequently we have a
pole leading to the same exponent as in the Landau-Zener result. The prefactor come out (7/3)%. The derivation of
the correct prefactor, which is unity, requires either exact solution of the differential equation using parabolic cylinder
functions, or otherwise iterations of the above procedure to infinite order.

[36.3] Adiabatic transfer from level to level

A practical problem which is encountered in Chemical Physical applications is how to manipulate coherently the
preparation of a system. Let us as assume that an atom is prepared in level |E,) and we want to have it eventually at
level |Ep). We have in our disposal a laser source. This laser induce AC driving that can couple the two levels. The
frequency of the laser is w and the induced coupling is 2. The detuning is defined as § = w — (E, — E,). Once the laser
is turned “on” the system starts to execute Bloch oscillation. The frequency of these oscillation is ) = (Q2 4 62)1/2,
This is formally like the coherent oscillations of a particle in a double well system. Accordingly, in order to simplify
the following discussion we are going to use the terminology of a site-system. Using this terminology we say that with
a laser we control both the energy difference ¢ and the coupling 2 between the two sites.

By having exact resonance (6 = 0) we can create “complete” Bloch oscillations with frequency Q. This is formally
like the coherent oscillations of a particle in a symmetric double well system. In order to have 100% transfer from
state |E,) to state |Ep) we have to keep § = 0 for a duration of exactly half period (¢t = 7/€). In practice this is
impossible to achieve. So now we have a motivation to find a practical method to induce the desired transfer.

There are two popular methods that allow a robust 100% transfer from state |E,) to state |Ep). Both are based on an
adiabatic scheme. The simplest method is to change § gradually from being negative to being positive. This is called
“chirp”. Formally this process is like making the two levels “cross” each other. This means that a chirp induced
transfer is just a variation of the Landau-Zener transition that we have discussed in the previous section.

There is another so called “counter intuitive scheme” that allows a robust 100% transfer from state |E,) to state |Ep),
which does not involve a chirp. Rather it involves a gradual turn-on and then turn-off of two laser sources. The first
laser source should couple the (empty) state |Ep) to a third level |E.). The second laser source should couple the (full)
state |E,) to the same third level |E.). The second laser is tuned on while the first laser it turned off. It is argued in
the next paragraph that this scheme achieves the desired transfer. Thus within the framework of this scheme it looks
as if a transfer sequence a — ¢+ b is realized using a counter intuitive sequence ¢ — b followed by a — c.

The explanation of the “counter intuitive scheme” is in fact very simple. All we have to do is to draw the adiabatic
energy levels F_(t) and Fy(t) and E(t) as a function of time, and then to figure out what is the “identity” of (say)
the middle level at each stage. Initially only the first laser in “on” and therefore |E}) and |E.) split into “even”
and “odd” superpositions. This means that initially Ey(t) corresponds to the full state |E,). During the very slow
switching process an adiabatic evolution takes place. This means that the system remains in the middle level. At the
end of the process only the second laser is “on” and therefore, using a similar argumentation, we conclude that Ey(t)
corresponds to the state |Ep). The conclusion is that a robust 100% transfer from state |E,) to state |Ep) has been
achieved.


http://arxiv.org/abs/0708.4237
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[37] A few site system with Bosons

[37.1] A two site system with N Bosons

We discuss in what follows the Bose-Hubbard Hamiltonian for N Bose particles in a two site system. Defining j = N/2
we shall see that the Hamiltonian can be regarded as describing a spin entity. The dimension of the Hilbert space is
N =N +1=2j+1. Later we assume N > 1. The Hamiltonian is

.U, K, i, it a
H=> {m + (i 1)} — —(aba, +alay) (37.1)
i=1,2
where K represents the hopping, and U is the interaction, and €& = & — & is the potential bias. The total number

of particles n; +no = N is constant of the motion. The Hamiltonian for a given NN is formally equivalent to the
Hamiltonian of a spin j entity. Defining

J=

(n—i) = m (37.2)

Il
Q>

Jy Tay (37.3)

we can re-write the Hamiltonian as
H = UJ?—EJ. — KJ, + const (37.4)

In the absence of interaction this is like having a spin in magnetic field with precession frequency Q2 = (K,0,&). In
order to analyze the dynamics for finite U it is more convenient to re-write this Hamiltonian with canonically conjugate
variables. Formally we are dealing with two coupled oscillators. So for each we can define action-angle variables in
the following way (no approximations involved):

0100

) 0010 _ i ST
0001 = ey (37.5)
0000 V3

One should be aware that the translation-like operator e’#i is in fact non-unitary because it annihilates the ground
state. We shall denote its adjoint operator as e ¢, so we have &ZT = /n;e”™i. Now it is possible to re-write the
Hamiltonian using the conjugate variables n and ¢ = 1 — 2. Ignoring the issue of commutation the result is

H = Un® — E&n — K+\/(N/2)2 —n? cos(p) (37.6)

If we did not ignore the proper ordering of the operators the above would be exact. But we are interested in
treating N > 1 system, where a semiclassical picture is applicable, hence small corrections that are associated with
the ordering are neglected. In the n ~ N/2 region of phase space H resembles the so-called Josephson Hamiltonian,
which is essentially the Hamiltonian of a pendulum

Hjosephson = Ec(n—no)2 — Ejcos(yp) (37.7)

with E. = U and E; = KN/2, while ny is linearly related to £. The Josephson Hamiltonian is an over-simplification
because it does not capture correctly the global topology of phase space. In order to shed better light on the actual
Hamiltonian it is convenient to define in addition to the ¢ operator also a @ operator such that J, = (N/2) cos(0)
while J, &~ (N/2)sin(@) cos(p). It is important to realize that ¢ and € do not commute. Using the (¢, 0) coordinates,
the Hamiltonian takes the form

NK |1
H = 5 iu(COSO)z—ECOSB—sinecoscp (37.8)
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where the scaled parameters are

o
Il

(37.9)

S

We can describe phase space using the canonical coordinates (¢, n), so the total area of phase space is 27N and
Planck cell is 27h with i = 1. Optionally we can use spherical coordinates (¢, 8), so the total area of phase space
is 47 and Planck cell 47/N. Note that an area element in phase space can be written as ded cos .

Within the framework of the semiclassical picture a quantum state is described as a distribution in phase space, and
the eigenstates are associated with strips that are stretched along contour lines H(p,0) = FE of the Hamiltonian. The
|n) states are the eigenstates of the K = 0 Hamiltonian. In particular the [n=N) state (all the particles are in the
first site) is a Gaussian-like wavepacket which is concentrated in the NorthPole. By rotation we get from it a family
of states |0, ) that are called coherent states. If U is large, £ = 0, and K is very small, then the eigenstates are the
symmetric and the antisymmetric superpositions of the | + n) states. In particular we have ”cat states” of the type:

|CatState) = |n1=N,n2=0) + eiphase\nlzo,n2:N> (37.10)

If a coherent state evolves, then the non-linearity (for non zero U) will stretch it. Sometimes the evolved state
might resemble a cat state. We can characterize the one-body coherence of a state by defining the one-body reduced
probability matrix as

1+ 1
P = N(ajaﬁ = ;1+50) (37.11)

where S; = (2/N)(J;), and the so called polarization vector is S = (S, Sy, S.). Note that

AverageOccupation (n) = (N/2)[1+5,] (37.12)
OneBodyPurity = tracep” = (1/2) [1+ 52+ S2 + 52| (37.13)

The coherent states have maximum OneBodyPurity. This purity can be diminished due to non-linear effects or due to
interaction with environmental degrees of freedom. First example: If we prepare the particles in the ground state of
the U = 0 Hamiltonian of a symmetric double well, then we have a coherent state ”polarized” in the z direction. If we
turn on U, then this state will be stretched and eventually it will spread over the whole equator, thus leading to loss
of the OneBodyPurity. Second example: The interaction with the environment leads to the loss of OneBodyPurity
due to the loss of the ManyBodyPurity. If we have an environmental collisional effect that ”measures” in which well
are the particles (J, interaction), then it leads to dephasing towards the z axis, while if the collisional effect is like
measuring whether the particles are in the barrier region (J, interaction) then the dephasing is towards the x axis.

[37.2] An M site system with N Bosons

A double well system with Bosons has formally the same Hilbert space as that of spin N/2 particle. The generalization
of this statement is straightforward. The following model systems have formally the same Hilbert space:

e The “N particle” states of a Bosonic system with M sites.
e The “N quanta” states of M Harmonic oscillators.
e The states of a dim(N) ”spin” of the SU(M) group.

To regard Bosonic site as an Harmonic "mode” is just a matter of language: We can regard the ”creation” operator a;r
as a "raising” operator, and we can regard the ”occupation” of the ith site n; = ajai as the number of quanta stored
in ¢th mode. The one particle states of an M site system form an M dimensional Hilbert space. The set of unitary
transformations within this space is the SU (M) group. Let us call these transformation generalized "rotations”. If we

have N particles in M sites then the dimensionality of Hilbert space is dim(N) = (N+M—-1)!/[(M-1)(N+M-1)!].
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For example for M = 2 system we have dim(NN) = N+1 basis states |ny,ns) with ny +ny = N. We can "rotate” the
whole system using dim(/N) matrices. Thus we obtain a dim(N) representation of the SU(M) group. By definition
these "rotations” can be expressed as a linear combination of the SU (M) generators J,,, and they all commute with N.
The many body Hamiltonian H may contain “non linear” terms such as J, i that corresponds to interactions between
the particles. Accordingly H of an interacting system is not merely a "rotation”. Still one assumes that H commutes
with N, so one can work within dim(N) subspace.

To be specific we write the Hamiltonian for bosons in a 1D chain of length L with periodic boundary conditions:

U K
H = Z [2a;a;[ajaj — 5 (a;+1aj + hC):| (3714)
Here K is the hopping frequency, U is the on-site interaction, and j mod(L) labels the sites z; = j, where the lattice

constant is chosen as the unit length. Optionally we can use momentum representation

1 .
b, = —=) e*ial (37.15)
J
VL %

Then the Hamiltonian takes the form

U
H = zk:ekb;bk + 2L<kz;>b£4b23bk2bkl (37.16)

Here €, = —K cos(k), and the summation is over all the k values that satisfy k; + ko = k3 + k4 mod(L). Consider
condensation of N particles in the k=0 momentum orbital:

POI—— (bg)N 10) (37.17)

The number of particle is constant of motion and therefore we can substitute in the Hamiltonian bgbo =N-> bzbk.
Consequently, in the vicinity of ¥(9) the quadratic part of the Hamiltonian takes the form

Ho = D abfor + A (bl,bl, +byby,) (37.18)
k#0 q>0

where A = NU/L, and ¢}, = (e —€0) + A. This Hamiltonian can be diagonalized by a Bogolyubov transformation

cl = ugbl +veb_, (37.19)

with u, = cosh(6/2), and v, = sinh(#/2), where tanh(0) = A/ey = A/[A + (ex—€0)]. Namely,

Ho = qucflcq = quﬁq (37.20)

q#0 q#0

where 71, are the occupation operators of the Bogoliubov quasi-particles. The excitation frequencies are

wy = \Je2-A2 = /l(ee0) +2A](eg—c0) (37.21)

Note that the +¢q degeneracy is removed if time reversal is broken (rotating ring). In the next section we provide
the corresponding semiclassical picture. The excitation frequencies for small quasi-momentum ¢ are associated with
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phase-modes that have approximately a linear dispersion relation w, ~ cgq, and therefore regarded as sound waves

(phonons) with velocity ¢ = /NUK/L.

[37.3] The Gross-Pitaevskii equation

There is a common mean field approximation which is used in order to analyze the dynamics of many Bosons system.
In the semiclassical framework the dynamics in phase space is generated by the Hamilton equations of motion for the
action-variables n; and ;. These are the “polar coordinates” that describe each of the oscillators. Optionally one
can define a “macroscopic wavefunction”

v = n; € representing a single point in phase space (37.22)

The equation for ¥; is known as the discrete version of the non-linear Schrodinger (DNLS) equation:

dyi
dt

7

- g (ig1 + i) (37.23)

= (&' + U|1/Ji\2)1/)i
In the continuum limit this equations is known as the Gross-Pitaevskii equation:

D v @)+ glp@) - 592wt (3724

The potential V(x) corresponds to the &; of the DNLS equation, and the mass m is associated with the hopping am-
plitude K using the standard prescription. In addition to that we have the interaction parameter g; that corresponds
to U multiplied by the volume of a site. It also can be related to the scattering length using the relation g; = 4mwas/m.

Within the framework of the proper semiclassical treatment the quantum state is described as a distribution of points
in phase space. The proper semiclassical treatment goes beyond the conventional mean field approximation. The
latter assumes that in any time the state of the system looks like a coherent state. Such a state corresponds to a
Gaussian-like distribution is phase space (“minimal wavepacket”) and accordingly it is characterized by 7; = (n;) and
P, = (p;) or equivalently by the mean field

U, = () representing the center of a wavepaket (37.25)

To the extend that the mean field assumption can be trusted the equation of motion for v, is the DNLS. Indeed
if U = 0 there is no non-linear spreading and the mean field description becomes exact. Otherwise it is a crude
approximation.

The ground state of the DNLS is a uniform occupation state 77; = |¢(?)|2. Without loss of generality we set 1)(*) as a
real positive number. The DNLS equations of motion can be linearized around this solution, using the substitution

Y(t) = PO 4 ue W — pretivt (37.26)

The eigen-modes are found. They correspond to the Bogoliubov quasi-particles. We use here the same “sign conven-
tion” for v. It is conjugated because we want to have e~ time variation, and it is with minus-sign because we want
v = u to signify phase modes as opposed to v = —u that signifies density modes.
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[38] A few site system with Fermions

[38.1] A two-site system with one particle

The problem of ”positioning a particle of spin 1/2 in a specific location” is formally identical to the problem of
”putting a particle in a two-site system”. In both cases the system is described by a two-dimensional Hilbert space
dim = 2. Instead of discussing an electron that can be either ”up” or "down”, we shall discuss a particle that can be
either in site 1 or in site 2. In other words, we identify the states as: |1) =|1) and |2) = | ]).

1> 12>

The standard basis is the position basis |z = 1), |x = 2). The representation of the operator Z is:

io (P 21+ ta—ay, o= (L O (38.1)
(O 2) 2 <0 1)

The translation operator can be optionally regarded as a reflection operator:
- ~ 0
R=D — =0 (38.2)

where o7 is the first Pauli matrix. The k states are defined as the eigenstates of the latter operator, hence they are
the even and the odd superpositions:

k=0)=+) = 5= (1) +]2) (38.3)

S

1
k=m)=]-) = 7 (I1) = 12))

Note the formal analogy with spin 1/2 system: |+) = | —) represents spin polarized right, while |—) = | <—) represents
spin polarized left.

[38.2] A two site system with two different particles

In this case the Hilbert space is four dimensional: dim = (2 x 2) = 4. If the two particles are different (for example,
a proton and a neutron) then each state in the Hilbert space is ”physical”. The standard basis is:

) - particle A in site 1, particle B in site 1
) - particle A in site 1, particle B in site 2
) - particle A in site 2, particle B in site 1
) - particle A in site 2, particle B in site 2

The transposition operator T swaps the location of the particles:
Tli, j) = 15,) (38.4)

We must not make confusion between the transposition operator and the reflection operators:

1000 0001

s 0010 A 0010

T 0100l R~ 0100 (38.5)
0001 1000
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Instead of the basis |1,1), |1,2), |2,1), |2,2), we may use the basis |A), |1,1), |S), |2,2), where we have defined:
1 1
A =7 (1,2) = 2,1)), 19) = (L2 +12,1) (38.6)

The state |A) is anti-symmetric under transposition, and all the others are symmetric under transposition.

[38.3] Placing together two identical particles

The motivation for discussing this system stems from the question: is it possible to place two electrons in the same
location so that one of the spins is up and the other is down, or maybe they can be oriented differently. For example,
one spin left and one right, or one right and the other up. We shall continue using the terminology of the previous
section. We may deduce, from general symmetry considerations that the quantum state of identical particles must
be an eigenstate of the transposition operator (otherwise we could conclude that the particles are not identical). It
turns out that we must distinguish between two types of identical particles. According to the ”spin and statistics
theorem”, particles with half-odd-integer spins (fermions) must be in an antisymmetric state. Particles with integer
spins (bosons) must be in a symmetric state.

Assume that we have two spin zero particles. Such particles are Bosons. There is no problem to place two (or more)
Bosons at the same site. If we want to place two such particles in two sites, then the collection of possible states is
of dimension 3 (the symmetric states), as discussed in the previous section.

Electrons have spin 1/2, and therefore they are Fermions. Note that the problem of placing ”two electron in one site”
is formally analogous to the hypothetical system of placing ”two spinless electrons in two sites”. Thus the physical
problem is formally related to the discussion in the previous section, and we can use the same notations. From the
requirement of having an antisymmetric state it follows that if we want to place two electrons at the same location
then there is only one possible state which is |A). This state is called the ”singlet state”. We discuss this statement
further below.

Let us try to be "wise guys”. Maybe there is another way to squeeze to electrons into one site? Rather than placing
one electron with spin ”up” and the other with spin ”down” let us try a superposition of the type | =) — | +—).
This state is also antisymmetric under transposition, therefore it is as ”good” as |A). Let us see what it looks like in
the standard basis. Using the notations of the previous section:

E(+-h-1-4) = <

Y

s (Hel-)—l-)el+) (38.7)
1
= Tﬁ((|1>+l2>)®(|1>*\2>))*2\7&((|1>*I2>)®(I1>+|2>))
1
= *\*@(I1>®I2>*I2>®\1>):*|A>

S

So, we see that mathematically it is in fact the same state. In other words: the antisymmetric state is a single state
and it does not matter if we put one electron ”up” and the other ”down”, or one electron "right” and the other "left”.
Still let us try another possibility. Let us try to put one electron "up” and the other "right”. Writing | —) in the
standard basis using the notation of the previous section we get

S

)& |+) = 7

)@ (1) +12)) = —=(11,1) +[1,2)) (38.8)

1
—
V2
This state is not an eigenstate of the transposition operator, it is neither symmetric nor anti-symmetric state. Therefore
it is not physical.

Anti-bunching.— If we place two (spinless) fermions in a two site system, the probability to find them both in the
same site is zero. This is the opposite of the bosonic case where we have bunching. Say that we place one boson in
oribial |[4+) and one in |—). The 2-body state is |[+—) + |—+). Going back to the site basis we get |11) — |22), with
zero probability to find them one in site 1 and one in site 2.
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[39] Boxes and Networks

A 1D segment can be regarded as the continuum limit of a discrete tight-binding chain. If the particle in confined
between two ends, the model is know as ”infinite well” or as 71D box”. If there are periodic boundary conditions, the
model is know as 71D ring”. Several 1D boxes” can be connected into a network: each 1D segment is called "bond”,
and the junctions are called ”vortices”.

The ends of an isolated bond can be regarded as hard walls. It is easily argued that the wavefunction should satisfy
Dirichlet boundary conditions at the boundary of a hard wall. The perturbation which is created by an infinitesimal
displacement of the wall is finite (see section below).

The coupling between two wavefunctions in a network due to the introduction of a connecting junction can be deduced
by considering a wire which is divided by a high ud(x) barrier (see section below).

We characterize a network by specifying the lengths {L,} of the bonds, and the the potentials u at each vertex. Given
this information we would like to find the eigenfunctions and the eigenenergies. We describe below two procedures for
that purpose: one is based on a straightforward generalization of the standard matching conditions, while the other
is based on the scattering matrix formalism.

[39.1] Hard walls

Let us assume that we have a particle in a one dimensional box of length L, such that V(z) = 0 within the interval
0 < x < L. We assume Dirichlet boundary conditions at z = 0, while at z = Ly we assume a potential step, such that
V(z) =V, for © > Ly. We are going to see that if we take the limit Vj — oo, then this implies Dirichlet boundary
conditions at x = Ly too.

The wavefunction of nth eigenstate has to satisfy the Dirichlet boundary conditions at x = 0, and therefore has to be
of the form

_ [Asin(kx) for 0<z <L
v(z) = { Be ** for x>1L (39.1)
where
k = V2mE (39.2)
a = 2m(Vy — E) = /2mV,

The normalization factor at the limit Vi — oo is A = (2/L)'/2. Tt would be convenient later to make the replacement
A (—=1)"A, in order to have the same sign for ¢)(x) at  ~ L. The matching condition at z = L is:

() _ ¥ _ . (39.3)
Consequently the eigenvalue equation is
kcot(kL) = —« (39.4)

In the limit Vj — oo the equation becomes sin(kL) =0 which implies that the unperturbed eigen-energies are
E,, = k?/2m with k,, = (7/L)n. In this limit we see that the matching condition at x = L simply forces the wave-
function to be zero there. Thus we have established that Hard walls implies Dirichlet boundary conditions.

Perturbation due to wall displacement.— We would like to find the perturbation due to a small shift dL in the
position of the wall. We keep Vj finite, but assume that it is very very large. We shall take the strict limit V) — oo
only at the end of the calculation. For L = L the unperturbed Hamiltonian after digonalization is

1 s

[Holnm = 2m(LOn>25nm (39.5)
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If we displace the wall a distance dL the new Hamiltonian becomes H = Hg + dLW. We ask what are the matrix
elements W,,,, of this perturbation. At first sight it looks as if to displace an ”infinite wall” constitutes ”infinite
perturbation” and hence W,,,, = co. But in fact it is not like that. We shall see that

2

nm = ———3N
3
l mL3

m, [note sign convention] (39.6)

It is easily verified that the diagonal terms W,,,,dL of the perturbation matrix give correctly the first order shift dFE,
of the energy levels due to the dL displacement.

Derivation.— The Hamiltonian of the unperturbed system, and the Hamiltonian after we have displaced the wall a
distance dL are respectively

Ho=-—+V(2), H=_—+V(z) (39.7)
The perturbation is:
oV(z) = V(z)-V(z) = dLxW (39.8)

which is a rectangle of width dL and height —Vj. It follows that the matrix elements of the perturbation are

1 L+dL

Wam = = [ M@Vl @ = —Vou® (L)L) (39.9)
L

The ”matching conditions” allow to express 1(0) using its derivative as —(1/a)’(0), leading to

W = —g0 (2600)) (0m) (39.10)

2m

The last expression has only an implicit dependence on Vj, through the derivatives of the wavefunctions at x = L.
Obviously the limit Vj — oo gives a well defined finite result:

[2 272"/

leading to the result for W, that has been cited in the introduction to this derivation.

4w
2 @)

x

[39.2] The two-terminal delta junction

The simplest non-trivial example for an .S matrix, is for a system which is composed of two 1D wires labeled asi = 1, 2,
attached by a junction that is modeled as a delta barrier ud(z). Using the standard ”s-scattering” convention the
channel wavefunctions are written as ¥(r) o< A; exp(—ikr) — B; exp(ikr) where r = |z|. The linear relation between
the As and the Bs is determined by the matching conditions. The matching conditions for the channel wavefunction
at the origin » = 0 in the case of a delta barrier are further discussed in the next subsection, where it is also generalized
to the case of having a junction with M wires. The S matrix which is implied by these matching conditions is

S = — (Z 7{) ; [such that S=1 for u=00] (39.12)
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with
v = (2E/m)'/? (39.13)
- H%(u/v) (39.14)
r = —1+t¢ (39.15)

There is a more elegant way to re-write this expression. Define the phase
Y = —phase(v+ iu) (39.16)
Then it follows that

[t[> = (cos(70))? phase(t) = 7o (39.17)
|7|? = (sin(40))? phase(r) = vo — (7/2) (39.18)

In practice it is more convenient to use in the present context an ad-hoc convention of writing a raw-swapped S
matrix, corresponding to the re-definition of the outgoing amplitudes as By = —By and By = —Bj, namely,

& ([t r\ _ Vgel  —iy/T—ge @ & B
S = (r t) = e (—i\/@em e [such that S=1 for u=0] (39.19)

with a = ¢ = 0, and v = 79, and

9= W = g = (costn(®) (30.20)

The advantage of the ad-hoc convention is the possibility to regard u = 0 as the unperturbed Hamiltonian, and to
use the T' matrix formalism to find the S matrix. All the elements of the T' matrix equal to the same number 7', and

the equality S = 1 — T implies that r = —¢T and t = 1 — iT.

[39.3] The multi-terminal delta junction

The simplest junction is composed of M = 2 wires that are connected at one point. We can model such a junction as
a delta barrier V(z) = ud(z). The matching condition at = 0 is implied by the Schrodinger equation, and relates
the jump in the derivative to the value of the wavefuntion at that point.

Y(+0) = 9¢(=0)] = u(0) (39.21)

om |

A more elegant way of writing this relation is

M
> d;ia = Mmu(0) (39.22)
a=1

r=0

with M = 2. The derivative of the radial functions v (1) = ¥(—r) and ¥2(r) = ¥(+r) is with respect to the radial
coordinate r = |z|. It is implicit that these wavefuntions should have the same value at the meeting point = 0. If we
have M wires connected at one point we can define a generalized “delta junction” using the same matching condition.
Say that we have a = 1,2, 3 leads. The matching conditions at the junction are 11 (0) = 12(0) = 13(0) = ¢»(0) while
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the sum over the radial derivatives should equal Mmu1)(0). This means that the sum over the outgoing currents is
Z€ro.

More generally a junction can be fully characterized by its S matrix. So we can ask what is the S matrix of a delta
junction. It is straightforward to find out that the S matrix which is implied by the above matching conditions is

2 1
= - — h th =1 f = 2
Sab = Oab M <1 " z(u/vE)> [such that S or u=00] (39.23)

For u = 0 we get zero reflection if M = 2, while if M = 3 we get

+1/3 —2/3 —2/3
S=|-2/3 +1/3 —2/3 (39.24)
—2/3 —2/3 +1/3

In the limit M — oo we get total reflection.

Sometimes we want to treat the connecting junction as a perturbation. Consider for example the simplest possibility
of having two 1D boxes connected at = 0 hence forming a double well structure which is described by a Hamiltonian
H(z,p;u) in which the barrier is represented by V(z) = ud(x). The eigenstates n of the unperturbed Hamiltonian
H(x,p;00) are those of the left box together with those of the right box. We want to have an explicit expression
for the perturbation W, due to the coupling at = 0. Note that W is defined as the difference H(u) — H(c0) so
it is not the same as V = H(u) — H(0). We can obtain the total perturbation W from a sequence of infinitesimal
variations of the barrier height starting from u = co. Namely,

oH

H(u) = ”H(oo)—/uoo (8u> du' = H(co)+W (39.25)

For any value of u the Hilbert space of the system is spanned by a set of (real) eigenfunction labeled by n. The matrix
elements for an infinitesimal variation of the barrier height is

(3) = wwouro = G [ [y (30.26)

where is the last step we have used the matching conditions in order to express the wave function by the total radial
derivative. As long as the barrier has small transmission (¢g< 1), the nth and the mth states remain similar to the
unperturbed states and accordingly, upon integration, we get the result [arXiv:0807.2572]

W = (39.27)

(n) (m)
7 ) F5

 4m2qy dr dr

The d/dr in this expression is the total radial derivative, but in fact the contribution comes from one term only,
because the unperturbed wavefunction of a given eigenstate (™ is non-zero only in one box.

[39.4] Finding the eigenstates of a network

Consider a network which is composed of b bonds and v vertexes. The wavefunction on bond a = (4, j) that connects
vertex ¢ to vertex j is written as

Ya(z) = Bgee® 4 Age=hat (39.28)

where 0 < z < L, is the position of the particle along the bond with the origin at vertex i. Note that the wavefunction
on a = (j,4) is with Az = Bge'feL« and B; = Aje~*ala. The wavenumber is k, = v2mE + (¢o/L4), where ¢, is


http://arxiv.org/abs/0807.2572
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determined by the vector potential. Note that ¢z = —¢@,. For simplicity we assume below that there is no magnetic
field, and accordingly kg = k,.

The most economical way to represent the wavefunction is by a vector ¢ — {11, 19, ..., 1, } that contains the wave
amplitudes at the vertexes. If we know this vector then we can construct the whole wavefunction on bond a = (4, 5)
using the formula

1

ba(z) = m[wisin(ka(La—x))+z/1jsin(kax)] (39.29)

The in order to find the eigenstates we simply have to write the v matching conditions of the vertexes, and look for
the energies E for which there is non-trivial solution for this homogeneous set of equations.

Optionally the wavefunction can be represented by the vector A = {A,} of length 2b, or equivalently by the vector
B = {B,}. The wavefunction and its gradient in a particular vertex are related to the latter as follows:

¢ = B+A (39.30)
oy = ik x (B - A) (39.31)

If the junctions are represented by a scattering matrix and not by a simple matching condition there is an optional
procedure for finding the eigenstates. The A and the B vectors are related by

B = SA (39.32)
A = Jek B (39.33)

where S is a 2b x 2b matrix that relates the outgoing to the ingoing fluxes, and J is a 2b X 2b permutation matrix
that induces the mapping a — a, and L = diag{L,}, and k = diag{k,}. The equation for the eigenstates is

(Je*tS—1)A = 0 (39.34)

We can get from this equation a set of eigenvalues E,, with the corresponding eigenvectors A(™ and the associated
amplitudes B(™ = §AM),

The S matrix of the network (if appropriately ordered) has a block structure, and can be written as S = ) ; S7,

where S7 is the v; X v; block that describes the scattering in the jth vertex. v; is the number of leads that stretch out
of that vertex. A delta function scatterer is regarded as a v; = 2 vertex. Let us construct a simple example. Consider
a ring with two delta barriers. Such ring can be regarded as a network with two bonds. The bonds are labeled as
12,12’,21,21’, where the prime distinguishes the second arm. The matrices that define the system are

rt 00 L 00O 0010

ftm o0 0 oo o foo0o01

S=10 0t L=1o 01 0| T=11000 (39-35)
0 0 ty 00 0L 0100

Finally we note that k = vV2mE + ¢/L, where the fluxes matrix is ¢ = diag{¢,}. If there is a single flux line ¢ one
can write ¢ = ¢ P, where P can be expressed as a linear combination of the channel projectors P,. For example, if
only one wire a encloses the flux line, then P = P, — P; and we get

1 P
ko= VomE + o7 (39.36)

The obvious application of this procedure is for the analysis of a multi-mode Aharonov-Bohm ring, where the ”bonds”
are the propagation-modes of the ring, and they all enclose the same flux line.
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QM in Practice (part II)

[40] Approximation methods for finding eigenstates

[40.1] The WKB approximation

In the next sections we discuss the canonical version of perturbation theory. The small parameter is the strength
of the perturbation. Another family of methods to find approximate expressions for the eigen-functions is based on
treating “A” as the small parameter. The /i in this context is not the A of Planck but rather its scaled dimensionless
version that controls quantum-to-classical correspondence. For a particle in a box the scaled & is the ratio between the
De-Broglie wavelength and the linear size of the box. Such approximation methods are known as semi-classical. The
most elementary example is known as the WKB (Wentzel, Kramers, Brillouin) approximation [Messiah p.231]. It is
designed to treat slowly varying potentials in 1D where the wavefunction looks locally like a plane wave (if V(z) < E)
or as a decaying exponential (in regions where V() > E). The refined version of WKB, which is known as ”uniform
approximation”, allows also to do the matching at the turning points (where V(z) ~ E). The generalization of the
d =1 WKB for d > 1 dimensions integrable systems is known as the EBK scheme. There is also a different type of
generalization for d > 1 chaotic systems, via the Wigner Weyl formalism.

Assuming free wave propagation, hence neglecting back reflection, the WKB wavefunction is written as

U(z) = /p(x)e @ (40.1)

This expression is inserted into the 1D Schrodinger equation. In leading order in A we get a continuity equation for
the probability density p(x), while the local wavenumber should be as expected

= plx) = 2m(E — V(x)) (40.2)

Hence (for a right moving wave) one obtains the WKB approximation

W(z) = pl(x)EXP[i / 0 p(a)d| (40.3)

where xg is an arbitrary point. For a standing wave the "EXP” can be replaced by either ”sin” or ”cos”. It should
be clear that for a ”"flat” potential floor this expression becomes exact. Similarly in the ”forbidden” region we have a
decaying exponential. Namely, the local wavenumber +p(z) is replaced by +ia(x), where a(z) = (2m(V (z) — E))/2.

Scattering.— If we have a scattering problem in one dimension we can use the WKB expression (with exp) in order to
describe (say) a right moving wave. It should be realized that there is no back-reflection within the WKB framework,
but still we can calculate the phase shift for the forward scattering;:

Owks = /00 p(z)dx — /OO ppdr = /00 [\/2m(E - V(z)) — \/2mE} dx (40.4)

— 00 — 00 — 00

\/W/Z[ 1—V$Ex)—1]dx ~ —@/ZV(x)dﬂﬁ

Hence we get

1 oo

—0o0
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It should be noted that }¥XB is the phase shift in a 1D scattering geometry (—oo < x < o0). A similar looking result
for semi-1D geometry (r > 0) is known as the Born approximation for the phase shift.

Bound states.— If we have a particle in a well, then there are two turning points x; and x2. On the outer sides of the
well we have WKB decaying exponentials, while in the middle we have a WKB standing wave. As mentioned above
the WKB scheme can be extended so as to provide matching conditions at the two turning points. Both matching
conditions can be satisfied simultaneously if

/:2 p(z)dz = (; + n> h (40.6)

where n = 0,1,2,... is an integer. Apart from the 1/2 this is a straightforward generalization of the quantization
condition of the wavenumber of a particle in a 1D box with hard walls (k x (z2 — 1) = nm). The (1/2)7 phase shift
arise because we assume soft rather than hard walls. This 1/2 becomes exact in the case of harmonic oscillator.

The WKB quantization condition has an obvious phase space representation, and it coincides with the "Born Oppen-
heimer quantization condition”:

515 p(x)dz = (; + n) 2mh (40.7)

The integral is taken along the energy contour which is formed by the curves p = £p(z). This expression implies that
the number of states up to energy F is

B dxdp
N(E) = //H e 27 (40.8)

The d > 1 generalization of this idea is the statement that the number of states up to energy F is equal to the phase
space volume divided by (27h)¢. The latter statement is known as Weyl law, and best derived using the Wigner-Weyl
formalism.

[40.2] The variational scheme

The variational scheme is an approximation method that is frequently used either as an alternative or in combination
with perturbation theory. It is an extremely powerful method for the purpose of finding the ground-state. More
generally we can use it to find the lowest energy state within a subspace of states.

The variational scheme is based on the trivial observation that the ground state minimize the energy functional

Flyl = (@H|y) (40.9)

If we consider in the variational scheme the most general @ we simply recover the equation Hv = E1) and hence
gain nothing. But in practice we can substitute into F[] a trial function v that depends on a set of parameters
X = (X1, Xs,...). Then we minimize the function F'(X) = F[¢] with respect to X.

The simplest example is to find the ground state on an harmonic oscillator. If we take the trail function as a Gaussian
of width o, then the minimization of the energy functional with respect to o will give the exact ground state. If we
consider an anharmonic oscillator we still can get a very good approximation. A less trivial example is to find bonding
orbitals in a molecules using as a trial function a combination of hydrogen-like orbitals.



202

[40.3] Perturbation theory - motivation

Let us consider a particle in a two dimensional box. On the left a rectangular box, and on the right a chaotic box.

For a regular box (with straight walls) we found: E,, ,, x (ny/Lz)? + (n,/Ly)?, so if we change L, we get the energy
level scheme which is drawn in the left panel of the following figure. But if we consider a chaotic box, we shall get
energy level scheme as on the right panel.

(ol

I

The spectrum is a function of a control parameter, which in the example above is the position of a wall. For generality
let us call this parameter X. The Hamiltonian is H(Q, P; X). Let us assume that we have calculated the levels either
analytically or numerically for X = X,. Next we change the control parameter to the value X = Xg + 60X, and use
the notation X = A for the small parameter. Possibly, if A is small enough, we can linearize the Hamiltonian as
follows:

H = HQ,P:Xo)+A\V(Q,P) = Ho+\V (40.10)

With or without this approximation we can try to calculate the new energy levels. But if we do not want or cannot
diagonalize H for the new value of X we can try to use a perturbation theory scheme. Obviously this scheme will
work only for small enough A that do not "mix” the levels too much. There is some "radius of convergence” (in A)
beyond which perturbation theory fails completely. In many practical cases X = X is taken as the value for which
the Hamiltonian is simple and can be handled analytically. In atomic physics the control parameter X is usually
either the prefactor of the spin-orbit term, or an electric field or a magnetic field which are turned on.

There is another context in which perturbation theory is very useful. Given (say) a chaotic system, we would like to
predict its response to a small change in one of its parameters. For example we may ask what is the response of the
system to an external driving by either an electric or a magnetic field. This response is characterized by a quantity
called ”susceptibility”. In such case, finding the energies without the perturbation is not an easy task (it is actually
impossible analytically, so if one insists heavy numerics must be used). Instead of ”solving” for the eigenstates it
turns out that for any practical purpose it is enough to characterize the spectrum and the eigenstates in a statistical
way. Then we can use perturbation theory in order to calculate the ”susceptibility” of the system.
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[40.4] Perturbation theory - a mathematical digression

Let us illustrate how the procedure of perturbation theory is applied in order to find the roots of a toy equation.
Later we shall apply the same procedure to find the eigenvalues and the eigenstates of a given Hamiltonian. The toy
equation that we consider is

T+ A\’ =3 (40.11)
We assume that the magnitude of the perturbation (\) is small. The Taylor expansion of x with respect to A is:

z(A) = 2O 42N a@N2 L ®N 4 (40.12)
The zero-order solution gives us the solution for the case A = 0:

@ = 3 (40.13)
To find the perturbed solution substitute the expansion:

[a;@) +aWN 422 4 } + A {x@) + N+ 232 4 } T3 (40.14)
This can be re-arranged as follows:

[x(o) - 3} + [x(l) + (x(0>)5} A+ [5(x(0))4x(1) + :c@)} A+ 003 = 0 (40.15)

By comparing coeflicients we get a system of equations that can be solved iteratively order by order:

20— 3 (40.16)
2D = _(e@)p = _3 (40.17)
2@ = 5aO)p) = 539 (40.18)

It is obviously possible to find the corrections for higher orders by continuing in the same way.
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[41] Perturbation theory for the eigenstates

[41.1] Degenerate perturbation theory (zero-order)

Consider a diagonal Hamiltonian matrix, with a small added perturbation that spoils the diagonalization:

2 003 0 0 0 05 0
003 2 0 O O 0 O
0 0 2 01 04 0 O
H= 0 0 01 5 0 002 0 (41.1)
0 0 04 0 6 0 O
05 0 O0 002 0 8 0.3
0 0o 0 0 0 03 9
The Hamiltonian can be visualized using an energy level diagram:
8
AN -
\ ~
\ ~
\ > ~
6 S
~ \
5 ’ < N i
N /
~ o \ ,
N 4
s 7
;s 7 s
’, 7 P 4
The eigenvectors without the perturbation are:
(41.2)

OO OO OO
OO OO OO
OO OO+ OO

The perturbation spoils the diagonalization. The question we would like to answer is what are the new eigenvalues
and eigenstates of the Hamiltonian. We would like to find them ”approximately”, without having to diagonalize the
Hamiltonian again. First we will take care of the degenerated blocks. The perturbation can remove the existing
degeneracy. In the above example we make the following diagonalization:

100 010 197 0 0
2.1l010] +003-{100] — 0 2030 (41.3)
001 000 0 0 2

We see that the perturbation has removed the degeneracy. At this stage our achievement is that there are no matrix
elements that couple degenerate states. This is essential for the next steps: we want to ensure that the perturbative
calculation would not diverge.
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For the next stage we have to transform the Hamiltonian to the new basis. See the calculation in the Mathematica
file ”diagonalize.nb”. If we diagonalize numerically the new matrix we find that the eigenvector that corresponds to
the eigenvalue E ~ 5.003 is

0.0008 0 0.0008
0.03 0 0.03
0.0008 0 0.0008
R 1 = |1 + 0 = ol 4 g2 (41.4)
—0.01 0 —0.01
—0.007 0 —0.007
0.0005 0 0.0005

We note that within the scheme of perturbation theory it is convenient to normalize the eigenvectors according to the
zero order approximation. We also use the convention that all the higher order corrections have zero overlap with the
zero order solution. Else the scheme of the solution becomes ill defined.

[41.2] Perturbation theory to arbitrary order

We write the Hamiltonian as H = Ho + AV where V is the perturbation and A is the control parameter. Note that
A can be "swallowed” in V. We keep it during the derivation in order to have clear indication for the ”order” of the
terms in the expansion. The Hamiltonian is represented in the unperturbed basis as follows:

H = Ho+ AV = Z|n>5n<n| + )\Z|n>Vn,m<m| (41.5)

which means

&1 0 0 O Vvl’l VYLQ
AR PR RO Nt o
0 0 0

In fact we can assume without loss of generality that V;, ,,, = 0 for n = m, because these terms can be swallowed into
the diagonal part. Most importantly we assume that none of the matrix element couples degenerated states. Such
couplings should be treated in the preliminary ”zero order” step that has been discussed in the previous section.

We would like to introduce a perturbative scheme for finding the eigenvalues and the eigenstates of the equation
(Ho + AV)|¥) = E|T) (41.7)

The eigenvalues and the eigenvectors are expanded as follows:

E
v,

B0 B 2R (41.8)
GO ATl 4 N2l

where it is implicit that the zero order solution and the normalization are such that

Y 41.9
no ( )

‘I]’ELO] = 67’1,7740

\115’2’3""] = 0 for n=ng

It might be more illuminating to rewrite the expansion of the eigenvector using Dirac notations. For this purpose we
label the unperturbed eigenstates as |e,) and the perturbed eigenstates as |F,). Then the expansion of the latter is
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written as

|Eng) = |EDY + NEL) + X2 ERD) + - (41.10)
hence

(EnlBny) = Onmg + Men|BL) + X2 (en] EZ) + - (41.11)

which coincides with the traditional notation. In the next section we introduce a derivation that leads to the following
practical results (absorbing A into the definition of V'):

ol = 5, . (41.12)
gl = Voo
" 5n0 —E&n
B — €ny
E[l] = Vno,no
E[Q] _ Z Vno,mvm,no

5n0 —Em

m(#no)

The calculation can be illustrated graphically using a ”Feynman diagram”. For the calculation of the second order
correction to the energy we should sum all the paths that begin with the state ng and also end with the state ng.
We see that the influence of the nearer levels is much greater than the far ones. This clarifies why we cared to treat
the couplings between degenerated levels in the zero order stage of the calculation. The closer the level the stronger
the influence. This influence is described as ”level repulsion”. Note that in the absence of first order correction the
ground state level always shifts down.

[41.3] Derivation of the results

The equation we would like to solve is

2 2,1 _
0002 oY) Uy | =E |0, (41.13)
00 0 ..
Or, in index notation:
enly + A Vom¥n = EV, (41.14)
This can be rewritten as
(E—en)¥p = A Vam¥nm (41.15)
We substitute the Taylor expansion:
E = Y XMEWM = EO 4 M4 (41.16)
=0

k=
U, = Y Aul = el el
k=0



We recall that E° = ¢, , and

v = On,ng — N Uca QN

n

cor~oco:
'\D-\'JO'\D'\UE

After substitution of the expansion we use on the left side the identity
k
(a0 +Aa1 + Nag +.. )b+ A1+ Nba+...) = > N> apbi
k k'=0
Comparing the coefficients of \*¥ we get a system of equations k = 1,2, 3...
k
DUCITSCRRRTIR SIS
k’'=0 m

We write the kth equation in a more expanded way:

(B0 — e )y o)  pllgl=1 4 pRIgk=21 4 .. 4 gyl — ZV" W=

If we substitute n = ng in this equation we get:

0+ 0 +-+EH = N v, 0k

If we substitute n # ng in this equation we get:

k-1
(Eno - En)\IIL?] = ZV" m‘llyfb_l] — Z E[k/]qu—k/]
m k/:1

Now we see that we can solve the system of equations that we got in the following order:

o optth o9l o gl gl o BB gl
where:

E[k] = ZVno m\I”E]:L_l]

k—1
L ] DL D DL T
no T Em m k'=1

The practical results that were cited in the previous sections are easily obtained from this iteration scheme.
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(41.17)

(41.18)

(41.19)

(41.20)

(41.21)

(41.22)

(41.23)

(41.24)
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[41.4] Delta scatterer in a box

Possibly the simplest non-trivial example for the demonstration of perturbation theory and its limitations is to find
the effect of introducing a delta scatterer V(r) = J(r) in a box. We consider first the exact solution in the one
dimensional (d = 1) case, where the delta is placed in the centre of segment |r| < R, and the d = 3 case, where the
delta is placed in the centre of sphere |r| < R. Later we consider the case of a delta in the centre of a rectangular box
[~R, R]%. Below we use units such that the mass is unity, and also R = 1.

In the one dimensional case the wavefunction has to satisfy Dirichlet boundary conditions at the walls, and the
matching condition across the delta barrier at the origin, leading to the eigenvalue equation kcot(k) = u for E > 0
and kcoth(k) = u for E < 0 where k = V2E. One observes that for u < —1 the ground state become bounded
(Eo < 0), while all the other states are extended (with E > 0). For very negative u we get Fy ~ —u?/2 and
E,_ = (m)?/2 and E, . ~ E, _ that are slightly shifted downwards.

For d > 2 the effect of introducing a delta scatterer is zero. This is complementary to the statement that a delta
function has zero scattering cross-section. In order to have a non-zero effect the scatterer should have a finite size.
To clarify the ”zero” effect of a point scatterer let us consider the eigenfunctions of a d = 3 sphere that has an infinite
barrier V of radius a in its centre. The zero angular momentum wavefuntions in the extreme case of an infinite
barrier are

sin(k|r — al)

. (41.25)

U(r,0,¢0) = const

The healing length is of order a and in the limit a — 0 the “hole” in the wavefunction disappears irrespective of
whether Vya? is kept constant or becomes infinite.

Now we would like to see how/whether the above results can be obtained formally via perturbation theory. For this
purpose it is most convenient to consider a delta function in a centre of a rectangular box (segment if d = 1, square
if d = 2). Excluding all the states that have node at the centre the Hamiltonian matrix takes the following form:

€1 0 0 1 1 11
0 &9 0 1 1 11

H = [0 0e 0 +ull 111 (41.26)
0 0 0 g4 1 1 1 1

We note that the same Hamiltonian (with u < 0) emerges in the analysis of the Copper pair problem, which has inspired
the BCS theory of superconductivity. In turns out (see below) that the important information for the analysis is the
density of states p ox €%, where a = (d/2)—1 with d = 1,2,3. If we introduce a cutoff and consider the finite-size
Hamiltonian that consists of the levels ¢, < w,, it is like to give the scatterer a finite width a ~ (2mw,.)~1/2.

The ground state energy using second order perturbation is

U2 u2
B = SO o 41.2
e e

In the one dimensional case this expression is finite and give a meaningful result if v < 1. But if @ > 1 this sum
diverges in the w, — oo limit:

2
By ~ *Z% ~ —00 (41.28)

This divergence obviously applies to all the levels, and to all orders of perturbation theory (we consider above the
ground state just as an example). It turns out from the exact analysis (below) that the this divergence indicates
that the perturbation in an infinite order (exact) calculation has a zero effect. One way to think about this puzzling
observation is to realize that the geometric sum 1+ x + 22 + 23 + ... is formally zero (and not infinite) in the limit
x — 00 because it equals 1/(1 — z).
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The exact solution of the eigenvalue problem requires to solve the matrix equation HV = EV¥, namely

enly —uy U, = EV, (41.29)

Introduction the notation C' = >  W¥,,, which later will be determined via normalization, we can solve for the
wavefunction:

u
U = Cp— (41.30)

From the definition of C' it follows that the eigenvalues should be the solution of the following equation:

u
=1 41.31
ZE_EH (41.31)

The equation has a nice graphical visualization, and one can easily be convinced that in the limit w. — oo the
perturbed eigenvalues approach the unperturbed values.

In view of the interest in the Cooper pair problem it is of interest to see what happens if we have constant density of
states o with finite cutoff w, and negative u. The graphical visualization implies that the ground state separates from

the quasi-continuum and forms a bound state of energy Ey = —A, as in the familiar d = 1 case. In order to estimate
A we approximate the sum by an integral and get the equation
A
u|gln( +‘”C> =1 (41.32)
A
leading to
A= W (41.33)

exp (ﬁ) -1

In the limit of small u we have the BCS-like result A = exp(—1/(|u|o)), while in the other extreme of very strong
u we get A = Nu where N = gw, is the number of levels in the quasi-degenerated band. The latter result is easily
verified by direct diagonalization of of the Hamiltonian. Namely, if the unperturbed energies were degenerated the
Hamiltonian would become diagonal in the “momentum” representation, where only the zero momentum state is
affected.
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[42] Beyond perturbation theory

[42.1] The overlap between the old and the new states

We have found that the perturbed eigenstates to first-order are given by the expression

Vm,n
|En) =~ |en) + Z :km) (42.1)
So, it is possible to write:
an
(em|En) ~ ———— for m#n (42.2)
En — Em
which implies
P(mln) = |[em|E.)|* =~ M for m #n (42.3)

In the latter expression we have replaced in the denominator the unperturbed energies by the perturbed energies.
This is OK in leading order treatment. The validity condition is

vVl < A (42.4)

In other words, the perturbation must be much smaller than the mean level spacing. We observe that once this
condition breaks down the sum ) P(m|n) becomes much larger than one, whereas the exact value should have unit
normalization. This means that if [V| > A the above first order expression cannot be trusted.

Can we do better? In principle we have to go to higher orders of perturbation theory, which might be very complicated.
But in fact the generic result that comes out is quite simple:

|Vm,n|2
(Em — En)? + (L'/2)?

P(m|n) =~ (42.5)

This is called ”Wigner Lorentzian”. As we shall see later it is related to an exponential decay law that is called
”Wigner decay”. The expression for the "width” of this Lorentzian is implied by normalization:

o 2m g
I = K|V| (42.6)

The Lorentzian expression is not exact. It is implicit that we assume a dense spectrum (high density of states). We
also assume that all the matrix elements are of the same order of magnitude. Such assumption can be justified e.g.
in the case of a chaotic system. In order to show that ) P(m|n) =), P(m|n) =1 one use the recipe:

Sy ~ [ L) (12,7

where A is the mean level spacing. In the following we shall discuss further the notion Density of States (DOS) and
Local Density of States (LDOS) which are helpful in further clarifying the significance of the Wigner Lorentzian.



211

[42.2] Bandprofile of the perturbation

At this point it is important to provide some insights (following Feingold and Peres) regarding the bandprofile of
the perturbation matrix. We assume that energy basis |n) is determined by Hamiltonian A that generates chaotic
dynamics, and we look for the matrix representation V;,,,, of some observable V. We define V (t) = /"*Ve~""* and the
correlator C(t) = (V(t)V(0)). It is implicit that a constant has been subtracted such that (V) = 0. The expectation
value is calculated for a stationary state |n) that has an energy E, ~ E. The numerical practice is to average over
states that occupy a narrow window around F, in order to get a smooth result. The chaos assumption implies that
the correlator decays after a finite time 7.. The Fourier transform of C(t) is real, aka power spectrum of V(¢). The
following identity is implied by definition:

/ C(t) e™tdt

where Ag is the mean level spacing. The last equality defined the notion of bandprofile. Namely, |V'|2 is the variance
of the matrix elements along the diagonal (E,, — F,,) ~w. We can use this relation in reverse in order to get a
semi-classical estimate for the bandprofile. In particular the bandwidth is related to the correlation time, namely
Ay =27 /7.. The dimensionless bandwidth is b = A,/Ag. If we assume that the in-band elements are uniformly
distributed with dispersion \, then it follows that Var(V) = C(0) = bA2.

2T —
> Vonnl?* 276 (w = (Bm—Ey)) = A—lea (42.8)

[42.3] Lineshape of the local spectrum

When we discussed perturbation theory it was convenient to ask what is the representation of a new (perturbed)
eigenstate |E,) in the old (unperturbed) basis |m). But in practice, for the purpose of studying time-evolution, it
is more useful to ask for the expansion of the prepared state |m) in the energy basis |E,). Accordingly we define
P(n) = | (En|m) |?. We ask what is the lineshape if we plot P(n) versus E,. We shall refer to this lineshape as the local
spectrum for the preparation under consideration. We would like to know how the lineshape depends on the strength A
of the perturbation. First order perturbation theory implies a ”delta+tail” structure. Wigner approximation implies
a ”core-tail” Lorentzian lineshape: the core is of width T'(\) = (27/Ag)A?, while the tail is determined by first-order
perturbation theory. Clearly the Wigner Lorentzian approximation makes sense provided I'(A) < Ay. This condition
breaks down if A > b'/2A¢. In the latter case we expect a semiclassical lineshape as explained below.

/
Pl “UHIE)
Etail ﬂ “
| T
| simplel
P(n) core ovelplai\ quanta
~— overla
tail ﬂ
’ - n P(n) /
A 1 7l

It is important to realize that the definition of P(n) can be written is a way that reflects its classical limit. Namely
P(n) = trace[p™ p(™)], where p is the probability matrix. For a canonical quantized system the trace can be evaluated
using a phase space integral (see lecture regarding the Wigner-Wyle formalism). It is the overlap of microcanonical-
like Wigner functions p(™) (X,P) and p(m (X, P) that are represented in the figure above by a circle and ellipses
respectively. Accordingly, for large A the result for P(n) reflects the intersection of perturbed energy surfaces with

[Var(V)]/2 = VBA.

the unperturbed energy surface. The width of classical lineshape is W () =
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RMT perspective.— The P(n) can be determined analytically for an artificial random-matrix-theory (RMT) model.
The so-called Wigner model is defined by the Hamiltonian matrix H = Hy + V', where Hy = diag{E,,} is diagonal
with energies that have spacing Ay, while V' has bandwidth b. The non-zero in-band elements of V' are random
numbers that have zero average and dispersion A. The lineshape of P(n) is indeed ”delta+tail” for A < Ay, and
Lorentzian for Ag < A < bY/2A,. For larger A the Lorentzian is not valid, and instead we get a semicircle of width
W()\) = VbA. However, in contrast with the semiclassical case there is a twist in the story: once A > b*/2A, the
eigenstates become exponentially localized with localization length & ~ b. In this latter regime H ~ V is known as
the Anderson-model with off-diagonal disorder.

[42.4] The DOS and the LDOS

Assuming that the spectrum is dense, we can characterize it with a density of states (DOS) function:
o(E) = Y §(E-E,) (42.9)
n
We notice that according to this definition:

E+dE
/ o(E'YdE' = number of states with energy £ < E, < E +dFE (42.10)
E

If the mean level spacing A is approximately constant within some energy interval then o(E) = 1/A.

The local density of states (LDOS) is a weighted version of the DOS. Each level has a weight which is proportional
to its overlap with a reference state:

p(E) = Y (¥n)s(E - Ey) (42.11)

The index n labels as before the eigenstates of the Hamiltonian, while W is the reference state. In particular ¥ can
be an eigenstates |g) of the unperturbed Hamiltonian. In such case the Wigner Lorentzian approximation implies

_ 1 (Ir/2)
PE) = S E—ar T a2e (42.12)

It should be clear that by definition we have

—0o0

/OO p(E)YdE = > [(In)? = 1 (42.13)
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We have defined p(E) such that it is normalized with respect to the measure dE. In the next section we use it inside
a Fourier integral, and use w instead of F. We note that sometimes p(w) is conveniently re-defined such that it is
normalized with respect to the measure dw/(2m). We recall the common convention which is used for time-frequency
Fourier transform in this course:

F(w) = / f(t)e™tdt (42.14)

16 = [ Sorwe

[42.5] Wigner decay and its connection to the LDOS

Let us assume that we have a system with many energy states. We prepare the system in the state |¥). Now we
apply a field for a certain amount of time, and then turn it off. What is the probability P(¢) that the system will
remain in the same state? This probability is called the survival probability. By definition:

P(t) = [(T(0)¥() (42.15)

Let Ho be the unperturbed Hamiltonian, while A is the perturbed Hamiltonian (while the field is "on”). In what
follows the index n labels the eigenstates of the perturbed Hamiltonian H. We would like to calculate the survival
amplitude:

(TO)T(E) = (WU@BT) = Y [(n|E)>e (42.16)
We notice that:
(T(0)|T(t)) = FT Z<n|\I/>|22776(w—En) = FT[27p(w)] (42.17)

If we assume that the LDOS is given by Wigner Lorentzian then:
2
P(t) = ‘FT 27p(E)] ’ = T (42.18)

The Wigner decay appears when we ”break” first-order perturbation theory. The perturbation should be strong
enough to create transitions to other levels. Else the system stays essentially at the same level all the time (P(¢) ~ 1).
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[43] Decay into a continuum

[43.1] Definition of the model

In the problem of a particle in a two-site system, we saw that the particle oscillates between the two sites. We now
turn to solve a more complicated problem, where there is one site on one side of the barrier, and on the other side
there is a very large number of energy levels (a ”continuum”).

We shall find that the particle decays into the continuum. In the two site problem, the Hamiltonian was:

H = (60 ”) (43.1)

g €1
where o is the transition amplitude through the barrier. In the new problem the Hamiltonian is:

€p 01 O9 O3 . . .
g1 €1 0 0
(o) 0 €92 0

Ho= 1500 ¢...| = HtV (43.2)

where the perturbation term V includes the coupling elements ox. Without loss of generality we use gauge such that
o are real numbers. We assume that the mean level spacing between the continuum states is A. If the continuum
states are of a one-dimensional box with length L, the quantization of the wavenumber is 7/ L, and from the dispersion
relation dE = vgdp we get:

™
From the Fermi golden rule (FGR) we expect a decay constant
L 5
I [FGR] = 270 (43.4)

Below we shall see that this result is exact. We are going to solve both the eigenstate equation H¥ = EV, and the
time dependent Schrodinger’s equation. Later we are going to derive the Gamow formula

I’ [Gamow| = AttemptFrequency x BarrierTransmission (43.5)

By comparing with the FGR expression we shall deduce what is the coupling o between states that touch each other
at the barrier. We shall use this result in order to get an expression for the Rabi frequency  of oscillations in a
double well system.
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[43.2] An exact solution - the eigenstates

The unperturbed basis is |0), |k) with energies €y and e;. The level spacing of the quasi continuum states is A. The
couplings between the discrete state and the quasi-continuum levels are 0. The set of equations for the eigenstates
|E,) is

oo + Zok/\llk/ = EV, (43.6)
k:/
eV + oV = BV, k=1,2,3,.. (437)

From the kth equation we deduce that

O
U, = v 43.8
F E—e¢ ° (43.8)

Hence the expression for the eigenstates is

Ok

W) = VB0 + VB F k) (43.9)
:

where p = |¥g|? is determined by normalization. Substitution of W}, into the Oth equation leads to the secular equation
for the eigenenergies

%
= FE- 43.10
Yt - Eea s 10

This equation can be illustrated graphically.Clearly the roots F,, interlace the the unperturbed values €. For equal
spacing A and equal couplings o the secular equation can be written as

cot 71'E = —A(E—eo) ~ E, = n—|—l<pn A (43.11)
A 2 T

where ¢ changes monotonically from 7 to 0. Above and below we use the following identities:

o0 oo

1 S 1 1 ,
= = = = .1
nzz—oo T —7n cot(a) = 5, L (x—mn)? sin?(z) LS (43.12)

Using the second identity and the secular equation one obtains a compact expression for the normalization constant

0.2

p = | = [0E,)]* = B, ) 1 T2 (43.13)

where

o) (43.14)

The plot of |¥y|? versus E,, is the Wigner Lorentzian. It gives the overlap of the eigenstates with the unperturbed
discrete state.
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[43.3] An exact solution - the time dependent decay

We switch to the interaction picture:
Up(t) = cp(t)e i, k=0,1,2,3,.. (43.15)

We distinguish between ¢ and cy. From here on the index runs over the values k = 1,2, 3, ..., and we use the notation
Vie,o = oy, for the couplings. We get the system of equations:

_dCO i(eo—ex)t

i = 2T Vo) (43.16)
k

d )

i = TV a(h), k=1,2,3,..

From the second equation we get:
t ,
) = 0 —i/ eler=et o eo (') dt! (43.17)
0

By substituting into the first equation we get:

t
% = —/O Ct—t")co(t')dt (43.18)
where
Clt—t) = Y [Viglte ilermeollt=t) (43.19)
k

The Fourier transform of this function is:

2 4

Clw) = zk:|vk,o|22w5(w—(ek_eo)) N (43.20)
Accordingly
/ 27T 2 / /
Ct—t) =~ {Aa}é(t—t) = To(t—t) (43.21)

We notice that the time integration only ”catches” half of the area of this function. Therefore, the equation for cg is:

dCO I

This leads us to the solution:

P(t) = |eo®)f = e (43.23)
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[43.4] An exact solution - the rezolvent and its pole

Using the "P+Q” formalism we can eliminate the continuum and find an explicit expression for the rezolvent of the
decaying state:

Glz) = Ll’HLO - (43.24)

where
Vol
= LRIl 43.25
CIRD M= (43.25)

The equation for the pole of the rezolvent takes the from z — ¢y = ¢g(z). This equation has a simple visualization. In
the upper complex-plane perspective (z > 0) one can regard g(z) as an ”electric field” that originates from an ”image
charge” at z = —ioco. This electric field pushes the zero at z = ¢y into the lower plane a distance I'g. If the weighted
density of € is non-uniform, it is like having a tilted ”electric field”, hence there is an additional shift Ay in the
location of the zero. This correction, that arises due to the interaction of the discrete level with the continuum, is
known as the Lamb shift. Accordingly, for the pole that appears in the analytic continuation of G(z) from the upper
sheet we write

T
Zpole = €0 + Do —iy (43.26)

Using leading order perturbation theory the expressions for the decay rate I'y and for the Lamb shift Aq are:

Lo = Y 2md(eo — ex) [Viol (43.27)
k
[Vie,0l?
Ay = IR0 43.2
0 zk: p— (43.28)

The solution above is appealing, but still it does not illuminate the relation to the characteristics of the barrier. We
therefore turn in the next section to consider a less artificial example.

[43.5] The calculation of the coupling - Bardeen formula

We have discussed a 2 x 2 matrix model for Rabi oscillations, for which we found

Q = \/|2VR,L|2 + (€1 — €r)? (43.29)

where Vg 1, is the coupling between the ”left” and the "right” eigenstates. Above we have discussed the decay of a
discrete "left” state into a continuum of "right” states, getting

I' = 2mor|Va.|? (43.30)

where o is the density of states. The question arises how Vg 1 is estimated for a barrier that is described by a
potential V' (x).

Consider a 1D Hamiltonian with a potential V' (z) that describes free ”left” and "right” regions that are separated by a
"barrier”. In practice one one would like to be able to represent it by a matrix-type model that involves a ”junction”:

H = —+V(m) — Hrp+H;+Hr (43.31)
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Namely, the unperturbed Hamiltonian is the sum of ”"left” and "right” segments, and the perturbation is the coupling
at a ”junction” that couples the two segments. This approach is most popular in STM applications. The question
arises how exactly to define the 3 terms in the Hamiltonian. Apparently we have to selects a good basis that is
composed of 7left” and "right” eigenstates, and figure out how they are coupled at the junction. If the a ”point
contact” junction is modelled as a delta function ud(z — o) it is most natural to define the ”left” and ”right”
eigenstates as ¢(x) = sin(k(xz — x¢)), and one can show that the couplings at the energy of interest are given by the
formula

_ 1 R L
Ve = 4m2u(a(p )(0¢™) (43.32)

where the derivative 0 is taken at the point z = zy. See derivation at the delta junction subsection. Bardeen has
found that for a wide barrier it is possible to use the following approximation:

Vi = i [ (0¢") — (9p™)p"], (43.33)

0

where x = x¢ is an arbitrary point within the barrier region. Note that the point-contact junction formula can be
regarded as a limit of the latter. It should be clear that the implied matrix representation of the Hamiltonian is
somewhat problematic. Effectively we consider a smaller Hilbert space, from which all the high lying states and the
barrier region are truncated. This is possibly not very important for transmission or decay rate calculation, but might
be disastrous for Lamb shift calculation. We note that within the matrix model analysis the Lamb shift is

2
A = ;m = prefactor x I’ (43.34)

where the prefactor depends on the cutoff of the dk integration. Thus A, unlike I depends not only on the transmis-
sion ¢ of the junction but also on the k& dependence and on the global variation of the density of states.

[43.6] The calculation of the coupling - Scattering formalism

Optionally one can relate |Vg 1| to the transmission g of the barrier. Consider a scattering problem that involves a
junction that has two attached leads. The transmission can be calculated using the T-matrix formalism. In leading
order the result is

g = |TLrl®> = (2moL)(2m0R)|Va,L|? (43.35)

where the density of states for a lead of length L is ¢ = L/(7vg), and vg is the velocity at the energy of interest. In
order to obtain this result notice that the matrix elements of the T" matrix should be taken with flux-normalized states
(2//vE) sin(kz), while the matrix elements of V' are defined with standard normalized states (2/L)/?sin(kz). If g
is large, one should include higher orders in the 7" matrix calculation. Accordingly the result depends on the details
of the junction. For a simple point-contact junction the result of the geometric summation implies g — g/(1 + g), as
expected from the delta-barrier expression.

It is illuminating to realize that (2m0)~! can be interpreted as the attempt frequency: the number of collisions with

the barrier per units time. For a lead of length L it equals vg/2L. By the above analysis one can deduce that the
decay constant can be calculated using the Gamow formula:

1 VE
F = = e
2T0R g 2a g

(43.36)

where a is the length of the ”left” lead, and vg/(2a) is the attempt frequency. In fact this semi-classically expected
result is quite general, as discussed in the following sections.
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[43.7] Decay out of a square well

A particle of mass m in 1D is confined from the left by an infinite potential wall and from the right by a delta barrier
U(zr) = ud(z — a). We assume large u such that the two regions are weakly coupled. In this section we shall derive
an expression for the decay constant I'. We shall prove that it equals the ”attempt frequency” multiplied by the
transmission of the barrier. This is called Gamow formula.

v

x=0 X=a X

We look for the complex poles of the rezolvent. We therefore look for stationary solutions of the equation Hiy = Evp
that satisfy ”outgoing wave” boundary conditions. The wavenumber of the outgoing wave is written as

ko= kn—im (43.37)

which implies complex energies

k> Ty

E = % == Enf'l,?, n—0,1,2,3... (4338)
1

E, = —(k2—~2 43.
A (43.39)
2

r, = Ekn'yn = 20,7 (43.40)

Within the well the most general stationary solution is ¢(x) = Ae’*® 4+ Be~?. Taking into account the boundary
condition 1(0) = 0 at the hard wall, and the outgoing wave boundary condition at infinity we write the wavefunction
as

(r) = Csin(kx) for0<z<a (43.41)
(x) = De'*® for z > a

(G
(G
The matching conditions across the delta barrier are:

Ya+0)—¢la—0) = 0 (43.42)
Y'(a+0)—4'(a—-0) = 2mu(a) (43.43)

Thus at = a the logarithmic derivative should have a jump:

¥

> = 2mu (43.44)

LW
leading to the equation

ik — kcot(ka) = 2mu (43.45)
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We can write the last equation as:

k

tan(ka) = ——2mu (43.46)

Kk
1 - Z2mu

The zero order solution in the coupling (u = co) are the energies of an isolated well corresponding to

kO = gn [zero order solution] (43.47)

We assume small k,,/(2mu), and expand both sides of the equation around k,,. Namely we set k = (k,, + dk) — iy
where 0k and ~ are small corrections to the unperturbed energy of the isolated state. To leading order the equation
takes the form

kn kn \?

adk —iay = — <2mu> — 1 (2mu) (43.48)

Hence we get in leading order

1 (KD
k, = k©— - <2mU> (43.49)

2
1 (kD

™ o= <2mu (43.50)

From here we can calculate both the shift and the ”width” of the energy. To write the result in a more attractive way
we recall that the transmission of the delta barrier at the energy E = FE,, is

- ! ~ (v">2 (43.51)
g = 1 + (U/’Un)2 - u .
hence
r 2 In (43.52)
n = UnVn =~ .
v 5 9

This is called Gamow formula. It reflects the following semiclassical picture: The particle oscillates with velocity vy,
inside the well, hence v, /(2a) is the number of collisions that it has with the barrier per unit time. The Gamow
formula expresses the decay rate as a product of this“attempt frequency” with the transmission of the barrier. It is
easy to show that the assumption of weak coupling can be written as g < 1.
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[43.8] The Gamow Formula

We consider a particle in a well of width a that can decay to the continuum through a general barrier that has
transmission ¢ and reflection amplitude

reflection amplitude = —4/1— g e’ (43.53)

where both g and the phase shift  can depend on energy. We would like to derive the Gamow Formula in this more
general setup. Our starting point as before is the zero order solution of an isolated square well (¢ = 0) for which the
unperturbed eigenstates are ¢ (z) = sin(k,x) with

0
kO = [n — O} T [zero order solution] (43.54)
27| a

But for finite barrier (¢ > 0) the poles of the rezolvent become complex. The equation that determines these poles
is obtained by matching of the inside solution exp(ikx) — exp(—ikz) with the barrier at z = a. Namely, the reflected
amplitude B = —e~"* should match the incident amplitude A = e**? as follows:

B = —\/1—ge'% A (43.55)
This leads to the equation
exp [—i(2ka +6p)] = /1—g (43.56)

Assuming that the real part k, of the solution is known we solve for v, which is assumed to be small. In leading
order the solution is

1 1
n = 71 4.
K 4an, n{l—g} (43.57)

In the latter expression we have taken into account that the phase shift might depend on energy, defining the effective
width of the well as

1d

From here we get

Un

T, (43.59)

2ay

This is the Gamow formula, and it is in agreement with the semi-classical expectation. Namely, the interpretation of
the prefactor as the attempt frequency is consistent with the definition of the Wigner delay time: the period of the
oscillations within the well is

2a d 2a,
TimePeriod = — 4+ —0y(EF) = — 43.60
imePerio o + iE o(E) o ( )
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[43.9] From Gamow to the double well problem

Assume a double well which is divided by the same delta function as in the Gamow decay problem. Let us use the
solution of the Gamow decay problem in order to deduce the oscillation frequency in the double well.

v

x=0 X=a X

Re-considering the Gamow problem we assume that the region outside of the well is very large, namely it has some
length L much larger than a. The k states form a quasi-continuum with mean level spacing Ap. By Fermi golden
rule the decay rate is

21 2L
T = v, 2 _ V., 2 43.61
AL ‘ k| vg | kl ( )

where V,,;; is the probability amplitude per unit time to make a transitions form level n inside the well to any of the
k states outside of the well. This expression should be compared with the Gamow formula, which we write as

VE
r = — 43.62
2ag ( )

where ¢ is the transmission of the barrier, The Gamow formula should agree with the Fermi golden rule. Hence we
deduce that the over-the-barrier coupling is

Vo> = (;}%) (;—2) 9 (43.63)

One can verify that this is consistent with the formula for the coupling between two wavefunctions at the point of a
delta junction [see Section 34]:

Vi = =g 0000V (13.61)

where 07 is the radial derivative at the point of the junction. This formula works also if both functions are on the
same side of the barrier.

Now we can come back to the double well problem. For simplicity assume a symmetric double well. In the two level
approximation n and k are “left” and “right” states with the same unperturbed energy. Due to the coupling we have
coherent Bloch oscillation whose frequency is

Q = 2Vl = %E\/g (43.65)
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[44] Scattering resonances

[44.1] Fabry Perrot interference / transmission resonance

The Fabry-Perrot problem is to find the transmission of a double barrier given the transmission of each barrier and
their ”optical distance” ¢ (see definition below). We could assume that the barriers are represented by delta functions
ud(xz % (a/2)). The conventional way of solving this problem is to match together the solutions in the three segments.
This procedure is quite lengthy and better to do it with Mathematica. The optional (short) way of solving this
problem is to ”sum over paths”, similar to the way one solves the interference problem in the two slit geometry.

We take as given the transmission coefficient 7' = [t|?, and the reflection coefficient R = |r|*> =1 — T'. If the distance
between the two barriers is a, then a wave accumulates a phase ka when going from the one barrier to the other. The
transmission of both barriers together is:

transmission = [t x e x (1 4 (re*)2 + (retk®)* 4. ) x t|? (44.1)
Every round trip between the barriers includes two reflections, so the wave accumulates a phase factor (e??)?, where
¢ = ka+ phase(r) (44.2)

We have a geometric series, and its sum is:

eika 2
transmission = |t X ————— Xt (44.3)
1= ([rle*)
After some algebra we find the Fabry Perrot expression:
. [t 1
transmission = = (44.4)

1+ |r[* — 2|r|? cos(29) 1+ 4[R/T?](sin(¢))?

We notice that this is a very ”dramatic” result. If we have two barriers that are almost absolutely opaque R ~ 1,
then as expected for most energies we get a very low transmission of the order of magnitude of T2. But there are
energies for which ¢ = 7 x integer and then we find that the total transmission is 100%! In the following figure we
compare the two slit interference pattern (left) to the Fabry Perrot result (right):

0
transmission(¢)
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[44.2] Scattering on a single level system

The most elementary example for a resonance is when the scattering region contains only one level. This can be
regarded as a simplified version of the Fabry-Perrot double barrier problem, or it can be regarded as simplified version
of scattering on a shielded well which we discuss later on.

We assume, as in the Wigner decay problem that we had been analyzed in a previous lecture, that the scattering
region contains a single level of energy Ey. Due to the coupling with the continuum states of the lead, this level
acquire width I'g. This width would determine the Wigner decay rate if initially the particle were prepared in this
level. But we would like to explore a different scenario in which the particle is scattered from the outside. Then we
shall see that I'y determines the Wigner delay time of the scattering.

In order to perform the analysis using the a formal scattering approach we need a better characterization of the lead
states |k). For simplicity of presentation it is best to imagine the leas as a 1D segment of length L (later we take L
to be infinite). The density of states in the energy range of interest is L/(mvg). The volume-normalized free waves
of the lead are |k) — (2/L)Y/?sin(kz). The coupling between the Ej state of the dot and any of the lead states is
Vox = w/v/L. The coupling parameter w can be calculated if the form the barrier or its transmission are known (see
appropriate QM is practice I” sections). Consequently we get that the FGR width of the dot level is ['g = (2/vg)w?.
Using a formal language it means that the resolvent of the Ey subsystem is G = |0) Go o (0|, where

1

Goo(E) E—Ey+i(To/2)

(44.5)

In order to find the S matrix, the element(s) of the T matrix should be calculated in a properly normalized basis.
The relation between the flux-normalized states and the volume-normalized states is:

pFe) = R = e ke _ - gtk (44.6)

N N

Here the channel index has just one value (a = 1). Below we consider also a two-lead system where a = 1,2. Conse-
quently, for the single lead system, we get a 1 x 1 scattering matrix:

r
w(BE) = 1—iT,, = 1—i(¢Pe E Bay = 1 0 44.

Saa(E) i (™ [V]0) Goo(E) (0|V[67) E B L i) (44.7)

which implies a phase shift
Iy/2

dop = arctan [—E B/Eo] (44.8)

and accordingly the time delay is
T
— 0 (44.9)

(B — Eo)? + (To/2)?

Note that at resonance the time delay is of order 1/T.

The procedure is easily generalized in order to handle several leads, say two leads as in the double barrier problem.
Now we have to use an index a = 1,2 in order to distingush the left and right channels. The width of the Fy levels is
Ty = (2/vg)[w? + w3]. The freewaves solution is the leads are labled as |¢%¢), and the S matrix comes out

To/2 Qg
Sab(E) = 5a,b_iTab = 5ab 0/ |: wwb:| (4410)

YT E By +i(Do/2) |w? + w2

We see that the maximum transmission is for scattering with E = Ej, namely |2wqwy/(w? 4+ w?)|?, which becomes
100% transmission if w; = ws as expected from the Fabry-Perrot analysis.
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[44.3] Scattering resonance of a shielded 1D well
A shielded 1D well is defined by

V(r) = VOR-71)+ud(r —R) (44.11)

where V' is the potential floor inside the scattering region 0 < r < R, and u is a shielding potential barrier at the
boundary r = R of the scattering region. We add the shield in order to have the option for demonstrating distinct
narrow resonances. The interior wave function is

P(r) = SIN(ar) (44.12)

where o = /2m|E — V|, and SIN is either sin or sinh depending on whether E is larger or smaller than V. Taking
the logarithmic derivative at » = R and realizing that the effect of the shield u is simply to boost the result we get:

k = [ L_du(r) = aCTG(aR) +2mu (44.13)

Fo(B3 V, u) Y(r) dr ]T_RH)

where CTG is either cot or coth depending on the energy E. It should be realized that ko depends on the energy as
well as on V and on u. For some of the discussions below, and also for some experimental application it is convenient
to regard E as fixed (for example it can be the Fermi energy of an electron in a metal), while V' is assumed to be
controlled (say by some gate voltage). The dependence of ko on V is illustrated in the following figure.

B

1/R

tonl
S

E Vv

At V = F there is a smooth crossover from the ”cot” region to the ”coth” region. If V is very large then kg = co.
This means that the wavefunction has to satisfy Dirichlet (zero) boundary conditions at » = R. This case is called
“hard sphere scattering”: the particle cannot penetrate the scattering region. For negative V' we have values V = V..
at which kg = 0. We call such locations resonances for a reason that becomes obvious from the discussion below.

One realizes that for u = 0 the locations of the resonances are determined by the equation cot(aR) = 0, which corre-
sponds to bounds states of the well if we had at r = R Neumann boundary conditions (derivative of the wavefunction
equals zero). In contrast for very large u the zeros are where cot(aR) — oo, which corresponds to bounds states of
the well if we had Dirichlet boundary conditions.

At resonances we can linearize ko with respect to the control parameter V', namely, ko (V) ~ (V —V;) /vy, where the
definitions of v, is implied by the linearization procedure. Then we get the following approximation

il )
0o = O° + arctan | = ~ —kgR + arctan 44.14
o = B . S (4414

with I',, = 2v,.kg. The approximation above assumes well separated resonances. The distance between the locations
V.- of the resonances is simply the distance between the metastable states of the well. Let us call this level spacing Ay.
The condition for having a narrow resonance is I, < Ag. By inspection of the plot it should be clear that shielding
(large u) shifts the plot upwards, and consequently v, and hence T',. become smaller. Thus by making u large enough
we can ensure the validity of the above approximation.
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Optionally if V' is fixed, we can plot ko(E) as a function of E. This plot looks locally the same as the IQO(V) plot, with
E < —V. We can determined location of resonances with respect to the energy E, and we can use the approximation
ko(E) ~ —(FE — E,)/v,, where the definitions of E, and v, are implied by the linearization procedure. Then we can
obtain dp(E) as a function of F, which is illustrated in the figure below.

3n S(E)
2n

T

—kR
E, E. E;

The phase shift is defined modulo 7, but in the figure it is convenient not to take the modulo so as to have a continuous
plot. The Wigner time delay is obtained by taking the derivative with respect to E. At low energies the s-scattering
phase shift is §g(F) = —kg R and the time delay is 7 & —2R/vg. As the energy is raised there is an extra 7 shift each
time that E goes through a resonance, and the corresponding result for the time delay features a Lorentzian peak.
In order to ensure narrow resonance one should assume that the well is shielded by a large barrier. At the center of
a resonance the time delay is of order 1/T,.

[44.4] Scattering resonance of a spherical shielded well

The solution of the ¢ > 1 version of the shielded well scattering problem goes along the same lines as in the £ =0
case that has been discussed above. The only modification is a change of convention: we work below with the
radial functions R(r) = u(r)/r and not with u(r). Accordingly for the logarithmic derivative on the boundary of the
scattering region we use the notation k, instead of k¢. Once we know the k, the phase shift can be calculated using
the formula

oi200 _ (he> ke(V) — (hy /by ke
hy ) ke(V) = (hg" /R )k

(44.15)

In what follows we fix the energy E of the scattered particle, and discuss the behavior of the phase shift and the cross
section as a function of V. In physical applications V' can be interpreted as some ”gate voltage”. Note that in most
textbooks it is customary to fix V' and to change E. We prefer to change V because then the expansions are better
controlled. In any case our strategy gives literally equivalent results. Following Messiah p.391 and using the notations

h, 5o s .
(hﬁ> = 6126[ , kg (ha> =ec+iy (4416)
i 4 r=a
consequently

. 0soo\ ke(V) —€e+ivy
200 _ i26g° | Me\V ) T €T VY 44.17

¢ (e ) (V) — € — iy (17

v

5, = & t 44.1

¢ ¢+ arctan [kg(V) _J (44.18)

We can plot the right hand side of the last equation as a function of V. If the shielding is large we get typically
0¢ = 6;° as for a hard sphere. But if V' is smaller than E we can find narrow resonances as in the ¢ = 0 quasi 1D
problem. The analysis of these resonances is carried out exactly in the same way. Note that for £ > 0 we might have
distinct resonances even without shielding thanks to the centrifugal barrier.
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QM in Practice (part III)

[45] The Aharonov-Bohm effect

[45.1] The Aharonov-Bohm geometry

In the quantum theory it is natural to describe the electromagnetic field using the potentials V, A and regard &, B
as associated observables. Below we discuss the case in which £ = B = 0 in the region where the particle is moving.
According to the classical theory one expects that the motion of the particle would not be affected by the field, since
the Lorentz force is zero. However, we shall see that according to the quantum theory the particle is affected due to
the non-zero circulation of A. This is a topological effect that we are going to clarify. Specifically we consider ring
that is penetrated by a magnetic flux ® through its center. This is the so-called Aharonov-Bohm geometry. To have
a flux through the ring means that:

9§A’~df - //B~d§ = 0 (45.1)

The simplest gauge choice for the vector potential is
) .
A = 7 [tangentiall (45.2)

where L is the length of the ring. Below we treat the ring as a 1D segment 0 < z < L with periodic boundary
conditions. The Hamiltonian is

1 (. ed)?

The eigenstates of H are the momentum states |k,) where:
kn = —n, n=0,%1,£2, ... (45.4)

The eigenvalues are (written with 7 for historical reasons):

1 [2rh  e®)\? 1 [/2rh\? ed \?
B = 2m<Ln_cL> = 2m<L) (”‘mc> (45:5)

The unit 27hic/e is called "fluxon”. It is the basic unit of flux in nature. We see that the energy spectrum is influenced
by the presence of the magnetic flux. On the other hand, if we draw a plot of the energies as a function of the flux we
see that the energy spectrum repeats itself every time the change in the flux is an integer multiple of a fluxon. (To
guide the eye we draw the ground state energy with thick line).

The fact that the electron is located in an area where there is no Lorentz force £ = B = 0, but is still influenced by
the vector potential is called the Aharonov-Bohm Effect. This is an example of a topological effect.
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P [fluxons]

[45.2] The energy levels of a ring with a scatterer

Consider an Aharonov-Bohm ring with (say) a delta scatterer:

M= oo (p - f)Q +ud(a) (45.6)

We would like to find the eigenenergies of the ring. The standard approach is to write the general solution in the
empty segment, and then to impose the matching condition over the delta scatterer. An elegant procedure for solution
is based on the scattering formalism. In order to characterize the scattering within the system, the ring is cut at
some arbitrary point and the S matrix of the open segment is specified. It is more convenient to use the row-swapped
matrix, such that the transmission amplitudes are along the diagonal:

~ . i¢ . — —ia
iy Vge' i1 —ge
S = e (_Z- T=geio Jge—io ) (45.7)

The transmision amplitude for a delta scatter is t = [1 + i(u/vg)] ™!, hence the transmission is

-1

2
1+ (u) ] , vg = velocity at energy FE (45.8)

g(E) = -

We include “legs” to the delta scatterer, hence the total transmission phase is

w(E) = kpL — arctan (;;) (45.9)

More precisely, with added flux the transmission phases are v + ¢ where ¢ = e®/h. The reflection phases are
v — (7/2) £ e, where o = 0 if we cut the ring symmetrically, such that the two legs have the same length.

The periodic boundary conditions imply the "matching condition”

) - 562



229

This equation has a non-trivial solution if and only if
det(S(E) —1) = 0 (45.11)

For the calculation is is useful to note that

det(S —1) = det(S) — trace(S) + 1 (45.12)
det(S) = ()2 (45.13)
trace(S) = 2./ge’ cos ¢ (45.14)

Hence we get an equation for the eigen-energies:

cos(v(E)) = g(E)cos(¢) (45.15)

In order to find the eigen-energies we plot both sides as a function of E. The left hand side oscillates between —1
and +1, while the right hand side is slowly varying monotonically. It is easily verified that the expected results are
obtained for clean ring (¢ = 1) and for infinite well (g = 0).

[45.3] Perturbation theory for a ring + scatterer

Let us consider a particle with mass m on a 1D ring. A flux ® goes through the ring. In addition, there is a scatterer
that is described by a delta function. The Hamiltonian that describes the system is:

H o= (p - i)Q + ud(x) (45.16)

2m

For ® = u = 0 the symmetry group of this Hamiltonian is O(2). This means symmetry with respect to rotations and
reflections. Note that in one-dimension ring = circle = torus, hence rotations and displacements are the same. Only
in higher dimensions they are different (torus # sphere).

Degeneracies are an indication for symmetries of the Hamiltonian. If the eigenstate has a lower symmetry than the
Hamiltonian, a degeneracy appears. Rotations and reflections do not commute, that is why we have degeneracies.
When we add flux or a scatterer, the degeneracies open up. Adding flux breaks the reflection symmetry, and adding
a scatterer breaks the rotation symmetry. Accordingly, depending on the perturbation, it would be wise to use one
of the following two bases:

The first basis: The first basis complies with the rotation (=translations) symmetry:

(45.17)

|n, anticlockwise) =

|n, clockwise)

The degenerate states are different under reflection. Only the ground state |n = 0) is symmetric under both reflections
and rotations, and therefore it does not have to be degenerate. It is very easy to calculate the perturbation matrix
elements in this basis:

(n|s(z)jm) = / T (2)*8(2) U™ (z)de = T"(0)T™(0) = (45.18)
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so we get:
1 1 1 1
U 1 1 1 1
Vaum 7 1 1 1 1 (45.19)
1 1 1 1
The second basis: The second basis complies with the reflection symmetry:
In = 0) : (45.20)
n = = '
L
2
mt) =/ Feos(hur). =12,

2
In,—) = \/ Zsin(knx)7 n=12,..

The degeneracy is between the even states and the odd states that are displaced by half a wavelength with respect
to each other. If the perturbation is not the flux but rather the scatterer, then it is better to work with the second
basis, which complies with the potential’s symmetry. The odd states are not influenced by the delta function, and
they are also not ”coupled” to the even states. The reason is that:

(m|d(z)|n) = /\I/m(x)*é(x)\lfn(x)dac =0, if n or m are ”sin” (45.21)

Consequently the subspace of odd states is not influenced by the perturbation, i.e. VTS;) = 0, and we only need to
diagonalize the block that belongs to the even states. It is very easy to write the perturbation matrix for this block:

1 V2 V2 V2 ...
V2 2 2 2

ASS - % V2 2 2 2 (45.22)
V2 2 2 2
Energy levels: Without a scatterer the eigenenergies are:
E,(P,u=0) = 1 2—7T><'t e : int =0,£1,+2 (45.23)
n (P, u= = 5o | xinteger—— integer = 0, +1, £2, ... .

On the other hand, in the limit uw — oo the system does not ”feel” the flux, and the ring becomes a one-dimensional
box. The eigenenergies in this limit are:

E, (P,u=00) = i(

2
- T x integer) : integer = 1,2, ... (45.24)
m

L

As one increases u the number of the energy levels does not change, they just move. See figure below. We would like
to use perturbation theory in order to find corrections to the above expressions. We consider how we do perturbation
theory with respect to the u=0 Hamiltonian. It is also possible to carry out perturbation theory with respect to the
u=00 Hamiltonian (for that one should use the formula for the interaction at a junction).
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The corrections to the energy: Let us evaluate the first-order correction to the energy of the eigenstates in the
absence of an external flux.

Bnoo = B9, % (45.25)
2u
En-123 = ED4 T

The correction to the ground state energy, up to the second order is:

B u U\ 2 — (vV2)? o 1
k=1 2m \ L

where we have used the identity:

2

=1 T
Zﬁ = & (45.27)
k=

Optional calculation: We will now assume that we did not notice the symmetry of the problem, and we chose to
work with the first basis. Using perturbation theory on the ground state energy is simple in this basis:

Bpeo = 04— +( ) 2§: (n)° Ta T Z(l—éumL) (45.28)

1
=1 0= 55 (

But using perturbation theory on the rest of the states is difficult because there are degeneracies. The first thing we
must do is "degenerate perturbation theory”. The diagonalization of each degenerate energy level is:

G }) ((2) 8) (45.29)

Now we should transform to a new basis, where the degeneracy is removed. This is exactly the basis that we chose
to work with due to symmetry considerations. The moral lesson is: understanding the symmetries in the system can
save us work in the calculations of perturbation theory.
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[45.4] The AB effect in a closed geometry

The eigen-energies of a particle in a closed ring are periodic functions of the flux. In particular in the absence of
scattering

1 /2rh\? ed \? 1
E, = —|=— — = —mv? 45.30
2m ( L ) (” 277710) o Mn (45-30)

That is in contrast with classical mechanics, where the energy can have any positive value:

Elassical mv (45.31)

According to classical mechanics the lowest energy of a particle in a magnetic field is zero, with velocity zero. This
is not true in the quantum case. It follows that an added magnetic flux has an detectable effect on the system. The
effect can be described in one of the following ways:

The spectrum of the system changes (it can be measured using spectroscopy)
For flux that is not an integer or half integer number there are persistent currents in the system.
The system has either a diamagnetic or a paramagnetic response (according to the occupancy).

We already have discussed the spectrum of the system. So the next thing is to derive an expression for the current in
the ring. The current operator is

r 37—[ _ e 1 N e(I) - EA
I= -3¢ = L[m( _Lﬂ = 7’ (45.32)

It follows that the current which is created by an electron that occupies the nth level is:

I - <n (-Zﬁ;‘)‘@ _ —dcfb" (45.33)

The proof of the second equality is one line of algebra. If follows that by looking at the plot of the energies E,, (®)
as a function of the flux, one can determine (according to the slope) what is the current that flows in each occupied
energy level. If the flux is neither integer nor half integer, all the states ”carry current” so that in equilibrium the net
current is not zero. This phenomenon is called ”persistent currents”. The equilibrium current in such case cannot
relax to zero, even if the temperature of the system is zero.

There is a statement in classical statistical mechanics that the equilibrium state of a system is not affected by magnetic
fields. The magnetic response of any system is a quantum mechanical effect that has to do with the quantization of
the energy levels (Landau magnetism) or with the spins (Pauly magnetism). Definitions:

e Diamagnetic System - in a magnetic field, the system energy increases.
e Paramagnetic System - in a magnetic field, the system energy decreases.

The Aharonov Bohm geometry provides the simplest example for magnetic response. If we place one electron in a ring,
and add a weak magnetic flux, the system energy increases. Accordingly we say that the response is ”diamagnetic”.
The electron cannot ”get rid” of its kinetic energy, because of the quantization of the momentum.
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[45.5] Dirac Monopoles

Yet another consequence of the ” Aharonov Bohm” effect is the quantization of the magnetic charge. Dirac has claimed
that if magnetic monopoles exist, then there must be an elementary magnetic charge. The formal argument can be
phrased as follows: If a magnetic monopole exists, it creates a vector potential field in space (A(z)). The effect of the
field of the monopole on an electron close by is given by the line integral ¢ A - dF. We can evaluate the integral by
calculating the magnetic flux ® through a Stokes surface. The result should not depend on the choice of the surface,
otherwise the phase is not be well defined. In particular we can choose Stokes surfaces that pass above and below the
monopole, and deduce that the phase difference ¢ = e®/hc should be zero modulo 2. Hence the flux ® should be an
integer multiple of 27hic/e. Using ”Gauss law” we conclude that the monopole must have a magnetic charge that is
quantized in units of fic/2e.

Dirac’s original reasoning was somewhat more constructive. Let us assume that a magnetic monopole exist. The
magnetic field that would be created by this monopole would be like that of a tip of a solenoid. But we have to
exclude the region in space where we have the magnetic flux that goes through the solenoid. If we want this ”flux
line” to be unobservable then it should be quantized in units of 2wfic/e. This shows that Dirac "heard” about the
Aharonov Bohm effect, but more importantly this implies that the "tip” would have a charge which equals an integer
multiple of fic/2e.

[45.6] The AB effect: path integral formulation

We can optionally illustrate the Aharonov-Bohm Effect by considering an open geometry. In an open geometry the
energy is not quantized: it is determined by scattering arrangement. If the energy potential floor is taken as a reference
- the energy E can be any positive value. We are looking for stationary states that solve the Schrodinger equation
for a given energy. These states are called ”scattering states”. Below we discuss the Aharonov-Bohm effect in a ”two
slit” geometry, and later refer to a ”ring” geometry (with leads).

First we notice the following rule: if we have a planar wave 1 (z) o e?** and if the amplitude at the point x = x; is
Y(z1) = C, then at another point 2 = x5 the amplitude is ¢ (x5) = Cetk(@2=21)

Now we generalize this rule for the case in which there is a vector potential A. For simplicity, we assume that the
motion is in one-dimension. The eigenstates of the Hamiltonian are the momentum states. If the energy of the particle

is £ then the wavefunctions that solve the Schrédinger’s equation are 1) (z) o e’*+% where
ky = £V2mE+A = zkp+ A (45.34)

Below we refer to the advancing wave: if at point = z; the amplitude is (x1) = C, then at another point z = x5
the amplitude is ¥ (z2) = Cethp(wa—21)+A(x2=21) Tt i possible to generalize the idea to three dimensions: if a wave
advances along a certain path from point z; to point xo, then the accumulated phase is:

T2
¢ = kgL +/ A-dx, L = length of the path (45.35)

x1
If there are two different paths that connect the points x; and s, then the phase difference is:

e

o 45.36
o (45.36)

Ap = kEAL+/ A-dx—/ A-de = kEAL+y§A-dx = kpAL+
Lo Ly

where in the last term we ”bring back” the standard physical units. The approach which was presented above for
calculating the probability of the particle to go from one point to another is called ”path integrals”. This approach
was developed by Feynman, and it leads to what is called ”path integral formalism” - an optional approach to
do calculations in quantum mechanics. The conventional method is to solve the Schrodinger’s equation with the
appropriate boundary conditions.
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[45.7] The AB effect in a two slits geometry

We can use the path integral point of view in order to analyze the interference in the two slit experiment. A particle
that passes through two slits, splits into two partial waves that unite at the detector. Each of these partial waves passes
a different optical path. Hence the probability of reaching the detector, and consequently the measured intensity of
the beam is

, 2
Intensity = |1 x e 41 xe™*2| o 14 cos(k(ry — 1)) (45.37)

Marking the length difference as AL, and the associated phase difference as A¢, we rewrite this expression as:
Intensity o< 1+ cos(Ad), (45.38)

Changing the location of the detector results in a change in the phase difference ¢. The ”intensity”, or more precisely
the probability that the particle will reach the detector, as a function of the phase difference ¢, is called ”interference
pattern”. If we place a solenoid between the slits, then the formula for the phase difference becomes:

e

A¢p = kAL+
he

) (45.39)

If we draw a plot of the ”intensity” as a function of the flux we get the same ”interference pattern”.

Slits Screen

Detector

Source -

[

If we want to find the transmission of an Aharonov-Bohm device (a ring with two leads) then we must sum all the
paths going from the first lead to the second lead. If we only take into account the two shortest paths (the particle
can pass through one arm or the other arm), then we get a result that is formally identical to the result for the two
slit geometry. In reality we must take into account all the possible paths. That is a very long calculation, leading to
a Fabry-Perrot type result (see previous lecture). In the latter case the transmission is an even function of ®, even if
the arms do not have the same length. Having the same transmission for £® in the case of a closed device is implied
by time reversal symmetry.
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[46] Motion in uniform magnetic field (Landau, Hall)

[46.1] The two-dimensional ring geometry

Let us consider a three-dimensional box with periodic boundary conditions in the z direction, and zero boundary
conditions on the other sides. In the absence of magnetic field we assume that the Hamiltonian is:

1 1 1 5
_ 46.1
H 2mpw + |:2mpy + V(y):| + |:2mpz + VbOX(Z):| ( 6 )

The eigenstates of a particle in such box can be labeled as follows:

1 . 2
|k,v,n) melkx x ™) (y) x msin (Zz) (46.2)
k 27 X intege
= — X in r
L. &
r=0,1,2,... n=1,2,3,......
The eigenenergies are:
k2 1 s 2
Er.on = — P I 46.3
i, om T o (LG> (46-3)

We assume L. to be very small compared to the other dimensions. We shall discuss what happens when the system
is prepared in low energies such that only n = 1 states are relevant. So we can ignore the z axis.

[46.2] Classical Motion in a uniform magnetic field

Consider the motion of an electron in a two-dimensional ring. We assume that the vertical dimension is ”narrow”, so
that we can safely ignore it, as was explained in the previous section. For convenience we ”spread out” the ring susch
that it forms a rectangle with periodic boundary conditions over 0 < z < L,, and an arbitrary confining potential
V(y) in the perpendicular direction. Additionally we assume that there is a uniform magnetic field B along the z axis.
Therefore the electron is affected by a Lorentz force F = —(e/c)B x v. If there is no electrical potential, the electron
performs a circular motion with the cyclotron frequency:

wy = B (46.4)
mc

If the electron has a kinetic energy F, its velocity is:

= B s

Consequently it moves along a circle of radius

VE mc
46.6
Te = 5 eBUE ( )

If we take into account a non-zero electric field

av
& =~ (46.7)
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we get a motion along a cycloid with the drift velocity (see derivation below):

Udrift = € (46.8)

o[

Let us remind ourselves why the motion is along a cycloid. The Lorentz force in the laboratory reference frame is
(from now on we absorb the (e/c) of the electron into the definition of the field):

F=&-Bxuv (46.9)
If we transform to a reference frame that is moving at a velocity vy we get:

F = E-Bx(vp+v) = (E+vgxB)—Bxv (46.10)
Therefore, the non-relativistic transformation of the electromagnetic field is:

& =E&+uvwxB (46.11)
B =B

If there is a field in the y direction in the laboratory reference frame, we can transform to a new reference frame where
the field is zero. From the transformation above we conclude that in order to have a zero electrical field, the velocity
of the "new” frame of reference should be:

vy = %c [restoring CGS units for clarity] (46.12)

In the new reference frame the particle moves along a circle. Therefore, in the laboratory reference frame it moves
along a cycloid.

)

Q Q Q Q b

y

Conventionally the classical state of the particle is described by the coordinates r = (z,y) and v = (vz,vy). But from
the above discussion it follows that a simpler description of the trajectory is obtained if we follow the motion of the
moving circle. The center of the circle R = (X,Y’) is moving along a straight line, and its velocity is vqif- The
transformation that relates R to r and v is

1
wp

R = F—é. x —7 (46.13)

where €, is a unit vector in the z direction. The second term in the right hand side is a vector of length rg in the
radial direction (perpendicular to the velocity). Thus instead of describing the motion with the canonical coordinates
(x,y,vs,vy), we can use the new coordinated (X, Y, vz, vy).
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[46.3] The Hall Effect

If we have particles spread out in a uniform density p per unit area, then the current density per unit length is:

ec ecdV
where we keep CGS units and V is the electrical potential (measured in Volts). The total current is:
vz ec c
I, = Jody = —PE(V(?D) V() = —PE(W — 1) (46.15)
Y1
Here p = eV is the chemical potential. Accordingly the Hall conductance is:
ec
GHall = —P3 (46.16)

In the quantum analysis we shall see that the electrons occupy ”Landau levels”. The density of electrons in each
Landau Level is eB/2mhc. From this it follows that the Hall conductance is quantized in units of €2 /27h, which is the
universal unit of conductance in quantum mechanics. The experimental observation is illustrated in the figure below
[taken from the web]. The right panels shows that for very large field fractional values are observed. The explanation
of this fraction quantum Hall effect (FQHE) requires to taken into account the interactions between the electrons.

3 J—,’
B

Ry [h/e?]

10 20 30

1
I = Gx g(/@ — ) (46.17)
and not as:
I = Gx (V2 — Vl) (4618)

where p is the electrochemical potential. If the electrical force is the only cause for the current, then the electrochemical
potential is simply the electrical potential (multiplied by the charge of the electron). At zero absolute temperature
1 can be identified with the Fermi energy. In metals in equilibrium, according to classical mechanics, there are no
currents inside the metal. This means that the electrochemical potential must be uniform. This does not mean that
the electrical potential is uniform! For example: when there is a difference in concentrations of the electrons (e.g.
different metals) then there should be a ”contact potential” to balance the concentration gradient, so as to have a
uniform electrochemical potential. Another example: in order to balance the gravitation force in equilibrium, there
must be an electrical force such that the total potential is uniform. In general, the electrical field in a metal in
equilibrium cannot be zero.
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[46.4] Electron in Hall geometry: Landau levels

In this section we show that there is an elegant formal way of treating the problem of an electron in Hall geometry using
a canonical transformation. This method of solution is valid both in classical mechanics and in quantum mechanics
(all one has to do is to replace the Poisson brackets with commutators). In the next lecture we solve the quantum
problem again, using the conventional method of ”separation of variables”. Here and later we use the Landau gauge:

A
B

(=By,0,0) (46.19)
VxA = (0,0,B)

Recall that we absorb the charge of the electron in the definition of the fields. Consequently the Hamiltonian is

— i n 2 i A \2
Ho= 5o+ By)° +5-(hy)" +V(y) (46.20)

We define a new set of operators:

1
ve = —(p+By) (46.21)
1
Uy = apy
1 1
X = _— = —_
:c+vay x+pr
1 1
Y = — Uy = ——Da
Y WBU BP

Recall that from a geometrical perspective, (X, Y) represent the center of the circle along which the particle is moving.
Note also that the operators X,Y commute with v,,v,. On the other hand:

X,Y] = —iB™! (46.22)
1
[V, vy] = 1@8

Consequently we can define a new set of canonical coordinates:

Ql — EUQ;’ Pl = mvy, Q2 = }/’ P2 = BX (46.23)

The Hamiltonian takes the form

1 1
H(Q1, P, Qq, P) = %Pf + 5mwngi +V(Q1 + Q2) (46.24)

We see, as expected, that Q2 =Y is a constant of motion. Let us further assume that the potential V(y) is zero
within a large box of area L,L,. Then also P, & X is a constant of motion. The coordinates (X,Y) are conjugate
with ip = B~! and therefore we deduce that there are grandau states that have the same energy, where

L,L L,L
9Landau = 27Th;/ = Qﬂ_y B (4625)

Later we shall explain that it leads to the e?/(2wh) quantization of the Hall conductance. Beside the (X,Y) degree
of freedom we have of course the kinetic (vg,vy) degree of freedom. Form the transformed Hamiltonian in the new
coordinates we clearly see that the kinetic energy is quantized in units of wg. Therefore, it is natural to label the
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eigenstates as |¢, v), where: v =0,1,2,3.. ., is the kinetic energy index, and ¢ labels the possible values of the constant
of motion Y.

[46.5] Electron in Hall geometry: The Landau states

We go back to the Hamiltonian that describes the motion of a particle in the Hall bar geometry (see beginning
of previous section). Recall that we have periodic boundary conditions in the = axis, and an arbitrary confining
potential V (y) in the y direction. We would like to find the eigenstates and the eigenvalues of the Hamiltonian. The
key observation is that in the Landau gauge the momentum operator p, is a constant of motion. It is more physical
to re-phrase this statement in a gauge independent way. Namely, the constant of motion is in fact

1
by = —

1
Y = §— —D 46.26
Y 5 Bpa: ( )

which represents the y location of the classical cycloid. In fact the eigenstates that we are going to find are the
quantum mechanical analogue of the classical cycloids. The eigenvalues of p, are 27/L, X integer. Equivalently, we

may write that the eigenvalues of Y are:
Yo = ——¢, [¢ = integer] (46.27)

That means that the y distance between the eigenstates is quantized. According to the ”separation of variables
theorem” the Hamiltonian matrix is a block diagonal matrix in the basis in which the Y matrix is diagonal. It is
natural to choose the basis |¢,y) which is determined by the operators p,, 9.

(CylHICY) = SevHy, (46.28)

It is convenient to write the Hamiltonian of the block ¢ in abstract notation (without indexes):

M= i Doy (46.29)
Or, in another notation:

1 .
M = o p Vi) (46.30)

where the effective potential is:
1
Vely) = V() + 5mwply - Yo)* (46.31)

For a given ¢, we find the eigenvalues |/, /) of the one-dimensional Hamiltonian H*. The running index v = 0,1,2,3,...
indicates the quantized values of the kinetic energy.

For a constant electric field we notice that this is the Schrodinger equation of a displaced harmonic oscillator. More
generally, the harmonic approximation for the effective potential is valid if the potential V' (y) is wide compared to
the quadratic potential which is contributed by the magnetic field. In other words, we assume that the magnetic field
is strong. We write the wave functions as:

1
Vi

A eTIBYDT () (y Y, (46.32)

We notice that BY; are the eigenvalues of the momentum operator. If there is no electrical field then the harmonic
approximation is exact, and then ¢(*) are the eigenfunctions of a harmonic oscillator. In the general case, we must
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"correct” them (in case of a constant electric field they are simply shifted). If we use the harmonic approximation
then the energies are:

1
Ey, ~ V(Yi) + <2+v> wp (46.33)

V(y)

density of electrons

\l

Plotting Ey, against Y, we get a picture of "energy levels” that are called ”"Landau levels” (or more precisely they
should be called ”energy bands”). The first Landau level is the collection of states with ¥ = 0. We notice that
the physical significance of the term with v is kinetic energy. The Landau levels are ”parallel” to the bottom of
the potential V' (y). If there is a region of width L, where the electric potential is flat (no electric field), then the
eigenstates in that region (for a given v) would be degenerate in the energy (they would have the same energy).
Because of the quantization of Y, the number of particles that can occupy a Hall-bar of width L, in each Landau
level is grandau = Ly/AY, leading to the same result that we deduced earlier. In different phrasing, and restoring
CGS units, the density of electrons in each Landau level is

9Landau €
andau — = B 46.34
PlLand L.L, orhe (46.34)

This leads to the e?/(27h) quantization of the Hall conductance.

[46.6] Hall geometry with AB flux

Here we discuss a trivial generalization of the above solution that helps later (next section) to calculate the Hall
current. Let us assume that we add a magnetic flux ® through the ring, as in the case of Aharonov-Bohm geometry.
In this case, the vector potential is:

B )
A = (LBy,o,o) (46.35)

x

We can separate the variables in the same way, and get:

1 1
Ey, =~ V (YZ + BL. (I)> + [2 -l-l/] wp (46.36)
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[46.7] The Quantum Hall current

We would like to calculate the current for an electron that occupies a Landau state |¢,v):

Jumy) = (0.0 — 2)0() — y) + hoc) (46.37)
July —/J @o)de = 0.6 )
Ax = 8‘1) = fw”z = /jm(y)dy

Recall that v, = (B/m)(§ — Y), and that the Landau states are eigenstates of Y. Therefore, the current density of
an occupied state is given by:

B = L) = (-7 00-0)) = =Y - (16.39)

If we are in the region (Yz < y) we observe current that flows to the right (in the direction of the positive x axis), and
the opposite if we are on the other side. This is consistent with the classical picture of a particle moving clockwise in
a circle. If there is no electric field, the wave function is symmetric around Y}, so we get zero net current. If there
is a non-zero electric field, it shifts the wave function and then we get a net current that is not zero. The current is
given by:

OE,, 1 dv(y)
I@u _ J@V d - _ - _\I7
v [ = -5 T

(46.39)

For a Fermi occupation of the Landau level we get:

_ o [P dy 1 dV(y)
L o= ) IY = / 21/(BLy) <_BLz dy) (46.40)

¢ Y1

1 e

= 27T(V(yg) Vip)) = *%(#2*#1)

In the last equation we have restored the standard physical units. We see that if there is a chemical potential difference
we get a current I,,. Writing u = eV, the Hall coefficient is €?/(2mh) times the number of full Landau levels.

[46.8] Hall effect and adiabtic transport

The calculation of the Hall conductance is possibly the simplest non-trivial example for adiabatic non-dissipative
response. The standard geometry is the 2D ”hall bar” of dimension L, x L,. We have considered what happens
if the electrons are confined in the transverse direction by a potential V' (y). Adopting the Landauer approach it is
assumed that the edges are connected to leads that maintain a chemical potential difference. Consequently there is a
net current in the x direction. From the ”Landau level” picture it is clear that the Hall conductance Gy is quantized
in units e?/(27h). The problem with this approach is that the more complicated case of disordered V (z,y) is difficult
for handling. We therefore turn to a formal linear response approach [see section 22]. From now on we use units such
that e=h = 1.

We still consider a Hall bar L, x L,, but now we impose periodic boundary condition such that ¢(L,,y) = e*®=1(0,y)
and 9 (z, Ly) = €®v4p(2,0). Accordingly the Hamiltonian depends on the parameters (¢, ¢y, ®5), where @ is the
uniform magnetic flux through the Hall bar in the z direction. The currents I, = (e/Ly)v, and I, = (e/Ly)vy
are conjugate to ¢, and ¢,. We consider the linear response relation I, = — wcﬁgg This relation can be written as
dQy, = —Gygdd,. The Hall conductance quantization means that a 27 varlatlon of ¢, leads to one particle transported
in the y direction. The physical picture is very clear in the standard V (y) geometry: the net effect is to displace all
the filled Landau level ”one step” in the y direction.



242

We now proceed with a formal analysis to show that the Hall conductance is quantized for general V (x,y) potential.
We can define a ”vector potential” A,, on the (¢, ¢,) manifold. If we performed an adiabatic cycle the Berry phase
would be a line integral over A,,. By Stokes theorem this can be converted into a d¢,d¢, integral over B,,. However
there are two complementary domains over which the surface integral can be done. Consistency requires that the
result for the Berry phase would come out the same modulo 27. It follows that

2m 2
/ B,d¢ydo, = integer [Chern number] (46.41)
o Jo

This means that the ¢ averaged B,, is quantized in units of 1/(27). If we fill several levels the Hall conductance is
the sum ) B, over the occupied levels, namely

G = > ZQIm I”mjmn (46.42)

neband ™

If we have a quasi-continuum it is allowed to average this expression over (¢, ¢,). Then we deduce that the Hall
conductance of a filled band is quantized. The result is of physical relevance if non-adiabatic transitions over the gap
can be neglected.

[46.9] The Hofstadter butterfly

Let us consider the same Hall geometry but assume that the motion of the electron is bounded to a periodic lattice,
such that the x and y spacings between sites are a and b respectively. In the absence of magnetic field the Hamiltonian
is H = —2cos(aps) — 2 cos(bp,) where the units of times are chosen such that the hopping coefficient is unity. The
eigenenergies occupy a single band E € [—4, +4]. We now turn on a magnetic field. Evidently if the flux ® through
a unit-cell is increases by 27 the spectrum remains the same, accordingly it is enough to consider 0 < ® < 27. It is
convenient to write the flux per unit cell as & = 27 x (p/q). Given ¢ we can define a super-cell that consists of ¢
unit cells, such that the Hamiltonian is periodic with respect to it. It follows from Bloch theorem that the spectrum
consists of ¢ bands. Plotting the bands as a function of ® we get the Hofstadter butterfly [Hofstadter, PRB 1976]. See
figure [taken from the homepage of Daniel Osadchy]: the horizontal axis is the flux and the vertical axis is the energy.
Note that for ¢ = 2 the two bands are touching with zero gap at £ = 0, and therefore cannot be resolved. One can
see how for intermediate values of ® the Landau bands become distinct as expected from the standard analysis.

Nl

o '*'a '”'}
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[46.10] The fractional Hall effect

Instead of using rectangular geometry let us assume that we have a circular geometry. Using the symmetric gauge
one observes that L, = m is a good quantum number. Hence the eigenstates can be written as 1 (z,y) = R(r)e"™?,
where m is integer, and R(r) is a radial function. Given m the lowest energy is found to be E = (1/2)wp, and for
the radial function one obtains R™) (r) o< 7™ exp(—(1/4)[r/rp)?), where r5 = (eB)~'/? is identified as the cyclotron
radius in the lower Landau level. This radial function is picked at r ~ (2m)'/?rp. If the electrons are confined in a
disc of radius R, then m is allowed to range from zero to (1/2)[R/rg]?, which is the expected degeneracy of the first
Landau level. Using the notation z = = 4 iy and working with length units such that rg = 1, the degenerate set of
orbitals in the lowest Landau level can be written compactly as 1™ (z) oc 2™ exp(—(1/4)22).

If the potential looks like a shallow bowl, then N non-interacting Fermions would occupy at zero temperature the
lowest orbitals m = 1,2, ..., N. The many body wavefunction of N fermions is a Slater determinant

U(z1,22,...,28) = [f(z1,22,...,2N) €xp [—isz] = H(zi—zj)q exp l—iZz?] (46.43)

(if)

with ¢ = 1. Let us take into account that the electrons repel each other. In such a case it might be advantageous
to have a more dilute population of the m orbitals. We first note that if we make a Slater determinant out of states
that have total angular momentum M = mj + msy + ... + my the result would be with a polynomial f that all his
terms are of degree M. Obviously M is a good quantum number, and there are many ways to form an M states.
So a general M state is possibly a superposition of all possible Slater determinants. Laughlin [PRL 1983] has made
an educated guess that odd values of ¢, that are consistent with the anti-symmetry requirement, would minimize the
cost of the repulsion. His guess turns out to be both a good approximation and an exact result for a delta repulsion.
In such states the occupation extends up to the orbital m = Ng. It corresponds to filling fraction v = 1/¢q. Indeed
Hall plateaus have been observed for such values. This is known as the fractional Hall effect.

[46.11] The spin Hall effect

Consider an electron that is constraint to move in a 2D sample, experiencing an in-plane electric field £ that is exerted
by the confining potential V(z,y). There is no magnetic field, yet there is always a spin-orbit interaction:

Hgog = C&Exp-o = Co. (nx&)-p (46.44)

where C' is a constant, and n is a unit vector in the z direction. Note that in this geometry only the z component of
the spin is involved, hence o, = +1 is a good quantum number. One observes that the "down” electrons experience
a vector potential A = Cn x &, that looks like a rotated version of £. This has formally the same effect as that of a
perpendicular magnetic field. The "up” electrons experience the same field with an opposite sign.

Quantum Hall effect Topological insulator

magnetic field no magnetic field

ag- /

chiral edge state helical edge states

Considering an electron that has an ”up” or "down” spin one observes that its direction of motion along the edge of
a potential wall is clockwise or anticlockwise respectively. The spin is ”locked” to the direction of the motion. This
implies that it is very difficult to back-scattered such an electron: If there is a bump in the potential along the wall it
can reverse the direction, but not the spin, hence there is a zero matrix element for back-scattering from &k 1 to —k |.
In order to have a non-zero matrix element one has to add magnetic field or magnetic impurities, breaking the time
reversal symmetry that ”protected” the undisturbed motion of the electron.
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[47] Motion in a central potential

[47.1] The Hamiltonian

Consider the motion of a particle under the influence of a spherically symmetric potential that depends only on the
distance from the origin. We can write the Hamiltonian in “spherical coordinates” as a sum of radial term and an
additional azimuthal term that involves the generators L = 7 x p. Namely,

_ Lo _ Lo 1.
H = 5P +eV(r) = o <pr+r2L>+eV(r) (47.1)

In order to go form the first to the second expression we have used the vector style version of 1 = cos? + sin?, which
is A2B? = (A-B)? + (A x B)?, with A =7 and B = p. One should be careful about operator ordering. Optionally
we can regard this identity as the differential representation of the Laplacian in spherical coordinates, with

"IN 162

2 —SoT (47.2)
The Hamiltonian commutes with rotations:

[H,R] = 0 (47.3)
And in particular:

[H,L*] = 0 (47.4)

=
&
e}

According to the separation of variables theorem the Hamiltonian becomes block diagonal in the basis which
is determined by L? and L,. The states that have definite ¢ and m quantum numbers are of the form
Y(z,y,2) = R(r)Y*™ (0, ), so there is some freedom in the choice of this basis. The natural choice is |r, £, m)

1
<T7 9? Q0|7'0, ‘€07 m0> = Yé[h"m (9? SO) ;6(T - TO) (475)

These are states that "live” on spherical shells. Any wavefunction can be written as a linear combination of the states
of this basis. Note that the normalization is correct (the volume element in spherical coordinates includes r2). The
Hamiltonian becomes

<T7 67 m|H|7J, 617 m/> = Jﬁ,ﬂ/ém,m’}lfﬂﬁ:n) (476)
1, [fe+1 1
wem — oL (S avin) = e von (7.7

where p — —i(d/dr). The wavefunction in the basis which has been defined above are written as

W = Y w) Irm) s Uy g (47.5)
rl,m Im

In the derivation above we have made a ”shortcut”. In the approach which is popular in textbooks the basis is not
properly normalized, and the wave function is written as ¢(z,y,2) = ¥(r, 0, p) = R(r)Y“™(0, ¢), without taking the
correct normalization measure into account. Ounly in a later stage they define u(r) = rR(r). Eventually they get the
same result. By using the right normalization of the basis we have saved an algebraic stage.
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By separation of variables the Hamiltonian has been reduced to a semi-one-dimensional Schrodinger operator acting
on the wave function u(r). By ”semi-one-dimensional” we mean that 0 < r < co. In order to get a wave function
Y(x,y, z) that is continuous at the origin, we must require the radial function R(r) to be finite, or alternatively the
function u(r) has to be zero at r = 0.

[47.2] Eigenstates of a particle on a spherical surface

The simplest central potential that we can consider is such that confine the particle to move within a spherical shell
of radius R. Such potential can be modeled as V(r) = —A§(r — R). For £ = 0 we know that a narrow deep well has
only one bound state. We fix the energy of this state as the reference. The centrifugal potential for £ > 0 simply lifts
the potential floor upwards. Hence the eigen-energies are

1

We remind ourselves of the considerations leading to the degeneracies. The ground state Y%, has the same symmetry
as that of the Hamiltonian: both invariant under rotations. This state has no degeneracy. On the other hand, the
state Y10 has a lower symmetry and by rotating it we get 3 orthogonal states with the same energy. The degeneracy
is a ”compensation” for the low symmetry of the eigenstates: the symmetry of the energy level as a whole (i.e. as a
subspace) is maintained.

The number of states N(E) up to energy E, that satisfy Ey, < E, is easily found. The density of states turns out to
be constant:

dN m
— &~ ——A A = 47 R? 47.10
dE 2rh2 i (47.10)
It can be proved that this formula is valid also for other surfaces: to leading order only the surface area A is important.
The most trivial example is obviously a square for which

2

_ T 2 2
Eym = szQ(n +m*) (47.11)

The difference between the Ey,, spectrum of a particle on a sphere, and the E,, ,, spectrum of a particle on a square,
is in the way that the eigenvalues are spaced, not in their average density. The degeneracies of the spectrum are
determined by the symmetry group of the surface on which the motion is bounded. If this surface has no special
symmetries the spectrum is expected to be lacking systematic degeneracies.

[47.3] The Hydrogen Atom

The effective potential V*(r) that appears in the semi-one-dimensional problem includes the original potential plus
a centrifugal potential (for £ # 0). Typically, the centrifugal potential 4+1/r? leads to the appearance of a potential
barrier. Consequently there are "resonance states” in the range E > 0, that can ”leak” out through the centrifugal
barrier (by tunnelling) into the outside continuum. But in the case of the Hydrogen atom the attractive potential
—1/r wins over the centrifugal potential, and there is no such barrier. Moreover, unlike typical short range potentials,
there are infinite number of bound states in the E < 0 range. Another special property of the Hydrogen atom is
the high degree of symmetry: the Hamiltonian commutes with the Runge-Lentz operators. This is manifested in the
degeneracy of energy levels, which is much greater than expected from SO(3).

For sake of later reference we write the potential as:

ac e2 1

V(T) = -, o= —

r he ~ 137 (47.12)
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Below we use as usual h = 1 units. Solving the radial equation (for each ¢ separately) one obtains:

2 2

EZ,m,y — [mCQ] _ 2@ mc

D (47.13)

where v = 1,2,3,.... The rest-mass of the atom has been added here in square brackets as a reminder that from a
relativistic point of view we are dealing here with an expansion with respect to the fine structure constant «. In the
non-relativistic treatment this term is omitted. The energy levels are illustrated in the diagram below. It is customary
in text books to use the quantum number n = £ 4 v in order to label the levels. One should bare in mind that the n
quantum number has significance only for the 1/r potential due to its high symmetry: it has no meaning if we have
say 1/r5 potential.

-0.4f

Iv

-0.8

Degeneracies.— We would like to remind the reader why there are degeneracies in the energy spectrum (this issue
has been discussed in general in the section about symmetries and their implications). If the Hamiltonian has a single
constant of motion, there will usually not be a degeneracy. According to the separation of variables theorem it is
possible to transform to a basis in which the Hamiltonian has a block structure, and then diagonalize each block
separately. There is no reason for a conspiracy amongst the blocks. Therefore there is no reason for a degeneracy. If
we still get a degeneracy it is called an accidental degeneracy.

But, if the Hamiltonian commutes with a ”non-commutative group” then there are necessarily degeneracies that are
determined by the dimensions of the irreducible representations. In the case of a central potential, the symmetry
group is the ”rotation group”. In the special case of the potential —1/r a larger symmetry group exists.

A degeneracy is a compensation for having eigenstates with lower symmetry compared with the Hamiltonian. The
degree of degeneracy is determined by the dimensions of the irreducible representations. These statements were
discussed in the Fundamentals IT section. Let us paraphrase the argument in the present context: Assume that we
have found an eigenstate of the Hamiltonian. If it has full spherical symmetry then there is no reason for degeneracy.
These are the states with £ = 0. But, if we have found a state with a lower symmetry (the states with £ # 0) then we
can rotate it and get another state with the same energy level. Therefore, in this case there must be a degeneracy.

Instead of "rotating” an eigenstate, it is simpler (technically) to find other states with the same energy by using ladder
operators. This already gives an explanation why the degree of the degeneracy is determined by the dimension of
the irreducible representations. Let us paraphrase the standard argument for this statements in the present context:
The Hamiltonian H commutes with all the rotations, and therefore it also commutes with all their generators and
also with L?. We choose a basis |n, ¢, u) in which both % and L? are diagonal. The index of the energy levels n is
determined by H, while the index ¢ is determined by L?. The index u differentiates states with the same energy and
the same ¢. According to the ”separation of variables theorem” every rotation matrix will have a ”"block structure” in
this basis: each level that is determined by the quantum numbers (n, ¢) is an invariant subspace under rotations. In
other words, H together with L? induce a decomposition of the group representation. Now we can apply the standard
procedure in order to conclude that the dimension of the (sub) representation which is characterized by the quantum
number £, is 2+ 1. In other words, we have “discovered” that the degree of the degeneracy must be 2¢ + 1 (or a
multiple of this number).
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Relativistic solution.— In order to explain the spectroscopy of the Hydrogen atom, Pauli has suggested that the
electron has an extra spin 1/2 degree of freedom. The system as whole has a symmetry with respect to rotations,
and therefore the primary good quantum number for classification of eigenstates is not ¢ but the total angular
momentum j. The £ = 0 orbitals become j = 1/2 multiplets, and each ¢ # 0 sub-level splits into j = ¢+ (1/2) and
j =4¢—(1/2) multiplets, as illustrated in the figure below for the n = 2 level. We shall see that due to a spin-orbit
interaction the two j sub-levels also split “vertically” in energy, which explains the experimentally observed fine
structure of the spectrum.

0 12 1 3/2

lorj

N
N
®
D
>

The full relativistic treatment is based on the Dirac Hamiltonian. As pointed out, the primary good quantum number
for classification of eigenstates is j. Within the j-th subspace it is natural to number the eigenstated using a radial
quantum number n, = 0,1,2,.... This quantum number comes instead of v, and should not to be confused with n.
In fact we need an additional quantum number k¥ = + to distinguish the two same-j multiplets that we have in each
level. For example, we should distingush between the 25/, and the 2P, ;, multiplets (see figure) that are associated
with the non-relativistic orbital £ = 0 and ¢ = 1, respectively. The x quantum number corresponds to the sign in
j=+¢+(1/2). Note however that ¢ by itself is not a good quantum number in the full relativistic treatment. The
explicit expression for the eigenenrgies is

mc?

Eqjmm, = 5
14 = 2
[m~+ (j+%)2—042]

The first term comes from the exact relativistic solution of the Dirac equation. Surprisingly one observes that this
solution exhibits degeneracy with respect to k. For example the 25,5 and the 2P, multiplets have the same
energy, contrary to the figure that takes into account only the spin-orbit interaction. In reality there is a small
splitting between those quasi-degenerate multiplets, known as the Lamb-shift. The theoretical understanding of the
Lamb-shift requires to go beyond Dirac equation, as explained in the next paragraph.

-+ LambShift + HyperFine (47.14)

The realistic expression for the energy levels of Hydrogen atom contains a term that originates from the relativistic
Dirac equation, plus a Lamb-Shift due to the interaction with the fluctuations of the electromagnetic vacuum, plus
additional “hyperfine” correction due to the interaction with the nucleus. It is customary to expand the Dirac
expression with respect to the the fine-structure constant o = €?/(he). The leading o? term is the same as that of
Bohr, with the identification n = [j + (1/2))] + n,-. The next a term can be regarded as the sum of relativistic kinetic
p* correction, a Darwin term 63(r) that affects s-orbitals, and a spin-orbit term (1/r3)L-S. On top we have the o®
Lamb-shift correction, that can be approximated as an additional 63(r) term. The Darwin and the Lamb-shift terms
can be interpreted as arising from the smearing of the 1/r interaction, either due to zitterbewegung or due to the
fluctuations that are induced by the electromagnetic field, respectively. The Lamb shift splits the degeneracy of the
7 sub-levels, e.g. 72s” and ”2p”. The Lamb shift physics is also responsible for the anomalous value of the spin-orbit
coupling (g =~ 2+ (a/m)).

The spin-related fine-structure will be discussed in the next lectures. It will be regarded as arising from ” corrections”
to the non-relativistic Schroedinger Hamiltonian. In particular we shall see how the quantum number j arises due to
the addition of the angular momentum of the spin, and the presence of the spin-orbit interaction.
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[48] The Hamiltonian of a spin 1/2 particle

[48.1] The Hamiltonian of a spinless particle

The Hamiltonian of a spinless particle can be written as:

1 . ’ v a
Ho= 5= cAr)? +eV(r) = 2o (At i A)+ AT+ eV(r) (48.1)

where c=1. We assume that the field is uniform B = (0,0, Bp). In the previous lectures we saw that this field can be
derived from A = (—Byy,0,0), but this time we use a different gauge, called ”symmetrical gauge”:

- 1 1 1 "
A = (_2Boy, 5801’, 0) = 58 xXr (482)

Triple vector multiplication is associative, and therefore we have the following identity:

. 1 1 1 -
Ap = JBx)-p = B-(Fxp) = ;B-L (48.3)

Substitution into the Hamiltonian gives:

P’ e .
H o +eVi(r) 5 B-L+

o (7B = (7 B)?) (48.4)

Specifically for a homogeneous field in the z axis we get

’ e’ 2.2 2 P’ 1 202 2
8—m5’0(x +y%) = %+6V(r)—QOLZ+§mQO(z +y°) (48.5)

_ P _°
H = +eVi(r) QmBoLer

2m

The two last terms are called the ”Zeeman term” and the ”diamagnetic term”. From a different perspective we
recall the the Hamiltonian of a particle in a rotating frame is H = [1/(2m)]p? — QoL.. Taking the above procedure
in reverse we conclude that it is formally equivalent to the Hamiltonian of a particle in a Coriolis field eBy = 2m£
plus a centrifugal potential —(1/2)mQ3(z? + y?).

[48.2] The additional Zeeman term for the spin

Spectroscopic measurements on atoms have shown, in the presence of a magnetic field, a double (even) Zeeman
splitting of the levels, and not just the expected ”orbital” splitting (which is always odd). From this Zeeman has
concluded that the electron has another degree of freedom which is called ”spin 1/2”. The Hamiltonian should include
both an orbital Zeeman term and an additional spin term:

€

The spectroscopic measurements of the splitting make it possible to determine the gyromagnetic coeflicient to a high
precision. The same measurements were conducted also for protons, neutrons (a neutral particle!) and other particles:

Electron: g. = 2.0023  [with e = —|e| reflecting its negative charge]
Proton: g, =5.5854  [with e = +|e| reflecting its positive charge]
Neutron: g, = 3.8271  [with e = —|e| as if it were charged negatively]
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The implication of the Zeeman term in the Hamiltonian is that the wavefunction of the electron precesses with the
frequency

(&
Q= - & 48.
5B (48.7)

while the spin of the electron precesses with a twice larger frequency

Q = 7962%;]68, {ge'z?} (48.8)

[48.3] The spin orbit term

The added Zeeman term describes the interaction of the spin with the magnetic field. In fact, the ”spin” degree of
freedom (and the existence of anti-particles) is inevitable because of relativistic considerations of invariance under
the Lorentz transformation. These considerations lead to Dirac’s Hamiltonian. There are further ”corrections” to
the non-relativistic Hamiltonian that are required in order to make it ”closer” to Dirac’s Hamiltonian. The most
important of these corrections is the ”spin orbit interaction”:

e

Hspin—orbit = —(9—1) gx v - g (489)

2mc?
In other words, the spin interacts with the electric field. This interaction depends on its velocity. This is why the
interaction is called spin-orbit interaction. If there is also a magnetic field then we have the additional interaction
which is described by the Zeeman term.

We can interpret the ”spin-orbit” interaction in the following way: even if there is no magnetic field in the ”laboratory”
reference frame, still there is a magnetic field in the reference frame of the particle, which is a moving reference frame.
This follows from Lorentz transformation:

B = B—(1/0)¥ume % (48.10)

It looks by this argument that the spin-orbit term should be proportional to g, while in fact it is proportional to
(g—1). The extra contribution is called “Thomas precession” and has a purely kinematical reason [discussed in the
book of Jackson|. The physical picture is as follows: the spin-orbit term originates from the component of the electric
field that is perpendicular to the velocity; This leads to a rotated motion; In the rotating rest-frame of the particle one
observes precession due to the Zeeman interaction; Going back to the laboratory frame the Lorentz transformation
implies that the spin experiences an extra magnetic-like field, analogous to Coriolis. This is because the laboratory
frame is rotating with respect to the rest frame of the particle.

We summarize this section by writing the common non-relativistic approximation to the Hamiltonian of a particle
with spin 1/2.

1 e - 2 e - e o
- — (p-ZA —g-—""B-§ —(g-1 : 48.11
Ho= o (F-2A0) +eV) —gg B8 — (D€ x9S (48.11)
In the case of spherically symmetric potential V' (r) the electric field is
/
e = V), (48.12)
r

Consequently the Hamiltonian takes the form (here again ¢=1):

1 s 1 e? 5 5 e - e - e V'(r)
= —(p?+=L Byt B IL-gB. 1)<
H (7+r2 >+6V(7‘)+8m8 ri 2mB ngB S+ (g-1)

L-S 48.13
2m 2m?2  r ( )
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[48.4] The Dirac Hamiltonian

In the absence of an external electromagnetic field the Hamiltonian of a free particle should be a function of the
momentum operator alone H = h(p) where p = (Z, 9, £). Thus p is a good quantum number. The reduced Hamiltonian
within a p subspace is H®) = h(p). If the particle is spineless h(p) is a number and the dispersion relation is € = h(p).
But if the particle has an inner degree of freedom (spin) then h(p) is a matrix. In the case of Pauli Hamiltonian
h(p) = (p*/(2m))1 is a 2 x 2 matrix. We could imagine a more complicated possibility of the type h(p) = ¢ - p+ ....
In such case p is a good quantum number, but the spin degree of freedom is no longer degenerated: Given p, the
spin should be polarized either in the direction of the motion (right handed polarization) or in the opposite direction
(left handed polarization). This quantum number is also known as helicity. The helicity might be a good quantum
number, but it is a ”Lorentz invariant” feature only for a massless particle (like a photon) that travels in the speed
of light, else one can always transform to a reference frame where p = 0 and the helicity become ill defined.

Dirac has speculated that in order to have a Lorentz invariant Schrodinger equation (di/dt = ...) for the evolution,
the matrix h(p) has to be linear (rather than quadratic) in p. Namely h(p) = « - p + const3. The dispersion relation
should be consistent with €2 = m? 4 p? which implies 2(p)? = (m? 4 p?)1. Tt turns out that the only way to satisfy
the latter requirement is to assume that o and § are 4 x 4 matrices:

10 oy |10
&= [aj 0} p= [0 _1} (48.14)
Hence the Dirac Hamiltonian is

H = a-p+Bm (48.15)

It turns out that the Dirac equation, which is the Schrodinger equation with Dirac’s Hamiltonian, is indeed invariant
under Lorentz. Given p there are 4 distinct eigenstates which we label as |p, A). The 4 eigenstates are determined via

the diagonalization of h(p). Two of them have the dispersion € = +4/p? + m? and the other two have the dispersion

e = —y/p? + m2. Tt also turns out that the helicity (in a give reference frame) is a good quantum number. The helicity
operator is 3 - p where

o; 0
;= [Oj o_j] (48.16)

This operator commutes with Dirac Hamiltonian. Thus the electron can be right or left handed with either positive
or negative mass. Dirac’s interpretation for this result was that the ”vacuum” state of the universe is like that of an
intrinsic semiconductor with gap 2mc?. Namely, instead of talking about electrons with negative mass we can talk
about holes (positrons) with positive mass. The transition of an electron from an occupied negative energy state to
an empty positive energy state is re-interpreted as the creation of an electron positron pair. The reasoning of Dirac
has lead to the conclusion that particles like the electron must have a spin as well as antiparticle states.

The consistency with the no-relativistic limit can be demonstrated by considering the equation H¥ = EV for the low
energy eigenstates (E ~ m). Including the electromagentic field the equation takes the form

(o b TE0EM) () = 2 (0) (48.17)

We define ¥4 =1, and F=m+¢, and assume € <K m. From the second row of this equation we deduce
-~ (2m —eV) o - (p—eA)|y. and get from the first line

1 v

%[U - (p—eA)] (1 + ;m) [0 (p—eA)Yp+eVip = e (48.18)
Using the identity (o -a)(o -b) = (a-b) +io - (a x b), we get the Pauli Hamiltonian, including the spin-Zeeman term
and the spin-orbit term with g = 2. The latter originates from the eV in the kinetic part. A more careful treatment
using the above procedure provides an additional p* correction and a Darwin term.
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[49] Implications of having ”spin”

[49.1] The Stern-Gerlach effect

We first discuss what effect the Zeeman term has on the dynamics of a ”free” particle. We shall see that because of this
term, there is a force acting on the particle if the magnetic field is non-homogeneous. For simplicity of presentation we
assume that the magnetic field is mainly in the Z direction, and neglect its other components. Defining r = (x,y, z)
the Hamiltonian takes the form

n o= 2 4 B.@)s. (49.1)

We see that S, is a constant of motion. If particle is prepared with spin ”up” it experiences an effective potential:

1 e
Ve = 595 B:(r) (49.2)

A a particle with spin ”down” experiences an inverted potential (with the opposite sign). That means that the
direction of the force depends on the direction of the spin. We can come to the same conclusion by looking at the
equations of motion. The velocity of the particle is

G = ) = (x - Am) (19.3)

m

This still holds with no change. But what about the acceleration? We see that there is a new term:

%(v) = (i[H,v]) = %<Lorentz force + g%(VBZ)SZ> (49.4)

The observation that in inhomogeneous magnetic field the force on the particle depends on the spin orientation is
used in order to measure the spin using a Stern-Gerlach apparatus.

[49.2] The reduced Hamiltonian in a central potential

We would like to consider the problem of electron in a central potential, say in the Hydrogen atom, taking into
account the spin-orbit interaction. This add an L - S term to the Hamiltonian. We first would like to clarify what are
the surviving constants of motion. In the absence of magnetic field, the system still has symmetry to rotations, and
therefore the full Hamiltonian as well as L-.S commutes with J = L + 5. The J; generate rotations of the wavefunction
and the spin as one "package”. The Hamiltonian does not commute with the generators L, Ly, L. separately. For
example [L - S, L,] # 0. Still the Hamiltonian commutes with L2. In particular [L - S, L?] = 0. This is clear because
L? is a Casimir operators (commutes with all the generators). Note also that

L-§ = % (J2 - L? - 8?) (49.5)

Form the above we deduce that ¢ is still a good quantum number, as far as the spin-otbit term is concerned. Recall
that the standard basis is
|6, v;me,mg) = R (r) YO (0, 0) @ [my) (49.6)

The Hamiltonian in the ¢ subspace is

HO =yl %BLZ - 9%852 +f(r)L-S (49.7)
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So far no approximations were involved. If we further assume that the last terms in the Hamiltonian is a weak
perturbation that does not ”mix” energy levels, then we can make an approximation that reduces further Hamiltonian
into the subspace of states that have the same energy:

HEY) = —hL, — ghS, +vL- S + const (49.8)

where the first term with h = e3/(2m) is responsible for the orbital Zeeman splitting, and the second term with gh
is responsible to the spin-related Zeeman splitting. Note that g = 2.0023. We also use the notation

v o= (Lv|f(r)|,v) (49.9)

If the spin-orbit interaction did not exist, the dynamics of the spin would become independent of the dynamics of the
wave function. But even with the spin-orbit interaction, the situation is not so bad. L -S couples only states with
the same ¢. Furthermore the ¢ = 0 for which L -.S = 0 are not affected by the spin-orbit interactions.

[49.3] The Zeeman Hamiltonian

From now we focus on the ¢ = 1 subspace in the second energy level of the Hydrogen atom. The Hamiltonian matrix
is 6 x 6. The reduced Hamiltonian can be written in the standard basis |¢ = 1,v = 1,my, ms). It is easy to write the
matrices for the Zeeman terms:

1000 0 O
0100 0 O
100
10 0000 O O
L, — 88_01 ®<O 1) = 0000 0 0 (49.10)
0000 -1 0
0000 0 -1
10 00 00
0-10 0 00
s & (ot el oy _ t]oo 1000
? 00 1 2\0 -1 210 0 0-10 0
0 00O0T10
0 00 0 O0-1
But the spin-orbit term is not diagonal. The calculation of this term is more demanding:
- 1 1 11
I. _ I(2_g1?2_g2 — =Z(gp_2 4911
§- 10 52) 2<J : (49.11)

The calculation of the matrix that represent J? in the standard basis is lengthy, though some shortcuts are possible
(see lecture regarding ”addition of angular momentum”). Doing the calculation, the result for the total Hamiltonian
is

o

=

o O O

H - —h —gh +o (49.12)
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At this stage we can diagonalize the Hamiltonian, and find exact results for the eigen-energies. However, we shall see
in the next section that it is possible to find some shortcuts that save much of the technical burden.
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[49.4] The Zeeman energies

We write again the Hamiltonian that we want to diagonalize:

H = % <J2 - 4) —hL, — ghS. (49.13)

There is a relatively simple way to figure out the representation of J? using the ”"addition theorem”. Namely, after
diagonalization it should become:

(15/4) 0 0 0 0 0
0 (15/4) 0 0 0 0
2 0 0 (15/4) 0 0 0
s 0 0 0 (15/4) 0 0 (49.14)
0 0 0 0 (3/4) 0
0 0 0 0 0 (3/4)
It follows that the exact eigenenergies of the Hamiltonian in the absence of a magnetic field are:
Ei_s = v/2, [degeneracy = 4] (49.15)
Ei_, = -v, [degeneracy = 2]
On the other hand, in a strong magnetic field the spin-orbit term is negligible, and we get:
Erym, & —(me+gms)h (49.16)
In fact there are two levels that are exact eigensates of the Hamiltonian for any h. These are:
v g
B ymesy = 3F(1+5)n (49.17)

The spectrum of H can be found for a range of h values. See the Mathematica file zeeman.nb. The results (in units
such that v = 1) are illustrated in the following figure:

3
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[49.5] Calculation of the Zeeman splitting

For a weak magnetic field it is better to write the Hamiltonian in the |j,m;) basis, such that L-Sis diagonal, while
the Zeeman terms are treated as a perturbation. The calculation, using Mathematica, leads to

1000 0 O 3 0 0 0 0 0 3 0 0O 0 O 0
0100 0 O 0 1 0 0 —V2 o0 01 0 0 2v2 0
yvfo0ro0 0 _Afo 0 -1 0 0 —V2 _g@ 00 -1 0 0 2v2
2l 0001 0 o0 310 o0 0 -3 0 0 6lo o 0 -3 0 o0
0000 —2 0 0-v2 0 0 2 0 02/2 0 0 1 0
0000 0 -2 0 0 —v2 0 0 -2 00 22 0 0 -1

Optionally, if we want to avoid the above numerical task, we can exploit a shortcut. Namely, the splitting of the
j-multiplet can be estimated using degenerate perturbation theory. In order to do so we have to find the j blocks
of the perturbation terms. For that we can exploit the Wigner Eckart theorem (see lecture regarding algebraic
characterization of rotations). The procedure is explained below.

The Wigner Eckart theorem states that the matrix elements of any vector operator A = (A;, Ay, A;) within a j
subspace are the same as that of J = (Jy, Jy,J.) up to a prefactor g4 that can be determined easily. This can be
summarized concisely by saying the for the j block we have A = gaJ. If follows that J - A = gaJ? = gaj(j + 1).
We therefore deduce that the prefactor can be determined from g4 = (J - A) /[j(j + 1)]. Note that J - A is a scalar
operator and therefore has the same expectation value for all the states within the j subspace.

Specifically for L, we have (m|L,|m') = grmm m/, and for S, we have (m|S,|m') = gsmdm, m. Accordingly, for
the vector operator M = L + ¢S we get (m|M,|m'y = gyymdpm, ms with gy = g1, + gg9s. Consequently, degenerate
perturbation theory implies

Ejm =~ Ej—(9um)h (49.18)

The determination of gy and gg can be carried out using

J-L i(G+1) +LL+1) - 1
o = L) gD AU+ —s(s 1) (49.19)
J(G+1) 2j(j +1)
J-S i(j+1 1) -l +1
gs = (J-8)  _ jU+D+ss+D) —il+1) (49.20)
i +1) 2j(G+1)
leading to gy, = % and gg = % for j = %7 while gy, = % and gg = —% for j = % Note: In fact we do not need here

those formulas. We can deduce by inspection what are g;, and gg, simply by looking at the exact results that we
already have for £ ;. No further algebra is required!
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Special Topics

[50] Quantization of the EM Field

[50.1] The Classical Equations of Motion

The equations of motion for a system which is composed of non-relativistic classical particles and EM fields are:

dQXZ‘

V-E& = 4mp

oB
VxE& = 5
V-B =0

o0& -
VxB = 8t+47TJ

p(z) = Zeié(x - x;) (50.2)

=
&
I

Z e;x;0(x — X;) [to be symmetrized in the quantum context)

i
We also note that there is a continuity equation which is implied by the above definition and also can be regarded as
a consistency requirement for the Maxwell equation:

o _

5 =V (50.3)

It is of course simpler to derive the EM field from a potential (V, A) as follows:

B=VxA (50.4)
0A
€= -5 -V

Then we can write an equivalent system of equations of motion

2.
miiddt); = €& —e;B x X; (50.5)
824 . .9
Sz =V A—V(V~A+(%V> Vard
B ¥
2 P _—— . —
V2V = at(v A) dmp

[50.2] The Coulomb Gauge

In order to further simplify the equations we would like to use a convenient gauge which is called the ” Coulomb gauge”.
To fix a gauge is essentially like choosing a reference for the energy. Once we fix the gauge in a given reference frame
(”laboratory”) the formalism is no longer manifestly Lorentz invariant. Still the treatment is exact.
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Any vector field can be written as a sum of two components, one that has zero divergence and another that has zero
curl. For the case of the electric field &£, the sum can be written as:

E=E+E (50.6)

where V-&] =0 and V x £, = 0. The field £, is called the transverse or solenoidal or ”"radiation” component, while
the field &, is the longitudinal or irrotational or ”Coulomb” component. The same treatment can be done for the
magnetic field B with the observation that from Maxwell’s equations V - B = 0 yields B = 0. That means that there
is no magnetic charge and hence the magnetic field B is entirely transverse. So now we have

EM field = (£,,&,, B) = Coulomb field + radiation field (50.7)

Without loss of generality we can derive the radiation field from a transverse vector potential. Thus we have:

£ =-VV (50.8)
0A

& = B

B=VxA

This is called the Coulomb gauge, which we use from now on. We can solve the Maxwell equation for V' in this gauge,
leading to the potential

z) = Z r ijj| (50.9)

Now we can insert the solution into the equations of motion of the particles. The new system of equations is

d2X¢ _Gi€5 Mij nzg :

m; a2 = E |xl — X]|2 + €i<€l — 61;B X X (5010)
9%A 5~
W = V A + 4’/TJL

It looks as if J, is missing in the last equation. In fact it can be easily shown that it cancells with the VV term due
to the continuity equation that relates dip to V - J, and hence 9;VV to J, respectively.

[50.3] Hamiltonian for the Particles

We already know from the course in classical mechanics that the Hamiltonian, from which the equations of motion of
one particles in EM field are derived, is

; 1
H = 5 (Pi = e A(x:))” + eV (xi) (50.11)

This Hamiltonian assumes the presence of A while V' is potential which is created by all the other particles. Once we
consider the many body system, the potential V is replaced by a mutual Coulomb interaction term, from which the
forces on any of the particles are derived:

1 e’Lej
-y . Z 12
" —~ 2m; (pi —eid Ixi — % (50.12)
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By itself the direct Coulomb interaction between the particles seems to contradict relativity. This is due to the non-
invariant way that we had separated the electric field into components. In fact our treatment is exact: as a whole the
Hamiltonian that we got is Lorentz invariant, as far as the EM field is concerned.

The factor 1/2 in the Coulomb interaction is there in order to compensate for the double counting of the interactions.
What about the diagonal terms ¢ = j7 We can keep them if we want because they add just a finite constant term
to the Hamiltonian. The ”self interaction” infinite term can be regularized by assuming that each particle has a very
small radius. To drop this constant from the Hamiltonian means that ”infinite distance” between the particles is taken
as the reference state for the energy. However, it is more convenient to keep this infinite constant in the Hamiltonian,
because then we can write:

— 1 L L. )2 i 2 33
H= Z o (pi — i A(x))% + Sﬂ/s‘,d x (50.13)

In order to get the latter expression we have used the following identity:

E/P(CU) plz )d3 Ba = 7/52(13 (50.14)

2 |z — a'|

The derivation of this identity is based on Gauss law, integration by parts, and using the fact that the Laplacian of
1/|x — '] is a delta function. Again we emphasize that the integral diverges unless we regularize the physical size of
the particles, or else we have to subtract an infinite constant that represents the ”self interaction”.

The above Hamiltonian contains the interaction with the radiation field, namely,

Hinteraction = Z % [Ui . A(Xl) + A(Xz) : 'Ui] = - / f(l’) . g(.’l?) dB.TL' (5015)

%

In Fourier components the latter expressions can be written schematically, as >, JyAg. The precise way to define
the Fourier components will be elaborated in the next section, where we discuss the way to write the radiation field
Hamiltonian. A key point is to realize that the the interaction term has a dual role. It is the same interaction term
that drives the particles by the field, and that drives the field by the particles...

[50.4] Hamiltonian for the Radiation Field

So now we need another term in the Hamiltonian from which the second equation of motion is derived

24
aa A iz, (50.16)

In order to decouple the above equations into ”normal modes” we write A in a Fourier series:

Az) = Z Ay e*

V/volume

ZAk o eRaeike (50.17)

V/volume

where €% for a given k is a set of two orthogonal unit vectors. If A were a general vector field rather than a transverse
field, then we would have to include a third unit vector. Note that V - A = 0 is like k - Ay = 0. Now we can rewrite
the equation of motion as

Ak,a + W[iAk,a = 47TJk,o¢ (5018)

where wy, = |k|. For pedagogical clarity, let us ignore for a moment the « index, and regard Q = Ay, as independent
real (rather than complex) coordinates. This would allow to regard each mode as Harmonic oscillator, that is driven
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by a field of force Ji, derived from an interaction term —JiQj that resides in the total Hamiltonian. By inspection
of the equation of motion we see that each mode has "mass” that equals 1/(47) [CGS!!!], So we write schematically

d2
massEQk = —[massw?]Qr + Ji (50.19)

It follows that the conjugate coordinate is Pj, = [1/(47)]Ay. This conjugate coordinate, up to a factor, is just the k-th
Fourier component of the electric field. The equations of motion can be derived from an Hamiltonian that contains
the terms (1/2)[4r] P2 and (1/2)[1/(4m)]w?A2. This leads in real space to an integral over (€2 + %), multiplied by
the “mass” factor 1/(8m).

The disadvantage of the above Fourier expansion is that it does not reflect that A(x) is a real field. In fact the Ay o
should satisfy A_j o = (Ag,«)*. In order to have proper "normal mode” coordinates we have to replace each pair of
complex Ay , and A_j o by a pair of real coordinates AQWX and A;c’,a. Namely

]' < Al

Apa = —=|Al . +iAl 50.20
k, \/i[ k, k,] ( )

We also use a similar decomposition for Jj . We choose the 1/ V2 normalization so as to have the following identity:

/ J@)-A@) de = > JfaAka = > (JiadAla+Hadls) = Y J1Qn (50.21)
k,a T

(K],

In the sum over degrees of freedom r we must remember to avoid double counting. The vectors k& and —k represent
the same direction which we denote as [k]. The variable A’ ; | is the same variable as A} ,, and the variable A”, |
is the same variable as fAZ’a. We denote this set of coordinates @, and the conjugate momenta as P,.. We see
that each of the normal coordinates ), has a "mass” that equals 1/(47), Therefore the conjugate "momenta” are

P, = [1/(47)]Q,, which up to a factor are just the Fourier components of the electric field. Now we can write the
Hamiltonian as

1 o 1 9
H = Z [2 v P+ Tnass - wy Q: — J.Qr (50.22)

where 7 is the sum over all the degrees of freedom: two independent modes for each direction and polarization. By
straightforward algebra the sum can be written as

H = %/(fi—i—lg?)d?’x—/fuéld?’x (50.23)

More generally, if we want to write the total Hamiltonian for the particle and the EM field we have to ensure that
—0H/0A(x) = J(x). It is not difficult to figure out the the following Hamiltonian is doing the job:

2mi

3

1 1
H= Hparticles + Hinteraction + Hradiation = Z (pz - eiA(Xi))2 + 87 /(52 + 82)d31' (5024)

The term that corresponds to J-Ais present in the first term of the Hamiltonian. As expected this terms has a dual
role: on the one hand it gives the Lorentz force on the particle, while on the other hand it provides the source term
that drives the EM field. I should be emphasized that the way we write the Hamiltonian is somewhat misleading:
The Coulomb potential term (which involves £2) is combined with the "kinetic” term of the radiation field (which
involves £7).
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[50.5] Quantization of the EM Field

Now that we know the ”normal coordinates” of the EM field the quantization is trivial. For each ”oscillator” of ”mass”
1/(47) we can define a and a' operators such that Q, = (2r/w)'/?(a, + a). Since we have two distinct variables for
each direction, we use the notations (b,b) and (c, c') respectively:

2m +

Qrya =Apa=A 4, = \/; (b[k]a + b[k]a) (50.25)
2 t

Qura = Afe = A% = \/; (C[k]a + C[k]a) (50.26)

In order to make the final expressions look more elegant we use the following canonical transformation:

ay = %(b—&—ie) (50.27)
1 .
a_ = \—@(b—zc)

It can be easily verified by calculating the commutators that the transformation from (b,c) to (a4,a—) is canonical.

Also note that bTb + cfe = aiaJr +a'a_. Since the oscillators (normal modes) are uncoupled the total Hamiltonian
is a simple sum over all the modes:

H = Z(kaz,abk,oz + wkcLack,a) = Zwkalﬂak,a (50.28)
[k],a k,a

For completeness we also write the expression for the field operators:

1 1 2T 2T 2T
Apa = —=(A" +id") = — |,/ = [DJERAY il Dl =1/ (ko +a 2
k, \/5( +iA4") \/i[ wk(b+b)+z wk(0+0) wk(ak, +aly,) (50.29)

and hence (restoring CGS units)

ol

- 1 27 ,
Az) = —— 1+ —(ag,a + ai gh-agike 50.30
( ) \/‘m % Wk( k, k,a) ( )

The eigenstates of the EM field are
n1,M2, M3, Ny - -+ (50.31)

We refer to the ground state as the vacuum state, and we can define e.g. one-photon and two-photon states as follows:

|[vacuum) = [0,0,0,0,...) (50.32)

|one photon state) = dLa [vacuum) (50.33)

|two photon state) = &LZQQ &Llal |vacuum) (50.34)
1

|two photon state) = —(&Llal)z |[vacuum) (50.35)

V2

and in general we can have N photon states or any superposition of such states.
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An important application of the above formalism is for the calculation of spontaneous emission. Let us assume
that the atom has an excited level Ep and a ground state £ 4. The atom is prepared in the excited state, and the
electromagnetic field is assume to be initially in a vacuum state. According to Fermi Golden Rule the system decays
into final states with one photon wy = (Ep — E4). Regarding the atom as a point-like object the interaction term is

Hintcraction ~ *SA(O) )] (5036)

where & = p/m is the velocity operator. It is useful to realize that 945 = i(Fp — E4)&ap. The vector D =dapis
known as the dipole matrix element. It follows that matrix element for the decay is

2

|(Nka = 1, A|Hinteraction|vacuum, B)|? = 2nwy | - D|? (50.37)

volume

In order to calculate the decay rate using FGR we have to multiply this expression by 27, and by the density of the
final states [volume/(2m)%] (w?/c®)dS2, and by an additional factor 87/3 that comes from the integration (d$2) over
all the possible directions and polarizations. This gives ' = (4/3)(e?/c3)w3|D|?.
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[51] Quantization of a many body system

[51.1] Second Quantization

If we regard the electromagnetic field as a collection of oscillators then we call o' and a raising and lowering operators.
This is ”first quantization” language. But we can also call a' and a creation and destruction operators. Then it is
”second quantization” language. So for the electromagnetic field the distinction between ”first quantization” and
”second quantization” is merely a linguistic issue. Rather than talking about ”exciting” an oscillator we talk about
”occupying” a mode.

For particles the distinction between ”first quantization” and ”second quantization” is not merely a linguistic issue.
The quantization of one particle is called "first quantization”. If we treat several distinct particles (say a proton and
an electron) using the same formalism then it is still ”first quantization”.

If we have many (identical) electrons then a problem arises. The Hamiltonian commutes with ”transpositions” of
particles, and therefore its eigenstates can be categorized by their symmetry under permutations. In particular there
are two special subspaces: those of states that are symmetric for any transposition, and those that are antisymmetric
for any transposition. It turns out that in nature there is a ”super-selection” rule that allows only one of these two
symmetries, depending on the type of particle. Accordingly we distinguish between Fermions and Bosons. All other
sub-spaces are excluded as "non-physical”.

We would like to argue that the ”first quantization” approach, is simply the wrong language to describe a system of
identical particles. We shall show that if we use the ”correct” language, then the distinction between Fermions and
Bosons comes out in a natural way. Moreover, there is no need for the super-selection rule!

The key observation is related to the definition of Hilbert space. If the particles are distinct it makes sense to ask
”where is each particle”. But if the particles are identical this question is meaningless. The correct question is ”"how
many particles are in each site”. The space of all possible occupations is called "Fock space”. Using mathematical
language we can say that in "first quantization”, Hilbert space is the external product of ”one-particle spaces”. In
contrast to that, Fock space is the external product of ”one site spaces”.

When we say ”"site” we mean any ”point” in space. Obviously we are going to demand at a later stage ”invariance” of
the formalism with respect to the choice of one-particle basis. The formalism should look the same if we talk about
occupation of ”position states” or if we talk about occupation of ”momentum states”. Depending on the context we
talk about occupation of ”sites” or of "orbitals” or of "modes” or we can simply use the term ”one particle states”.

Given a set of orbitals |r) the Fock space is spanned by the basis {|...,n, ..., ns, ...) }. We can define a subspace of all
N particles states

Span n{|-eey My oy Mgy o) (51.1)

that includes all the superpositions of basis states with ) n, = N particles. On the other hand, if we use the first
quantization approach, we can define Hilbert subspaces that contains only totally symmetric or totally anti-symmetric
states:

spang{[ri,re,....,7n)} (51.2)
span 4 {|r1,72,...,"N)}

The mathematical claim is that there is a one-to-one correspondence between Fock spany states and Hilbert spang
or span 4 states for Bosons and Fermions respectively. The identification is expressed as follows:

1
(U) = oo Py oy g, ) = ﬁ\/oggzgj Plri,7a, ..., TN) (51.3)
P

where 71, ...,y label the occupied orbitals, P is an arbitrary permutation operator, & is +1 for Bosons and —1 for
Fermions, and C% = N!/(n.!ns!l...). We note that in the case of Fermions the formula above can be written as a Slater
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determinant. In order to adhere to the common notations we use the standard representation:

(x1lre) -+ (@rN) ) oW (1) -+ oM (zy)
(x1,...,zN|T) = Wi : : = 7 : : (51.4)
Hawlr) oo (anlrN) '

oW(zy) - W) (zy)
In particular for occupation of N = 2 particles in orbitals r and s we get

Wiar,22) = = (¢ (@) (02) — ¢ (@2)" (2)) (515)

V2

In the following section we discuss only the Fock space formalism. Nowadays the first quantization Hilbert space
approach is used mainly for the analysis of two particle systems. For larger number of particles the Fock formalism
is much more convenient, and all the issue of ”symmetrization” is avoided.

[61.2] Raising and Lowering Operators

First we would like to discuss the mathematics of a single ”site”. The basis states |n) can be regarded as the eigenstates
of a number operator:

filn) = n|n) (51.6)

>
[\)

In general the action of the lowering operator, and accordingly its adjoint raising operator, can be written in terms
of a function f(n) as follows:

aln) = f(n)|n—1) (51.7)
alln) = fln+1)[n+1) (51.8)

The associated matrix representation is:
0 =* 0 0

a— R at — (51.9)

f(n) =+g(n) (51.10)
From the definition of a it follows that

ataln) = g(n)|n) (51.11)
and therefore

ata = g(n) (51.12)

There are 3 cases of interest
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e The raising/lowering is unbounded (—oo < n < o0)
e The raising/lowering is bounded from one side (say 0 < n < o)

e The raising/lowering is bounded from both sides (say 0 < n < N)

The simplest choices for g(n) in the 3 cases are respectively

gn) =1 (51.13)
gn) = n (51.14)
g(n) = W —n)n (51.15)

In the 1st case a becomes the translation operator, and the spectrum of n stretches from —oo to co. In the 2nd case
we get the same algebra as in the case of an harmonic oscillator. In the 3rd case the algebra is the same as that for
angular momentum. In the latter case once can define

N -1

o +s (51.16)
where s = (M — 1)/2. Then it is possible to write
g(m) = s(s+ 1) — m(m + 1) (51.17)

In the next sections we are going to discuss the “Bosonic” case N = co with g(n) = n, and the “Fermionic” case
N =2 with g(n) = n(1 —n). Later we are going to argue that these are the only two possibilities that are relevant
to the description of many body occupation.

g(n)

It is worthwhile to note that the algebra of “angular momentum” can be formally obtained from the Bosonic algebra
using a trick due to Schwinger. Let us define two Bosonic operators a; and ag, and

= aday (51.18)

The ¢! operator moves a particle from site 1 to site 2. Consider how ¢ and ¢ operate within the subspace of (N — 1)

particle states. It is clear that ¢ and ¢! act like lowering/raising operators with respect to m = (abay — alay)/2.

Obviously the lowering/raising operation in bounded from both ends. In fact it is easy to verify that ¢ and ¢! have
the same algebra as that of “angular momentum”.

[61.3] Creation Operators for Bosons

For a ”Bosonic” site we define field operators such that

aln) = Vnin—1) (51.19)
atln) = Vn+1jn+1) (51.20)
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[a,a"] = aa’ —ala=1 (51.21)
If we have many sites then we define
W=191® @i 01 (51.22)

which means

&i In1,m2, .. sy ) =V + 1 0y ng,..ome +1,..0) (51.23)
and hence

[y, ds] = 0 (51.24)
and

la,,al] = 6, (51.25)

We have defined our set of creation operators using a particular one-particle basis. What will happen if we switch to
a different basis? Say from the position basis to the momentum basis? In the new basis we would like to have the
same type of occupation rules. As further discuss in the next section the occupation rules are dictated by the algebra
of the field operator. Here we would like to have

[5‘@’ ‘A‘H = ap (51.26)

Let us see that indeed this is the case. The unitary transformation matrix from the original |r) basis to the new |a)
basis is

Tro = (rla) (51.27)
Then we have the relation

o) =) Ir) (rla) =D Tralr) (51.28)

and therefore

af, =) T,qa] (51.29)

T

Taking the adjoint we also have
Ao = ZTr*,ocdr (51.30)

Now we find that

[aa,af} =Y [Trabr, Topal] = T/ Togbrs = (T1),, Trg = (T1T) 5 = bas (51.31)

T8
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This result shows that a, and al are indeed destruction and creation operators of the same "type” as a, and af. Can
we have the same type of invariance for other types of occupation? We shall see that the only other possibility that
allows invariant description is N' = 2.

[51.4] Creation Operators for Fermions

In analogy with the case of a ”Boson site” we define a ”Fermion site”. The field operators satisfy

aln) = njn—1) (51.32)
atln) = Vn+1|n+1) with mod(2) plus operation (51.33)

The representation of the operators using Pauli matrices is:

(1+03) (51.34)

ata=n (51.35)
t

Now we would like to proceed with the many-site system as in the case of “Bosonic sites”. But the problem is that
the algebra

la,,al] = 6,,(1 — 2ala,) (51.36)

is manifestly not invariant under a change of one-particle basis. The only hope is to have in any basis

[ar,al], =6, (51.37)

which means that a, and a4 for r # s should anti-commute rather than commute. Can we define the operators a,. in
such a way? It turns out that there is such a possibility:

al lny,ng, .. np, .. ) = (=)= "T+n, [ng,ng,...,ne+1,...) (51.38)
For example, it is easily verified that we have:
a}al]0,0,0,...) = —alal|0,0,0,...) =]1,1,0,...) (51.39)

With the above convention if we create particles in the "natural order” then the sign comes out plus, while for any
”violation” of the natural order we get a minus factor.
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[51.5] Algebraic characterization of field operators

In this section we establish a mathematical observations that we have used in previous sections, namely, that the
occupation rules are dictated by the algebra. The algebra is required to be invariant under change of the “orbital”
basis, and hence we ensure the same occupation rules is any basis. Let us state what are is algebra that we are
discussing:

[ar,a5] = 0 (51.40)

A~ AT _

[ar,al] . = s (51.41)
where F refers to Bosons and Fermions respectively. This algebra is manifestly invariant for change of orbital basis.

What we want to clarify is that the respective occupations rules are implied, namely, n = 0,1,2, - - - for Bosons, and
n = 0,1 for Fermions.

Given operators n and a, we say that a is a lowering operator provided

ﬁ(& |n>> =(n-— 1)(& |n>) for any n (51.42)
which is equivalent to
na = a(n —1) (51.43)

A raising operator is similarly characterized by na’ = af(n + 1).

It is possible to make a more interesting statement. Given that
la,a'] = aa’ —ala = 1 (51.44)

we deduce that a and af are lowering and raising operators with respect to # = a'a. The proof follows directly from
the implied identity 7a" = a'(7 £ 1), as discussed in the previous paragraph. Furthermore, we get

laln)l| = (nlafaln) = n (51.45)
laffn)l] = (nlaa’|n) = 1+n (51.46)

Since the norm is a non-negative value it follows that n = 0 and hence also all the positive integer values n = 1,2, ...
form its spectrum. Thus in such case a and a! describe a system of Bosons.

Similar deduction applies to the Fermionic algebra. Here we start with the anti-commutation relations:

[a,aly = 2aa = 0 (51.47)
[a,a'ly = aa'+a'la = 1 (51.48)
Again we define 7 = a’a and observe that a and af are characterized by na = a(1 — n) and naf = af(1 — 7). Hence

a=a
we deduce that both a and a simply make transposition of two n states |€) and |1—¢). Furthermore

laln)l| = (nlafaln) = n (51.49)
lafin)]] = (nlaa’|n) = 1-n (51.50)

Since the norm is a non-negative value it follows that 0 < e < 1. Thus we deduce that the representation of a is

i— (\/1076 f) (51.51)
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One can check whether the desired anti-commutations are satisfied. Then one observes that is order to satisfy the
trivial requirement aa = 0, the only possibilities are either ¢ = 0 or € = 1, aka particle-hole duality.

[51.6] Bogoliubov transformation

Consider a vector z, of coordinates. The coordinates are either z = (g,p), or z = (a,a), where a = (q + ip)/V/2.
They have the algebra

(24, 20) = Jup = metric (51.52)

where [- - -] stands for either Poisson brackets (for oscillators), or commutator (for bosons), or anti-commutators (for
fermions), depending on the context. Note that we can always use "bosons” language in order to discuss ”oscillators”.
The symplectic metric is

J - <£1 (1)) (51.53)

where the F sign refers to bososn and fermions respectively. Note that J? = F1.

A symplectic transformation (in the manybody context aka Bogoliubov transformation) is required to preserve the
metric. Writing the transformation as Z = Sz, the requirement is SJS* = J. As an example we write the matrix
that corresponds to the transformation ¢! = ua’ + va, namely

S = (“ ”), T:51:<“ ”i), (51.54)
v u —vV u

The convention that is used here has been chosen to be consistent with the treatment of the GP equation (see lecture
regarding site system with bosons). The symplectic condition implies |u|? — |v|> = 1 for bosons, and T is the inverse
transformation. Note that in z = (g, p) coordinates it means that S is real with determinant that equals to unity.
In other words, for one degree of freedom, the symplectic group coincides with the group of area preserving linear
transformation (Sp(2) = SL(2)).

Coming back to ¢’ = ua' + va, we note that [a,a]+ = 0 is trivial for bosons, but not for fermions... For fermions
we get the symplectic condition uv = 0, which leads to triviality (particle hole duality). For fermions a non-trivial
Bogoliubov transformation requires system that has more than one site.

A common Bogoliubov transformation that involves two sites is c;r- = ujaJ{ + vjaz. Form the symplectic condition we

get the requirement u;u; F vjv; = d; ; for bosons and fermions respectively.

In the classical context, equations of motion are derived from an Hamiltonian. If z = (q,p) the prescription is
%2 =J,,0,1. For bosons, with z = (a, a), the prescription is Z = —iJ, ,0,H. Consider an Hamiltonian that has a
quadratic form

1 1
H = igHﬂ’VZ“ZV = §ZtHZ (51.55)

where H! = H is the Hessian matrix. The equations of motion and their solution are
z=—i[JH]z, z(t) = exp [—itJ H] z(0) (51.56)

The same equation with matrix that satisfies H* = —H can be derived for fermions. The difference between bosons
and fermions in this context is the implication of the symplectic condition. Writing SJS* = J for an infinitesimal
transformation that is generated by #, it follows that H® = & H, respectively. As an example we consider a two site



268

system with bosons:

H = €1aJ{a1 + EQCL;(IQ + J(a;al + aiag) + A(a%a{ + ajaz) 4 const (51.57)
0 A €1 J €1 J 0 A
. A0 J €9 - J [Sp] A 0
H=1 70 JTH=l 0 A —J (51.58)
J 130} A0 —A 0 —J —E&9

We can look for a symplectic transformation T' to new coordinates, such that the Hamiltonian becomes a sum over
independent modes. We call such procedure decoupling. In z = (q, p) coordinates it means that H = T*HT should be
diagonal, while in z = (a, @) coordinates it means that J H should be diagonal. Either way, it should be kept in mind,
that it is not H but JH that generates the symplectic evolution, aka the Bogoliubov deGennes Hamiltonian. After
the decoupling transformation the equations of motion for the a coordinates are decoupled. We explain below that
decoupling (in the sense of matrix congruence) can be achieved via diagonalization (in the sense of matrix similarity).

Diagonalization (in the sense of similarity transformation) means that we find a matrix 7" such that T[JH|T is
diagonal. The columns of T are the eigenvectors. A key observation is that T, with proper normalization of its
columns, is symplectic. This is analogous to the statement that diagonalization of a normal matrix can be achieved
by a unitary transformation. Proof of this lemma is provided in the next paragraph. It follows that a properly
normalized T satisfies TJT"? = J, and therefore the inverse matrix is T—' = JT*J . Accordingly we deduce that
J[T'HT) is diagonal, which is what we wanted to achieve (decoupling).

Diagonalization lemma.— Given an operator A we can find a new basis such that it becomes diagonal, namely,
T—YAT = A. The choice of T is not unique: we have freedom to normalize and gauge each column. Below we
generalize the statement that a unitary matrix can be diagonalized by a unitary transformation. Namely, we claim
that a symplectic matrix can be diagonalized by a symplectic transformation. The same applies to generators of
symplectic evolution. Let us assume that A preserves the metric J in the quadratic form z!.Jz. This means A'JA = G.
Then it follows that A=t = J=1A'J. And therefore, from det[\ — A~1] = det[\ — A] it follows that the eigenvalues
come in pairs {\,A71}. Note that if A is real then also the conjugate values belong to the spectrum. Given two
eigenvectors “1” and “2” that belong to different blocks (A A2 # 1) we deduce that “1 L 2”7 relative to the metric J.
Construct transformation matrix T° that consists of all the eigenvectors of A, it follows that T¢.JT is block diagonal,
and has non-zero entries in one-to-one correspondence with J. Using the normalization freedom for the columns of T,
we can have all the non-zero entries of T¢JT equal to +1, so we can make it such that 7°J7T = J. The above lemma
can be generalized for any metric G. A preliminary step would be to adopt a standard basis in which G is diagonal
with entries £1 in accordance with Sylvester’s law of inertia.

Majorana operators.— Consider system with fermions we define a symplectic transformation to hermitian coordi-
nates. This is done in analogy with the bosonic case. Namely

Sl

Bosonic case: a (g +ip) (51.59)

Fermionic case: a = (03 +ioy) (51.60)

DN =

Here we consider a one-site (one-degree-of-freedom) system, but the generalization to many-site system is straightfor-
ward. The algebra of the Majorana operators can be characterized in a very compact way

[O'/ua'v]—&- = 25u,u (5161)

We can go in reverse: given the o algebra we define an a algebra, construct n operators, and hence construct an
associated Fock space. Note the following relations:

Bosonic case: n = ala = (z® + p?) (51.62)

ala = - (1+io.0,) (51.63)

>
|

Fermionic case:

N = N =
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With the Majorana operators the hamiltonian is written as
i
Ho= > H,,0,0, (51.64)
v

where H,, , is a real anti-symmetric matrix. Note that ¢H is hermitian with eigenvalues that come in pairs *ey.
Symplectic transformations that preserve the hermiticity of the o operators are represented by an orthogonal matrices.
The "diagonal” form of the Hamiltonian is > ekb;fcbk.

Consider a tight-binding Hamiltonian for a ring with paring interaction [Kitaev]. Depending on the model parameters
the b-s are associated either with sites or with bonds. In the latter case, if we disconnect the ring, we get a an
€o ~ 0 Majorana mode. So we have two anti-commuting operators o and og that form a single degree of freedom
bo = (1/2)[or + iog], which provide a degeneracy with respect to a quantum number ng.

[51.7] One Body Additive Operators

Let us assume that we have an additive quantity V' which is not the same for different one-particle states. One
example is the (total) kinetic energy, another example is the (total) potential energy. It is natural to define the many
body operator that corresponds to such a property in the basis where the one-body operator is diagonal. In the case
of potential energy it is the position basis:

This counts the amount of particles in each o and multiplies the result with the value of V' at this site. If we go to a
different one-particle basis then we should use the transformation

o = Y T} 4ax (51.66)
k
dL = ZTk/’aak,
kl
leading to
V= Z &L/Vk’,kdk (51.67)
kK

Given the above result we can calculate the matrix elements from a transition between two different occupations:
[(n1 — 1,n2 + 1|V |n1,n2)|* = (n2 + 1) n1 |[Vau|? (51.68)

What we get is quite amazing: in the case of Bosons we get an amplification of the transition if the second level is
already occupied. In the case of Fermions we get ”"blocking” if the second level is already occupied. Obviously this
goes beyond classical reasoning. The latter would give merely n, as a prefactor.

[51.8] Two Body “Additive” Operators

It is straightforward to make a generalization to the case of two body “additive” operators. Such operators may
represent the two-body interaction between the particles. For example we can take the Coulomb interaction, which
is diagonal in the position basis. Thus we have

1 1
U=3 ; Uap,apitafis + 5 > Usaaa fia (o — 1) (51.69)
« «


http://iopscience.iop.org/1063-7869/44/10S/S29/
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Using the relation

At ata A Mg for o # 8
ag,Gj50500 = {ﬁa(ﬁ/a 1) fora=g (51.70)

We get the simple expression

1
U=3 > alal, Unpap apaa (51.71)
a,B

and for a general one-particle basis

1 At A
U=—- Z az,a}/ Uik @iay, (51.72)
Py

We call such operator “additive” (with quotations) because in fact they are not really additive. An example for
a genuine two body additive operator is [A, B], where A and B are one body operators. This observation is very
important in the theory of linear response (Kubo).

[61.9] Matrix elements with N particle states

Consider an N particle state of a Fermionic system, which is characterized by a definite occupation of k orbitals:
|Ry) = al, ...alal|0) (51.73)

For the expectation value of a one body operator we get

(Rn|VIRN) =) (k[V|E) (51.74)
kER

because only the terms with & = &’ do not vanish. If we have two N particle states with definite occupations, then the
matrix element of V would be in general zero unless they differ by a single electronic transition, say from an orbital
ko to another orbital k. In the latter case we get the result Vi ko as if the other electrons are not involved.

For the two body operator we get for the expectation value a more interesting result that goes beyond the naive
expectation. The only non-vanishing terms in the sandwich calculation are those with either k' = k and I’ = [ or with
k' =1 and I’ = k. All the other possibilities give zero. Consequently

(Ry|U|Ry) :% S° (kIUKL) — (IK|UKD) (51.75)

kl€R direct exchange

A common application of this formula is in the context of multi-electron atoms and molecules, where U is the
Coulomb interaction. The direct term has an obvious electrostatic interpretation, while the exchange term reflects the
implications of the Fermi statistics. In such application the exchange term is non-vanishing whenever two orbitals have
a non-zero spatial overlap. Electrons that occupy well separated orbitals have only a direct electrostatic interaction.
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[61.10] Introduction to the Kondo problem

One can wonder whether the Fermi energy, due to the Pauli exclusion principle, is like a lower cutoff that “regularize”
the scattering cross section of of electrons in a metal. We explain below that this is not the case unless the scattering
involves a spin flip. The latter is known as the Kondo effect. The scattering is described by

V = Zallvk)/,kak‘ (51.76)
k' k
hence:
1 1
19— (kv g B) = X3 (hefol Vi gl Vo ) (G177

ki ke K,k

where both the initial and the final states are zero temperature Fermi sea with one additional electron above the
Fermi energy. The initial and final states have the same energy:

E = Ey+e, = Eo+e (51.78)

where Ej is the total energy of the zero temperature Fermi sea. The key observation is that all the intermediate
states are with definite occupation. Therefore we can pull out the resolvent:

Vir by Vier, i
2] sk a'Ra + t
T -y et (k2 ‘akéakbakéaka ki) (51.79)
ky ky,kf ka @rta

where

Ep, i = FEo+er, —€p, +epr (51.80)

Energy levels diagram Feynman diagram
k = represeneted by vertical shift k = represeneted by direction

time

As in the calculation of “exchange” we have two non-zero contribution to the sum. These are illustrated in the figure
above: Either (ky, ks, k, ka) equals (ko, k', k', k1) with k" above the Fermi energy, or (k’, k1, k2, k") with &’ below the
Fermi energy. Accordingly E — Ej, »» equals either (ex, — ep) or —(ex, — €xr). Hence we get

Vier ks Viea k7
—(Ekl — Ek/) +10

Vi b Vier &
T[Q]ZE: 2, k1 <k‘T /T/ .
— L +(er, —er) +140 2 | Ok Ul g Wy

k1>—|—

klﬂ (51.81)

<k2 ’az, Qs aLz g
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Next we use

k1> = <k2 ‘azz(l — Ny )ag,

k1> =41 x <l€2 ‘aLQakl

<k2 ‘“22 awal, a, k1> (51.82)

which holds if £ is above the Fermi energy (otherwise it is zero). And

k1> = <k’2 ‘akl (nk/)a,tz’ k1> =—-1x <k2 ’(J,Lzakl

(k2 ‘az,akla};zak/ 2y (51.83)

which holds if &’ is below the Fermi energy (otherwise it is zero). Note that without loss of generality we can assume

gauge such that <k2‘a22 ak, k1) = 1. Coming back to the transition matrix we get a result which is not divergent at
the Fermi energy:

Viea ' Vi & Vi ' Vi
TR = e TR AL RS ELI 51.84
Z €k, — €k 10 + k’ebgow €k, — € — 10 ( )

k’cabove
If we are above the Fermi energy, then it is as if the Fermi energy does not exist at all. But if the scattering involves
a spin flip, as in the Kondo problem, the divergence for € close to the Fermi energy is not avoided. Say that we want
to calculate the scattering amplitude

(k2 1,4 T k1, 1, 4) (51.85)

where the double arrow stands for the spin of a magnetic impurity. It is clear that the only sequences that contribute
are those that take place above the Fermi energy. The other set of sequences, that involve the creation of an electron-
hole pair do not exist: Since we assume that the magnetic impurity is initially ”down”, it is not possible to generate
a pair such that the electron spin is "up”.

[51.11] Green functions for many body systems

The Green function in the one particle formalism is defined via the resolvent as the Fourier transform of the propagator.
In the many body formalism the role of the propagator is taken by the time ordered correlation of field operators.
In both cases the properly defined Green function can be used in order to analyze scattering problems in essentially
the same manner. It is simplest to illustrate this observation using the example of the previous section. The Green
function in the many body context is defined as

Grots(€) = —iFT[(¥|Tan,(t2)af, ()| 0)] (51.86)
If ¥ is the vacuum state this coincides with the one particle definition of the Green function:
Groki(€) = —iFT [®(t2_t1)<k2|U(t2 - t1)\k1>} (51.87)

But if ¥ is (say) a non-empty zero temperature Fermi sea then also for t5 < t; we get a non-zero contribution due to
the possibility to annihilate an electron in an occupied orbital. Thus we get

) )
Gro () = Y —ulthed g 3™ Jhkthe b (51.88)

€—¢€ 10 € — e — 10
€ >ER k+ € <€ER k

One should observe that the many-body definition is designed so as to reproduce the correct T matrix as found in
the previous section. The definition above allows us to adopt an optional point of view of the scattering process: a
one particle point of view instead of a many body point of view! In the many body point of view an electron-hole pair
can be created, and later the hole is likely to be annihilated with the injected electron. In the one particle point of
view the injected electron can be “reflected” to move backwards in time and then is likely to be scattered back to the
forward time direction. The idea here is to regard antiparticles as particles that travel backwards in time. This idea
is best familiar in the context of the Dirac equation.
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[62] Wigner function and Wigner-Weyl formalism

[62.1] The classical description of a state

Classical states are described by a probability function. Given a random variable &, we define p(z) = Prob(Z = z) as
the probability of the event & = x, where the possible values of x are called the spectrum of the random variable . For
a random variable continuous spectrum we define the probability density function via p(z)dz = Prob(z < & < z + dx).
The expectation value of a random variable A = A(%) is defined as

(A) =3 pla) Alx) (52.1)

and for a continuous variable as. For simplicity we use, from now on, a notation as if the random variables have a
discrete spectrum, with the understanding that in the case of a continuous spectrum we should replace the Y by an
integral with the appropriate measure (e.g. dx or dp/(27h)). Unless essential for the presentation we set i = 1.

Let us consider two random variables Z,p. One can ask what is the joint probability distribution for these two
variables. This is a valid question only in classical mechanics. In quantum mechanics one usually cannot ask this
question since not all variables can be measured in the same measurement. In order to find the joint probability
function of these two variables in quantum mechanics one needs to build a more sophisticated method. The solution
is to regard the expectation value as the fundamental outcome and to define the probability function as an expectation
value. In the case of one variable such as & or p, we define probability functions as

p(X) = (3@ - X)) (52.2)
p(P) = (2m5(p—P))

Now we can also define the joint probability function as
p(X, P) = (276(p — P) 3 — X) ) (52.3)

This probability function is normalized so that

/mx,m% = </5(ﬁ—P)dP/5(:i:—X)dX> = 1 (52.4)

In the next section we shall define essentially the same object in the framework of quantum mechanics.

[52.2] Wigner function

Wigner function is a real normalized function which is defined as
pw (X, P) = < [ 2m6(p — P) 6(3 — X) Lym > (52.5)

In what follows we define what we mean by symmetrization (“sym”), and we relate pw (X, P) to the conventional
probability matrix p(z’, z’"). We recall that the latter is defined as

plal,a") = (P ) = (")l ) (52.6)

The “Wigner function formula” that we are going to prove is

1 1 -
pw (X, P) = /p (X + §T’X - 2r> ey (52.7)
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Thus to go from the probability matrix to the Wigner function is merely a Fourier transform, and can be loosely
regarded as a change from “position representation” to “phase space representation”.

Moreover we can use the same transformation to switch the representation of an observable A from A(z’,z") to
A(X, P) . Then we shall prove the “Wigner-Weyl formula”

trace(Ap) = / A(X, P)pw(X, p)% (52.8)

This formula implies that expectation values of an observable can be calculated using a semi-classical calculation.
This extension of the Wigner function formalism is known as the Wigner-Weyl formalism.

[52.3] Mathematical derivations

Fourier transform reminder:

|
—

=y
~

Il

/f(:r)e_imdm (52.9)
dk .

_ M E(k ikx

fa) = [ 5EFe

The inner product is invariant under change of representation

/ F@)g(a)de = / %F*(k)G(k) (52.10)

For the matrix representation of an operator A we use the notation
A2 2") = (2| Az (52.11)

It is convenient to replace the row and column indexes by diagonal and off-diagonal coordinates:

1
X = 3 (z' 4+ 2") = the diagonal coordinate (52.12)
r = 2’ — 2" = the off diagonal coordinate

such that ' = X 4 (r/2) and 2" = X — (r/2), and to use the alternate notation

AX,r) = <X + %T‘A‘X — ;r> (52.13)
Using this notation, the transformation to phase space representations can be written as

A(X,P) = / A(X,r)e  rdr (52.14)

Consequently the inner product of two matrices can be written as a phase space integral

dXdP
s

trace(A'B) :/A*(x',x”)B(m’,x”)dw'dw” :/A*(X,T)B(X,r)dXdr:/A*(X, P)B(X,P) (52.15)

This we call the ”Wigner-Weyl formula”. Note that if A is hermitian then A(X, —r) = A*(X, +r), and consequently
A(X, P) is a real function.
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For the derivation of the “Wigner function formula” we have to explain how the operators §(p — P)d(& — X) are
symmetrized, and that that they form a complete set of observables that are linearly related to the standard set
|&')(z"|. First we recall that a projector can be written as a delta function. This is quite transparent in discrete
notation, namely |ng)(no| = 04,n,- The left hand side is a projector whose only non-zero matrix element is n = m = nyg.
The right hand side is a function of f(#) such that f(n) =1 for n = ny and zero otherwise. Therefore the right hand
side is also diagonal in n with the same representation. In continuum notation

IXWX| = 6z—-X) = / ;Lieip@*ﬂ (52.16)

With the same spirit we define the symmetrized operator

drdp . . . . Ao oo s
[2w5(p— P) 6@ —X)} = / D ir(p=P)+ip(@=X) / dre=P / P girp+ip(a=X) (52.17)
sym 2 2
The inner integral can be carried out:
/ P jirprine-X)  _ / P gitr/Dpgina=X)gilr/Dp (/Db 55— x)eir/DP (52.18)
27 2w
where we used the identity eA+B — eAeBe%[A’B], and the commutation [z, p] = 4, in order to split the exponents, as

in the equality ¢®? = eP/2e®c/2, Replacing the (2 — X) by |X)(X|, and operating on the ket and on the bra with
the displacement operators e*("/2)? we find that

[ 218(p — P) 8(2 — X) } - / dre~ P ‘X—(r/2)><X+(r/2)‘ (52.19)

sym

Taking the trace of both sides with p we deduce that pw (X, P) is related to p(X,r) via a Fourier transform in the
7 variable.

[562.4] Applications of the Wigner Weyl formalism

In analogy with the definition of the Wigner function pw (X, P) which is associated with p we can define a Wigner-
Weyl representation Aww (X, P) of any hermitian operator A. The phase space function Aww (X, P) is obtained from
the standard representation A(x’, z”) using the same “Wigner function formula” recipe. Let us consider the simplest
examples. First consider how the recipe works for the operator Z:

(2|2|2") = 2'6(" —2") = Xé(r) X (52.20)
Similarly p "Y' P Further examples are:
@) = fX) (52.21)
N WW
9 — g(P) (52.22)
ip N xpy %z (52.23)
pe Y xp- %z (52.24)
1
S@+pi) N XP (52.25)

In general for appropriate ordering we get that f(&,p) is represented by f(X, P). But in practical applications f(Z,p)
will not have the desired ordering, and therefore this recipe should be considered as a leading term in a semiclassical
h expansion.
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There are two major applications of the Wigner Weyl formula. The first one is the calculation of the partition function.

Z(B) = ZG_BE" = Z (rle="H|r) = trace(e M) = /%(Q—BH(X,P)) +O(h) (52.26)

T

The second one is the calculation of the number of eigenstates up to a given energy E

N(E) = Y 1= O(E - E,) = trace[0(E — H)] (52.27)
E.<FE r
dxXdp dxdp
~ / OB - H(X,P)) = /H<x,p)<E o

Below we discuss some further applications that shed light on the dynamics of wavepackets, interference, and on the
nature of quantum mechanical states. We note that the time evolution of Wigner function is similar but not identical
to the evolution of a classical distribution unless the Hamiltonian is a quadratic function of & and p.

[52.5] Wigner function for a Gaussian wavepacket

A Gaussian wavepacket in the position representation is written as

1 _(e—zg)®
U(r) = ———==e 2 ¢e'Po% (52.28)

The probability density matrix is

1 1
pr) = ¥ (X+2r) v (X_27°> (52.29)
_ 1 ei((X—on);%r)Q7((X—a;00)2—%7‘)2 +ipor _ %ei (XQ_;ZO)Z—STC; vipor
2o 2o
Transforming to the Wigner representation
—z0)2 2  (X—=zg)?  (P—pg)?
pw (X, P) = Le—%ﬁ—m—z(P—Po)Tdr _ 1 e 292 202 (52.30)
2mo 0a0p

where 0, = 0 and o), = % It follows that 0,0, = 1/2. Let us no go backwards. Assume that have a Gaussian in
phase space, which is characterized by some o, and o,. Does it represent a legitimate quantum mechanical state?
The normalization condition trace(p) = 1 is automatically satisfied. We also easily find that

/ 1 _(Xfwo)2_(1";po)2 dXdP 1
2 2 _

o2 _
2 2
205 2T 20,0p

trace(p?) = (52.31)

g

We know that trace(p®) = 1 implies pure state. If trace(p?) < 1 it follows that we have a mixed state, whereas
trace(p?) > 1 is not physical. It is important to remember that not any p(X, P) corresponds to a legitimate quantum
mechanical state. There are classical states that do not have quantum mechanical analog (e.g. point like preparation).
Also the reverse is true: not any quantum state has a classical analogue. The latter is implied by the possibility to
have negative regions in phase space. These is discussed in the next example.



277

[52.6] The Winger function of a bounded particle

Wigner function may have some modulation on a fine scale due to an interference effect. The simplest and most
illuminating example is the Wigner function of the nth eigenstate of a particle in a one dimensional box (0 < z < L).
The eigen-wavefunction that correspond to wavenumber k = (7/L) X integer can be written as the sum of a right
moving and a left moving wave () = (1/v/2) (11 () + 1o(x)) within 0 < x < L, and 9(2) = 0 otherwise. The
corresponding Wigner function is zero outside of the box. Inside the box it can be written as

1 1
pw(X,P) = Spi(X,P)+ 5pa(X, P) + pra(X, P) (52.32)

where p15 is the interference component. The semiclassical components are concentrated at P = =4k, while the
interference component is concentrated at P = 0. The calculation of p;(X,P) in the interval 0 < z < L/2 is
determined solely by the presence of the hard wall at z = 0. The relevant component of the wavefunction is

_ L T eikx
() = =) (52.33)
and hence
nCeP) = [ - /e = 1 [ o0+ (r/2)e(X — (/) ar
= i/zx T P=Rrgy = %smc(zxuﬂ—k)) (52.34)
—2X

This shows that as we approach the sharp feature the non-classical nature of Wigner function is enhanced, and the
classical (delta) approximation becomes worse. The other components of Wigner function are similarly calculated,
and for the interference component we get

p12(X, P) = —2cos(2kX) x %sinc@XP) (52.35)

It is easily verified that integration of pw (X, P) over P gives p(z) = 1+ 1 — 2cos(2kX) = 2(sin(kX))2.

In many other cases the energy surface in phase space is “soft” (no hard walls) and then one can derive a uniform
semiclassical approximation [Berry, Balazs]:

pw(X,P) = Asc?;, 7 Ai (Hgi ’(]2 }_D)E ) (52.36)

where for H = p?/(2m) + V(x)

Age = = [h“‘ (;WV(X)Q + #(P : V)QV(X))] v (52.37)

What can we get out of this expression? We see that pw (X, P) decays exponentially as we go outside of the energy
surface. Inside the energy surface we have oscillations due to interference.

The interference regions of the Wigner function might be very significant. A nice example is given by Zurek. Let
us assume that we have a superposition of N > 1 non-overlapping Gaussian. we can write the Wigner function as
p = (1/N)>  pj + pintetr- We have trace(p) = 1 and also trace(p?) = 1. This implies that trace(pintcf) = 0, while
trace(p? ) ~ 1. The latter conclusion stems from the observation that the classical contribution is N x (1/N)? < 1.
Thus the interference regions of the Wigner function dominate the calculation.
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[52.7] The Winger picture of a two slit experiment

The textbook example of a two slit experiment will be analyzed below. The standard geometry is described in the
upper panel of the following figure. The propagation of the wavepacket is in the y direction. The wavepacket is
scattered by the slits in the x direction. The distance between the slits is d. The interference pattern is resolved on
the screen. In the lower panel the phase-space picture of the dynamics is displayed. Wigner function of the emerging
wavepacket is projected onto the (z,p,) plane.

YN YaS

slits

Px

The wavepacket that emerges from the two slits is assumed to be a superposition

() ~ %wm + ¢a(a)) (52.38)

The approximation is related to the normalization which assumes that the slits are well separated. Hence we can
regard 1 (x) = po(x + (d/2)) and @a(z) = po(x — (d/2)) as Gaussian wavepackets with a vanishingly small overlap.
The probability matrix of the superposition is

p(z',2") = V(2" )0 (") = (p1(2") + p2(2")) (01 (") + ¢3(2")) = oP1 + 5P2 + Pinterference (52.39)

All the integrals that are encountered in the calculation are of the Wigner function are of the type
1 1 —iPr —iPr,
©o (X — Xo) + 5(1“ — 7’0) ©®o (X — Xo) — 5(7" — 7’0) e dr = po(X — Xo, P) e 0 (5240)

where Xy = +d/2 and ro = 0 for the classical part of the Wigner function, while Xy = 0 and ro = +d/2 for the
interference part. Hence we get the result

1 d 1 d
pw(X,P) = §p0 (X+ 2,P> + §p0 (X— 2,P> + COS(Pd) po(X,P) (52.41)
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Note that the momentum distribution can be obtained by integrating over X

p(P) = (Lt cos(Pd)pol(P) = 2eos’(L)po(P) (52.42)

In order to analyze the dynamics it is suggestive to write p(X, P) schematically as a sum of partial-wavepackets, each
characterized by a different transverse momentum:

o0

pw(X,P) = Y pu(X,P) (52.43)

n=—oo

By definition the partial-wavepacket p, equals p for |P —n x (2rh/d)| < wh/d and equals zero otherwise. Each
partial wavepacket represents the possibility that the particle, being scattered by the slits, had acquired a transverse
momentum which is an integer multiple of

Ap = =5 (52.44)

A = = = 2B (52.45)

as expected. The associated spatial separation if we have a distance y from the slits to the screen is Az = Afy. It is
important to distinguish between the “preparation” zone y < d, and the far-field (Franhaufer) zone y > d?/Ap. In
the latter zone we have Az > d or equivalently AzAp > 27h.

[52.8] Thermal states

A stationary state dp/0t has to satisfy [H, p] = 0. This means that p is diagonal in the energy representation. It can
be further argued that in typical circumstances the thermalized mixture is of the canonical type. Namely

b= Irpelrl = 3 e o] = 2o (52.46)

Let us consider some typical examples. The first example is spin 1/2 in a magnetic field. In this case the energies are
E; =¢/2 and E| = ¢/2. Therefore p takes the following form:

1 efs 0
= — c 52.47
P 2 cosh(3 3¢) ( 0 e P ) ( )

Optionally one can represent the state of the spin by the polarization vector

M = (0, 0, tanh(%ﬂe)) (52.48)

The next example is a free particle. The Hamiltonian is H = p?/2m. The partition function is

1

dk 2 AXdP m \?
— Y eBesm — B = [ 2.4
/(%)/Le : / CP st <W) (52.49)
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The probability matrix p is diagonal in the p representation, and its Wigner function representation is identical
with the classical expression. The standard & representation can be calculated either directly or via inverse Fourier
transform of the Wigner function:

1 m o[l "
ol a") = <L> e BT (52.50)

Optionally it can be regarded as a special case of the harmonic oscillator case. In the case of an harmonic oscillator
the calculation is less trivial because the Hamiltonian is not diagonal neither in the z nor in the p representation.
The eigenstates of the Hamiltonian are H|n) = E,|n) with E, = (3 +n)w. The probability matrix p,, is

1
Prnt = génn/e*"“(%+n) (52.51)

where the partition function is

00 -1
1
Z = ) e = (2sinh|( 52.52
n:Oe ( sin (26w>) ( )
In the Z representation

pla ") = Y (@mpalnle”) = Y pag™(@)e" (") (52.53)

n

The last sum can be evaluated by using properties of Hermite polynomials, but this is very complicated. A much
simpler strategy is to use of the Feynman path integral method. The calculation is done as for the propagator
(x']| exp(—iHt)|x"") with the time ¢ replaced by —if. The result is

[cosh(,@’w)((3:”2-&-%'2)—2%'%”)] (52.54)

mw
p(x/’x”) X e_ZSinh(Bw)

which leads to the Wigner function

[N

8 tanh(%ﬁw)> [P2 +%mw2X2]

pw(X,P) x e < o) (52.55)

It is easily verified that in the zero temperature limit we get a minimal wavepacket that represent the pure ground
state of the oscillator, while in high temperatures we get the classical result which represents a mixed thermal state.



281

[63] Quantum states, operations and measurements

[53.1] The reduced probability matrix

In this section we consider the possibility of having a system that has interacted with its surrounding. So we have
“system ® environment” or “system ® measurement device” or simply a system which is a part of a larger thing
which we can call “universe”. The question that we would like to ask is as follows: Assuming that we know what is
the sate of the “universe”, what is the way to calculate the state of the “system”?

The mathematical formulation of the problem is as follows. The pure states of the ”system” span Ny dimensional
Hilbert space, while the states of the ”environment” span Ng,, dimensional Hilbert space. So the state of the
"universe” is described by N x N probability matrix p;q,;3, where N = NgysNeny. This means that if we have
operator A which is represented by the matrix Ao jg, then it expectation value is

(A) = trace(4p) = Z Aiajg PjBia (53.1)
.3,

The probability matrix of the ”system” is defined in the usual way. Namely, the matrix element psyS is defined as the
expectation value of P7* = |i)(j| ® 1. Hence

p;yzb = <Pﬂ> = trace(Pjip) = Z P]z;,lﬁplﬂ,ka = Z 61@ z(sl] a,B PiBka = ija o (532)
k,a,l,B k,a,l,B

The common terminology is to say that p¥® is the reduced probability matrix, which is obtained by tracing out the
environmental degrees of freedom. Just to show mathematical consistency we note that for a general system operator
of the type A = A%° ® 1°™¥ we get as expected

(A) = trace(4p) = Z Aia jBPjBia = ZASf;Spj?'S = trace(A¥"p™?) (53.3)

i,0,5,8 4,J

[63.2] Entangled superposition

Of particular interest is the case where the universe is in a pure state ¥. Choosing for the system ® environemnt an
arbitrary basis |ia) = |i) ® |a), we can expand the wavefunction as

Z U, ic) (53.4)

By summing over o we can write

> Vil @ x) (53.5)

where | () o Yo Viala) is called the "relative state” of the environment with respect to the ith state of the system,

while p; is the associated normalization factor. Note that the definition of the relative state implies that ¥;, = /p; X((f ),
Using these notations it follows that the reduced probability matrix of the system is

P = D W, = ypip; (X)) (53.6)
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The prototype example for a system-environment entangled state is described by the superposition

0) = oD e W)+ vez 2) ® [x®) (53.7)

where |1) and |2) are orthonormal states of the system. The singlet state of two spin 1/2 particles is possibly the
simplest example for an entangled superposition of this type. Later on we shall see that such entangled superposition
may come out as a result of an interaction between the system and the environment. Namely, depending on the state
of the system the environment, or the measurement apparatus, ends up in a different state x. Accordingly we do not
assume that y( and x are orthogonal, though we normalize each of them and pull out the normalization factors
as p; and py. The reduced probability matrix of the system is

sys b1 )\*\/plp2
Py (szpz D2 > (538)

where A = (x(V|x?). At the same time the environment is in a mixture of non-orthogonal states:

P = o X o2 D (P (53.9)

The purity of the state of the system in the above example is determined by |A|, and can be characterized by
trace(p?) = 1 — 2p1p2(1—|A|?). The value trace(p?) =1 indicates a pure state, while trace(p?) = 1/N with N =2
characterizes a 50%-50% mixture. Optionally the purity can be characterized by the Von Neumann entropy as
discussed in a later section: This gives S[p] = 0 for a pure state and S[p] = log(N) with N =2 for a 50%-50%
mixture.

[563.3] Schmidt decomposition

If the "universe” is in a pure state we cannot write its p as a mixture of product states, but we can write its ¥ as an
entangled superposition of product states.

W) = > vEil) @B (53.10)

where the |B;) is the "relative state” of subsystem B with respect to the ith state of subsystem A, while p; is the
associated normalization factor. The states |B;) are in general not orthogonal. The natural question that arise is
whether we can find a decomposition such that the | B;) are orthonormal. The answer is positive: Such decomposition
exists and it is unique. It is called Schmidt decomposition, and it is based on singular value decomposition (SVD).
Let us regard ¥;, = W; o as an N4 x Np matrix. From linear algebra it is known that any matrix can be written in
a unique way as a product:

WiNaxNg) = U(‘?VAXNA)D(NAXNB)U(B;VBxNB) (53.11)

where U4 and U® are the so called left and right unitary matrices, while D is a diagonal matrix with so called
(positive) singular values. Thus we can re-write the above matrix multiplication as

Vi = Y UA VB UB, = > prul ulr (53.12)

Substitution of this expression leads to the result

W) = Y Wialia) = Y VprlA) @ [By) (53.13)
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where |A,) and |B,) are implied by the unitary transformations. We note that the normalization of ¥ implies
> pr = 1. Furthermore the probability matrix is pﬁjﬁg = Wi oW/, and therefore the calculation of the reduced
probability matrix can be written as:

pt= wwt = WUuhHD* UMt (53.14)
pP = WhHWht =[(UP)'D*(UP)]*

This means that the matrices p* and p? have the same non-zero eigenvalues {p,}, or in other words it means that
the degree of purity of the two subsystems is the same.

[563.4] The violation of the Bell inequality

We can characterize the entangled state using a correlation function as in the EPR thought experiment. The correlation
function C(0) = (C) is the expectation value of a so-called “witness operator”. If we perform the EPR experiment
with two spin 1/2 particles (see the Fundamentals IT section), then the witness operator is C=0,® oy, and the
correlation function comes out C(6) = — cos(6), which violates Bell inequality.

Let us see how the result for C(0) is derived. For pedagogical purpose we present 3 versions of the derivation. One
possibility is to perform a straightforward calculation using explicit standard-basis representation:

0
0) % P C=0,®09 = (‘B" _‘;9) , (©) = 5 (o0}~ o)1), (53.15)
0

leading to the desired result. The second possibility is to use the “appropriate” basis for the C' measurement:
MeasurementBasis = {|z9>, |20), |z6), \25)} (53.16)

where Z and @ label polarization in the —z and —6 directions respectively. The singlet state in this basis is

1 1

o 0 —— 1 . /0 &
[1) 7 (106) —106)) = 7 cos (2> (120) — |26)) + 7 sin <2) (120) + |z6)) (53.17)

Therefore the probabilities to get C=1 and C= —1 are |sin(6/2)|> and | cos(6/2)|? respectively, leading to the desired

result for the average value (C).

Still there is a third version of this derivation, which is more physically illuminating. The idea is to relate correlation
functions to conditional calculation of expectation values. Let A = |ag){ag| be a projector on state ag of the first
subsystem, and let B some observable which is associated with the second subsystem. We can write the state of the
whole system as an entangled superposition

U= ) viala) @ x) (53.18)
Then it is clear that (A ® B) = p,, (x(%)|B|x(®)). More generally if A =", |a)a(a| is any operator then
(A@B) = Y paa (x“[Bx) (53.19)
a

Using this formula with A =0, = | 1)(1| —| }){{ |, and B = gg we have py = p; = 1/2, and we get the same result
for (C) as in the previous derivation.
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[563.5] Quantum entanglement

Let us consider a system consisting of two sub-systems, ”A” and ”B”, with no correlation between them. Then, the
state of the system can be factorized:

pA+B _ pApB (5320)

But in reality the state of the two sub-systems can be correlated. In classical statistical mechanics p and p? are
probability functions, while pA*2 is the joint probability function. In the classical state we can always write

pA B (x ZpAHB 2 Y) Opur Oyy = ZpT pr(z) pPr(y) (53.21)

where = and y label classical definite states of subsystems A and B respectively, and r = (2,¢’) is an index that
distinguish pure classical states of A® B. The probabilities p, = pA+B(a’,y') satisfy 3 p, = 1. The distribution pA+
represents a pure classical state of subsystem A, and pPr represents a pure classical state of subsystem B. Thus any
classical state of A ® B can be expressed as a mizture of product states.

By definition a quantum state is not entangled if it is a product state or a mixture of product states. Using explicit
matrix representation it means that it is possible to write

A (B
Pinis = Zpr par) ) (53.22)

It follows that an entangled state, unlike a non-entangled state, cannot have a classical interpretation. This means that
it cannot be described by a classical joint probability function. The latter phrasing highlights the relation between
entanglement and the failure of the hidden-variable-hypothesis of the EPR experiment.

The question how to detect an entangled state is still open. Clearly the violation of the Bell inequality indicates
entanglement. Adopting the GHZ-Mermin perspective (see “Optional tests of realism” section) this idea is pre-
sented as follows: Assume you have two sub-systems (A, B). You want to characterize statistically the outcome of
possible measurements using a joint probability function f(ai,as,as,...;b1,be,bs,...). You measure the correlations
Cij = (a;b;). Each C imposes a restriction on the hypothetical fs that could describe the state. If the state is
non-classical (entangled) the logical conjunction of all these restrictions gives NULL.

[63.6] Purity and the von-Neumann entropy

The purity of a state can be characterized by the von-Neumann entropy:

S[p] = —trace(plogp) = ZPT log p, (53.23)

In the case of a pure state we have S[p] = 0, while in the case of a uniform mixture of N states we have S[p] = log(V).
From the above it should be clear that while the ”"universe” might have zero entropy, it is likely that a subsystem
would have a non-zero entropy. For example if the universe is a zero entropy singlet, then the state of each spin is
unpolarized with log(2) entropy.

We would like to emphasize that the von-Neumann entropy S[p] should not be confused with the Boltzmann entropy
S[p|A]. The definition of the latter requires to introduce a partitioning A of phase space into cells. In the quantum
case this “partitioning” is realized by introducing a complete set of projectors (a basis). The p, in the case of the
Boltzmann entropy are probabilities in a given basis and not eigenvalues. In the case of an isolated system out of
equilibrium the Von Neumann entropy is a constant of the motion, while the appropriately defined Boltzmann entropy
increases with time. In the case of a canonical thermal equilibrium the Von Neumann entropy S[p] turns out to be
equal to the thermodynamic entropy S. The latter is defined via the equation d@QQ = TdS, where T' = 1/ is an
integration factor which is called the absolute temperature.
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If the von-Neumann entropy were defined for a classical distributions p = {p,}, it would have all the classical “in-
formation theory” properties of the Shanon entropy. In particular if we have two subsystems A and B one would
expect

Sip™, SIP1 < ST < St + S (53.24)

Defining N = exp(.9), the inequality Nap < NaNp has a simple graphical interpertation.

The above ineqiality is satisfied also in the quantum case provided the subsystems are not entangled. We can use
this mathematical observation in order to argue that the zero entropy singlet state is an entangled state: It cannot
be written as a product of pure states, neither it cannot be a mixture of product states.

The case where pA15 is a zero entropy pure state deserves further attention. As in the special case of a singlet, we can
argue that if the state cannot be written as a product, then it must be an entangled state. Moreover for the Schmidt
decomposition procedure it follows that the entropies of the subsystems satisfy S[p*] = S[pP]. This looks counter
intuitive at first sight because subsystem A might be a tiny device which is coupled to a huge environment B. We
emphasize that the assumption here is that the "universe” A ® B is prepared in a zero order pure state. Some further
thinking leads to the conjecture that the entropy of the subsystems in such circumstance is proportional to the area
of surface that divides the two regions in space. Some researchers speculate that this observation is of relevance to
the discussion of black holes entropy.

[53.7] Quantum operations

The quantum evolution of an isolated system is described by a unitary operator, hence p = UpUT. We would like to
consider a more general case. The system is prepared in some well-controlled initial state p, while the environment
is assumed to be in some mixture state o =Y |a)pa(c|. The state of the universe is R = p ® 0. The evolution of
the universe is represented by U(na|n’a’). Hence the evolution of the reduced probability matrix can be written as
a linear operation, so called ” quantum operation”, namely

Prm = Z K(n,m|n',m") pps me, K(n,m|n',m’) = Zpa/U(n,a|n'o/)U(m,a|m’,o/)* (53.25)

n’,m’ aa’

With slight change of notations this can be re-written in a way that is called ”Kraus representation”

5= SIKpIKT SR = 1 (53.26)

T T

where the sum rule reflects trace preservation (conservation of probability). Below we are using the following termi-
nology: The quantum operation is induced by a linear -map, that is represented by a KC-kernel K(n, m|n’,m’), with
an associated K-matrix Ko/ mms = K(n, m|n’, m’). Note the order of indices.

Not any matrix p can be regarded as representing a quantum state. Disregarding normalization trace(p) =1 one
requires that trace(pP) > 0 for any projector, or equivalently (1|p|t)) > 0 for any . This is called ”positivity”. Upon
diagonalization the eigenvalues p, have to be non-negative. It follows that one can define a matrix V such that
Prnm = ZT Vn}TV,fL’T, or in abstract notations p = Vvt

It can be easily verify that the linear kernel KC preserves the positivity of p. This positivity is essential for the
probabilistic interpretation of p. In fact K is “completely positive”. This means that if we consider any “positive”
matrix R that describes the universe, possibly an entangled state, the result of the operation X ® 1 would be “positive”
too. Explicitly it means that for any R we get a positive matrix Ry,a,mpg = Zn,m, Kon' mm' Rnra,m -

It is now possible to turn things around, and claim that any trace-preserving completely-positive linear mapping of
Hermitian matrices has a ”Kraus representation”. Given K, it follows from the Hermiticity requirement that &Cppr
is Hermitian matrix. Therefore it has real eigenvalues A, with transformation matrix T (nn’|r) such that

K(n,m|n',m') = Kun'mm = ZT(nn’|r))\TT(r\mm’) = Z/\T[Kfm,][K;m,}* (53.27)
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where trace([K"]'[K*]]) = §,.s, due to the orthonormality of the transformation matrix. From the ”complete positiv-

ity” it follows that all the A, are positive (see proof below) hence we can absorb )\i/ % into the definition of the K T,
and get the Kraus representation. We note that in this derivation the Kraus representation comes out orthogonal.
One can switch to an optional Kraus representation using a linear transformation K" = " u,sK*® were u,, is any

unitary matrix. After such transformation the K" are no longer orthogonal.

The statement that complete positivity implies A, > 0, is paraphrasing of Choi’s theorem. The theorem states
that if the -map is completely positive then the K-matrix is positive, hence we get the Kraus representation as
described above. The proof is misleadingly simple: write the condition of complete positivity for the spacial case
R = |U)(¥|, with the entangled state |¥) =" |n, ), where the relative states o, are orthogonal. Then it follows

that Rya,mg = Kna,ms has to be positive.

Extension of the above reasoning is used in order to derive a master equation that describes the evolution of p. The
key non-trivial assumption is that the environment can be regarded as effectively factorized from the system at any
moment. Then we get the Lindblad equation:

% = Mo, + SV IIW 3 (o4 T r=Y"[wriw] (53.28)

r

where the Lindblad operators W7 parallel the Kraus operators K", and I" is implied by conservation of probability.
The Lindblad equation is the most general form of a Markovian master equation for the probability matrix. We
emphasize that in general the Markovian assumption does not hold, hence Lindblad is not as satisfactory as the
Kraus description.

[563.8] Measurements, the notion of collapse

In elementary textbooks the quantum measurement process is described as inducing “collapse” of the wavefunction.
Assume that the system is prepared in state pinitial = |¢) (30| and that one measures P = |¢){p|. If the result of the
measurement is P = 1 then it is said that the system has collapsed into the state pgnal = |©) (|- The probability for
this “collapse” is given by the projection formula Prob(p|) = |{¢|)|?.

If one regard p(x,z’) or ¢(x) as representing physical reality, rather than a probability matrix or a probability
amplitude, then one immediately gets into puzzles. Recalling the EPR experiment this world imply that once the
state of one spin is measured at Earth, then immediately the state of the other spin (at the Moon) would change from
unpolarized to polarized. This would suggest that some spooky type of “interaction” over distance has occurred.

In fact we shall see that the quantum theory of measurement does not involve any assumption of spooky “collapse”
mechanism. Once we recall that the notion of quantum state has a statistical interpretation the mystery fades away.
In fact we explain (see below) that there is “collapse” also in classical physics! To avoid potential miss-understanding
it should be clear that I do not claim that the classical “collapse” which is described below is an explanation of the
the quantum collapse. The explanation of quantum collapse using a quantum measurement (probabilistic) point of
view will be presented in a later section. The only claim of this section is that in probability theory a correlation is
frequently mistaken to be a causal relation: “smokers are less likely to have Alzheimer” not because cigarettes help
to their health, but simply because their life span is smaller. Similarly quantum collapse is frequently mistaken to be
a spooky interaction between well separated systems.

Consider the thought experiment which is known as the “Monty Hall Paradox”. There is a car behind one of three
doors. The car is like a classical ”particle”, and each door is like a ”site”. The initial classical state is such that the car
has equal probability to be behind any of the three doors. You are asked to make a guess. Let us say that you peak
door #1. Now the organizer opens door #2 and you see that there is no car behind it. This is like a measurement.
Now the organizer allows you to change your mind. The naive reasoning is that now the car has equal probability to
be behind either of the two remaining doors. So you may claim that it does not matter. But it turns out that this
simple answer is very very wrong! The car is no longer in a state of equal probabilities: Now the probability to find it
behind door #3 has increased. A standard calculation reveals that the probability to find it behind door #3 is twice
large compared with the probability to find it behind door #2. So we have here an example for a classical collapse.

If the reader is not familiar with this well known ”paradox”, the following may help to understand why we have this
collapse (I thank my colleague Eitan Bachmat for providing this explanation). Imagine that there are billion doors.
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You peak door #1. The organizer opens all the other doors except door #234123. So now you know that the car is
either behind door #1 or behind door #234123. You want the car. What are you going to do? It is quite obvious that
the car is almost definitely behind door #234123. It is also clear the that the collapse of the car into site #234123
does not imply any physical change in the position of the car.

[63.9] Quantum measurements

What do we mean by quantum measurement? In order to clarify this notion let us consider a system that is prepared
in a superposition of states a. Additionally we have a detector that is prepared independently in a state ¢=0. In the
present context the detector is called ”von-Neumann pointer”. The initial state of the system and the detector is

@ g =0) (53.29)

v) = [Zwm

As aresult of an interaction we assume that the pointer is displaced. Its displacement is proportional to a. Accordingly
the detector correlates with the system as follows:

ﬁmeasurement\lj - Z¢a|a> &® ‘q = a> (5330)

We call such type of unitary evolution an ideal projective measurement. If the system is in a definite a state, then
it is not affected by the detector. Rather, we gain information on the state of the system. One can think of ¢ as
representing a memory device in which the information is stored. This memory device can be of course the brain of a
human observer. From the point of view of the observer, the result at the end of the measurement process is to have
a definite a. This is interpreted as a “collapse” of the state of the system. Some people wrongly think that “collapse”
is something that goes beyond unitary evolution. But in fact this term just makes over-dramatization of the above
unitary process.

The concept of measurement in quantum mechanics involves psychological difficulties which are best illustrated by
considering the “Schroedinger cat” experiment. This thought experiment involves a radioactive nucleus, a cat, and a
human being. The half life time of the nucleus is an hour. If the radioactive nucleus decays it triggers a poison which
kills the cat. The radioactive nucleus and the cat are inside an isolated box. At some stage the human observer may
open the box to see what happens with the cat... Let us translate the story into a mathematical language. A time
t = 0 the state of the universe (nucleus®cat®observer) is

¥ = |f=radioactive) ® |¢=1 = alive) ® |Q = 0 = ignorant) (53.31)

where ¢ is the state of the cat, and @ is the state of the memory bit inside the human observer. If we wait a very
long time the nucleus would definitely decay, and as a result we will have a definitely dead cat:

Uwaiting? = | }=decayed) ® |¢=—1=dead) ® |Q =0 = ignorant) (53.32)
If the observer opens the box he/she would see a dead cat:

UseeingUwaiting? = | J=decayed) ® |¢=—1=dead) ® |Q = —1 = shocked) (53.33)
But if we wait only one hour then

1

UW'iin v
alting \/§

[(hela=+1)+holg=-1)] © |Q=0=ignorant) (53.34)

which means that from the point of view of the observer the system (nucleus+-cat) is in a superposition. The cat at
this stage is neither definitely alive nor definitely dead. But now the observer open the box and we have:

Useeing U,

1
waiting? = 7 [\ NRlg=4+1)|Q=+1) + | Hh®lg=-1)x|Q =-1) (53.35)
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We see that now, from the point of view of the observer, the cat is in a definite(!) state. This is regarded by the
observer as “collapse” of the superposition. We have of course two possibilities: one possibility is that the observer sees
a definitely dead cat, while the other possibility is that the observer sees a definitely alive cat. The two possibilities
7exist” in parallel, which leads to the "many worlds” interpretation. Equivalently one may say that only one of the
two possible scenarios is realized from the point of view of the observer, which leads to the "relative state” concept
of Everett. Whatever terminology we use, ”collapse” or "many worlds” or ”relative state”, the bottom line is that we
have here merely a unitary evolution.

[53.10] Measurements and the macroscopic reality

The main message of the Schroedinger’s cat thought experiment is as follows: if one believes that a microscopic object
(atom) can be prepared in a superposition state, then also a macroscopic system (atom-cat) can be prepared in a
superposition state. Accordingly the quantum mechanical reasoning should be applicable also in the macroscopic
reality.

In fact there are more sophisticated schemes that allow to perform so called ”quantum teleportation” of state from
object to object. However, one can prove easily the “no cloning” theorem: a quantum state cannot be copied to other
objects. Such duplication would violate unitarity. The proof goes as follows: Assume that there were a transformation
U that maps (say) a two spin state |0) @ |0) to |#) @ |#). The inner product (¢'|#) would be mapped to (8'|6)2. This
would not preserve norm, hence a unitary cloning transformation is impossible.

Many textbooks emphasize that in order to say that we have a measurement, the outcome should be macroscopic. As
far as the thought experiment of the previous section is concerned this could be achieved easily: we simply allow the
system to interact with one pointer, then with a second pointer, then with a third pointer, etc. We emphasize again
that during an ideal measurement the pointer is not affecting the system, but only correlates with it. In other words:
the measured observable A is a constant of the motion.

A more interesting example for a measurement with a macroscopic outcome is as follows: Consider a ferromagnet
that is prepared at temperature 7' > T,. The ferromagnet is attached to the system and cooled down below T..
The influence of the system polarization (spin up/down) on the detector is microscopically small. But because of
the symmetry breaking, the ferromagnet (huge number of coupled spins) will become magnetized in the respective
(up/down) direction. One may say that this is a generic model for a macroscopic pointer.

[63.11] Measurements, formal treatment

In this section we describe mathematically how an ideal projective measurement affects the state of the system. First
of all let us write how the U of a measurement process looks like. The formal expression is

Umeasurement = Z p(a) ® D(a) (5336)

where P(®) = |a)(a| is the projection operator on the state |a), and D(®) is a translation operator. Assuming that the
measurement device is prepared in a state of ignorance |¢ = 0), the effect of D(®) is to get |¢ = a). Hence

S
S|
Il

S P @ D

(Z Yarld’) © g = 0>>

Y tala)@DWg=0) = Y tla)®|g=a) (53.37)

A more appropriate way to describe the state of the system is using the probability matrix. Let us describe the above
measurement process using this language. After "reset” the state of the measurement apparatus is o(©) = lg=0)(g=0.
The system is initially in an arbitrary state p. The measurement process correlates that state of the measurement
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apparatus with the state of the system as follows:

Upoo®Ut = 3 P@pp® @ [D@]eO DO = 3" PO g g=a)(q=b (53.38)
a,b a,b

Tracing out the measurement apparatus we get

il 3 papp@ = 30 (53.39)

where p, is the trace of the projected probability matrix P pP(“), while p(®) is its normalized version. We see that

the effect of the measurement is to turn the superposition into a mixture of a states, unlike unitary evolution for
which

pinal = U p Ut (53.40)

So indeed a measurement process looks like a non-unitary process: it turns a pure superposition into a mixture. A
simple example is in order. Let us assume that the system is a spin 1/2 particle. The spin is prepared in a pure
polarization state p = |¢))(¢)| which is represented by the matrix

_ o _ [V1? 1eps
= vt = (W ) (53.41)

where 1 and 2 are (say) the ”up” and ”down” states. Using a Stern-Gerlach apparatus we can measure the polarization
of the spin in the up/down direction. This means that the measurement apparatus projects the state of the spin using

10 00
PO = (0 0) and P® = (0 1) (53.42)

leading after the measurement to the state

ina 2 0
pinel = pWppM) 4 pPpp@ = ('1%' ¢22) (53.43)

Thus the measurement process has eliminated the off-diagonal terms in p and hence turned a pure state into a mixture.
It is important to remember that this non-unitary non-coherent evolution arise because we look only on the state of
the system. On a universal scale the evolution is in fact unitary.

[63.12] Weak measurement with post-selection

In the previous section we have assumed that the measurement operation takes zero time, and results in the translation
of a pointer ¢q. Such measurement is generated by an interaction term

Hmeasurement = _)\g(t) Az (5344)

In this expression A is the system observable that we want to measure. It has a spectrum of values {a;}. This
observable is coupled to a von-Nuemann pointer whose canonical coordinates are (Z, ). The coupling constant is A,
and its temporal variation is described by a short time normalized function g(t). If A = a this interaction shifts the
pointer ¢ — q + Aa. Note that x unlike ¢ is a constant of the motion. Note also that ¢ is a dynamical variable, hence
it has some uncertainty. For practical purpose it is useful to assume that the pointer has been prepared as minimal
wave-packet that is initially centered at x = ¢ = 0.
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It is easily shown that for general preparation the average shift of the pointer is A(A). We would like to know how
this result is modified if a post-selection is performed. Aharonov has suggested this scheme in order to treat the past
and the future on equal footing. Namely: one assumes that the system is prepared in a state |¥), that is regarded
as pre-selection; and keeps records of ¢ only for events in which the final state of the system is post-selected as |®).
Below we shall prove that the average shift of the pointer is described by the complex number

weak _  (PIAIY)
<A><1>,\1Jk RGN (53.45)

It is important to realize that this “weak value” is not bounded: it can exceed the spectral range of the observable.

The evolution of the system with the pointer is described by
= M~ 14iNAR (53.46)

Umeasurement

where the latter approximation holds for what we regard here as “weak measurement”. The z position of the von-
Nuemann pointer is a constant of the motion. Consequently the representation of the evolution operator is

(®,z|U¥,z0) = Ulz]o,w é(x —x0) (53.47)

where Ulx] is a system operator that depends on the constant parameter z. If the system is prepared in state
PY = |U)(¥|, and the pointer is prepared in state p(©) then after the interaction we get

final state of the universe = U [P‘I’ P } Ut (53.48)
The reduced state of the pointer after post selection is
p(z',2") = trace[ PP gpY Oyt } = K, 2" pO® 2" (53.49)

where P*'*" = |2/} (z’|. Note that this reduced state is not normalized: the trace is the probability to find the system
in the post-selected state ®. In the last equality we have introduced the notation

K@ 2") = (DU]|®) (9|U[z"]T|®) (53.50)

Defining X and r as the average and the difference of 2’/ and z’ respectively, we can write the evolution of the pointer
in this representation as

p(r X) = K(rX) pO(r,X), K(rX) = <\I/’U [x - gr ’<I>> <<I>‘U X+ g} ‘\Il> (53.51)
Optionally we can transform to the Wigner representation, and then the multiplication becomes a convolution:

plg, X) = /K(q—q’;X) p(q, X) dq, K(q—¢;X) = /f((nX) e ia=0)r gy (53.52)
If we summed over ® we would get the standard result that apply to a measurement without post-selection, namely,

K(g-d:X) = Y [al0)?sla—q ~a) ~ d(a—q ~NA) (53.59)
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The last rough equality applies since our interest is focused on the average pointer displacement. With the same spirit
we would like to obtain a simple result in the case of post-selection. For this purpose we assume that the measurement
is weak, leading to

K(r,X) = |(®W)[> 4 iXRe [(¥]|®)(D|A|T)] r — A\Im [(¥]D)(D|A|W)] X (53.54)
Bringing the terms back up to the exponent, and transforming to the Wigner representation we get

Klg=q:X) = [(@W)]? e ™A™ 6(g — g — ARe{d)™eo¥) (53.55)

we see that the real and the imaginary parts if the “weak value” determine the shift of the pointer in phase space.
Starting with a minimal Gaussian of width o, its center is shifted as follows:

g-shift = A Re [(A)5%"] (53.56)
3 >\ wea.
wshift = = Im [(A)gear] (53.57)

We emphasize again that the “weak value” manifest itself only if the coupling is small enough to allow linear approx-
imation for the shift of the pointer. In contrast to that, without post-selection the average g-shift is A(A) irrespective
of the value of .

[63.13] Weak continuous measurements

A more interesting variation on the theme of weak measurements arises due to the possibility to perform a continuous
measurement. This issue has been originally discussed by Levitov in connection with theme of “full counting statistics”
(FCS). Namely, let us assume that we have an interest in the current Z that flows through a section of a wire. We
formally define the counting operator as follows:

0 = / 10 at (53.58)

— 00

The time window is defined by a rectangular function g(t) that equals unity during the measurements. The interaction
with the von-Nuemann pointer is

Hmeasurement = _)\g(t) Tz (5359)

Naively we expect a shift ¢ — ¢ + A(Q), and more generally we might wonder what is the probability distribution
of . It turns out that these questions are ill-defined. The complication arises here because Q is an integral over a
time dependent operator that does not have to commute with itself in different times.

The only proper way to describe the statistics of @ is to figure out what is the outcome of the measurement as reflected
in the final state of the von-Nuemann pointer. The analysis is the same as in the previous section, and the result can
be written as

p(¢,X) = /K(q—q’;X) pO(¢, X) dg (53.60)
where
K(Q:z) = % / <w‘U[:z:f(r/2)]TU[x+(r/2)}‘1/1>e*"@’"dr (53.61)

In the expression above it was convenient to absorb the coupling A into the definition of Z. The derivation and
the system operator U[z] are presented below. The FCS kernel K(Q;z) is commonly calculated for 2 = 0. It is a
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quasi-probability distribution (it might have negative values). The kth quasi-moment of @ can be obtained by taking
the kth derivative of the bra-ket expression in the integrand with respect to r, then setting r = 0.

We follow here the formulation of Nazarov. Note that his original derivation has been based on an over-complicated
path integral approach. Here we present as much simpler version. The states of system can be expanded in some
arbitrary basis |n), and accordingly for the system with the detector we can use the basis |n,z). The z position of
the von-Nuemann pointer is a constant of the motion. Consequently the representation of the evolution operator is

U(n,zng,x0) = Ulz]nn, 0(x — o) (53.62)

where Ulx] is a system operator that depends on the constant parameter x. We formally write the explicit expression
for U[x] both in the Schrodinger picture and also in the interaction picture using time ordered exponentiation:

Uls] = Texp [—i /O - a:I)dt’] — U[0] Texp [wc /0 t I(t’)dt’} (53.63)
The time evolution of the detector is described by its reduced probability matrix

pla’ 2" = trace[ P ot p Oyt ] = K@, 2" p O, 2" (53.64)
where p¥ = [) (1| is the initial state of the system, and p(®) is the initial preparation of the detector, and

K(',2") = Y (nUl) @lUR" ) = @UR") Uk'ly) (53.65)

n

Transforming to the Wigner function representation as in the previous section we get the desired result.

[563.14] Interferometry

Interferometry refers to a family of techniques whose purpose is to deduce the “relative phase” in a superposition.
The working hypothesis is that there is some preferred “standard” basis that allows measurements. In order to clarify
this concept let us consider the simplest example, which is a “two slit” experiment. Here the relative phase of being in
either of the two slits has the meaning of transverse momentum. Different momenta have different velocities. Hence
the interferometry here is straightforward: one simply places a screen far away, such that transverse momentum
transforms into transverse distance on the screen. This way one can use position measurement in order to deduce
momentum. Essentially the same idea is used in “time of flight” measurments of Bose-Einstein condensates: The
cloud is released and expands, meaning that its momentum distribution translates into position distribution. The
latter can be captured by a camera. Another example for interferometry concerns the measurement of the relative
phase of Bose condensed particles in a double well superposition. Here the trick is to induce a Rabi type “rotation”
in phase space, ending up in a population imbalance that reflects the relative phase of the preparation.
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[54] Theory of quantum computation

[54.1] Motivating Quantum Computation

Present day secure communication is based on the RSA two key encryption method. The RSA method is based on
the following observation: Let N be the product of two unknown big prime numbers p and g. Say that we want to
find are what are its prime factors. The simple minded way would be to try to divide N by 2, by 3, by 5, by 7, and
so on. This requires a huge number (~ N) of operations. It is assumed that N is so large such that in practice the
simple minded approached is doomed. Nowadays we have the technology to build classical computers that can handle
the factoring of numbers as large as N ~ 23% in a reasonable time. But there is no chance to factor larger numbers,
say of the order N ~ 23%%. Such large numbers are used by Banks for the encryption of important transactions. In
the following sections we shall see that factoring of a large number N would become possible once we have a quantum
computer.

Computational complexity: A given a number N can be stored in an n-bit register. The size of the register should
be n ~ log(N), rounded upwards such that N < 2". As explained above in order to factor a number which is stored
in an n bit register by a classical computer we need an exponentially large number (~ N) of operations. Obviously
we can do some of the operations in parallel, but then we need an exponentially large hardware. Our mission is to
find an efficient way to factor an n-bit number that do not require exponentially large resources. It turns out that a
quantum computer can do the job with hardware/time resources that scale like power of n, rather than exponential
in n. This is done by finding a number N, that has a common divisor with N. Then it is possible to use Euclid’s
algorithm in order to find this common divisor, which is either p or q.

Euclid’s algorithm: There is no efficient algorithm to factor a large number N ~ 2™. The classical computational
complexity of this task is exponentially large in n. But if we have two numbers N; = N and Ny we can quite easily
and efficiently find their greater common divisor GCD(Ny, N2) using Euclid’s algorithm. Without loss of generality we
assume that Ny > Nj. The two numbers are said to be co-prime if GCD(N7, N3) = 1. Euclid’s algorithm is based on
the observation that we can divide N7 by N and take the reminder N3 = mod (N7, N3) which is smaller than No. Then
we have GCD(Ny, N2) = GCD(N2, N3). We iterate this procedure generating a sequence Ny > Ny > N3 > Ny > - -
until the reminder is zero. The last non-trivial number in this sequence is the greater common divisor.

The RSA encryption method: The RSA method is based on the following mathematical observation. Given two
prime numbers p and ¢ define N = pq. Define also a and b such that ab =1 mod [(p — 1)(¢ — 1)]. Then we have the
relations

B= A¢ mod [N] (54.1)
A= B° mod [N] (54.2)

This mathematical observation can be exploited as follows. Define

public key = (N, a) (54.3)
private key = (N,b) (54.4)

If anyone want to encrypt a message A, one can use for this purpose the public key. The coded message B cannot be
decoded unless one knows the private key. This is based on the assumption that the prime factors p and ¢ and hence
b are not known.

[54.2] The factoring algorithm

According to Fermat’s theorem, if N is prime, then MY = M mod (N) for any number M(< N). If the "seed”
M is not divisible by N, this can be re-phrased as saying that the period of the function f(z) = M?® mod (N) is
r = N—1. That means f(z +r) = f(z). To be more precise the primitive period can be smaller than N (not any
"seed” is ”generator”). More generally if N is not prime, and the seed M has no common divisor with it, then the
primitive period of f(x) is called “the order”.
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The quantum computer is a black box that allows to find the period r of a function f(z). How this is done will be
discussed in the next section. Below we explain how this ability allows us to factor a given large number N.

(1) We have to store N inside an n-bit register.

(2) We pick a large number M, so called seed, which is smaller than N. We assume that M is co-prime to N. This
assumption can be easily checked using Euclid’d algorithm. If by chance the chosen M is not co-prime to N
then we are lucky and we can factor N without quantum computer. So we assume that we are not lucky, and
M is co-prime to N.

(3) We build a processor that can calculate the function f(x) = M* mod (N). This function has a period r which
is smaller than V.

(4) Using a quantum computer we find one of the Fourier components of f(z) and hence its period 7. This means
that M"™ =1 mod (N).

(5) If 7 is not even we have to run the quantum computer a second time with a different M. Likewise if a"/? = —1.
There is a mathematical theorem that guarantees that with probability of order one we should be able to find
M with which we can continue to the next step.

(6) We define @ = M"™/? mod (N). We have Q*> = 1 mod (N), and therefore (Q —1)(Q +1) =0 mod (N).
Consequently both (@ — 1) and (@ + 1) must have either p or ¢ as common divisors with N.

(6) Using Euclid’s algorithm we find the GCD of N and N = (Q — 1), hence getting either p or g.
The bottom line is that given N and M an an input, we would like to find the period r of the functions
f(z)=M* mod (N) (54.5)

Why do we need a quantum computer to find the period? Recall that the period is expected to be of order N.
Therefore the x register should be n. bits, where n, is larger or equal to n. Then we have to make order of 2"<
operations for the purpose of evaluating f(z) so as to find out its period. It is assumed that n is large enough such
that this procedure is not practical. We can of course try to do parallel computation of f(z). But for that we need
hardware which is larger by factor of 2™. It is assumed that to have such computational facility is equally not practical.
We say that factoring a large number has an exponentially complexity.

The idea of quantum processing is that the calculation of f(z) can be done “in parallel” without having to duplicate
the hardware. The miracle happens due to the superposition principle. A single quantum register of size n. can be
prepared at ¢ = 0 with all the possible input z values in superposition. The calculation of f(z) is done in parallel
on the prepared state. The period of f(z) in found via a Fourier analysis. In order to get good resolution n. should
be larger than n so as to have 2™ > 2". Neither the memory, nor the number of operation, are required to be
exponentially large.

[54.3] The quantum computation architecture

We shall regard the computer as a machine that has registers for memory and gates for performing operations. The
complexity of the computation is determined by the total number of memory bits which has to be used times the
number of operations. In other words the complexity of the calculation is the product memory X time. As discussed
in the previous section classical parallel computation do not reduce the complexity of a calculation. Both classical
and quantum computers work according to the following scheme:

loutput) = Ulinput] |0) (54.6)

This means that initially we set all the bits or all the qubits in a zero state (a reset operation), and then we operate
on the registers using gates, taking the input into account. It is assumed that there is a well define set of elementary
gates. An elementary gate (such as ”AND”) operates on few bits (2 bits in the case of AND) at a time. The size of
the hardware is determined by how many elementary gates are required in order to realize the whole calculation.
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The quantum analog of the digital bits (”0” or ”1”) are the qubits, which can be regarded as spin 1/2 elements. These
are "analog” entities because the "spin” can point in any direction (not just "up” or ”down”). The set of states such
that each spin is aligned either "up” or ”down” is called the computational basis. Any other state of a register can be
written a superposition:

‘\I/> = Z d)(IQ,Il,JL‘Q...) ‘LIJQ,$1,JEQ,...> (547)

Z0,T1,L2;.--

The architecture of the quantum computer which is requited in order to find the period r of the function f(z) is
illustrated in the figure below. We have two registers:

= <x07l‘17x2a-~-axncfl) (548)
Yy = (y07y07y27"'7yn71) (549)

The registers 2 and y can hold binary numbers in the range x < N, and y < N respectively, where N, = 2" and
N = 2" > N. The y register is used by the CPU for processing mod(/N) operations and therefore it requires a minimal
number of n bits. The x register has n, bits and it is used to store the inputs for the function f(z). In order to find
the period of f(z) the size n. of the latter register should be significantly larger compared with n. Note that that
n. = n + 10 implies that the x range becomes roughly x1000 larger than the expected period. Large n. is required if
we want to determine the period with large accuracy.

— — X0

x=00..000 H F L Viewer

D S xl’lC—l

Yo
1

y=00.001 { | ™M

Yn-1

We are now ready to describe the quantum computation. In later sections we shall give more details, and in par-
ticular we shall see that the realization of the various unitary operations which are listed below does not require an
exponentially large hardware. The preliminary stage is to make a ”reset” of the registers, so as to have

‘q]> = |x;y> = |O’O’O7""070; 1’0’0""?070> (54.10)

Note that it is convenient to start with y = 1 rather than y = 0. Then come a sequence of unitary operations

U = UpUnUgy (54.11)
where

Un = Unadamara ® 1 (54.12)

Uv = Y |o)ale U (54.13)

Up = ;F011r19r®1 (54.14)

The first stage is a unitary operation Uy that sets the x register in a democratic state. It can realized by operating
on ¥ with the Hadamard gate. Disregarding normalization we get

@) = > |x)@y=1) (54.15)
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The second stage is an x controlled operation Uj;. This stage is formally like a quantum measurement: The x register
is "measured” by the y register. The result is

©) = Y |y ®y=F(x)) (54.16)

Now the y register is entangled with the x register. The fourth stage is to perform Fourier transform on the x register:

® |f(x)) (54.17)

‘\I/> _ Z [Z eii—:zm’|m/>

We replace the dummy integer index a’ by k = (2r/N.)z’ and re-write the result as

vy = Y ke Ze“”lf(w»] = > mlk) @ [x®) (54.18)
k T k

The final stage is to measure the z register. The probability to get k as the result is

2
(54.19)

Pk|

>t f(@)

The only non-zero probabilities are associated with k = integer x (27 /r). Thus we are likely to find one of these k
values, from which we can deduce the period r. Ideally the error is associated with the finite length of the x register.
By making the z register larger the visibility of the Fourier components becomes better.

[54.4] Elementary qubit quantum gates

Classical operations can be constructed using single bit NOT gates, and two-bit AND gates. Similarly, quantum
operations can be constructed using single qubit operations (rotations), and two-qubit CNOT gates. We review below
the common gates that are used, e.g. in the IBM composer.

The single qubit gates can be regarded as spin rotations. It is useful to define the following notations for the observable
that ‘measures’ the state of the qubit in the standard basis:

@ = (g1) = 30-2 = ma (54.20)

The notations X, Y, Z are used for the Pauli matrices. The notations RX, RY, RZ are used for rotations. A phase
gate is defined as follows:

P(p) = 9 = @W2IRZ(p) = [0)(0]+ 1)’ (1| (54.21)
Note that
Z = P(r) = iRZ(n) (54.22)

More interesting are two-qubit gates. The controlled-phase gate is

CP(p) = %% = |0)(0]@ 1+ [1){1| @ P(p) (54.23)


https://quantum-computing.ibm.com/composer

297

This gate is symmetric: we can say that the first qubit controls the phase operation on the second qubit, or vice versa.
In particular the controlled-Z gate is

CZ = CP(r) = €7™%Q — |0)(0|®@1+[1)(1]|®Z (54.24)

Most useful is the controlled-X (CNOT) gate

10
01
CX = 001+ |1){1|eX = 01 (54.25)
0 19
Ising-type phase gates are defined as follows:
RZZ(p) = e i#/D20Z (54.26)
Similarly one can define RXX and RYY gates, etc.
For completeness we list some common notations:
1 0

S = TQ:P(w/2):<(1) 8)
7z - 52:P(7r):(é _01>=0Z=iRZ(w)

X = (O L ) =0, = ie "™ = jRX(7) = NOT gate

10
Y = (O _Z) , = ie~™Sv = iRY ()
H = ( 1 -1 ) Ux + 0,) = ie”""5" = Hadamard gate
1 _
R = ( L ) 1 —ioy) =e —Um/2Sy = = RY(7/2) = 90deg Rotation

We have R* = —1 which is a 27 rotation in SU(2). We have X? =Y? = Z? = H? = 1 which implies that these are 7
rotations in U(2). We emphasize that though the operation of H on "up” or down” states looks like 7/2 rotation,
it is in fact a 7 rotation around a 45° inclined axis:

H\%(}ﬂ)(\%,o,\%)?ﬁ? (54.28)

Global phase issue.— Mathematically we can define a U(1) operation on a qubit, namely, a multiplication by a phase.
Let us use the notation G(p) = €. Clearly, from a physical perspective this operation has no significance. Operations
like X and RX(7) are equivalent. If we have, say, a two-qubit register, then [G(¢) |z0)] @ |z1) = €% |, 71). What
about a controlled-G? For that we have the identity

CG(p) = [0)(0]@1+[1) (1| ®e¥ = P(p)®1 (54.29)

Namely, CG is mathematically equivalent to an operation with a phase-gate on the control qubit. For that reason the
G-gate is redundant.
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[54.5] The CNOT quantum gate

It is popular to consider the controlled NOT (CNOT) gate as an elementary gate, with which we can construct more
complicated gates. We shall use for it the notation CX. In the standard computational basis the control bit (z) of
CX is not affected by its operation, while the controlled bit (y) undergoes NOT provided the z bit is turned-on.
The gate is schematically illustrated in the following figure. We also provide in the figure another variation of CX
that performs NOT provided the x bit is turned-off. Below we explain that CX can be constructed using CZ and R
operations (right panel of the figure).

(M o (1N
NP N

N

In order to realize a two qubit gate we need a coupling mechanism. If we regard the two qubits as spins, it is most
natural to exploit the Ising spin-spin interaction (x Z ® Z) in order to realize an RZZ phase operation. But for
pedagogical purpose it is more convenient to regard the qubits as dots that can be charges with @ = 0,1 particles,
such that the interaction is x @ ® Q. With such interaction we can construct a CZ operation. Then we can exploit
the similarity transformation R~'ZR = X in order to get CX as follows:

CX = R'CZR = [0)(0|®1+|1)(1|®X (54.30)

where the rotations are performed on the controlled qubit (see figure). Here R is -90deg rotation around Y.

[64.6] CNOT-related operations

Having the ability to realize single-qubit operations, and the CNOT gate, we can construct all other possible gates
and circuits. It is amusing to see how SWAP gate can be realized by combining 3 CNOT gates, as illustrated is the
following diagram:

X X 2X+y 2X+y
> y
%

y N I X
N L/
y X+y X+y 3x+2y

The controlled-not gate has misc generalizations. There are two aspects: (i) how to form controlled-rotations instead
of control-not; (ii) how to have more then one control bit. The way to form a controlled RY or controlled RZ rotation
is to write the rotation, call it W, as a sequence of two half-rotations, namely, W = VV. We use the notation
V = VT =V~ for the inverse rotation. We note that for either RY or RZ we have the identity XV X = V. Then we
can use the following circuit (see figure below for its illustration):

CW = (CXVCX)V (54.31)

where V' operates on the controlled qubit, and the CX performs on it a controlled-not. Note that if we want to get
CRX, we can use the identity CRX = RZ(—7/2) CRY RZ(7w/2), where the RZ rotations operate on the controlled
qubit. The way to have two control bits labelled as ”1” and ”2” is to write the desired rotation as R = WW and
then to use the following circuit (see figure below for its illustration):

1—0

CCR = CW?70 x>t cw 7 x>t cwi0 (54.32)
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where the notation C*~7 means that qubit 7 controls the operation on qubit j.

——
I J— —— 3 *
— VeV R} Wi—w
The CCX operation, where we have two qubit that control NOT operation, is known as Toffoli gate. The NOT
operation is performed only if both control bits are turned on:

e T

The realization of the Toffoli gate opens the way to the quantum realization of an AND operation. Namely, by setting
y = 0 at the input, the output would be y = z1 A z3. For generalization of the Toffoli gate to the case where the z
register is of arbitrary size see p.184 of Nielsen and Chuang.

[64.7] Quantum Simulations

We have motivated quantum computation by considering the RSA decryption problem. We shall come back to that
in the subsequent sections, providing details on the Hadamard transform, on the quantum Fourier transform, and on
the required controlled computation of the f(x) function.

But quantum computation can be used also for the purpose of quantum simulations. Clearly, if we have a large
N-spin system, it is not feasible to perform a classical simulation with 2% x 2V matrices, while it might be feasible
to perform a simulation with an N qubit register. If we consider spin 1/2 system, then each qubit can represent a
spin. Evolution that is generated by, say, S, ® S, interaction can be realized using RXX gates. The Hamiltonian
might be a sum of several such terms, and therefore the use of the Trotter formula is required: each dt time step
of the simulation is composed of a sequence of infinitesimal unitary operations that correspond to the terms in the
Hamiltonian.

Slightly less natural is to perform simulation of a 2V site system, where each site is labelled by an N digit binary
number x. The operation of a potential V' (x) can be simulated using controlled-phase operations. Note: if we apply
a phase gate on a single qubit, say zg, then all the sites that have zy = 1 are affected. If we want to change the
phase of, say, = - - - 001, we need a controlled operation that performs the phase operation only if all the other bits
are 0. Similar treatment is required in order to induce hopping. Flipping one bit in x, say xg, means simultaneous
transitions within any pair of sites whose x differ by digit zy. If we want to induce transition between, say, only the
first two sites (- -- 000 and - - - 001) we have to use a controlled operation on the xq bit, namely, it is “rotated” only if all
the other bits equal 0. Accordingly, with controlled operation we can induce any transition between two sites whose
x differs by a single binary digit. In order to induce transitions between sites whose « differ by more than one digit,
we have to perform Gray-sequence of exchanges before the controlled operation, and after that reverse this sequence.
For Hamiltonian of the type H = T(p) + V(z) we might use the identity T'(p) = FTT(x)F, where F is the quantum
Fourier transform operation (see below). Other trick can be used for e.g. simulating the effect of T'(p) = cos(p).

[54.8] The Hadamard Transform

In the following we discuss the Hadamard and the Fourier transforms. These are unitary operations that are defined
on the multi-qubit x register. A given basis state |z, z1,23,...) can be regarded as the binary representation of an



300

integer number:

ne—1

=Y z,2" (54.33)
r=0

We distinguish between the algebraic multiplication for which we use the notation zz’, and the scalar product for
which we use the notation x - 2/,

x -2 = Zxroslr (54.34)
' = ZxerSQTJrS

So far we have defined the single qubit Hadamard gate. If we have an multi-qubit register it is natural to define
UHadamard = HOHRH®--- (5435)

The operation of a single-qubit Hadamard gate can be written as

1 1
1) (0 (DT ) = = Y ()R k) (54.36)

If we have a multi-qubit register we simply have to perform (in parallel) an elementary Hadamard transform on each
qubit:

120,21, o) 5[] == (10) + (—1) 1)) = \/;T S (1) k) (54.37)
r r | k.=0,1

1
= § (—1RorotRimt kg Ky Ky, ) § 1)k |k)
VNe Ne <

- G-
[\

The Hadmard transform is useful in order to prepare a ”democratic” superposition state as follows:

1
1
H 1 1 1 .
|0,0,...,0) — 7(|0>+|1) \/i(|0>+|1))®...®$(|0)—i—\l)) — | (54.38)
1

To operate with a unitary operator on this state is like making parallel computation on all the possible x basis states.

[54.9] The quantum Fourier transform

The definitions of the Hadamard transform and the quantum Fourier transform are very similar in style:

UHadamard|-r> k * |k (5439)

Fz
W Z e R ) (54.40)

UFourier |1‘>
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Let us write the definition of the quantum Fourier transform using different style so as to see that it is indeed a
Fourier transform operation in the conventional sense. First we notice that its matrix representation is

]. s 27 o/
<x/|UFourier|1'> = We_z%cx v (5441)

If we operate with it on the state |¢)) = > z|x) we get |¢) = >, ¢z|x), where the column vector ¢, is obtained
from 1, by a multiplication with the matrix that represents Ugourier- Changing the name of the dummy index form
x to k we get the relation

Ne—1
1

o= = D ey, (54.42)
¢ =0

This is indeed the conventional definition of

o ©o
1 1
(2 P2
. EEN . (54.43)
YN, -1 ON.—1

The number of memory bits which are required to store these vectors in a classical register is of order N ~ 2". The
number of operations which is involved in the calculation of a Fourier transform seems to be of order N2. In fact
there is an efficient “Fast Fourier Transform” (FFT) algorithm that reduces the number of required operations to
Nlog N = n2™. But this is still an exponentially large number in n. In contrast to that a quantum computer can
store these vectors in n qubit register. Furthermore, the ”quantum” FT algorithm can perform the calculation with
only n?lognloglogn operations. We shall not review here how the Quantum Fourier transform is realized. This
can be found in the textbooks. As far as this presentation is concerned the Fourier transform can be regarded as a
complicated variation of the Hadamard transform.

[54.10] Note on analog or optical computation

A few words are in order here regarding quantum computation versus classical analog computation. In an analog
computer every analog ”bit” can have a voltage within some range, so ideally each analog bit can store infinite amount
of information. This is of course not the case in practice because the noise in the circuit defines some effective finite
resolution. Consequently the performance is not better compared with a digital computers. In this context the analog
resolution is a determining factor in the definition of the memory size. Closely related is optical computation. This
can be regarded as a special type of analog computation. Optical Fourier Transform of a "mask” can be obtained
on a ”screen” that is placed in the focal plane of a lens. The FT is done in one shot. However, also here we have
the same issue: Each pixel of the mask and each pixel of the screen is a hardware element. Therefore we still need
an exponentially large hardware just to store the vectors. At best the complexity of F'T with optical computer is of
order 2™.

[54.11] The Uj; operation

The CNOT/Toffoli architecture can be generalized so as to realize any operation of the type y = f(z1,x2,...), as an
z-controlled operation, where y is a single qubit. More generally we have

x = (T, %1, T2...Tp,—1) (54.44)
Yy = (Yo,Y1,Y2, -Yn—1) (54.45)
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and we would like to realize a unitary controlled operation

U = Y |la)azloU® = POgUO®4+pPWeut) 4+ PR eu® 4. . (54.46)

This is formally like a measurement of the = register by the y register. Note that x is a constant of motion, and that
U has a block diagonal form:

U©
o (z) U(l)
<.CC Y |U‘J§, y> = 5x’,ny/7y = U(Q) (5447)
Of particular interest is the realization of a unitray operation that maps y =1 to y = f(x). Let us look on
ULy y> = ‘sz mod (N)> (54.48)

If M is co-prime to N, then U is merely a permutation matrix, and therefore it is unitary. The way to realize this
operation is implied by the formula

MT = MT.w2 H(Mf)ms = nﬁlMgs (54.49)

s s=0

which requires n. stages of processing. The circuit is illustrated in the figure below. In the s stage we have to perform
a controlled multiplication of y by My = M?" mod (N).

XO o
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[65] The foundation of statistical mechanics

[55.1] The canonical formalism

Consider some system, for example particles that are confined in a box. The Hamiltonian is
H = H(r,p;X) (55.1)

where X is some control parameter, for example the length of the box. The energy of the system is defined as

E = (H) = trace(Hp) = ZpT.E,, (55.2)

where is the last equality we have assume that we are dealing with a stationary state. Similarly the expression for
the generalized force y is

y = <—Z§§> = (—f;() (55.3)

It is argued that the weak interaction with an environment that has a huge density of state geny leads after relaxation
to a canonical state which is determined by the parameter 8 = d1og(geny(E))/dE that characterizes the environment.
The argument is based on the assumption that the universe (system+environment) is a closed system with some total
energy Eioal. After ergodization the system get into a stationary-like state. The probability p, to find the system in
state E, is proportional to geny(Eiotal—Fr) = Oenv(Eiotal)e™?Fr. Accordingly

1
Dr = Ze*ﬁE" (55.4)

where the so-called partition function provides the normalization
Z(6;X) = Ze*ﬁEr (55.5)

One observes that the energy can be obtained from

olnZz
E = - 55.6
5 (55.6)
while the generalized force is
10lnZz
= ——— 55.7
50X (55.7)
If we slightly change X and 8 and assume that the state of the system remains canonical then
dE = Y dp.E,+Y pdE, = TdS—ydX (55.8)

where the absolute temperature is defined as the integration factor of the first term

1
T = Iintegration factor = 3 (55.9)
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and the implied definition of the thermodynamic entropy is

S = —ZpTlin (55.10)

Note that the thermodynamic entropy is an extensive quantity in the thermodynamic limit. At this state it is
convenient to define the Helmholtz generating function

F(T,X) = —% In Z(3; X) (55.11)

which allows to write the state equation in an elegant way:

g _g% (55.12)

y = _%}; (55.13)
and

E = F+TS (55.14)

[565.2] Work

In the definition of work the system and the environment are regarded as one driven closed unit. On the basis of the
“rate of change formula” we have the following exact expression:

W= —/<J—')t dX (55.15)

where F = —dH/dX. Note that (F), is calculated for the time dependent (evolving) state of the system. From linear
response theory of driven closed systems we know that in leading order

(F)e = (F)x —nX (55.16)

The first terms is the conservative force, which is a function of X alone. The subscript implies that the expectation
value is taken with respect to the instantaneous adiabatic state. The second term is the leading correction to the
adiabatic approximation. It is the “friction” force which is proportional to the rate of the driving. The net conservative
work is zero for a closed cycle while the “friction” leads to irreversible dissipation of energy with a rate nX?2.

The above reasoning implies that for a quasi static process we can calculate the work as the sum of two contributions:

W = —W 4+ Whirreversible- Lhe conservative work is defined as
B
Wo— / y(X)dX (55.17)
A

The rate of irreversible work is
Wirrevcrsiblc = 7]X2 (5518)

where 7 is the “friction” coefficient, which can be calculated using linear response theory.
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[65.3] Heat

In order to understand which type of statements can be extracted form the canonical formalism we have to discuss
carefully the physics of work and heat. We distinguish between the system and the environment and write the
Hamiltonian in the form

Hiotal = H(’ﬂp; X(t)) + Hint + Henv (5519)

It is implicit that the interaction term is extremely small so it can be ignored in the calculation of the total energy.
We define

W = work = <<Htotal>B - <Ht0tal>A) (5520)
Q = heat = _(<Hem>3 - (Henv)A) (55.21)
Efinal — Eiitial = H)p— (H)a = Q + W (55.22)

If for a general process we know the work W and the change in the energy of the system, then we can deduce
what was the heat flow Q. If we compare dE = TdS — ydX with the expression dE = dQ +dWW we deduce that
TdS =dQ +dWireversible- This implies that the change in the entropy of the system is dS = (@Q +dWirreversible) /T -

[565.4] The second law of thermodynamics

The discussion of irreversible processes has been differed to Lecture Notes in Statistical Mechanics and Mesoscopic,
arXiv:1107.0568

[55.5] Fluctuations

The partition function and hence the thermodynamic equations of state give information only on the spectrum {E,}
of the system. In the classical context this observation implies that a magnetic field has no influence on the equilibrium
state of a system because the spectrum remains £ = mv?/2 with 0 < |v| < oo. In order to probe the dynamics we have
to look on the fluctuations S(t) = (F(¢)F(0)), where F is some observable. The Fourier transform of S(t) describes
the power spectrum of the fluctuations:

S(w) = [ " S(erar = > o0 > | Founl? 276 (w — (B —Ey)) (55.23)

This is the same object that appears in the Fermi-Golden-rule for the rate of transitions due to a perturbation
term V = —f(t)F. In the above formula w > 0 corresponds to absorption of energy (upward transitions), while
w < 0 corresponds to emission (downward transitions). It is a straightforward algebra to show that for a canonical
preparations with p,, o< exp(—FE,,/T) there is a detailed balance relation:

S(w) = S(—w) exp (h;’) (55.24)

This implies that if we couple to the system another test system (e.g. a two level “thermometer”) it would be driven
by the fluctuations into a canonical state with the same temperature.

The connection with Fermi-Golden-rule is better formalized within the framework of the so called fluctuation-
dissipation relation. Assume that the system is driven by varying a parameter X, and define F as the associated
generalized force. The Kubo formula (see Dynamics and driven systems lectures) relates the response kernel to S(¢).
In particular the dissipation coefficient is:

Nw) = ————= (55.25)


http://arxiv.org/abs/1107.0568
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If the system is in a canonical state it follow that the zero frequency response is 19 = S(0)/(2T). If we further assume
“Ohmic response”, which means having constant 7(w) = 1y up to some cutoff frequency, then the above relation can
be inverted:

- 2w

Sohmic(w) = (U mp—y (55.26)

The best known application of this relation is known as the Nyquist theorem. If a ring is driven by an electro-motive
force —®, then the rate of heating is W = G$2, which is know as Joule law. The generalized force which is associated
with @ is the current Z, and G is known as the conductance Note that Joule law is equivalent to Ohm law (Z) = —G®.
It follows from the fluctuation-dissipation relation that the fluctuations of the current at equilibrium for w < T' are
described by S(w) = 2GT. It should be clear that in non-equilibrium we might have extra fluctuations, which in this
example are known as shot noise.

[565.6] The modeling of the environment

It is common to model the environment as a huge collection of harmonic oscillators, and to say that the system is
subject to the fluctuations of a field variable F which is a linear combination of the bath coordinates:

1/2
ZCaQa = an <2m1w > (aa+a1{) (5527)

For preparation of the bath in state n = {n,} we get

>3 e [(na£1|Qalna)? 276 (w F wa) (55.28)
a £
Using
1 1/2
(at1Qulia) = (o) V¥ (55.29)

(0 1Qulna) = (5 )1/2 Vi (55.30)

2MoWea

Sw) = Y Qmi% omc? [(1+na)5(w — wa) + nad(w + wa)] (55.31)

For a canonical preparation of the bath we have (ny) = f(wa) = 1/(e*/T — 1). It follows that

S(w) = 2J(|w)x{(lﬁ;fgs))) - 2J(w)ﬁ (55.32)

where we used f(—w) = —(1 + f(w)), and defined the spectral density of the bath as

™ 02
Jw) = 5 —"6(w—wa) (55.33)

MaWa

with anti-symmetric continuation. For an Ohmic bath J(w) = nw, with some cutoff frequency w..
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