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Chapter 1

Introduction

1.1 Introduction

Quantum mechanics is an important intellectual achievement of the 20th century. It is one
of the more sophisticated field in physics that has affected our understanding of nano-meter
length scale systems important for chemistry, materials, optics, and electronics. The existence
of orbitals and energy levels in atoms can only be explained by quantum mechanics. Quantum
mechanics can explain the behaviors of insulators, conductors, semi-conductors, and giant
magneto-resistance. It can explain the quantization of light and its particle nature in addition
to its wave nature. Quantum mechanics can also explain the radiation of hot body, and its
change of color with respect to temperature. It explains the presence of holes and the transport
of holes and electrons in electronic devices.

Quantum mechanics has played an important role in photonics, quantum electronics,
and micro-electronics. But many more emerging technologies require the understanding of
quantum mechanics; and hence, it is important that scientists and engineers understand
quantum mechanics better. One area is nano-technologies due to the recent advent of nano-
fabrication techniques. Consequently, nano-meter size systems are more common place. In
electronics, as transistor devices become smaller, how the electrons move through the device
is quite different from when the devices are bigger: nano-electronic transport is quite different
from micro-electronic transport.

The quantization of electromagnetic field is important in the area of nano-optics and
quantum optics. It explains how photons interact with atomic systems or materials. It also
allows the use of electromagnetic or optical field to carry quantum information. Moreover,
quantum mechanics is also needed to understand the interaction of photons with materials in
solar cells, as well as many topics in material science.

When two objects are placed close together, they experience a force called the Casimir
force that can only be explained by quantum mechanics. This is important for the un-
derstanding of micro/nano-electromechanical sensor systems (M/NEMS). Moreover, the un-
derstanding of spins is important in spintronics, another emerging technology where giant
magneto-resistance, tunneling magneto-resistance, and spin transfer torque are being used.

Quantum mechanics is also giving rise to the areas of quantum information, quantum
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communication, quantum cryptography, and quantum computing. It is seen that the richness
of quantum physics will greatly affect the future generation technologies in many aspects.

1.2 Quantum Mechanics is Bizarre

The development of quantum mechanicsis a great intellectual achievement, but at the same
time, it is bizarre. The reason is that quantum mechanics is quite different from classical
physics. The development of quantum mechanics is likened to watching two players having
a game of chess, but the watchers have not a clue as to what the rules of the game are. By
observations, and conjectures, finally the rules of the game are outlined. Often, equations are
conjectured like conjurors pulling tricks out of a hat to match experimental observations. It
is the interpretations of these equations that can be quite bizarre.

Quantum mechanics equations were postulated to explain experimental observations, but
the deeper meanings of the equations often confused even the most gifted. Even though
Einstein received the Nobel prize for his work on the photo-electric effect that confirmed
that light energy is quantized, he himself was not totally at ease with the development of
quantum mechanicsas charted by the younger physicists. He was never comfortable with the
probabilistic interpretation of quantum mechanics by Born and the Heisenberg uncertainty
principle: “God doesn’t play dice,” was his statement assailing the probabilistic interpreta-
tion. He proposed “hidden variables” to explain the random nature of many experimental
observations. He was thought of as the “old fool” by the younger physicists during his time.

Schrédinger came up with the bizarre “Schrodinger cat paradox” that showed the struggle
that physicists had with quantum mechanics’s interpretation. But with today’s understanding
of quantum mechanics, the paradox is a thing of yesteryear.

The latest twist to the interpretation in quantum mechanics is the parallel universe view
that explains the multitude of outcomes of the prediction of quantum mechanics. All outcomes
are possible, but with each outcome occurring in different universes that exist in parallel with
respect to each other.

1.3 The Wave Nature of a Particle-Wave Particle Dual-
ity

The quantized nature of the energy of light was first proposed by Planck in 1900 to successfully

explain the black body radiation. Einstein’s explanation of the photoelectric effect further

asserts the quantized nature of light, or light as a photon.! However, it is well known that

light is a wave since it can be shown to interfere as waves in the Newton ring experiment as

far back as 1717.

The wave nature of an electron is revealed by the fact that when electrons pass through
a crystal, they produce a diffraction pattern. That can only be explained by the wave nature

n the photoelectric effect, it was observed that electrons can be knocked off a piece of metal only if the
light exceeded a certain frequency. Above that frequency, the electron gained some kinetic energy proportional
to the excess frequency. Einstein then concluded that a packet of energy was associated with a photon that
is proportional to its frequency.
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of an electron. This experiment was done by Davisson and Germer in 1927. De Broglie
hypothesized that the wavelength of an electron, when it behaves like a wave, is

A=o (1.3.1)

where h is the Planck’s constant, p is the electron momentum,? and
h = 6.626 x 10~3*Joule - second (1.3.2)
When an electron manifests as a wave, it is described by
¥(2) x exp(ikz) (1.3.3)

where k = 27/). Such a wave is a solution to?

92
53¢ = k) (1.3.4)
A generalization of this to three dimensions yields
V2ih(r) = —k*)(r) (1.3.5)
We can define
p = hk (1.3.6)

where i = h/(2m).* Consequently, we arrive at an equation

h? 2 P2
_ - £ 1.3.
o V2(0) = 5 () (13.7)
where
mo ~ 9.11 x 107 3'kg (1.3.8)

The expression p?/(2my) is the kinetic energy of an electron. Hence, the above can be
considered an energy conservation equation.
The Schrodinger equation is motivated by further energy balance that total energy is equal
to the sum of potential energy and kinetic energy. Defining the potential energy to be V (r),
the energy balance equation becomes
h2

oV TV )| U@) = Bv(r) (1.3.9)

2Typical electron wavelengths are of the order of nanometers. Compared to 400 nm of wavelength of blue
light, they are much smaller. Energetic electrons can have even smaller wavelengths. Hence, electron waves
can be used to make electron microscope whose resolution is much higher than optical microscope.

3The wavefunction can be thought of as a “halo” that an electron carries that determine its underlying
physical properties and how it interact with other systems.

4This is also called Dirac constant sometimes.
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where F is the total energy of the system. The above is the time-independent Schrodinger
equation. The ad hoc manner at which the above equation is arrived at usually bothers a
beginner in the field. However, it predicts many experimental outcomes, as well as predicting
the existence of electron orbitals inside an atom, and how electron would interact with other
particles.

One can further modify the above equation in an ad hoc manner by noticing that other
experimental finding shows that the energy of a photon is E = hw. Hence, if we let

0
ihe W(r,t) = BU(r,1) (1.3.10)
then
U(r,t) = e “(r,t) (1.3.11)

Then we arrive at the time-dependent Schriodinger equation:

R _, 0

Qmov +V(r)| ¥(r,t) = zhatz/}(r, t) (1.3.12)
Another disquieting fact about the above equation is that it is written in complex functions
and numbers. In our prior experience with classical laws, they can all be written in real
functions and numbers. We will later learn the reason for this.

Mind you, in the above, the frequency is not unique. We know that in classical physics,
the potential V' is not unique, and we can add a constant to it, and yet, the physics of the
problem does not change. So, we can add a constant to both sides of the time-independent
Schrodinger equation (1.3.10), and yet, the physics should not change. Then the total E on
the right-hand side would change, and that would change the frequency we have arrived at
in the time-dependent Schrédinger equation. We will explain how to resolve this dilemma
later on. Just like potentials, in quantum mechanics, it is the difference of frequencies that
matters in the final comparison with experiments, not the absolute frequencies.

The setting during which Schrédinger equation was postulated was replete with knowledge
of classical mechanics. It will be prudent to review some classical mechanics knowledge next.
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Chapter 2

Classical Mechanics

2.1 Introduction

Quantum mechanics cannot be derived from classical mechanics, but classical mechanics
can inspire quantum mechanics. Quantum mechanics is richer and more sophisticated than
classical mechanics. Quantum mechanics was developed during the period when physicists
had rich knowledge of classical mechanics. In order to better understand how quantum
mechanics was developed in this environment, it is better to understand some fundamental
concepts in classical mechanics. Classical mechanics can be considered as a special case of
quantum mechanics. We will review some classical mechanics concepts here.

In classical mechanics, a particle moving in the presence of potentiall V' (g) will experience
a force given by

F(q) = - (2.1.1)

where ¢ represents the coordinate or the position of the particle. Hence, the particle can be
described by the equations of motion

dviq) do _ p/m (2.1.2)

dp

dt

For example, when a particle is attached to a spring and moves along a frictionless surface,
the force the particle experiences is F'(q) = —kq where k is the spring constant. Then the
equations of motion of this particle are

dp . dg .

b S A 2 _ 5= 2.1.3

it ¢ g =4=p/m (2.1.3)
Given p and ¢ at some initial time ¢, one can integrate (2.1.2) or (2.1.3) to obtain p and ¢ for
all later time. A numerical analysist can think of that (2.1.2) or (2.1.3) can be solved by the

IThe potential here refers to potential energy.
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Vig)

Figure 2.1: The left side shows a potential well in which a particle can be trapped. The right
side shows a particle attached to a spring. The particle is subject to the force due to the
spring, but it can also be described by the force due to a potential well.

finite difference method, where time-stepping can be used to find p and ¢ for all later time.
For instance, we can write the equations of motion more compactly as

av
o =F(V) (2.1.4)

where V = [p,q]t, and F is a general _vector function of V. It can be nonlinear or linear; in
the event if it is linear, then F(V) = A - V.
Using finite difference approximation, we can rewrite the above as

V(t+ At) — V(1) = AtF(V(1)),
V(t+ At) = AF(V(1) + V(?) (2.1.5)

The above can be used for time marching to derive the future values of V from past values.

The above equations of motion are essentially derived using Newton’s law. However, there
exist other methods of deriving these equations of motion. Notice that only two variables p
and ¢ are sufficient to describe the state of a particle.

2.2 Lagrangian Formulation

Another way to derive the equations of motion for classical mechanics is via the use of the
Lagrangian and the principle of least action. A Lagrangian is usually defined as the difference
between the kinetic energy and the potential energy, i.e.,

Llgq) =T~V (2.2.1)

where ¢ is the velocity. For a fixed t, ¢ and ¢ are independent variables, since ¢ cannot be
derived from g if it is only known at one given t. The equations of motion is derived from the
principle of least action which says that ¢(t) that satisfies the equations of motion between
two times t; and t3 should minimize the action integral

S— /:2 L(4(t), q(t))dt (2.2.2)
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Assuming that ¢(t1) and ¢(t2) are fixed, then the function ¢(t) between ¢; and to should
minimize S, the action. In other words, a first order perturbation in ¢ from the optimal
answer that minimizes S should give rise to second order error in S. Hence, taking the first
variation of (2.2.2), we have

to to to
53:5/ L(q,q)dtz/ 5L(q,q)dt:/ 5d2E 4 5495 at = o (2.2.3)
t1 t t1 9q dq

1

In order to take the variation into the integrand, we have to assume that dL(q,¢q) is taken
with constant time. At constant time, ¢ and ¢ are independent variables; hence, the partial
derivatives in the next equality above follow. Using integration by parts on the first term, we

have
to t t
2 . d /0L 2 0L
— 0q— | =— | dt 0g—dt =0 224
A th<aq) + [ o, 224

t1

oL
08 =dq —
qaq

The first term vanishes because dq(t1) = dg(t2) = 0 because ¢(t1) and g(t2) are fixed. Since
0q(t) is arbitrary between t; and to, we have

d (0L oL

— | =] ——=—=0 2.2.5

dt <3Q> 9q (2.25)
The above is called the Lagrange equation, from which the equation of motion of a particle can
be derived. The derivative of the Lagrangian with respect to the velocity ¢ is the momentum

L

= — 2.2.6
P= 5 (2.2.6)
The derivative of the Lagrangian with respect to the coordinate g is the force. Hence
oL
F=— 2.2.7
5 (227
The above equation of motion is then
p=F (2.2.8)

Equation (2.2.6) can be inverted to express ¢ as a function of p and ¢, namely

q=fp.q) (2.2.9)

The above two equations can be solved in tandem to find the time evolution of p and gq.
For example, the kinetic energy T of a particle is given by

1

T = 5mq? (2.2.10)
Then from (2.2.1), and the fact that V' is independent of ¢,
0L 0T

p= %G00 mq (2.2.11)
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or
. p
= = 2.2.12
q=_ ( )
Also, from (2.2.1), (2.2.7), and (2.2.8), we have
ov
)= ——— 2.2.13
P="3, ( )

The above pair, (2.2.12) and (2.2.13), form the equations of motion for this problem.

The above can be generalized to multidimensional problems. For example, for a one
particle system in three dimensions, ¢; has three degrees of freedom, and i = 1,2,3. (The ¢;
can represent x,y, z in Cartesian coordinates, but r, 6, ¢ in spherical coordinates.) But for
N particles in three dimensions, there are 3N degrees of freedom, and ¢ = 1,...,3N. The
formulation can also be applied to particles constraint in motion. For instance, for N particles
in three dimensions, ¢; may run from ¢ = 1,...,3N — k, representing k constraints on the
motion of the particles. This can happen, for example, if the particles are constraint to move
in a manifold (surface), or a line (ring) embedded in a three dimensional space.

Going through similar derivation, we arrive at the equation of motion

d (0L\ 0L
" (8%) il (2.2.14)

In general, ¢; may not have a dimension of length, and it is called the generalized coordinate
(also called conjugate coordinate). Also, ¢; may not have a dimension of velocity, and it is
called the generalized velocity.

The derivative of the Lagrangian with respect to the generalized velocity is the generalized
momentum (also called conjugate momentum), namely,

oL
94

Di (2.2.15)

The generalized momentum may not have a dimension of momentum. Hence, the equation
of motion (2.2.14) can be written as

_ oL
B 0q;

Di (2.2.16)

Equation (2.2.15) can be inverted to yield an equation for ¢; as a function of the other
variables. This equation can be used in tandem (2.2.16) as time-marching equations of motion.

2.3 Hamiltonian Formulation

For a multi-dimensional system, or a many particle system in multi-dimensions, the total
time derivative of L is

dL oL . oL .
oy (0 0y 23)

9
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Since OL/0q; = %(8L/ 0¢q;) from the Lagrange equation, we have

dL d /0L OL d oL
Lo () g+ Ll = S5 (L2, 2.3.2
dt ;{dt <aQi)q +5Qiq] dtZ:(@qiq) (232)
or
d OL
d 9L 1) = 2.3.
dt(i 9g; " ) (233)
The quantity
OL
H = ——g; — L 2.34
aq.iq 234

is known as the Hamiltonian of the system, and is a constant of motion, namely, dH/dt = 0.
As shall be shown, the Hamiltonian represents the total energy of a system. It is a constant
of motion because of the conservation of energy.

The Hamiltonian of the system, (2.3.4), can also be written, after using (2.2.15), as

H= Zqip,» —L (2.3.5)

where p; = OL/0¢; is the generalized momentum. The first term has a dimension of energy,
and in Cartesian coordinates, for a simple particle motion, it is easily seen that it is twice the
kinetic energy. Hence, the above indicates that the Hamiltonian

H=T+V (2.3.6)

The total variation of the Hamiltonian is

§H =4 (Zpiqz) — 6L

. . oL oL _.
= Z (Qi(spi +pi6Qi) - Z (aq_dqi + aq&]z) (237)

Using (2.2.15) and (2.2.16), we have

SH = (4:i0pi + piddi) — Y (9idai + pidd:)

= (¢:0p; — pida:) (2.3.8)

From the above, we gather that the Hamiltonian is a function of p; and ¢;. Taking the first
variation of the Hamiltonian with respect to these variables, we have

OH oH
SH = Z (amtgpi + aqiéql) (2.3.9)

%
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Comparing the above with (2.3.8), we gather that

O0H
7 = 2.3.1
6= 5 (2.3.10)
0H
), = — 2.3.11
Di 8%‘ ( 3 )

These are the equations of motion known as the Hamiltonian equations.

The (2.3.4) is also known as the Legendre transformation. The original function L is a
function of ¢;, ¢;. Hence, L depends on both d¢; and dg;. After the Legendre transformation,
0H depends on the differential dp; and dg¢; as indicated by (2.3.8). This implies that H is a
function of p; and g;. The equations of motion then can be written as in (2.3.10) and (2.3.11).

2.4 More on Hamiltonian

The Hamiltonian of a particle in classical mechanics is given by (2.3.6), and it is a function
of p; and ¢;. For a non-relativistic particle in three dimensions, the kinetic energy

r=PP (2.4.1)
2m

and the potential energy V is a function of q. Hence, the Hamiltonian can be expressed as

H= ‘%’ +V(q) (2.4.2)

in three dimensions. When an electromagnetic field is present, the Hamiltonian for an electron
can be derived by letting the generalized momentum

pi = mq; + eA; (2.4.3)

where e is the electron charge and A; is component of the vector potential A. Consequently,
the Hamiltonian of an electron in the presence of an electromagnetic field is

P—cA)-(p—cA)
2m

The equation of motion of an electron in an electromagnetic field is governed by the Lorentz
force law, which can be derived from the above Hamiltonian using the equations of motion
provided by (2.3.10) and (2.3.11).

o

+ eg(q) (2.4.4)

2.5 Poisson Bracket

Yet another way of expressing equations of motion in classical mechanics is via the use of
Poisson bracket. This is interesting because Poisson bracket has a close quantum mechanics
analogue. A Poisson bracket of two scalar variables v and v that are functions of ¢ and p is
defined as

Judv Ovou

{u,v} = 940p  dq0p (2.5.1)
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In this notation, using (2.3.10) and (2.3.11),
du_au@ Oudp OudH OudH

At dqdt  dpdt dg dp Op Oq
= {u, H} (2.5.2)

which is valid for any variable u that is a function of p and q. Hence, we have the equations
of motion as

¢={q¢,H}, p={p.H} (2.5.3)

in the Poisson bracket notation. As we shall see later, similar equations will appear in quantum
mechanics.
The algebraic properties of Poisson bracket are

{u, v} = —{v, u} (2.5.4)
{u+vvw}:{u»w}+{vﬂw} ( )
{uv,w} = {u, w}v + u{v,w} (2.5.6)
{u,vw} = {u,v}w + v{u, w} ( )
(2.5.8)

{{uvv}>w} + {{va}’u} + {{w,u},v} =0

These properties are antisymmetry, distributivity, associativity and Jacobi’s identity.
If we define a commutator operation between two noncommuting operator & and © as

i, 0] = @b — Da, (2.5.9)

it can be shown that the above commutator have the same algebraic properties as the Pois-
son bracket. An operator in quantum mechanics can be a matrix operator or a differential
operator. In general, operators do not commute unless under very special circumstances.
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Chapter 3

Quantum Mechanics—Some
Preliminaries

3.1 Introduction

With some background in classical mechanics, we may motivate the Schrédinger equation
in a more sanguine fashion. Experimental evidence indicated that small particles such as
electrons behave quite strangely and cannot be described by classical mechanics alone. In
classical mechanics, once we know p and ¢ and their time derivatives (or p, ¢) of a particle at
time tg, one can integrate the equations of motion

p=F, ¢=p/m (3.1.1)

or use the finite difference method to find p and ¢ at tg + At, and at all subsequent times.

In quantum mechanics, the use of two variables p and ¢ and their derivatives is insufficient
to describe the state of a particle and derive its future states. The state of a particle has to
be more richly endowed and described by a wavefunction or state function (g, t). The state
function (also known as a state vector) is a vector in the infinite dimensional space.

At this juncture, the state function or vector is analogous to when we study the control
theory of a highly complex system. In the state variable approach, the state of a control system
is described by the state vector, whose elements are variables that we think are important to
capture the state of the system. For example, the state vector V, describing the state of the
factory, can contain variables that represent the number of people in a factory, the number of
machines, the temperature of the rooms, the inventory in each room, etc. The state equation
of this factory can then be written as

d _
V() =RV (1) (3.1.2)

It describes the time evolution of the factory. The matrix A causes the coupling between
state variables as they evolve. It bears strong similarity to the time-dependent Schrédinger

15
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L wiq.t)

q

\J

N

Figure 3.1: The state of a particle in quantum mechanics is described by a state function,
which has infinitely many degrees of freedom.

equation, which is used to describe the time-evolution of the state function or the wavefunction
of an electron. In the wavefunction, a complex number is assigned to each location in space.

In the Schrodinger equation, the wavefunction (g, t) is a continuous function of of the
position variable ¢ at any time instant t; hence, it is described by infinitely many numbers,
and has infinite degrees of freedom. The time evolution of the wavefunction (g, t) is governed
by the Schrodinger equation. It was motivated by experimental evidence and the works of
many others such as Planck, Einstein, and de Broglie, who were aware of the wave nature of
a particle and the dual wave-particle nature of light.

3.2 Probabilistic Interpretation of the wavefunction

The wavefunction of the Schrodinger equation has defied an acceptable interpretation for
many years even though the Schrodinger equation was known to predict experimental out-
comes. Some thought that it represented an electron cloud, and that perhaps, an electron,
at the atomistic level, behaved like a charge cloud, and hence not a particle. The final, most
accepted interpretation of this wavefunction (one that also agrees with experiments) is that
its magnitude squared corresponds to the probabilistic density function. In other words, the
probability of finding an electron in an interval [z, 4+ Az] is equal to

(. 1) Az (3.2.1)

For the 3D case, the probability of finding an electron in a small volume AV in the vicinity
of the point r is given by
[ (r, t)PAV (3.2.2)

Since the magnitude squared of the wavefunction represents a probability density function,
it must satisfy the normalization condition of a probability density function, viz.,

/de(r, 2 =1 (3.2.3)
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with its counterparts in 1D and 2D. The magnitude squared of this wavefunction is like some
kind of “energy” that cannot be destroyed. Electrons cannot be destroyed and hence, charge
conservation is upheld by the Schrodinger equation.

Motivated by the conservation of the “energy” of the wavefunction, we shall consider an
“energy” conserving system where the classical Hamiltonian will be a constant of motion. In
this case, there is no “energy” loss from the system. The Schrédinger equation that governs
the time evolution of the wavefunction ) is

: L dy
Hip =ih— 3.2.4
=it (3:2.49)
where H is the Hamiltonian operator." One can solve (3.2.4) formally to obtain
(t) = e R h(t = 0) (3.2.5)

Since the above is a function of an operator, it has meaning only if this function acts on the
eigenvectors of the operator H. It can be shown easily that if A -V, = \;V;,

exp(A) - V; =exp(\)V; (3.2.6)

If H is a Hermitian operator, then there exists eigenfunctions, or special wavefunctions,
¥y, such that

ﬁwn = nwn (327)

where E,, is purely real. In this case, the time evolution of v, from (3.2.5) is

Pn(t) = e "R, (¢ = 0) = e “nly), (t = 0) (3.2.8)

In the above, E,, = fiw,, or the energy E,, is related to frequency w, via the reduced Planck
constant i. The reduced Planck constant is related to the Planck constant by h = h/(27)
and h = 6.626068 x 1073% J s.

Scalar variables that are measurable in classical mechanics, such as p and ¢, are known as
observables in quantum mechanics. They are elevated from scalar variables to operators in
quantum mechanics, denoted by a “”” symbol here. In classical mechanics, for a one particle
system, the Hamiltonian is given by

2
H=T+v=21+v (3.2.9)
2m

The Hamiltonian contains the information from which the equations of motion for the particle
can be derived. But in quantum mechanics, this is not sufficient, and H becomes an operator

P
H=—+V 3.2.10
o T ( )

LRightfully, one should use the bra and ket notation to write this equation as H|1/)) = ih% [1). In the less
rigorous notation in (3.2.4), we will assume that H is in the representation in which the state vector 1 is in.
That is if ¢ is in coordinate space representation, H is also in coordinates space representation.
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This operator works in tandem with a wavefunction ¢ to describe the state of the particle.
The operator acts on a wavefunction ¢ (t), where in the coordinate g representation, is 1(q, t).
When (g, t) is an eigenfunction with energy F,, it can be expressed as

bn(q,t) = Yn(g)e """ (3.2.11)

where E,, = hw,. The Schrédinger equation for 1, (q) then becomes?

n(a) = (p " V) $n(0) = Enton(a) (3:212)

2m
For simplicity, we consider an electron moving in free space where it has only a constant
kinetic energy but not influenced by any potential energy. In other words, there is no force
acting on the electron. In this case, V = 0, and this equation becomes

]52

It has been observed by de Broglie that the momentum of a particle, such as an electron
which behaves like a wave, has a momentum

p=nhk (3.2.14)

where k = 27/X is the wavenumber of the wavefunction. This motivates that the operator p
can be expressed by

. L d
D= Zhdq (3.2.15)
in the coordinate space representation. This is chosen so that if an electron is described by a
state function 1(q) = c1e*9, then prp(q) = hki(q). The above motivation for the form of the
operator p is highly heuristic. We will see other reasons for the form of p when we study the
correspondence principle and the Heisenberg picture.
Equation (3.2.13) for a free particle is then

_772wn(Q) = Enwn(Q) (3216)

Since this is a constant coefficient ordinary differential equation, the solution is of the form

Unlq) = e (3.2.17)
which when used in (3.2.16), yields
h2k?
5 = En (3.2.18)
m

Namely, the kinetic energy T' of the particle is given by

h2k2
T= (3.2.19)

2Forn the Schrédinger equation in coordinate space, V turns out to be a scalar operator.
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where p = ik is in agreement with de Broglie’s finding.

In many problems, the operator V is a scalar operator in coordinate space representation
which is a scalar function of position V' (g). This potential traps the particle within it acting
as a potential well. In general, the Schrédinger equation for a particle becomes

2 2
[_;m;@ + V(q)] v(g.t) = ih%w(q,t) (3.2.20)

For a particular eigenstate with energy E,, as indicated by (3.2.11), it becomes

2 72
g V@) 6l = B0 (32:21)
The above is an eigenvalue problem with eigenvalue F,, and eigenfunction ,(q). These
eigenstates are also known as stationary states, because they have a time dependence indicated
by (3.2.11). Hence, their probability density functions |1,,(q,t)|? are time independent.

These eigenfunctions correspond to trapped modes in the potential well defined by V(q)
very much like trapped guided modes in a dielectric waveguide. These modes are usually
countable and they can be indexed by the index n.

In the special case of a particle in free space, or the absence of the potential well, the
particle or electron is not trapped and it is free to assume any energy or momentum indexed
by the continuous variable k. In (3.2.18), the index for the energy should rightfully be k and
the eigenfunctions are uncountably infinite. Moreover, the above can be generalized to two
and three dimensional cases.

3.3 Simple Examples of Time Independent Schrodinger
Equation
At this juncture, we have enough knowledge to study some simple solutions of time-independent

Schrédinger equation such as a particle in a box, a particle impinging on a potential barrier,
and a particle in a finite potential well.

3.3.1 Particle in a 1D Box

Consider the Schrédinger equation for the 1D case where the potential V (z) is defined to be
a function with zero value for 0 < z < a (inside the box) and infinite value outside this range.
The Schrodinger equation is given by

h? d?
2mdz?

V()| ¢(z) = Ed(z) (3.3.1)

where we have replaced ¢ with z. Since V' (z) is infinite outside the box, (x) has to be zero.
Inside the well, V' (x) = 0 and the above equation has a general solution of the form

(x) = Asin(kx) + B cos(kz) (3.3.2)
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The boundary conditions are that ¢(x = 0) = 0 and ¢(z = a) = 0. For this reason, a viable
solution for ¥ (z) is

Y(x) = Asin(kz) (3.3.3)
where k = nn/a, n = 1,...,00. There are infinitely many eigensolutions for this problem.
For each chosen n, the corresponding energy of the solution is

(hnm/a)?
E,=—"- 3.34
5 (3.3.4)

These energy values are the eigenvalues of the problem, with the corresponding eigenfunctions
given by (3.3.3) with the appropriate k. It is seen that the more energetic the electron is
(high E,, values), the larger the number of oscillations the wavefunction has inside the box.
The solutions that are highly oscillatory have higher k values, and hence, higher momentum
or higher kinetic energy. The solutions which are even about the center of the box are said
to have even parity, while those that are odd have odd parity.

One other thing to be noted is that the magnitude squared of the wavefunction above
represents the probability density function. Hence, it has to be normalized. The normalized
version of the wavefunction is

¥(x) = \/2/asin(nrz/a) (3.3.5)
Moreover, these eigenfunctions are orthonormal to each other, viz.,
/ daay, () ¢m () = nm (3.3.6)
0

The orthogonality is the generalization of the fact that for a Hermitian matrix system, where
the eigenvectors are given by

H-V;,=\V; (3.3.7)
then it can be proven easily that
VIV =056 (3.3.8)
Moreover, the eigenvalues are real.
energy wavefunction
........ n=3 [\7[.\
-------- n: - -
________ n=1 PN
-
L

Figure 3.2: The wavefunctions of an electron trapped in a 1D box (from DAB Miller).
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3.3.2 Particle Scattering by a Barrier

In the previous example, it is manifestly an eigenvalue problem since the solution can be
found only at discrete values of F,. The electron is trapped inside the box. However, in an
open region problem where the electron is free to roam, the energy of the electron E can be
arbitrary. We can assume that the potential profile is such that V(z) = 0 for x < 0 while
V(z) = Vp for © > 0. The energy of the electron is such that 0 < E < Vj,. On the left side,
we assume an electron coming in from —oo with the wavefunction described by A exp(ikix).
When this wavefunction hits the potential barrier, a reflected wave will be present, and the
general solution on the left side of the barrier is given by

P1(z) = A" + Bre” T (3.3.9)

where (hk1)?/(2m) = E is the kinetic energy of the incident electron. On the right side,
however, the Schrodinger equation to be satisfied is

K2 d2
{zmm«z

} bol) = (E — Vo)ba(a) (3.3.10)

The solution of the transmitted wave on the right is
h(z) = Age’>* (3.3.11)

where
ko = +/2m(E — Vo) /h (3.3.12)

Given the known incident wave amplitude A;, we can match the boundary conditions at z = 0
to find the reflected wave amplitude B; and the transmitted wave amplitude As. By eye-
balling the Schrodinger equation (3.3.1), we can arrive at the requisite boundary conditions
are that ¢ and 0v/0x are continuous at = = 0.

Since E < Vp, ks is pure imaginary, and the wave is evanescent and decays when x — oco.
This effect is known as tunneling. The electron as a nonzero probability of being found inside
the barrier, albeit with decreasing probability into the barrier. The larger V| is compared to
FE, the more rapidly decaying is the wavefunction into the barrier.

However, if the electron is energetic enough so that £ > Vj, ko becomes real, and then
the wavefunction is no more evanescent. It penetrates into the barrier; it can be found even
a long way from the boundary.

It is to be noted that the wavefunction in this case cannot be normalized as the above
represents a fictitious situation of an electron roaming over infinite space. The above example
illustrates the wave physics at the barrier.

3.3.3 Particle in a Potential Well
If the potential profile is such that

Vi if x < —a/2, region 1

V() =< Va=0 if |z] < a/2, region 2 (3.3.13)
V3 if x > a/2, region 3
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-2 0 2
= (Angstroms)

Figure 3.3: Scattering of the electron wavefunction by a 1D barrier (from DAB Miller).

then there can be trapped modes (or states) inside the well represented by standing waves,
whereas outside the well, the waves are evanescent for eigenmodes for which £ < V; and
E<Vs.

The wavefunction for |z| < a/2 can be expressed as

o (1‘) = A, sin(k’gx) + By COS(kQQf) (3314)

where ko = vV2mE/h. In region 1 to the left, the wavefunction is

Y1 (x) = Are™” (3.3.15)
where ay = /2m(V; — E)/h. The wave has to decay in the left direction. Similar, in region
3 to the right, the wavefunction is

Y3(x) = Bae™ ™" (3.3.16)

where ag = \/2m(V3 — E)/h. It has to decay in the right direction. Four boundary conditions
can be imposed at x = £a/2 to eliminate the four unknowns A;, Ay, Bs, and Bs. However,
non-trivial eigensolutions can only exist at selected values of E which are the eigenvalues of
the Schrodinger equation. The eigenequation from which the eigenvalues can be derived is a
transcendental equation.

To illustrate this point, we impose that 4 is continuous at © = +a/2 to arrive at the
following two equations:

Aje—10/2 = _ 4, sin(kaa/2) + Bg cos(kaa/2) (3.3.17)
Age=39/2 — A, sin(kqa/2) + Bs cos(kaa/2) (3.3.18)

We further impose that 9v/0x is continuous at x = +a to arrive at the following two equa-
tions:

o Aye= Y2 = |y Ay cos(koa/2) 4 ko By sin(kea/2) (3.3.19)
—a3Aze” 32 = ko Ay cos(koa/2) — koBsg sin(kaa/2) (3.3.20)
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The above four equations form a matrix equation
M-V=0 (3.3.21)

where V = [A;, Ay, B, B3]!, and the elements of M, which depend on E, can be gleaned off
the above equations. Non-trivial solutions exists for V only if

det(M(E)) = [M(E)| = 0 (3.3.22)

The above is the transcendental eigenequation from which the eigenvalues E can be derived.
The nontrivial solutions for V are in the null space of M. Having known V = [A;, Ay, B, Ba]?,
the eigenfunctions of the Schrédinger equation can be constructed. Notice that V is known
to an arbitrary multiplicative constant. The normalization of the eigenfunction will pin down
the value of this constant.

When the potential well is symmetric such that V3 = V3 = Vj, then the solutions can be
decomposed into odd and even solutions about x = 0. In this case, either Ay = 0 for even
modes, or By = 0 for odd modes. Furthermore, A; = +B3 for these modes. The problem
then has two unknowns, and two boundary conditions at one of the interfaces suffice to deduce
the eigenequation.

The above problem is analogous to the 1D dielectric waveguide problem in classical elec-
tromagnetics. The plot of the eigenmodes and their energy levels are shown in Figure 3.4. It
is an interesting example showing that a trapped electron exists with different energy levels.
The more energetic the electron is, the higher the energy level. For the case when F > 1,
the wavefunction is not evanescent outside the well, and the electron is free to roam outside
the well.

Modern technology has allowed the engineering of nano-structures so small that a quantum
well can be fabricated. Quantum well technology is one of the emerging nano-technologies.
The energy level of a quantum well can also be engineered so that laser technology of different
wavelengths can be fabricated.

In the case of a hydrogen atom, the Coulomb potential around the proton at the nucleus
yields a potential well described by —q?/(e4nr). This well can trap an electron into various
eigenstates, yielding different electronic orbitals. The Schrodinger equation has predicted the
energy levels of a hydrogen atom with great success.

3.4 The Quantum Harmonic Oscillator

The pendulum, a particle attached to a spring, or many vibrations in atoms and molecules
can be described as a harmonic oscillator. Hence, the harmonic oscillator is one of the most
important examples in quantum mechanics. Its quantum mechanical version can be described
by the 1D Schrodinger equation.

The classical equation for a harmonic oscillator is given by

d?z
== —w?z (3.4.1)
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Figure 3.4: Trapped modes representing the electron wavefunctions inside a 1D potential well
(from DAB Miller).

where w = /K /m where K is the spring constant, and m is the mass of the particle. The
potential energy of a particle attached to a spring is given by

V(z) = %mwQZQ (3.4.2)

Consequently, the above potential energy can be used in the Schrédinger equation to describe
the trapping of wave modes. The kinetic energy of the particle is described by a term propor-
tional to the square of the momentum operator. Hence, the corresponding 1D Schrodinger
equation is

— + 1mw232:| Yn(2) = Enthn(2) (3.4.3)

with a parabolic potential well. It turns out that this equation has closed-form solutions,
yielding the wavefunction for an eigenstate given by

1 MW _ mw ,2 [ mw

where H,,(x) is a Hermite polynomial, and the wavefunction is Gaussian tapered. The energy
of the eigenstate is given by

E, = <n—|— ;) hew (3.4.5)

The energy levels are equally spaced hw apart. Even the lowest energy state, the ground state,
has a nonzero energy of fiw/2. The higher energy states correspond to larger amplitudes of
oscillation, and vice versa for the lower energy states. In order to kick the quantum harmonic
oscillator from the low energy state to a level above, it needs a packet of energy of hw, the
quantization energy of a photon. The physics of quantized electromagnetic oscillations (pho-
tons) and quantized mechanical oscillations (phonons) is intimately related to the quantum
harmonic oscillator.
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Figure 3.5: Sketch of the eigenstates, energy levels, and the potential well of a quantum
harmonic oscillator (picture from DAB Miller).
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Chapter 4

Time-Dependent Schrodinger
Equation

4.1 Introduction

Each eigenstate of Schrodinger equation has its own time dependence of exp(—iw,t). When
we consider one eigenstate alone, its time dependence is unimportant, as the time dependence
disappears when we convert the wavefunction into a probability density function by taking
its amplitude square. Moreover, the absolute frequency of an eigenstate is arbitrary. Hence,
the probability density function is quite uninteresting. This is an antithesis to the classical
harmonic oscillator where the position of the particle moves with respect to time.

However, when a quantum state is described by a wavefunction which is a linear superpo-
sition of two eigenstates, it is important that we take into account their individual frequency
value and time dependence. The two eigenstates will “beat” with each other to produce a
difference in frequencies when we take the amplitude square of the wavefunction.

4.2 Quantum States in the Time Domain
Consider a quantum state which is a linear superposition of two eigenstates
P(r,t) = coe” ™), (1) + cpe™ WPy (1) (4.2.1)

where ¢, and ¢ are properly chosen to normalize the corresponding probability density func-
tion. Then the probability function is

[9(r, 1) = |eal?[9a(r)[* + es| 16 (1) [* + 2Re | cachtba () (x)e (e men)t (4.2.2)
It is clearly time varying. We are seeing the motion of the particle through the potential well.

27
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Figure 4.1: The time evolution of the linear superposition of the first two eigenstates of the
simple quantum harmonic oscillator. (i) Beginning of a period (solid line). (ii) One quarter
and three quarters way through the period (dotted line). (iii) Half way through the period
(picture from DAB Miller).

4.3 Coherent State

The eigenstates of a quantum harmonic oscillator do not resemble its classical state. In order
to see the classical state emerging from the quantum harmonic oscillator eigenstates, we need
to take a judicious linear superposition of them. Such a state is called the coherent state.!
The coherent state is given by

N (6t) =) enpe TR0, (€ (4.3.1)

n=0

where ¢ = \/mw/hz, and cy, = /N"e N /nl.2 It forms a wave packet that emulates the
motion of the classical harmonic oscillators such as a pendulum. The total energy of this

wave packet is given by (N +1/2)hw. The larger N is, the more energy the particle has, and
the closer is the coherent state to a classical state.

When a particle is traveling in vacuum, it should be described by a localized wavefunction,
such as a Gaussian wave packet. The study of the Gaussian wave packet is given in Appendix
C. It can be seen that the classical limit emerges when the momentum of the particle becomes
very large.

IThe state was derived by R. Glauber who won the Nobel Prize in 2005 for his contribution.
2The coefficient is also written as e*“"|2/2% where N = |a/?.
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Figure 4.2: Coherent state for different values of N (picture from DAB Miller).

4.4 Measurement Hypothesis and Expectation Value

The wavefunction of a quantum system can be written as a linear superposition of the sta-
tionary states

(e, t) =D cn(t)ihn(r) (4.4.1)

The amplitude square of this wavefunction should integrate to one due to its probabilistic
interpretation. In other words,

JECREE D SECTAE) SEACIHOES (14.2)
v v .y
Exchanging the order of integration and summations, we arrive at

JRECTIRTED 99 SACEROY ENCIEAT (443)

Using the orthonormality of the eigenstates, viz., [{, 1 (r)¥% (1) = 0pns, We arrive at the fact
that

D e =1 (4.4.4)
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Since the amplitude squares add up to one, they can be assigned probabilistic interpretation
as well. Hence, P,, = |c,(t)|? represents the probability of finding the electron in eigenstate
n.

The quantum measurement hypothesis states that before the measurement, the electron
lives as a linear superposition of different eigenstates. After the measurement, the electron
collapses into one of the eigenstates, say the n eigenstate, with probability proportional to
len ()2

The above can go further by saying that an electron is described by a wavefunction where
its position is indeterminate: it can be found any place where the wavefunction is nonzero.
Its probability of being found is proportional to the amplitude square of the wavefunction.
However, once the measurement is made to determine the location of the electron, the elec-
tron’s position collapses to one location as is discovered by the experiment. Its position is
determinate after the measurement.

Due to this probabilistic interpretation, the expected energy of the quantum system is
given by

(B) =Y E.Pu=_ Eulea(t)? (4.4.5)

The above is the expectation value of E. Notice that for the eigenstate c,(t) o e~*n? and
hence, |c,,(t)|? is time independent. The above expectation of the energy is a constant. This
means that the quantum system is energy conserving, namely, it cannot lose energy, for
instance, due to radiation. This is because this is an isolated quantum system. In order
for this system to lose energy, it has to be coupled with other quantum systems, which is a
subject of later study.

For the coherent state, the expectation value of F is

> Nme N
(B)=>_ Ep—— (4.4.6)
n=0 :
= Ne V| hw
= fw ;nin! +5 (4.4.7)
1
= (N + 2) fiw (4.4.8)

Hence, the energy of the coherent state is that of N photons. The larger N is, the closer it
is to a classical state.

The above expected energy value can also be found by taking the expectation of the
Hamiltonian operator, viz.,

(E) = / drip* (r) Hap(r) (4.4.9)

The above equality can be easily shown by substituting (4.4.1) into the right-hand side and
making use of the fact that v, (r) is the eigenfunction of the Hamiltonian operator

. h2 9
H =~ =V +V(r) (4.4.10)
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In general, a quantity that is measurable, like the energy F, is replaced by an operator H
in quantum mechanics. Such operators are called observables, such as momentum, position,
etc. The relation between the classical value of an observable and its quantum mechanical
counterpart, the operator, is via the expectation relation, viz.,

<A> - / dry* (r) Ag(r) (4.4.11)
The above reduces to a scalar number. It is also the bridge between classical quantities and
quantum mechanical entities.
4.4.1 Time Evolution of the Hamiltonian Operator

The Schrédinger equation can be written as

di(r,t)
dt

il
- —%@/z(r, #) (4.4.12)
Assuming that H is a constant (which is not), we can integrate the above to yield

Y(r,t) = e T (e, t = 0) (4.4.13)

The above is a function of an operator which is also an operator. A function of an operator
has meaning only when it acts on the eigenvectors of the operator.
For example, we have a polynomial function

f(x) = ap + a1 + agx® + azax® + - - - (4.4.14)
If A is an operator, say a matrix operator, then the function of an operator is defined to be
FA) = apT+ a1 A + asA” + asA° + - (4.4.15)

which is itself an operator as ii obvious from the above definition. When the above acts on
an eigenvector of A such that A -v; = A\;v;, then

f(A) - V; = agV; + G,lK -V + G,QXQ SV + G,ng SV e (4416)
= (a0 + a1\ + a2} +asA} +-+) - vy (4.4.17)
= f(Ai)vi (4.4.18)

The idea can be extended to operators of infinite dimensions if we know the eigenfunctions of
the operator. If the eigenfunction 1, (r,t) is such that Hi,(r,t) = E,,(r,t) then (4.4.13)
becomes

Y (r,t) = e_%twn(r,t =0) = e_iETntz/Jn(r,t =0) (4.4.19)

The above is a solution to (4.4.12). When we write

G(r,t=0) = cnthn(r,t = 0) (4.4.20)
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By

Y(rt) = e F (et = 0) = 3 cpe™ Ty (x, t = 0) (4.4.21)

It can be easily shown that the above, which is derived from (4.4.13) is a solution to (4.4.12).
Hence, (4.4.13) is the formal solution to (4.4.12).

4.4.2 Uncertainty Principle

The uncertainty principle is asserted by the fact that Fourier transform of a Gaussian function
is another Gaussian function. For instance, if we have a wave packet that is formed by
superposing waves with different k£ or momentum, we can express it as

Y(z) = [ b (k)e**dk (4.4.22)
where
k) = ce~(538)’ (4.4.23)

The above represents a Gaussian-tapered function with a spread of wavenumbers centered
around k = k. It can be Fourier transformed in closed form yielding that?

¥(z) = De~(AR)*= (4.4.24)

The probability density functions are proportional to the amplitude square of the above. The
first pulse has a standard deviation of Ak while the standard deviation of the second pulse is
Az =1/(2Ak). The product of these two standard deviations yields

AkAz = % (4.4.25)

or

ApAz = g (4.4.26)

4.4.3 Particle Current

It turns out that even though the state of an electron is defined by a wavefunction, other
equations do not see this wavefunction. For instance, Maxwell’s equations, will produce
electric field from sources, but they will only produce the electric field from the charge cloud
and the current produced by the charge cloud. We see that for stationary states of a trapped
electron in a potential well, the charge cloud is static. Hence, it will not radiate according
to electromagnetic theory. This resolves the conflict in early days as to why the electron,
supposedly “orbiting” around the nucleus of an atom, does not radiate.

3The Fourier transform of a Gaussian is a Gaussian: it can be proved by using the identity that
I = [ dre=*" = V@ This can be proved by noticing that I? = [ dre=*" I clye_y2 =
2 2 2
I, dedye= (@ +¥7) = o Jo7 pdpe=r” = m. The last integral can be integrated in closed form.
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However, when an electron is in more than one stationary state, the charge cloud is time
varying, and can potentially couple to an external electric field and radiate.* For conservation
of charge, we have the relation that

9pp

5=V I (4.4.27)

where p, is the particle density, and J,, is the particle current density. The particle density
pp(r,t) = [Y(r,t)|?. We can take the time derivative of p, to yield

oY(r,t)
ot

) O (r,t)

ot [W (1‘7 t)w(rv t)] = TWR t) + '(/}*(n t)

(4.4.28)

We can use Schrodinger equation to replace the time derivatives on the right-hand side to get

9 * _ i * 77 T* )%
SV v 0] = 5 (v H —pH ) (4.4.29)
Substituting in for the definition of the Hamiltonian operator, we have further that
a * _ ﬂ *v72,/, 2, %
Gl ) )] = 5 (v* V2 — V™) (4.4.30)
0 1 t t)| = ih v Vi~ Y% 4.4.31

Hence, we can define the particle current as

h
Jp = 5= (VYU = U7V (4.4.32)

When a stationary eigenstate is substituted into the above, due to the product of the function
and its complex conjugate above, the particle current becomes time independent. Hence,
stationary states can only give rise to non-time-varying current (static or DC current), and
such current does not radiate according to electromagnetic theory.

4We will learn how to treat such coupling later on.



34

QUANTUM MECHANICS MADE SIMPLE



Chapter 5

Mathematical Preliminaries

5.1 A Function is a Vector

A function is actually an equivalence of a vector. In linear algebra, we denote a vector as
v = [v1,V2,03,...vN]". A short-hand notation for this vector is v; where j = 1,..., N. But
for a function f(z), the countably finite index j in v; is now replaced by an uncountably
infinite (nondenumerable) set of indices denoted by xz. Hence, we can think of f(z) as a
vector in an infinite dimensional vector space. An inner product in linear algebra is written
as

N
ViU =) VU (5.1.1)

Jj=1

The analogue of the above for functions is
o) = [ destaygto) (512)

The above is the inner product between two functions which are actually vectors.! The left-
hand side is the compact notation for the inner product between two state vectors known
as Dirac’s bra-ket notation. The (f]| is the “bra” while |g) is the “ket”. The “bra” can be
thought of as the conjugate transpose of a vector, while the “ket” is analogous to an ordinary
vector.

The set of functions, just as a set of vectors, can then span a vector space.? A vector
space for which an inner product is defined as above is known as an inner product space.
Moreover, an inner product space which is complete is a Hilbert space. Hilbert spaces can be
infinite dimensional. The above inner product facilitates the definition of a norm since (f|f)

!Tn the mathematics literature, the inner product is often denoted as {f, g) or (f,g)-

2When any vector in the space can be represented as a linear superposition of the set of independent
vectors, the set of vectors are said to span the vector space. They also form the basis set for spanning the
space.

35
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is a positive definite number. Hence, the norm of a vector can be defined to be

£l = (CF1N? (5.1.3)

It is the measure of the length of the vector. We can use this norm to define the distance
between two vectors to be

d(f.9) =1 —4ll (5.1.4)

In general, if we have a set of orthonormal eigenfunctions, {¢,(z),n = 1,... oo}, that
spans a linear vector space, we can expand an arbitrary function in the same space as

9(x) =Y dpthn(2) (5.1.5)

The set {¢,(z),n =1,... 0o} also forms the orthonormal basis or the orthonormal basis set
for spanning the vector space. A member of the set is known as a basis function or a basis
vector.? Eigenfunctions of an operator can be used as basis functions.

The above can be written using Dirac’s notation as

9) = dulton) (5.1.6)

Inner product the above with (¢,,,| from the left, we arrive at that

Using the orthonormality of the eigenfunction such that (9., |t,) = dpm, the above yields
that

dm = (Ymlg) (5.1.8)

Consequently, we have

9) =) [¥n) (¥nlg) (5.1.9)

n

We can identify the operator

=3 lw) (5.1.10)

as an identity operator since when it operates on a vector, it returns the same vector. We
can often construct an identity operator of a vector space once we have identify the set
of orthonormal vectors that span the space. The product |¢,,){¢,| in Dirac’s notation, is
analogous to outer product between two vectors U - VT in linear algebraic notation. This

3We will use “function” and “vector” interchangeably since they are the same.
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outer product produces a matrix, and in the case of infinite dimensional linear vector space,
produces an operator.

For instance, if we are in a 3-space (the short for 3D vector space), the unit vectors that
span the 3-space are {a1,ds2,a3}. They are complete and orthonormal. Hence, the identity
operator in a 3-space is*

3
I=) aa; (5.1.11)

i=1
To be strictly correct, the above is an outer product between two vectors, and a transpose sign
should be attached to one of the unit vectors. But it is customary in the physics literature to
ignore this transpose sign. Written in terms of x, y, z notation, the identity operator becomes

I=23%+99+ 22 (5.1.12)

One can easily be convinced that I- A = A, confirming the above.’
In an N dimensional vector space spanned by a set of orthonormal vectors {U,,n =
1,..., N}, the identity operator is formed by their outer products; namely,

N
I=> U, U] (5.1.13)
n=1

One can easily show that when I operates on a member of the vector space, it returns the
same member. Namely,

N N
Iv=u, u.v=Yu,(ul.v)=Vv (5.1.14)

n=1 n=1

The last equality follows because the second last term is just an orthonormal eigenvector
expansion of the vector V.

A vector space is also defined by a set of axioms. For u,v,w that belong to a vector
space, the following axioms hold:

Associativity of addition ut (v+w)=(u+v)+w (51.15)
Commutativity of addition u+v=v+u (5.1.16)
Identity element of addition v+0=v (5.1.17)
Inverse elements of addition v+ (-v)=0 (5.1.18)
Distributivity of scalar multiplication over vectors a(u+v)=au+av (5.1.19)
Distributivity of scalar multiplication by a vector (a+b)v=av+bv (5.1.20)
Compatibility of scalar multiplication a(bv) = (ab)v (5.1.21)
Identity element of scalar multiplication lv=v (5.1.22)

4Throughout these lecture notes, the hat (“*”) symbol is used to denote an operator, but here, it denotes
a unit vector.

51t is to be noted that an outer product in matrix notation is U -V, while in physics notation for 3 space,
it is often just written as EB. In Dirac notation, an outer product is [1)(¢|.
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5.2 Operators

An operator maps vectors from one space to vectors in another space. It is denoted mathe-
matically as A:V — W where A is the operator, while V' and W are two different vector
spaces: V is the domain space, while W is the range space. In linear algebra, the operator is
a matrix operator. In Hilbert spaces, it can be a differential operator such as

d

g(x) = dz

(z) (5.2.1)

It can be an integral operator such as a Fourier transform operator

glk) = / dze™®® f(z) (5.2.2)
In Dirac notation,

l9) = Alf) (5.2.3)

Linear operators are defined such that

L(ci|g1) + c2lg2)) = e1L|g1) + c2Lg) (5.2.4)

It is quite clear that matrix operators satisfy the above, and hence, they are linear. They
are also known as linear maps. In general, like matrix operators, linear operators are not
commutative; namely

AB +# BA (5.2.5)

5.2.1 Matrix Representation of an Operator

An operator equation can be written as®

l9) = Alf) (5.2.6)

We can convert the above into a matrix equation by inserting an identity operator on the
right-hand side to give

19) = > Altbn) (¥nl f) (5.2.7)

Furthermore, we can multiply the above from the left by the basis vector (¢,,|,m =1,...,00
to yield”

(WOmlg) =D (Wl Alpn) (@l ), m=1,...,00 (5.2.8)

n

6In the mathematics literature, this is often just denoted as Af =g.
7This process is called testing or weighting, and 1, is called the testing or weighting function.
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The above is an infinite dimensional matrix equation which can be written as

g=A-f (5.2.9)
where
[A],,., = (Wml|Alebn) (5.2.10)
(&l = (¥mlg) (5.2.11)
[f], = (¥nlf) (5.2.12)

The matrix equation can be solved approximately by truncating its size to IV x IV, or without
truncation, it can be solved iteratively.
The matrix denoted by

Amn = <7/}m‘121|d)n> (5213)

is the matrix representation of the operator A. By the same token, (¢,,|g) and (¢, |f) are
the vector representations of the functions g and f respectively.

In the above, we have assumed that the range space and the domain space of the operator
are the same, and hence, they can be spanned by the same basis set. For a Hermitian operator,
this is usually the case. However, for some operators where the range space and the domain
space are different, we may choose to test (5.2.7) with a different set of basis functions.

5.2.2 Bilinear Expansion of an Operator

We have seen how the use of the identity operator allows us to expand a function in terms
of a set of basis functions as in (5.1.9). The same can be done with an operator. Pre- and
post-multiply an operator with the identity operator as given by (5.1.10), we have

A= [won) (nl Al (9m] (5.2.14)

n m

The above can be rewritten as

A= [ Aum ] = SO Ao (] (5.2.15)

where A,,,, is the matrix representation of the operator A. The above is the bilinear expansion
of the operator in terms of orthonormal functions. Notice that the expansion of an identity
operator given by (5.1.10) is a bilinear expansion.

5.2.3 Trace of an Operator

The trace of a matrix operator is defined to be the sum of its diagonal elements; namely,

N
tr (M) =) M (5.2.16)
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If an operator A has matrix representation given by <'(/Ji|121|’t/}j>, the trace of the operator A is
defined to be

tr(4) = Z@/}Z\Am) (5.2.17)

It can be shown that the trace of an operator is independent of the basis used for its repre-
sentation. To this end, we insert the identity operator

=" |¢m){ml (5.2.18)

into (5.2.17) to get
tr(4) = 30 D (ko) (6l Al) (5.2.19)

Exchanging the order of summation above, and the order of the two scalar numbers in the
summand, we have

tr (4) = 323 (6l Alwi) (wilow) (5.2.20)

The inner summation reduces to an identity operator which can be removed, and the above
becomes

tr(4) = Z<¢m\A|¢m) (5.2.21)

This is the trace of A using another basis set that is complete and orthonormal. Hence, the
trace of an operator is invariant to the choice of basis.

If we choose a basis function that is the eigenfunction of A such that Alvy,) = \u|vn),
then (5.2.19) becomes

( ) ZZA (il dm) (Dmlti) = ZA (5.2.22)

Hence, the trace of an operator is also the sum of its eigenvalues.
It can also be shown that

tr (Aé) = tr(BA) (5.2.23)
This is quite easy to show for matrix operators since

tr A B ZZA”BW = ZZBJZA” (5224)
7 i

Trace is usually used in quantum mechanics as an alternative way to write the expectation
value of an operator. As mentioned before, for a quantum system in a state defined by the
state function |}, the expectation value of a quantum operator in such a state is

(I Al) (5.2.25)
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For denumerable indices, the above is analogous to

UA- U= UpdnmlUn=> > ApnUnU; =tr (A-U-UT) (5.2.26)

where U, U} is the outer product of two vectors U, and U,,. Converting the above to Dirac
notation, we have

(WIAlp) = tr{Aj) ]} (5.2.27)
The operator

p =) (5.2.28)

is known as the density operator. It is used in quantum mechanics to denote the state of a
quantum system as an alternative to the state vector.

5.2.4 Unitary Operators
Unitary operators satisfy the property that
U .U=1 (5.2.29)

Unitary operators are operators that when acted on a vector does not change its length. In
matrix notation, a unitary transform is

Uu-v=V (5.2.30)
The length square of the new vector V' is defined to be
vi. T U.v=vi.Vv (5.2.31)
Making use of (5.2.29), the above implies that

vi.v=vi.v (5.2.32)

I —
or that the length of the vector has not changed. For unitary matrix, it is clear that UT =U .
The above can be rewritten using Dirac notation. Since in quantum mechanics, (¥|¢) = 1,
the length of the vector is 1. The time evolution operator by integrating Schrédinger equation

given below

St

T L (5.2.33)
where H is the Hamiltonian operator, is a unitary operator, since the state vector it acts on
cannot change its length.

Since many basis set comprises orthonormal basis vectors, a unitary matrix is needed for
the change of basis from one set to another.
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5.2.5 Hermitian Operators

Hermitian operators appear frequently in quantum mechanics since they have real eigenvalues.
As such, the expectation value of such operators are real valued, so that it can be connected
to measurable or observable quantities in the real world.

A Hermitian matrix is one where its conjugate transpose (also called Hermitian transpose
or Hermitian conjugate) is itself. For operators, the term “adjoint” is often used. A Hermitian
operator is also called a self-adjoint operator. The notation for this is

Mt =M (5.2.34)
For matrix operator with denumerable indices, the above is the same as
M = My, (5.2.35)

For operators with nondenumerable indices, it is better to define the adjoint of the operator
via inner products. Using the rule for conjugate transpose, we have

(fIM|g)* = (f|M|g)t = (g|MT|f) (5.2.36)

The first equality follows because the above are scalar quantities: hence, the conjugate trans-
pose of a scalar is the same as its conjugation. To obtain the second equality, we have used
the rule that

(A-B-C)'=C"-B"-A (5.2.37)

in linear algebra, where the matrices need not be square. Hence, A and C can be 1 x N and
N x 1 respectively representing vectors. This identity immediately implies that

A-B.¢)'=c".B". & (5.2.38)

These rules can easily be shown to apply to inner product of operators and vectors under
the Dirac notation. Hence, (5.2.36) defines the adjoint of the operator M when f and g are
arbitrary. It does so by using just inner products.

A Hermitian operator has real eigenvalues and their eigenvectors are orthogonal. The
proof is analogous to the proof for matrix operators, for which we will provide next. Given

M . Vj = AjVj (5240)

Dot-multiply the first equation by v; from the left, and likewise for the second equation with
V;r , we have

V;- M-v; = Nviov; (5.2.41)
v (5.2.42)
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We can take the conjugate transpose of the first equation, using the rule in (5.2.38), the left-
hand side becomes the same as that for the second equation after making use of the Hermitian
property of the matrix M. On subtracting the two equations, the following equation ensues:

0=\ =XVl -v; (5.2.43)
T

If i = j, on the right-hand side, we have v, - v; = |v;|* which is a positive definite number.

The above can be zero only if A} = A; or that \; is real. On the other hand, if A; # A;, it is
1

i

‘ 2

necessary that v; - v; = 0. In other words,

viv; = C,d; (5.2.44)

%

The above proof can be repeated using Dirac notation, and the conclusion will be the same.
The eigenvectors of a Hermitian operator are also complete in the space that the operator acts
on. It is obvious in the finite dimensional case, but not so obvious in the infinite dimensional
space.

We can use the rule expressed in (5.2.36) to see if an operator is Hermitian. For instance,
the momentum operator is p. Using (5.2.36), we have

(f1plg)" = (glp'| ) (5.2.45)

The above defines the adjoint of the operator p. Writing the above explicitly in 1D space
using coordinate space representation,® we have on the left-hand side

[m dxf(z)zh%g*(as) = [m dxg* (z) (mdx) f(z) (5.2.46)
We have arrived at the form of the right-hand side by using integration by parts, and assuming
that the functions are vanishing at infinity. By comparing the above, we identify that

d

ot = —ih—
P ! dx

(5.2.47)
We see that (p)T = p implying that it is Hermitian. The eigenfunction of the momentum
operator is fi,(z) oc €*%. Tt is quite clear that pfi(x) = hkfir(x), and hence, its eigenvalues
are also real, as is required of a Hermitian operator. The above can be generalized to 3D. It
can also be shown that the kinetic energy operator

. hV?2

T=p*/2m=——— 5.2.48

#/om = -2 (5.2.48)

is Hermitian. In 3D, p? is proportional to the Laplacian operator V2 in coordinate space
representation. We can use integration by parts in 3D to show that the above operator is also
Hermitian. Using the fact that

V- [f(x)Vg* (r)] = f(r)VZg*(r) + Vf(r)Vg*(r) (5.2.49)

8 A note is in order here regarding the term “coordinate space”, since there is only one Hilbert space. It is
understood that when the term “coordinate space representation” is used, it means that the Hilbert space is
represented in the space where the basis is the coordinate space basis.
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we have in coordinate space representation

/ drf(£)V2g" (r) = / dr [V - (f(1) Vg (1)) — V() Vg™ ()] = — / @Y £(x)Vg* (r)
174 1% 1%

(5.2.50)
The last form is symmetric between f and g, and hence, we can easily show that
/Vdrg*(r)VQf(r) =— /V drVg*(r)V f(r) (5.2.51)
Consequently, we can show that
iy = [ [ arrwviste)|
=/, drg* (r)V?f(r)
= (gIVIf) (5.2.52)

indicating the Hermitian property of the Laplacian operator. Consequently, the T operator
is also Hermitian or self-adjoint.

If we have chosen f = g in the above, (5.2.51) is always negative, implying that the
Laplacian operator is a negative definite operator.

5.3 Identity Operator in a Continuum Space

We have seen the derivation of the identity operator when the basis functions are indexed
by integers, such as the eigenfunctions of an infinite potential well, or those of a harmonic
oscillator in a parabolic potential well. In many situations, we are required to work with
indices that are a continuum (nondenumerable) like the coordinate space indices x, y, 2. When
an electron is freely roaming, its energy values are also a continuum.

We have seen how we have used denumerable eigenfunctions, such as 1, to project a
function into its vector representation. Namely,

Very often, a denumerable basis function is just written as (n|, and the above becomes
fn = (n[f) (5.3.2)

Similar, we can think of a coordinate (or position) basis function (p,| whose property is that
its inner product with |f) yields the value of the function f at position x; namely,

f(x) = (Pl f) (5.3.3)

The above is often abbreviated as

f(x) = (zlf) (5.3.4)



MATHEMATICAL PRELIMINARIES 45

Assuming that this basis |z) is complete and orthogonal in 0 < z < a, then we can define
an identity operator such that

I= /0 dx'|z") (') (5.3.5)
so that
f>::/€ad$Wx®<fo>::jﬁadwﬂxSJme (5.3.6)

Notice that the above is quite different from the identity operator when the basis functions
are denumerable, which is

I=2 |fa)(fnl (5.3.7)
n=1
Taking the product of (5.3.6) with (x|, we have

(alf) = fla) = | da'tale’) () (5.35)
0
Hence, in order for (5.3.5) to be an identity operator, the basis function must satisfy

(z|z") = §(x — ') (5.3.9)

Notice that in the denumerable case, the orthonormal relation of the basis function is ex-
pressed in terms of Kronecker delta function d;;, but in the continuum case, the equivalent
relationship is expressed in terms of the Dirac delta function §(x — z’).

We note that |z) is not orthonormal in the strict sense that (5.3.9) is infinite when z = «’.
The identity operator (5.3.5) is different from (5.3.7) because of the extra weight dz in the
integral summation. One may think that |z)v/dz’ as analogous to the orthonormal vector of
the countable case.

The inner product between two vectors is written as

a a

U@z/mvmmm:/MF@ww (5.3.10)

0 0

where we have inserted the identity operator (5.3.5) in the first expression above to get the
second expression, and making use of (5.3.4) to get the third expression. Furthermore, we
note that (f|z) is the complex conjugate of (z|f), since (f| and |z) are conjugate transpose
of |f) and (x|, respectively.

A vector |f) can have other representations. For example, we can define a set of “or-
thonormal” vectors (k| such that

(kLf) = f(k), (5.3.11)
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where f(k) is the Fourier transform of f(x) via the relationship

1 r ikx
flz) = \/%_/ dke™® f (k) (5.3.12)

The above can be written as

o0

f@) = {ol) = [ ditalb) 1) (5:3.13)
where we have defined the identity operator
j / k) (K (5.3.14)

Comparing (5.3.11), (5.3.12) and (5.3.13), we deduce that

1 ikx
(z|k) me (5.3.15)
In other words, the coordinate space representation of the vector |k) is given by (5.3.15).
Since hk in quantum mechanics is related to the momentum of a particle, f(k) = (k|f) is also
called the momentum representation of the vector |f), while f(x) = (x|f) is the coordinate
space representation of the vector |f).
From the above, we can derive Parseval’s theorem

(flg) jdxf\x (2]g) = fd:cf (2)
fdkflk (Klg) = fdkf (k)

(5.3.16)

Parseval’s theorem is the statement that the inner product between two vectors is invariant
with respect to the basis that represent it.

The above can be generalized to 3-space where a position basis function is (r|, with the
property that

fx) = (rlf) (5.3.17)
The identity operator can then be expressed as
I= / dr’ |ty (x'| (5.3.18)
1%
And the “orthonormality” relationship is
(rlty =6(r — 1) (5.3.19)

Similar basis can be defined for the 3D k space.
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5.4 Changing Between Representations
If we have an operator equation such as

plv) = lg) (5.4.1)
The above equation is analogous to the equation P - f = g in matrix algebra. The explicit
forms and the representations of the matrix operator P and the vector f are not given. In

order to express the above explicitly, we first insert the identity operator to transform (5.4.1)
to

/ duplz)(zly) = |g) (5.4.2)

Then multiply the above from the left by (z’|, we have

/ daa |ple) () = (2']g) (5.4.3)
/ dup(e!, 2)p() = g(2') (5.4.4)

The above is the coordinate space representation of (5.4.1). It is valid for any operator in a
1D space. But if p is the momentum operator, we know that the above equation in coordinate
space representation should be

fih%w(x) = g(2) (5.4.5)
Hence we conclude that
d
p(2’,x) = —ihd(z’ — x)%d)(x) (5.4.6)

Therefore, a differential operator is a highly localized operator, or a quasi-diagonal operator.
Next, we will study the action of the momentum operator p on a momentum eigenstate
|k); namely,

BlE) (5.4.7)

Transforming the above to coordinate space representation similar to what have been done
above, we have

/ dwd(a’ — ) (—m;;) (2lk) = (-mi) (xR (5.4.8)

The expression for (z|k) is given in equation (5.3.15). Hence, the above becomes

hk(x|k) (5.4.9)
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Therefore, we see that |k) is an eigenvector of the momentum operator p. In other words,
plk) = hk|k) (5.4.10)
In fact, any function of p, when operating on a momentum eigenstate gives
@)k = F(hk) k) (5.4.11)

We can repeat (5.4.2) and (5.4.3) using the basis |k) to arrive at

[ aniw 5 1) = ) (5.4.12)

Since |k} is an eigenvector of p, the above becomes

/ Ak ) (k) = / kRS (K — k) (k) = Bk (K'[) = (k']g) (5.4.13)

which is just a scalar equation.

5.4.1 The Coordinate Basis Function

Using the coordinate basis function |r), we can write many of our previously derived identities
in coordinate space representation. Say if the functions defined in (5.1.9) and (5.1.10) are
functions of 3-space, indexed by r, then multiplying (5.1.9) from the left by (r|,

(rlg) = g(r) = Z<r|wn (Ynlg) = Zdjn (Ynlg) (5.4.14)

n

We can pre- and post-multiply the identity operator defined in (5.1.10) by (r| and |r’) respec-
tively, we can identify the operator

(r]7

where we have noted that (¢, |r’) = (r'|1),)* since they are conjugate transpose of each other.
The above is the bilinear eigenfunction expansion of the Dirac delta function. We can also
apply the above to the bilinear expansion of an operator given by (5.2.15). Going through
similar operations, we have

(r

We have let A(r,r’) be the coordinate space representation of the operator A. The above is
just the bilinear expansion in coordinate space representation.

We can also choose the momentum basis set |k) (or any other basis sets) and project the
previously obtained identities in momentum representation (or any other representations).

r’> = (rfr’) = o(r —1') = Z(rlwn Y (nr') an (5.4.15)

A

r/> = A,r) =303 At ()05, () (5.4.16)
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5.5 Commutation of Operators

Operators, like matrices, are non-commuting for most parts. In other words,

AB # BA (5.5.1)
The commutator is defined to be
[A, B} = AB - BA (5.5.2)
If A and B are commuting, then
[A,B} =0 (5.5.3)
But for most parts,
[A,B} =iC (5.5.4)

It can be shown easily that C is a Hermitian operator if A and B are Hermitian.
If A and B are commuting, they share the same set of eigenfunctions, but not the same
eigenvalues. Say if |1),,) is an eigenfunction of B, with eigenvalue B,,, then

BA,) = AB|y,) = AB,|¢n,) = B, Ali,) (5.5.5)

From the above, it is clear that A|1/Jn> is also eigenfunction of B with the same eigenvalue
B,,. Therefore, Alt,) is proportional to [¢),,), or that Alt,) = Fy,[th,). In other words, [t,)
is also an eigenfunction of A, but with a different eigenvalue.

5.6 Expectation Value and Eigenvalue of Operators

The expectation value of a random variable is a concept from probability. In quantum me-

chanics, a measurable quantity or an observable in the real world is a random variable. For

each observable in the real world, there is a corresponding operator in the quantum world.
The expectation value of an operator for a quantum system in state |f) is defined to be

<A> - <f ‘A‘ f> (5.6.1)

It is prudent to understand this expectation value in terms of the eigenstates and eigenvalues
of A. Letting

1) = [n)fa (5.6.2)

then (5.6.1) can be rewritten as

(1) =35 (.

Al ) Fr o (5.6.3)
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When 1), is the eigenstate of A with eigenvalue A,,, the above can be written as

<A> =D > An(altm) frfm =D Aulfal (5.6.4)

where |f,,|? is the probability of finding the state in eigenstate n. Hence, the above is the
statistical average or the expectation value of the eigenvalue A,. The eigenvalue A, can be
thought of as a random variable. Hence, the expectation value of an operator is the average
value of its eigenvalue when the quantum state is in state f. Therefore, it is customary is

denote
</1> —(A) = <f ‘A‘ f> — A (5.6.5)

where the scalar variable A denotes the eigenvalue of fl, which is a random variable, while
the angular brackets on the left-hand side (A), indicate statistical average. An overbar in the
last equality above is often used as a short-hand for angular brackets to denote an average of
a random variable.

The above indicates that if we prepare a quantum state that is exactly the eigenstate of
the quantum operator /1, then its expectation value in this quantum eigenstate is just the
eigenvalue of the eigenstate. In a sense, we can “measure” the eigenvalue of the quantum
operator through such an experiment. Namely,

(4) = (n
where A,, is the eigenvalue of the eigenstate.
We see in the previous section that when two operators commute, they share the same

eigenfunctions but with different eigenvalues. Therefore, if we prepare an eigenstate shared by
these two operators, their respective eigenvalues can be “measured” exactly. In other words,

(4) = (v

(8) = (v

On the other hand, if the two operators do not commute, they do not share the same set

of eigenstates. If we prepare an eigenstate v, that is the eigenstate of A, but it is not the

eigenstate of B. However, we can expand the eigenstate v, in terms of the eigenstates of the
operator B; namely,

A’ ¢n> = A, (5.6.6)

A) ¢n> =4, (5.6.7)

B‘ ¢n> - B, (5.6.8)

|thn) = Zai|¢i> (5.6.9)

where |¢;) are the eigenstates of B. We now see that the expectation value of B due to the

eigenstate [iy,) is
(5)- (o

3

Blun) = D_aia;(@ilBles) = 3 lail”B; (5.6.10)
ij
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The expectation value of B is due to a range of eigenvalues of B, and not just due to one
single eigenvalue like before. This is the gist of the uncertainty principle. When two operators
do not commute, the precise measurement of the eigenvalue of one operator implies that the
measurement of the second operator will involve a range of eigenvalues.

5.7 Generalized Uncertainty Principle

We have seen the Heisenberg uncertainty principle expressed for uncertainty in momentum
Ap and position Az as ApAxz > h/2. In this case, p and x are both observables in the real
world. In quantum mechanics, all observables are replaced by operators. To connect the
operators to real world observables, we take the expectation values of the operators. That is

A= (A) = (flAlf) (5.7.1)

where A is a scalar variable representing the eigenvalue of A and f is a state vector that
defines that state the quantum system is in. The expectation value of an operator also
gives the statistical mean of the observable expressed as the mean of the eigenvalue of the
corresponding operator.

We can define the deviation from its mean by the operator

AA=A-A (5.7.2)

On the right-hand side, the first term is an operator while the second term is the mean.® The
above operator has zero expectation value or zero mean.

N2
We can study the variance of the operator (AA) which has nonzero expectation value.

Namely,
(NAARIFY = (FI(A- A71F)
= ((A-4)%)
:< 2AA+A2>
= (4) —24(4) + 4°
= (4?) —A2 = ((AA)%) = (AA)? =03 (5.7.3)

The above is just the definition of variance of random variable A as in statistics. The standard
deviation is obtained by taking the square root of the variance to get'®

oA =/ (A2 (5.7.4)

We can derive a similar expression for op, the standard deviation for B.

9To be strictly correct, we should multiply the second term by the identity operator, but this is usually
understood.
10Tt is tempting to denote the standard deviation as AA but this could be confusing in view of (5.7.2).
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The generalized uncertainty principle is obtained by using the Schwartz inequality:

[ 5790 < ([1r2ae) ( [1aPar) (5.7.5)

We can rewrite the above using Dirac notation to get

[{flo)1* < (f1.f){glg) (5.7.6)

The above is the generalization of the cosine inequality we have for 3-vectors'!

|A - B2 = |A]?|B|*|cos|? < |A]?|BJ? (5.7.7)

It can be generalized to N-vectors or vectors in N dimensional space, and then to vectors
in infinite dimensional space if the integrals converge. If we define, for a quantum system in
state 1,

1) = (A= A)|y) = aly) (5.738)
l9) = (B~ B) [v) = blu) (5.7.9)
where @ = A — A and b= B — B. Then
(1) = (v |a®|¢) = <¢’(A - A)2’ ¢> = (AA)2 (5.7.10)
(glg) = (1 [0?] ) = <w ‘ (8- 8)2 w> = (AB)? (5.7.11)
Using the inequality in (5.7.6), we have
(@47) (@BP) = I(wlably) (5.7.12)
It can be shown easily that
[a,b] = iC (5.7.13)
Furthermore,
- ab+ba ab—ba ab+ba C
b= ——+—F—=—0—+tig (5.7.14)

Taking the expectation value of the above, we have
L Jababa\ i
(ab) = <‘” ; “> +2(0) (5.7.15)

HThe integral for the inner products above can be generalized to 3D space.
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Since @ and b are Hermitian, the first term on the right-hand side is also Hermitian. Hence,
its expectation value is purely real, while the second term is purely imaginary. Therefore, the
amplitude square of the above is

(@) = <db-gb&> FhOE = Hioye (57.16)
Using the above in (5.7.12), we have
((AA)Q) ((AB)Q) > i\<é>|2 (5.7.17)

The above is the generalized uncertainty principle for two observables A and B. We can take
the square root of the above to get

oaos > =|(C)] (5.7.18)

1

5!

5.8 Time Evolution of the Expectation Value of an Op-
erator

The expectation value of an operator is given by

(A) = ()| Al (t)) (5.8.1)
Taking the time derivative of the above yields
0i(A) = (@ (DAl (D) + (L (1) Al0(t)) (5.8.2)
Assuming that A is time independent, and using the fact that
RO, (1)) = ihlow (1)) = HIb(t)) (5:8.3)
we have
0u(A) = ([Frp(n] 1k — T (o) Al (1)
= WOHAW®) - 1 (0 AH(0)
= SO - ATo() (584)
or
ihoy(A) = (AH — HA) = <[A, H]> (5.8.5)

In other words, if A commutes with f{ , its expectation value is time independent, or it is
a constant of motion. The operator A in this case represents an observable that is con-
served, such as linear momentum or angular momentum. If such an operator commutes with
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the Hamiltonian of the quantum system, the observable that corresponds to the operator is
conserved.

Furthermore, it can be shown that if A is time dependent, we need only to augment the
above equation as

ihd,(A) = <[/1, HD +iR(9, A) (5.8.6)

5.9 Periodic Boundary Condition

One technique often used to create countably infinite modes is to use periodic boundary
condition. In this method, we require that the wavefunction satisfies the boundary condition
that ¢(z = 0) = ¢»(z = L). This can be satisfied easily by a traveling wave

Y(x) = Ce'™® (5.9.1)
The periodic boundary condition implies that
et =1 (5.9.2)

or that

2nm
k=k,=— 9.
7 (5.9.3)

where we have indexed k with subscript n, and n is all integer values on the real line from
—00 to oo. Furthermore, we can pick C =1/ V/L to normalize the above function. It is quite

easy to show that with
1 i2nmwx/L
Un(z) =1/ pe (5.9.4)

Hence, given any function f(z) defined between 0 < x < L, we can expand

f(l'): Z fnwn(x): Z fn\/zeiQ'rmx/L (596)

n=—oo n=—oo

then

The above is just a Fourier series expansion of the function f(x). The Fourier coefficient f,
can be found by using the orthonormality of ,,, to get

L
fo = (Yulf) = \/E/O dze= 2/ L f () (5.9.7)

In the above, since 1, (x) is a periodic function with period L, f(x) is also a periodic function
with period L.
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Fourier transform can be derived from Fourier series expansion. To this end, we look
at (5.9.3), and note that the k, values are equally spaced by 27/L on the real k line. The
spacing becomes increasingly small as L — co. We can define the spacing to be Ak = 27/L.
Consequently, in view of changing a summation to an integral, we can rewrite (5.9.6) more
suggestively as

f(ﬂ&‘) — Z Ak,fn;;r\/zeﬂnﬂz/L _ % Z Ak‘f(k‘n)eik"z (5.9.8)

n—=—oo n—=—oo

where we have defined f(k,) = fnv/L. From (5.9.7), we have

L
f(kn) = \/Z.fn = / dxeiiknxf(l') (5.9.9)
0
In the limit when L tends to infinity, Ak — 0, the sum in (5.9.8) becomes an integral; namely
1 ,
flz) = — / dk f(k)e™™ (5.9.10)
2 J_ o

The above is just a Fourier inverse transform integral with f(k) from (5.9.9)
f(k) = / dze= " f(x) (5.9.11)
0

which is a Fourier transform. Here, f(x) is originally a periodic function, but now the period
L is infinite. Also, if f(z) — 0 when z — oo, then by its infinite periodicity, f(z) — 0 when
x — —oo. We can replace the semi-infinite integral above with an infinite integral:

f(k) = /Oo dre”™ f(x) (5.9.12)

— 00

The above, (5.9.10) and (5.9.12), form a Fourier transform pair.
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Chapter 6

Approximate Methods in
Quantum Mechanics

6.1 Introduction

There are many problems in quantum mechanics where closed form or simple solutions cannot
be found. What we have shown as examples are usually problems that have simple solutions,
such a infinite potential well, harmonic oscillator, or a finite potential well. Even the case of
finite potential well requires the solution of a transcendental equation. Nevertheless, these
are called textbook problems, because they are wonderful examples in textbooks to teach
beginning students on the subject matter. But in general, most quantum mechanics problems
do not have closed form solution. We have to resort to approximate or numerical methods to
solve such problems.

6.2 Use of an Approximate Subspace

We have seen that in general, a Schrédinger equation problem can be cast into a matrix equa-
tion by projecting it into a space spanned by countably infinite orthonormal basis functions.
With such a basis, we define an identity operator

F=3" ) (0l (6.2.1)

Given a general time independent Schriodinger equation, which is
H|y) = Ely) (6.2.2)

we can first insert an identity operator between H and |1). Then the above becomes

> Hitbn) (Walt)) = Elg5) (6.2.3)

n=1

57
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Testing the above by multiplying it from the left with (1,,], m = 1,..., co, we have'

Z%|H|¢n (nlt)) = Bl |tb), m =1,...,00 (6.2.4)

The above is a matrix equation of the form

oo
> Hynfon=Efm,m=1,...,00 (6.2.5)

n=1

It corresponds to an infinite dimension matrix, but it can be truncated to form a finite matrix
system

H-f=Ef (6.2.6)

The above is a matrix eigenvalue problem that can be solved numerically. If H is N x N, it will
have N eigenvalues and N eigenvectors. If we choose our basis functions appropriately, and
are only interested in certain eigenvalues, which represent the energy levels of the stationary
states, we need only to pick a small set of basis functions. Therefore, N can be a small
number. This is important because the number of computer operations needed to find the
eigenvectors and eigenvalues of the above problem is proportional to N?3.

In solving the above, we will have to form the matrix elements H,,,. For an infinite
potential well, whose well bottom has been distorted, we can use the eigenfunctions of the
flat-bottom well as our basis functions. Then, the matrix elements H,,, are explicitly given
as

L

Hmn = dqu*n(z) <_

0

hod
2m,, dx?

V(fﬂ)) U () (6.2.7)

We can use integration by parts to convert the term that involves second derivative to a form
that involves only first derivatives. That is

L
h d d
Hop = d —r (x)— r(x)V 6.2.8
o= [ e (G S ) 000 + UV ()00 (6:25)
which is a more symmetric form. In the above, we have used the boundary condition of the
eigenfunctions to remove the extraneous term resulting from integration by parts.

Modern numerical methods have allowed us to use flexible basis set to expand our unknown
functions. For example, we can let

N
U) = anlfa) (6.2.9)

where f,,(z) need not be orthogonal or complete in Hilbert space, but they can approximate
the unknown function ¢ (z) well. Also, f,(z),n=1,..., N spans an N dimensional vector

I This procedure is called testing or weighting in the mathematics literature, (| is called the testing or
weighting function.
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space that is the subspace of the Hilbert space. We assume that the solution in the subspace
is a good approximation of the solution in the original infinite dimensional Hilbert space.
Examples of such finite basis set are triangle functions shown in Figure 6.1.

Using (6.2.9) in (6.2.2), we have

N N
Y Hifw)an =B aulfa) (6.2.10)
n=1 n=1
Multiplying the above from (f,,| from the left, we have
N N
> fmlHl fn)an = EY {fnlfa)an (6.2.11)
n=1 n=1

The above is a matrix system of the form
H a=FEB a (6.2.12)

In the above,
H| = (fulHlf)

[E}mn = (fmlfn)
[a]n =ay (6.2.13)

The equation (6.2.12) above is a generalized eigenvalue problem with eigenvalue E and eigen-
vector a. The difference of it from (6.2.6) is that a matrix B is on the right-hand side. But
numerical software to seek the eigenvalues and eigenvectors for such generalized eigenvalue
problems are widely available.

The approximate subspace method is varyingly known as the subspace projection method,
Galerkin’s method, Petrov-Galerkin method, weighted-residual method, and the method of
moments. The finite element method falls under the same category.

6.3 Time Independent Perturbation Theory

Let us assume that we can solve a problem when it is unperturbed, such as the infinite
potential well problem. We like to solve the problem when, say there is a small electric field
in the well indicated by a potential with a gradient, or that the well is imperfect due to some
impurities indicated by a small bump (see Figure 6.2). The Schrédinger equation for the
perturbed system can be written as

(Ho + vH,)|¢) = E|¢) (6.3.1)

where Hy is the Hamiltonian of the unperturbed system whose solution is known, and ”yﬁp
is due to the small perturbation where 7 is a small parameter. Here, Hy can be the Hamil-
tonian of the infinite potential well, for instance. In the above equation, |¢) and E are both
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Figure 6.1: The triangle functions for a piecewise linear approximation of a function. This is
a basis that is not orthogonal but yet can be used to seek approximate solutions to (6.2.12).

Figure 6.2: The infinite potential well on the left represents the unperturbed problem. The
middle figure represents a perturbation due to a tiny electric field. The right figure represents
a perturbation due to imperfection in fabrication or impurities.

unknowns, but we can write them in a perturbation series or expansion, namely

16) = 16'7) +416D) +7°16P) + .. (6.3.2)
E=E9 4 yEM 4 2E@ (6.3.3)

Upon substituting the above series into (6.3.1), we obtain
(Ho +vHy) (160) +71610) +7216®) + ... )
= (E(O) +vEW 4+ 42E@ ) (\¢><0>> + oMy +4216@) + ... ) (6.3.4)
The left-hand side of (6.3.4) can be expanded and rewritten on a power series in ~y
ap + ary + axy? + ... (6.3.5)
while the right-hand side is similarly written as

bo + b1y + bg’}/Q + ... (636)
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These two power series in v are equal only if a; = b;, i = 0,1, ...,00.2

Equating the coefficients of the power series on both sides of (6.3.4) we have the following
equations:
Zeroth Order:

Holp@) = E©)|50) (6.3.7)
First Order: . R
HolpM) + H,|¢@) = EO|gM)) + EM|50) (6.3.8)
Second Order:
Hy|6®) + H,|pW) = EO|p®) + ED D) 4+ EO|p®) (6.3.9)

We assume that the zeroth order equation is known in terms of an eigenstate [¢,,) with energy
FE,,. In other words
69) = [¢m), EO© =E, (6.3.10)

We will use this knowledge to solve the first order equation (6.3.8) above.

Before we proceed further, a note is in order regarding the uniqueness of the eigenvalue
problem (6.3.1). An eigenvector is known only within a multiplicative factor. Hence, its
length is indeterminate. This non-uniqueness in its length manifests in the non-uniqueness
of the value of the perturbation series (6.3.2) as we shall see later. To achieve uniqueness, it
is best to pin down the length of the total eigenvector given by (6.3.2). We fix the length of
the eigenvector |¢) by requiring that

(Yml) = 1 (6.3.11)

With this requirement, we substitute (6.3.2) into the above. Since (1,,|¢(®)) = 1, because
|p(O) = |th,), it is easy to show that (1h,,|¢?) = 0, i > 0. As a consequence, |¢(*)) is
orthogonal to [1),,). The perturbation series is not necessarily normalized, but it can be
normalized later after the series has been calculated.

Next, to find the first order corrections to the eigenvalue and the eigenvector, we move
the unknowns |¢™)) to the left of (6.3.8). We then have

(Flo — Em) 61)) = ED|y,) — Hyltm) (6.3.12)

where we have made use of (6.3.10). Notice that the above equation is non-unique since the
operator (I:IO — Em) has a null space with a null space vector [¢),,).

Testing the above equation with (1,,|, we have

(m|Ho = Em|¢™) = BV — (| Hplthrm) (6.3.13)

2This can be easily proved by setting v = 0, which immediately implies that ag = bp. By differentiating
the power series again and let v = 0, we prove that a; = b; etc.
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But (¢, (ﬂo — Em) = (0 because f[o|¢m> = E;,|thm). Hence, the above gives

EW = (| Hy|thn) (6.3.14)

the first order correction to the energy of the perturbed system.
Therefore, one of the two unknowns in (6.3.12) is found. The remaining unknown |¢(!))
can be expanded in terms of the eigenfunctions of the unperturbed system, that is

6D) = aPlvn) (6.3.15)

First, testing the equation (6.3.12) with (¢;|, we have

(il Ho = E|d™) = BV (Wil tbm) — (s Hpltbm) (6.3.16)

Upon substituting (6.3.15) into the above, the left-hand side evaluates to

(Wil B; — En|oW) = (B; — En) Y. ilalD|vn) = (B; — Ey)al” (6.3.17)

n

The right-hand side of (6.3.16), for i # m, is just —(;|Hp|t). Hence

o — Wil Hplm)

B, _E, JiF#Em (6.3.18)

When i = m, (6.3.17) evaluates to zero, while the right hand side of (6.3.16) also evaluates
to zero because of (6.3.14). Hence a,(%) is undefined. We choose a%) = 0 for a number of
reasons: It makes the correction term unique since [¢)(1)) is orthogonal to [(?)). Tt makes
the normalization of the eigenvector |¢) accurate to second order even though the correction
is first order. It will also make the second order corrections much simpler to find.

To find the second order corrections, we rewrite (6.3.9) with the unknown |¢(®)) on the

left hand side. Then (6.3.9) becomes
(Ao — En) 162) = ED6M) + E@[y) — Hylo™) (6.3.19)

Testing the above with (¢,,|, the left hand side becomes zero as before.> Since we have
made |¢(1)) orthogonal to [t),,), on the right-hand side, only the last two terms remain.
Consequently,

0=E® — (i, | Hp|pM) (6.3.20)
or

E® = (4| Hylo™M) (6.3.21)

3 Again, the above is non-unique for the same reason cited for (6.3.12).
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Letting

|p?) Z a®ey,) (6.3.22)

and substituting it into the left side of (6.3.19), testing with (¢;|, we have
(Bi — Em)a® = BN (0;|6D) + B8y, — (5| Hy ¢ (6.3.23)
Therefore, for i # m,

@ _ (il HpV)  EMg"
“%“ =B _E  E,—E,

(6.3.24)

When ¢ = m, both sides of (6.3.23) vanish, and aﬁ?) is undefined. Again, we pick ag) =0 to
obtain a unique solution.

The above procedure can be generalized to arbitrary order. By induction, we notice that
the equivalence of (6.3.9) to p-th order is

Holp®)) + f[p|¢(p—l)> = EO|p®)y 4 EM =Dy ... 4 p@)|p0) (6.3.25)
The above can be rewritten as
(f{o — E(O)) |¢(p)> = E(1)|¢(p—1)> IS E(p)|¢(0)> — f[p|¢(p—1)> (6.3.26)
Testing the above with (i,,,| gives

P) = (thy | Hp P~ ) (6.3.27)

Letting

6@) =" alP|py) (6.3.28)

n

n (6.3.25), and testing with (4;|, one can easily show, for i # m, and after noting that
EO© = E,,, |¢(9) = |,,), that

o = - 1 (<¢Z\H 6Dy = BV _ p@)»=D ... _ go- “) (6.3.29)

It is to be noted that with modern advent of computer technology, and given the avail-
ability of numerical methods, the calculation of perturbation theory to very high order is
laborious and not necessary. However, a perturbation correction can give us insight on how
a small change in the Hamiltonian can change the solution.
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Figure 6.3: The tight binding model can be used to find the approximate eigenstates of two
quantum wells that are weakly coupled to each other. The eigenstates of the isolated quantum
wells are known (Figure is from DAB Miller).

6.4 Tight Binding Model

The tight binding model is a way to find the solution to two weakly coupled quantum systems
when the solution to each isolated quantum system is known (see Figure 6.3).

To solve this system, we can use the subspace projection method of nonorthogonal basis
to derive the relevant matrix equation. Given the Schrodinger equation

H|y) = E¢) (6.4.1)

we let
2
) = Zai [1hi) (6.4.2)
i=1

where [¢1) is the eigenfunction of the ground state of well 1 in isolation and |¢9) is the
eigenfunction of the ground state of well 2. Going through the same procedure we have had
before, we arrive at

Dol Hlv) = EY ai (¢] i) (6.4.3)

i=1 i=1



APPROXIMATE METHODS IN QUANTUM MECHANICS 65

The above is the same as the matrix equation

H a=FEB-a (6.4.4)

where
H| =l H ) (6.4.5)
B, = il w) (6.4.6)

It is easy to show that H and B are Hermitian matrices.* In the above, we can assume that
[1;) is quasi-orthonormal, so that

(il ¥5) ~ 6ij (6.4.7)
Then we can write the system (6.4.4) as
E1 AFE arp| _ 1 AB al
5 3]sl B

The off diagonal elements are conjugate of each other because the matrix is Hermitian. More-
over, AE < F; and AB <« 1. These terms are small because the overlap between the eigen-
functions ¥, and 5 is small. The further apart the wells are, the smaller these terms would
be, as the overlap is smaller. When the wells are infinite far apart, the off diagonal terms
vanish and the two quantum systems are uncoupled from each other. The two eigenvalues
are then degenerate.

The eigenvalue of (6.4.8) above is obtained by solving

Ey—-E  AE-EAB]

det | \p _ pAB* B, - E

0 (6.4.9)

or
(B, — E)* —|AE - EAB]> =0 (6.4.10)

Since the FAB on the left-hand side of the above is small, we do not incur much error by
replacing it with EyAB. Upon solving the above, we have

E = E| +|AE, — EABJ? (6.4.11)

Note that the degenerate eigenvalues are now split into two non-degenerate eigenvalues. The
corresponding eigenvectors can be found, and the eigenfunctions are of the form

1 1
Yo = NG (Y1 +2), Yy = NG (Y1 —b2) (6.4.12)

The eigenfunctions are due to odd and even coupling between the isolated quantum states of
the two wells as they are brought closer together.

41t can be easily shown that the matrix representation of a Hermitian operator remains Hermitian.
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6.4.1 Variational Method

Given an eigenvalue problem denoted by
H |¢) = E |¢) (6.4.13)
we can convert the above into a matrix generalized eigenvalue problem
H-a=FEB -a (6.4.14)
We next convert the above into a functional by multiplying it with a’ to obtain
al.H-a=FEa -B-a (6.4.15)

By setting a = ag + da, F = Ey + JF, where ag and Ej are the exact solution to (6.4.14),
and then taking the first variation of (6.4.15) we have

saf - H- a0+ag~ﬁ~§a:5E a8~§'a0+E0~§aTo§oa0

+FEpa) - B -da (6.4.16)

If ag and Ej are exact solution to (6.4.16), they satisfy
H ag=E;B-ag (6.4.17)
aj - H = Foa - By (6.4.18)

Then the term multiplied by dat and da cancel each other on both sides and we have, to first
order, -
0=0E a}-B-a (6.4.19)

The above implies that JF is zero. It means that if we were to use (6.4.15) to find E by
writing it as
po? Ha (6.4.20)
at-B-a

and if we substitute inexact or approximate value for a = ag + da, the value we obtain for
FE is second order accurate since §E = 0. The above is known as the Rayleigh quotient. To
begin with, we need an estimate of the solution that is quite close to the exact solution so
that da is small. In other words, it allows one to substitute in approximate value of a that
is just first-order accurate, and yet get an estimate of the eigenvalue or energy F that is
second-order accurate.

A more general form of the Rayleigh quotient is to test (6.4.13) with (¢| and convert it
into a functional. The corresponding Rayleigh quotient is

E= (¢1H19) (6.4.21)

(¢l9)
It assumes that |¢) is not normalized. In the above, it can be proved by the same token that
an approximate, first-order accurate value of |¢) can yield a second-order accurate estimate
of E. Rayleigh quotient is great for estimating the eigenvalues when only approximate eigen-
functions are known. These eigenfunctions are also called trial functions. A systematic way
to estimate these eigenfunctions is known as the Rayleigh-Ritz method.
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6.4.2 Time Dependent Perturbation Theory
Now, we assume that the perturbating Hamiltonian is a function of time. In other words, we
have a Schrodinger equation where

L 0 -

ihay W) = H [¥) (6.4.22)

and

H = Hy+~H, (t) (6.4.23)

where H,, (t) is time varying.® Tt can come from an external electric field that is time-harmonic,
for instance. We also assume that we can solve the unperturbed system in terms of stationary
states, namely R

The total time dependent wavefunction can be expanded in terms of the stationary states,
namely

O) = an (t) e ! |, (6.4.25)

where fw,, = E,,, and a, (t) is a function of time.
Substituting the above into (6.4.22), we have

% 0) = (an () — iwn) e " |W,) :%ﬁZan (t) et |B,,) (6.4.26)
=55 2 an (O (B ) £ 1 11,(8) ¥
(6.4.27)

where a,, (t) = da,, (t) /0t.
Since F,, = hw,, the E,, term on the right-hand side cancels the w,, term on the left-hand
side. Finally we have

H —iwnp, _ Y —iwnt 1]
;an (t) e ™t |0, = o En:an (t) e ™t H,(t) |¥,,) (6.4.28)
To simplify the equation further, we test it with (¥,| to get

g (t) "t = % 3" (8 e (U, Hy (1) |0,,) (6.4.29)

The above equation is exact as of this point. To solve it further, we expand

an = al® 4 yal) 4426 ... (6.4.30)

5To be precise, the Hamiltonian of a system has to be a constant of motion, since it represents the
conservation of energy. But when a quantum system is coupled to another quantum system to which energy
is transferred, the first Hamiltonian may not be a constant anymore. But we can assume that the perturbing
Hamiltonian is small.
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Using the above in (6.4.29), and matching terms of like orders, we have
V() =0 (6.4.31)

or that a,go) is a constant. By matching terms of the first order, we have

aV(t) = % S Aot (g |y (£) ) (6.4.32)

where wgy, = wg —wy. To make things simpler, we can assume that the electron is in the m-th
stationary state before we turn on the perturbation H,(t). Namely,

[¥) = alQ et |y, ) = et by, (6.4.33)
In the above, since if only one state exists, aSS) = 1 by normalization. Then, (6.4.32) becomes

. 1 iw, )

ag (1) = s ag) e (g | Hy (1) [tom) (6.4.34)

We assume the perturbing Hamiltonian to be of the form:

0, t<0
Hy(t) = § Hyo(e ™t +e™t), 0<t<ty (6.4.35)
0, t> 1o

so that it is turned on only for a time window 0 < ¢t < tg. Then for ¢t > ty, by integrating
(6.4.34), we have

1 [t A o ¢
o) = i | Wl ) m)etomt at (6.4.36)
1 N o, A o\
= = (Wal Hpo)|¥m) / (e“ww—“) + ¢fWam+w) )dt (6.4.37)
0
1 . ei(wq,,nfw)tg -1 ei(wqurw)to -1
= — = (gl Hpo)[Ym) ( oo T wmtw ) (6.4.38)

t N i(wgm —w)t —w)t i(wgm+w)t t
= *%<¢q|Hp0)\¢m> (emsinc ((wqm2w)g> +e T gine (W))
i

(6.4.39)
The probability of finding the state in g-state is
P(q) = |a{M? (6.4.40)

or

Pl@) = Bl (snet (Lm0 ) 4 o (Cam D0)) g
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where we have ignored the cross terms since the sinc functions in (6.4.39) are highly peaked
at w = fwgm, when tg — 00; and hence their cross terms are small.

The above equation means that the probability of transition from the m to the g eigenstate
is high only if

w = twgm = £(wg — wi,) (6.4.42)
or that
hw = +(hwy — hwy) = +(Ey — En) (6.4.43)

The “4” sign corresponds to when the electron jumps from a low energy FE,, to high energy
E, requiring the absorption of a photon with energy fw = (E; — E,;,). The “—” sign in
(6.4.43) corresponds to the electron dropping from a high energy state E,, to a low energy
state E, emitting a photon with energy fuw = (E,, — E;). This is known as the Fermi’s golden
rule.
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Chapter 7

Quantum Mechanics in Crystals

7.1 Introduction

In a crystal, the atoms are located in a periodic lattice. Hence, when an electron wave
propagates on a lattice, it is propagating in a periodic structure. However, the real world is
not that simple. Usually, there are more than one electron traveling in a lattice. The electrons
see each other’s electric field or potentials. There will be electron-electron interaction that
has to be accounted for. Moreover, electrons are fermions meaning that they obey Pauli’s
exclusion principle. Two electrons cannot be in the same state simultaneously. There are
many-body effects, but we will ignore them here. The many-body effect can be lumped
approximately into an effective potential. We will assume that the effective potential is still
periodic, even though this may not be true.

Another effect is that as an electron moves through a lattice, the attractive force between
the electron and a nucleus of the atoms distort the lattice locations. This gives rise to lattice
vibrations called phonons. We will ignore electron-phonon coupling here.

In a periodic lattice, the atoms are located at the lattice points given by

R; = nija; + noas + nsas (7.1.1)

where ap, as, ag are lattice vectors, and ni, ne, ng are integers. Every lattice point can be
related to every other lattice point by a proper choice of ni, no, and ng.
Assuming that an electron sees a periodic potential in a lattice, then

VP(I‘—l-RL) = VP(I‘) (712)

The single electron sees this periodic potential and its wavefunction satisfies
2

V2 4 V()| (r) = Edi(x) (7.1.3)

€

We will study next the kind of wave that can propagate in this periodic potential, known as
Bloch-Floquet waves.!

n the subsequent discussions, we will replace m. with m, with implicit understanding that this is the
effective mass.

71
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7.2 Bloch-Floquet Waves

Let us study the case of a wave propagating in a 1-D periodic structure, where V(x) may
look like that of Figure 7.1.

V(x)

— a—

Figure 7.1: A 1D periodic structure of a potential profile for V' (z) where a Bloch-Floquet
wave can travel on it.

The periodicity of the potential is a. Let us assume that the wave that can exist on such
a structure is of the form

Y(k,r) = e u,(x) (7.2.1)
This wavefunction must satisfy the 1-D Schrodinger equation that
h? d?
o da? + Vp(z)| Yk, z) = Ev(k,x) (7.2.2)

In order for ¥(k,x) to satisfy the above, u,(x) has to satisfy a certain condition. Since the
above is a periodic structure, if one translate the coordinate such that x = x + na, then
Vp(x) = Vp(x + na) = Vp(z) which remains unchanged. Letting z = = + na in (7.2.1), we
have

U(k,x) = Yk, + na) = e e %y, (x + na) (7.2.3)

This new wavefunction must be a solution of Schrédinger equation as well. In order for it to
satisfy (7.2.2), we require that

up(x + na) = uy(x), for all n. (7.2.4)
In other words, u,(x) is a periodic function of z. Since e?*"® is just a constant, it is clear
that ¥ (x + na) satisfies the same equation as (7.2.2). Hence, the form of (7.2.1) that satisfies
(7.2.2) has to be such that u,(z) is a periodic function. Equation (7.2.1) represents a traveling
wave modulated by a periodic function u,(z). However, u,(x) is more rapidly varying than
e’** Such a wave is a Bloch wave or a Bloch-Floquet wave.
Noting that the second derivative of (7.2.1) is given by

d2

o2 [ upy ()] = —k*™ ™ uy () + 2ike™™ ) () + 7wl (2), (7.2.5)

P



QUANTUM MECHANICS IN CRYSTALS 73

substituting (7.2.1) into (7.2.2), and using the above, we have
h2

2m

[—k?up(2) + 2ikul,(z) + ul) (z)] + Vp(2)up(2) = Eup(z) (7.2.6)

In the above, if V,(z) = 0, a simple solution to the above is u,(x) a constant with E =
(hk)?/(2m). Then the Bloch-Floquet wave becomes a simple traveling wave. Otherwise, we
can rewrite (7.2.6) as

{—:; [i; + 2ik% - kQ] + Vp(a:)} up(z) = Buy(z) (7.2.7)

with u,(x) satisfying the periodic boundary condition within period a. The above is a simple
eigenvalue problem with eigenvector u,(x) and eigenvalue E. We can use matrix method to
convert the above into a matrix equation

> Huynan=EY_ Bunan (7.2.8)

N

by letting u,(x) = > an¢n(z), and testing with ¢, (z). One also ensures that the choice of
n=1

basis is such that the periodic boundary condition is satisfied. Here, ¢,,(x) are not necessarily

orthogonal. In the above,

Hpin = ($m|Hplén),  Bun = ($mldn) (7.2.9)
where
A B2 [ d2 d o,
Hp=—5— |75 +2ik— — k| +V, () (7.2.10)

Notice that I:Ip is a function of k, and so Hy,, is a function of k. Therefore, (7.2.8) can be
written as a generalized eigenvalue problem

H(k)-a=FB-a (7.2.11)

In the above, we have explicitly denoted that H(k) is a function of k. Hence, we have to
fix k& in order to solve the eigenvalue problem (7.2.7), or the generalized matrix eigenvalue
problem (7.2.11). Therefore, the eigenvalue E obtained is a function of k, the wavenumber
in the Bloch-Floquet wave (7.2.1). In general, a E(k) plot will look like that in Figure 7.2.

For each k value, there are many possible values of E. Also, in (7.2.1), if we let k = k+ 2"%,
where p is an integer value, then, (7.2.1) becomes

2ipm

O (k,x) = ¥ (k+ 2pr/a,x) = e*u, () e~ © = e*q, (2) (7.2.12)

Notice that e+ is a periodic function; hence, it can be lumped with u, (x) to form a new
Uy, () periodic function. They satisfy the same equation (7.2.7) with the same k value. There-
fore, u, (x) and 4, (x) share the same set of eigenvalues. They are the same eigenfunctions
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Figure 7.2: The E-k diagram or band structure diagram of a Bloch-Floquet wave propagating
in a 1D periodic structure.

within a multiplicative constant. Consequently, F (k) is a periodic function in k with period
%’T. Each of this period is called the Brillouin zone. The zone that is centered about the
origin is called the first Brillouin zone.

Furthermore, since everything in the operator of (7.2.2) is real, ¥*(k, x) is also a solution
of it whenever 9 (k, z) is a solution. But

W (k,x) = e () (7.2.13)

*

is also a Bloch-Floquet wave with —k wavenumber. In fact, up(x) satisfies an equation that
is the conjugate of (7.2.7). But since the operator in (7.2.7) is Hermitian, its matrix repre-
sentation remains Hermitian. Furthermore, the eigenvalues are real, and remain unchanged
even when the equation is conjugated.

Since wu,(x) is periodic function with period a, it can be expanded as a Fourier series,
namely

(oo}
up(z) = Y a2 (7.2.14)

n=—oo

7.3 Bloch-Floquet Theorem for 3D

In three dimensions, the Bloch-Floquet wave looks like

Y(k,r) = Ty, (r) (7.3.1)
with the property that
up(r +Rp) = up(r) (7.3.2)

We can expand u,(r) as a generalized Fourier series

up(r) = Z age'ST (7.3.3)
G
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where G represents points on the reciprocal lattice denoted by

G = l1by + I3bsy + I3bs (734)
with the property that '
e!GRL — (7.3.5)
where
Ry = nja; + neas + nzag (736)

In the above, I; and n;, i = 1,2,3 are integers. The above property indicates that u,(r) in
(7.3.3) is periodic as indicated by (7.3.2). The summation in (7.3.2) is over all possible values
of G or ll, 127 and lg.

One can solve for by,bs and bg to yield

as X ag ag X aj a; X as

2r, by= —1" 2 o7 (7.3.7)

bl - aj - (ag X ag)

271', b2 =

aj - (ag X a3) aj - (a2 X a3)

for this G. Then by back substitution, (7.3.5) is satisfied. Futhermore,
Y(k + G,r) = TG Ty, (r) (7.3.8)

where
oiG-(r+RL) _ ,iG-r (7.3.9)

Since it is a periodic function on the lattice, the ¢’ term can be lumped with the unit cell
function wu,(r); therefore, the new Bloch-Floquet wave is

Y(k+ G,r) = ™, (r) (7.3.10)

It is of the same form as (7.3.1); and hence will yield the same eigenvalues as ¢ (k,r). Con-
sequently, the lattice points are defined by the lattice vector Ry, and the reciprocal lattice
points are defined by the reciprocal lattice vector G. The Brillouin zone is defined by the
reciprocal lattice points. The first Brillouin zone is the first unique zone centered around the
origin. These zones in 3D can be quite complicated as shown in Figure 7.3.

The band structure diagram is rather complicated and is usually plot with E versus k
vector along prescribed lines in the first Brillouin zone as shown in Figure 7.4.

We can take yet another viewpoint of the existence of band structure in a crystal. We
have studied the tight-binding model of two identical quantum wells. This can be extended to
two identical atoms as shown in Figure 7.5. The figure shows how the energy of the trapped
modes of the atoms are split versus the spacing of the atoms (as we have found on our tight
binding model in the previous chapter). The closer the spacing, the stronger is the coupling
between the modes, and the larger is the split in the level of the degenerate modes.

If we have a system with billions of atoms, each atom has its energy levels due to trapped
modes in the atom. If the inter-atomic distance is large, there is no interaction between
the atoms, and energy levels will be many billion times degenerate. However, when the
interatomic spacing becomes smaller, the wavefunctions from one atom will overlap with the
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Figure 7.3: The first Brillouin zone of the FCC (face centered cubic) lattice (from Wikipedia).

Figure 7.4: The band structure diagram of Silicon along prescribed lines in the first Brillouin
zone (from Warwich Physics Dept.).
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Figure 7.5: The energy levels of two atoms versus the atomic spacing. (from Seeger, Semi-
conductor Physics).
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Figure 7.6: The genesis of band structure as the interatomic spacing of the atoms of the
lattice becomes smaller and smaller. (from Fox, Quantum Optics).
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neighboring atoms through tunneling. The interatomic coupling, like the example of the
tight-binding model, will split the energy levels and make them into a continuous band of
energy. This give rise to energy band where energy states exist and energy band where no
states exist, yielding the band structures we have seen.

As we have seen in the simple case of the tight-binding model study of two quantum wells,
the degenerate modes split into even and odd mode coupling between them. In one case,
the modes are in phase, and the other case, the modes are out of phase with respect to each
other. When multitude of mode coupling prevails, there could be infinitely many possible
phase relations between the atomic modes, giving rise to Bloch-Floquet wave with different
exp(ik - r) across the lattice. The Bloch-Floquet wave establishes the phase relationship
between different trapped modes of the atoms as they couple to each other.

7.4 Effective Mass Schrodinger Equation

The bottom of many conduction band is parabolic. In the vicinity of £ = 0, we can write the
FE-k relation as

h2E?
- 2me

Ey +V (7.4.1)

where m,. is the effective mass chosen to fit the curvature of the parabola, and V is the
energy at the bottom of the conduction band. We can write the Bloch-Floquet wave as a
superposition of waves with different energies or k values, namely

Y(r,t) = chuk(r)eik're*“’“t, k~0, hwy=FE; (7.4.2)
k

When k ~ 0, we can approximate
ug(r) = up(r) (7.4.3)
so that

P(r,t) = up(r) Z cpelET it
k
= ug(r)te(r,t) (7.4.4)

where 1.(r,t) is the envelope function, namely

Ye(r,t) = cheik're_i‘”’“t (7.4.5)
k
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We can show that

. 3¢e(r’t) ik -r—iwpt
_ E, etk r—ivk
zhiat zk:ck L€
21.2
_ ch (Z k + V> eik-rfiwkt
k Me
Ve ) ; ;
_(_ 4V chezkr—zwkt (746)
( 2me k
or
L O (r,t) h?v?

The above is the effective mass Schrodinger equation. It is valid when k is small, or e’¥T is
slowly varying compared to the lattice spacing a. In the above, we can assume that V(r) is
slowly varying, and that the effective mass m.(r) is also a slowly varying function of r. Then
the above can be correctly written as
I \Y L \Y v ) 0 7.4.8
-5V ) Ye(r,t) + V(r)e(r,t) =i Ewe(r,t) (7.4.8)
The essence of the above approximation is that if the material properties are slowly varying
with respect to the lattice spacing, an electron “sees” locally an environment of an infinite
lattice. Consequently, if there are two domains with different V' and m., the above equation
induces the boundary conditions at the interface of the domains as

1/161(1‘) - 7/}62(1'); re S (749)
1 0 1 0
p— %wa(r) = o %weg(r), res (7.4.10)

where S is the interface separating the two domains and 9/9n refers to normal derivative.
Even though V(r) and m.(r) have jump discontinuities at such an interface, we assume that
the discontinuities are still slowly varying compared to the lattice spacings.

7.5 Density of States (DOS)

We can use periodic boundary condition to discretize the k vector in the Bloch-Floquet wave
so that it is countable, or that

2T 2T 2T
kr, =11—a lo—a l3—a 7.5.1
L 1L1a1+ 2L2a2+ 3L3a3 ( )

In one dimension, it is
2
ky = l% = IAk (7.5.2)
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where Ak = 2% When we count the number of discrete modes, we have 1 mode per Ak on

the k; real line. Or the density of states is
gip (k) =1/Ak=L/2x (7.5.3)

The number of states is proportional to the length of L. In 2D, the density of states can be

easily derived to be ) )

In 3D, it becomes
gsp (k) = L1 LyLs/ (27)* = V/ (2n)® (7.5.5)

We can normalize the density of states with respect to length L, area A, and volume V for
1D, 2D, and 3D, respectively. Then

g1p (k) = 1/27, gop (k) = 1/ (27)*, gsp (k) =1/ (27)° (7.5.6)

0 Kk k ks kg k

Figure 7.7: If every state on the k line corresponds to a state on the E line, then the density
of states per unit length on the E line is different from that on the k line.

We may want to count the density of states per unit energy instead as shown by the above
E-k diagram. Even though the states are evenly spaced on the k line, they are not evenly
spread on the F line, thereby, altering the density of states per AE. In general, we can write,
in 3D,

g (E)dE = 2g (k) &®k = 2g (k) 4nk?dk

= 8mg (k) k24 4 (7.5.7)
where we put a factor of 2 for two electron states per energy state.
Therefore, the relation between DOS on the E line and the k line is
dk
9(B) = 8ng(k)k* — (7.5.8)

dE
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Since
h2k?
E = T +V (7.5.9)
for a free electron, we have
V2me
k=vVE—V hm (7.5.10)
dk Me 1
R L 5.11
dE 2 VE -V (75.11)

and

N

g(E) = # (2;7;6) ’ (E-V) (7.5.12)

The above is the DOS in the conduction band of a bulk material.

7.6 DOS in a Quantum Well

In a 1D quantum well, the potential varies as a function of z, but is independent of x and y.
Then the effective mass Schrodinger equation becomes

K2 1
f?VmVﬂJ(r) + V(2)¥(r) = EY(r) (7.6.1)

We can further separate the z variation from the x and y variations to get

S V() = 5 ) + V(U () = B(r) (762)

2 2
where V2 = 2 + Ba—yg.
By separation of variables, we let

P(r) = Yn(2)¢s(rs) (7.6.3)
where ry = £z + gy. Then, we can show that

h2
B 2me

Viws(rs) = Esqps(rs) (764)
and

—**771/%(2) + V(2)¢n(2) = Enton(z) (7.6.5)
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In the above
E=FE,+F, (7.6.6)

Equation (7.6.5) can be solved for the eigenvalues E,,. For example, it can be the 1-D finite
potential well problem, or the infinite potential well problem. Alternatively, it can have a
complicated V(z) and an m.(z) that are amenable to numerical methods only.

In the z-y direction, we let

P(rs) oc e (7.6.7)
where k; = 2k, + §k,. Then,
h2k2
E, = = 7.6.8
T (7.6.8)

where k2 = k2 + k2. Therefore, the total E-k, diagram looks like that shown in Figure 7.8

E

Figure 7.8: The subband E-k; relation of a quantum well.

In general, gop(ks) = ﬁ, and we have

dk

gop(Es)dEs = 2g2D(k:5)27rdeT5dEs (7.6.9)
Finally, we get
Me
E,) = — 7.6.10
g (B) = (7.6.10)

which is a constant independent of Fj.

Hence, if we march along the E-line from 0 upward, the DOS as a function of total F is
shown in Figure 7.9.

If the 1D quantum well is an infinite potential well, the energy is given by

E, — ;je (”%)2 (7.6.11)

But density of states for a 3D bulk material is

(7.6.12)

[\
3
)
N—
=
o=

o) = 3 (%
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DOS

Figure 7.9: The density of states of a 2D quantum well compared to that of a 3D bulk
material.

If we evaluate this at £ = E,,, we have

Me (N n
B =25 (5) =907 7.6.13
93p(En) 2 \T, gZDL ( )
Therefore, %2 touches the gsp at E,, values as shown in Figure 7.9.
When L becomes large, so that the quantization level in the quantum well becomes finer,
the DOS plot versus total E is shown in Figure 7.10. The DOS for a quantum well resembles
that of a bulk material.

Figure 7.10: The density of states of a 2D quantum well compared to that of a 3D bulk
material when the width of the quantum well L is large.
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Chapter 8

Angular Momentum

8.1 Introduction

In quantum mechanics, we learn that travelling wave ¢’** carries a linear momentum propor-
tional to hk. Hence, the more oscillatory the wave is, the higher the momentum it carries.
However, when an electron is trapped inside the potential of an atom, the wave is not a lin-
early travelling wave, but a wave that swirls around the nucleus of the atom. Hence, the wave
carries mostly angular momentum. The magnitude of this angular momentum, intuitively, is
proportional to the angular variation of the wavefunction.

If we take Schrodinger’s Equation in free space, it is given by

[ _
—%V Y(r) = EY(r) (8.1.1)
We can rewrite this as
(V2 + k) w(r) =0 (8.1.2)

where k3 = 2moE/h?. The above is the Helmholtz wave equation whose solution is well
known. In cylindrical coordinates, it is

10 0 1 02 0?
<pap ap+2w++k0> l/J(Pa(i)aZ)—O (813)

where p = \/22 + 42, ¢ = tan~!(y/x). In spherical coordinates, it is

2o or + rQSmQ%bmeaG + r2sin 6 O¢?

(13 , 0 1 9 0 1 a2+k0>¢(r)97¢):0 (8.1.4)

where r = /22 + y2 + 22, 0 = cos™(z/r), ¢ = tan"1(0/x).

85
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8.1.1 Electron Trapped in a Pill Box

We will first solve the above equation in cylindrical coordinates to gain physical insight into
the wave-angular momentum relationship. Hence, we study the case of an electron trapped
inside a pill box. The solutions to Helmholtz equation can be found by the separation of
variables. For example, to solve (8.1.3), we let

Y(p, ¢, 2) = R(p)®(9)Z(2) (8.1.5)
Using (8.1.5) in (8.1.3) yields
10 0 1 02
D(P)Z(2)—=—p— Z(2) ===
82
+ R(p)2(9) 55 2(2) + kg R(p)®(9)Z(2) = 0 (8.1.6)
To solve the above, we propose two eigenvalue problems,
0? 9
0? 9
—®(¢p) = —n°d 1.
55 ®(0) = n*a(0) (5.1.8)
The solutions to the above are easily found:
Z(z) = eFik=2 (8.1.9)
B(¢) = eFn® (8.1.10)
By so doing, Equation (8.1.6) becomes
1d d n? 9
;dfppdpr(p) - ;R(p) + k,R(p) =0 (8.1.11)
where
k2 =ki—k2 (8.1.12)

Equation (8.1.11) is the Bessel equation where solutions are Bessel function J,(k,p) and
Neumann function Y,,(k,p). Here, n is the order of these functions. So the general solution
(8.1.5) becomes

B(p, ¢, 2) = [Adn(kpp) + BYy(k,p)] etindeFike2 (8.1.13)

We can now put an electron in a pill box whose wall is an infinite potential as shown
in Figure 8.1. Since Y, (k,p) — oo, when p — 0, we set B = 0 to eliminate the Neumann
function. Also, ¥(p, ¢, z) has to be regular and finite inside the pill box. Matching boundary
conditions at the two ends of the pill box, we have

QZ} (p7 (bv Z) = AJn (kpp) eiin(b sin (%2) (8114)
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Figure 8.1: The geometry of a cylindrical pill box where an electron is trapped.

Table 8.1: The first few zeros of Bessel functions:

m COm Clm C2m CSm §4m <5m

1 | 2.4048 3.8317 | 5.1356 6.3802 7.5883 8.7715
2 | 5.5201 7.0156 | 8.4172 | 9.7610 11.0647 | 12.3386
3 | 8.6537 | 10.1735 | 11.6198 | 13.0152 | 14.3725 | 15.7002
4 | 11.7915 | 13.3237 | 14.7960 | 16.2235 | 17.6160 | 18.9801
5 | 14.9309 | 16.4706 | 17.9598 | 19.4094 | 20.8269 | 22.2178

where k, = pr/L, for all integer p.
The boundary condition at p = a is that ¥ (a, ¢, 2z) = 0, or that

In (kpa) =0

The zeros of Bessel functions are tabulated and given by
In (Cnm) =0

The first few zeros are given in Table 8.1. Hence, we obtain that
k, = Cum/a

So (8.1.14) becomes
_ P\ ting .. (PT
¢ (pv ¢a Z) - AJn (Cnma> € Sin (—L Z)

(8.1.15)

(8.1.16)

(8.1.17)

(8.1.18)

In the above, we see a standing wave sin (prz/L) in the z direction, a standing wave repre-
sented by J, (Cnmg) in the p direction, and a travelling wave e***? in the ¢ direction. The



88 QUANTUM MECHANICS MADE SIMPLE

L L
0o 5 10 15

Figure 8.2: The Bessel function of different order as a function of its argument. Notice that
the higher the order, the smaller the Bessel function is at the origin.

larger n is, the more rapidly varying is the travelling wave as a function of ¢, and the more
angular momentum it carries.

In fact, plots of J, (z) versus x for different n is shown in Figure 8.2.> We notice that
the larger n is, the more rapidly varying e*""¢ is, and the more the Bessel function .J,, (2) is
pulled away from the origin. This is characteristic of a particle swirling around in a circle.
The centrifugal force is keeping the particle away from the origin.

From the fact that

2 2 2moE
k§=k§+k§:<c’;’”> +(p%) = ng (8.1.19)

we can derive that the energy levels of the trapped electron are given by

2 2
= 22 ()5

Hence, the energy levels of the trapped electron assume quantized values. This is the char-
acteristic of the wave nature of the electron.

(8.1.20)

8.1.2 Electron Trapped in a Spherical Box

To obtain different physical insight with different wavefunctions, next, we place the electron
in a spherical box with infinite potential at the wall. We also solve this problem by separation
of variables by letting

Y (r,0,6) = R(r)O(0) P (6) (8.1.21)

IWays to compute Jp(z) is well documented and is available in programming toolbox like Matlab.
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Figure 8.3: Legendre Polynomial with argument cos 6 plotted for [ = 5 and different m values.

Using (8.1.21) in (8.1.4), we have

O0)® () ZLr2LR(r)+R(r)®(¢) =252 (sin6Z0 (0))

2 8.1.22
FR(1)O (0) g 20 (0) + RO @) 2 (0) =0 V1)
We propose another eigenvalue problem such that
P 3(6) = -m*a(9) (3.1.23)
052 = 1.

Using the above in (8.1.22), ® (¢) can be canceled in the equation. Then we propose another
eigenvalue problem such that

2
L0 nelo@ -

sind 09" 98 ©(0)=-1(1+1)0(0) (8.1.24)

sin® 0
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The solution to (8.1.23) is eT¥™¢ while the solution to (8.1.24) is in terms of associated
Legendre polynomials, P (z), or in terms of 6,

©(0) = P (cost), —l<m<l (8.1.25)
Eventually, the equation for R (r) is

L(1+1)

Ldodpoy, {k(z)_ . }R(r):o (8.1.26)

ﬁ%r dr

The last equation is the spherical Bessel equation whose solution is
R(r) = Aji (kor) + Bh{" (kor) (8.1.27)

In the above, j; (z) represents a spherical Bessel function of order [, which is regular at x = 0,

while hl(l) (x) represents a spherical Hankel function of the first kind of order I, which is
singular at z = 0.

When we put this solution inside a spherical box, we set B = 0 since hl(l) (kor) is singular
at 7 = 0. Then the general solution to (8.1.4) inside a box is

U(r, 0, ¢) = Aji(kor) P (cos 8)em?, —l<m<gl (8.1.28)
Assuming the radius of the sphere is a, to satisfy the boundary condition, we require that
Ji(koa) =0, (8.1.29)

Since ji(¢p) = 0, we deduce that kg = (jp/a. The first few zeros of the spherical Bessel
functions are given in Table 8.2.

Table 8.2: The first few zeros of the spherical Bessel functions:

Cop C1p Cop (3p Cap
3.142 4.493 5.763 6.988 8.183
6.283 7.725 9.095 10.417 | 11.705
9.425 10.904 | 12.323 | 13.698 | 15.040
12.566 | 14.066 | 15.515 | 16.924 | 18.301

=W N

Therefore, the general solution becomes
_ - r m +imo
W(r,0,0) = Aji (pr) P/ (cosf)e ) —l<m<l (8.1.30)
a

In the above, e*™? represents a traveling wave in the ¢ direction, P/"(cos ) represents a
standing wave in the 6 direction. When [ becomes large, P/ (x) is a higher order polynomial

2The other solution to (8.1.24) is the associate Legendre function of the second kind, Q7 (cos6) but this
function is singular for 0 < # < 7, and hence, is not admissible as a solution.



ANGULAR MOMENTUM 91

and P"(cos§) is a rapidly varying function of §. In this case, etm® 1 < m <1 could also
be a rapidly varying function of ¢ implying the presence of high angular momentum. From
Figure 8.3, it is seen that the larger m is, the more slowly varying is the associated Legendre
polynomial. The variations from P/"(cosf) and e*"™? compensate each other for a fixed [ so
as to keep the “sum” of the angular momentum a constant when [ is fixed.

The function j;(z) is well known and is plotted in Figure 8.4, showing that when n is
large, the centrifugal force of the particle pulls it away from the origin as in the pill-box case
in cylindrical coordinates. From the fact that

2
2 QJ - QmoE
k3 = ( » ) == (8.1.31)

we deduce that the energy levels of the trapped electron are

2
Ey = e <Q”> (8.1.32)

2mgo \ a

This is again quantized due to the wave nature of the electron.

The above cases illustrate the trapping of an electron by a pill box and a spherical box.
In nature, the positive charge of a nucleus forms a potential that can trap an electron. In
the case of the hydrogen atom, closed form solutions can be obtained for the trapping of
an electron by the Coulomb potential of the positive nucleus. This has been documented in
many quantum mechanics books.

8.2 Mathematics of Angular Momentum

100

ost )

Figure 8.4: Spherical Bessel function of different order versus its argument. The higher order
functions are smaller around the origin.



92 QUANTUM MECHANICS MADE SIMPLE

We have shown previously that an electron trapped inside a pill box or a spherical box
does display angular momentum. Next, we derive the operator that is related to angular
momentum. In classical mechanics, the angular momentum is given by

L=rxp (8.2.1)

where p is the linear momentum. Notice that by taking the cross product of p with r, only
the circumferential component of the linear momentum is extracted. Written explicitly, it is

Lz = YP> — ZPy, Ly = ZPx — TPz, Lz = TPy — YPzx (822)

We raise these to operators, and write them as, in coordinate space representation,

- . 0 0 . ) 0 0 A , 0 0
L, = —ih (y&z — zay) Ly, = —ih (Z&r — :Uaz) ,L, = —ih <x3y — y&z) , (8.2.3)

x,, 2z can be raised to be operators as well, but in coordinate space representation, they are
just scalars. Actually, we can write (8.2.1) as the operator

L=txp (8.2.4)

The hat signs above indicate that they are operators and not unit vectors. The coordinate
space representation of the r operator is just r. The coordinate space representation rep-
resentation of the momentum operator p has been derived before. Consequently, the above
operators can be shown to satisfy the following commutation relations

[LxLy} —ihl., [LyL} —ihl,, {LLZ] = ihL, (8.2.5)

By transforming to spherical coordinates, the operators become

L, =ih (sin¢§9 —l—cot@coscﬁ(%)) (8.2.6)
L,=ih (— cos ¢2 +cotﬁsin¢5a) (8.2.7)
00 ¢
L,= _in2 (8.2.8)
o

The eigenfunction of the L, operator is ® = e*""? 5o that

L.®(¢) = mhd(p) (8.2.9)

8.3 L2 Operator

The L? operator is defined as

L*=12+L2+12 (8.3.1)
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It can be shown that
L? = -n’vj, (8.3.2)
where 6 and ¢ mean only variation in these variables is involved, and

) 1 9 o 1 o2

— — sinf— 4+ —— —— 3.
Voo = | 5n000° ™80 T 20 002 (8:33)

The above is just the circumferential variation of the Laplacian operator in (8 1.4). Tt is quite
easy to show that the above commutes with L.. Hence, L? commutes with L. By symmetry,
L2 also commutes with L, and L . We can find the elgenfunctlon of the L? operator by first
finding that of Va e Traditionally, this eigenfunction and eigenvalue problem is expressed as

Its solution is similar to the method of solving for the solution of Helmholtz wave equation
in spherical coordinates. By the separation of variables, the solution is

Yim (0, ) = CP™(cos 0)e™?, —1<m<l (8.3.5)
which can be normalized to yield

20+ 1)l — m)! ;

Yim(0,¢) = (=1)™ Tl +m)

In Hilbert space, this eigenfunction is denoted as |I,m). We can define another operator
Fo_ f2 f2 _ f2 . 72
P2=ir-i2=124+ 12 (8.3.7)

It is quite clear that L, commutes with L2 and L2 commutes with L2. Hence, L,, L? and L?
share the same eigenfunctions |l,m). Therefore,

L2)1,m) = K2[1(1 + 1) — m?]|l, m) (8.3.8)

A pictorial illustration of this concept is given in Figure 8.5. It is to be noted that
this picture can be drawn because L, commutes with L2 Thus their eigenvalues can be
“measured” uniquely and simultaneously. However, L. does not commute with L, or I:y In
fact, from the picture of |Y;,,|?, the function is completely indeterminate in the ¢ direction.
Hence, the eigenvalues of L, or ﬁy are indeterminate or smeared out for a given Yj,, with a
determinate eigenvalue of L..
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L, axis

T R S

L

Ly, axis

Figure 8.5: A picture showing the angular momentum components for different tilt angles of
the total angular momentum L (from DAB Miller).



Chapter 9
Spin

9.1 Introduction

Spin is a special property of atomic or subatomic particles that has no classical analogue.
Electron has spin. We can think of it as being due to the self spinning of the electron, but
we should not let our imagination run further than that. Spin of an electron gives it a spin
angular momentum in addition to the orbital angular momentum it possesses. The spin also
endows an electron with a magnetic dipole moment that causes it to interact with a magnetic
field.

The spin of some particles is found to have binary values of “spin up” and “spin down”
experimentally by the famous Stern-Gerlach experiment. This binary nature, as we shall see,
fits nicely in the mathematical structure of angular momentum in quantum mechanics, but
it cannot be described by a wavefunction or wave mechanics. Instead, it can be represented
by matrix mechanics.

9.2 Spin Operators

We have seen that the z component of the orbital angular momentum, represented by the
operator f/z, is quantized to be mh where —I < m < [, [ being an integer related to the total
angular momentum square operator L? with eigenvalue [ (I + 1)h2.

It can be shown that the relationship between the total angular momentum number [ and
the z-component of the angular number m is not restricted to orbital angular momenta. It
can be established for all quantum mechanical angular momenta, as is shown in Appendix A.
A more general framework for angular momentum is that for J2 = J2 + ij + J2, an operator
that represents the square of the total angular momentum, and jm, jy, jz, operators that
represent the z, y, and z components of angular momenta, then

J?|L,M)=L(L+1)h?|L, M) (9.2.1)
J.|L,M)=MR|L,M), —-L<M<L (9.2.2)

95
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We have proved the above results for orbital angular momentum by using wave mechanics
and wavefunctions, but they can be proven for general angular momentum by using rotational
symmetry of 3D coordinate space, and mathematics of raising and lowering operators.

Spin angular momentum operators also fit under the framework of general angular mo-
mentum operator, and can be thought of as a special case of the above framework. Hence,
the above can also be applied to spin % angular momentum where L = %, —% <M< % The
values of M has to be spaced by value one apart, hence, M = :I:%.

For spins, we let S represent the total angular momentum operator, while S, represents
the z component of the spin angular momentum. Applying (9.2.1) and (9.2.2) to spin %
angular momentum, we have

|hah) = htd), L=f M-x (92:3)

N|—=

S. 13,4y =+3n]L,+3) (9.2.4)

As a result, the corresponding z component of the spin angular momentum, represented

by the operator S., has only two eigenvalues and two eigenstates: an up state with angular
momentum of %h and a down state with angular momentum of f%h.l

The corresponding x and y components of the spin angular momentum can be represented

by operators S, and S’y Together with S., they satisfy the following commutation relations,

[sty] — ih$,, [Sys] — ihS,, [sz} = ih8, (9.2.5)

The above is similar to the commutation relations satisfied by ﬁm, IA% and ﬁz, where they

have been motivated by wave mechanics. However, as has been shown in Appendix A, that if

an operator is to represent an angular momentum, then their z, y, and z components have to

satisfy the above commutation relations by rotational symmetry of the 3D coordinate space.
It is expedient at this point to define Pauli spin matrices given by

. 2 4 . 2 4 A 2 .
Op = ﬁSI, Oy = ﬁSy, O, = ﬁSZ (926)

with the commutation relation
(62,6, = 2i6,, [6y,0.] = 216y, [62,04] = 2i6, (9.2.7)

Since there are only two spin states, they can be represented by a two dimensional column
vector. The spin operators can in turn be represented by 2 x 2 matrices. Hence, we have

1 0
Then, the matrix representation of &, is

. {1 0
o, =

0 1 (9.2.9)

IThis was discovered in silver atoms by the famous Stern-Gerlach experiment.
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such that
et =11, &l =—-|) (9.2.10)
The other Pauli matrices can be found to be
. 101 . 10 —i
Oy = [1 0} , Oy = [l 0} (9.2.11)
It can be shown that
ﬁzggzgzxz{é?} (9.2.12)

+62 =31 (9.2.13)
By the same token, the S2 operator, from (9.2.6) and the above, can be evaluated to be

N N N . k2 _
§:$+ﬁ+£:1ﬁ:%1 (9.2.14)

In the above, the quantum mechanics of spin half particle such as an electron is described
by matrix mechanics.

9.3 The Bloch Sphere

We have seen that the eigenstates of &, are

n=|o] w=]7] ©3.1)

In the two dimensional space in which spin states are represented, these two states are or-
thonormal and complete. Hence, the eigenstates of the ¢, and &, operators can be expanded
as well in terms of [1) and |]) states. Consequently, a general spin state can be written as

|s) = aqy 1) + ay |L) = cos (g) 1) + €' sin (g) 1) (9.3.2)

We have chosen ay and ay judiciously so that the wavefunction is clearly normalized. The
relative phase between a4 and a| is in e'? as absolute phase is unimportant. Let

o =16, + 36, + k. (9.3.3)

be an operator that represents a vector of the spin angular momentum, where ¢, 7, and k
are unit vectors in the z, y, and z directions. Then the expectation value of this operator
for a given quantum state |s) in (9.3.2) should point in a vectorial direction. This is a basic
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tenet of quantum mechanics since o represents angular momentum, which is an observable.
Consequently, we find the vector

P, = (s|o|s) =1(s|o5|s) +3(s|dy|s) +k(s|d.]s) (9.3.4)
After substituting |s) from (9.3.2) into the above, we can show that
P, =1sinfcos¢ + gsinfsin ¢ + k cos ¢ (9.3.5)

The vector P, maps out a sphere called the Bloch sphere with corresponding 6 and ¢ values
as shown in Figure 9.1.

Figure 9.1: The Bloch sphere showing the vector P.

9.4 Spinor

In general, we need a two component vector to describe both the wavefunction and the spin
state of an electron, namely,

)= | 0 | =1 | g ]+ Woaount | § (0.4.1)

These wave fucntions with two components are known as spinors. The vector space for spinors
consists of the vector space for the electron wavefunction multiplying with the two-dimensional
vector space for the spin. This is known as a direct product space.
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9.5 Pauli Equation
The classical angular momentum of a particle moving in a circle is
L = mour (9.5.1)
which can also be written as a vector
L=rxp=rxmgv (9.5.2)

If this particle is an electron, it will complete an orbit in 27r /v time, and we can denote the
current due to this orbiting electron as

ev
I=—— 9.5.3
2mr ( )

A circulating current loop produces a magnetic dipole moment
py=1Ia (9.5.4)

where |a| is the area of the current loop, the vector a points in the direction normal to the
surface |a|. For circulating electron, this moment is

ev o evr
_ —_ 9.5.5
aal = —omrr® = =& (95.5)
We can then write
er X v el
- _ - 9.5.6
Ka 2 2my ( )

The interaction energy of a magnetic dipole and a background magnetic field B is given by

E,=-p, B (9.5.7)
Assume that B = 2B, then
E,—=-—B.L.—-—_B.mh (9.5.8)
Qmo mo

since the eigenvalue of L. is mh and the expectation value of L, can be precisely mh. Equation
(9.5.8) can also be written as

E, =mugB, (9.5.9)

where pp is a Bohr magneton defined to be

eh

p— . .1
T (9.5.10)

UB

The Hamiltonian of quantum mechanics is inspired by the classical Hamiltonian mechanics.
The Hamiltonian represents the total energy of the system. If an applied external magnetic
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field contribution to a small change in the total energy, we can add a perturbation Hamiltonian
in accordance to (9.5.8) and let

N eB, -
H, = L, 511

Originally, for angular momentum with number [, the z component of the angular momentum
is mh with (21 4+ 1) values for m that are degenerate. The applied B field will split this
degeneracy into 2[ 4+ 1 distinct energy values. This is known as the Zeeman effect.

Equation (9.5.11) can be written as

~ e -
H,=—L-B 512
p 2m0 (95 )

When the spin angular momentum is added, the perturbing Hamiltonian becomes

~ e ~ ~
H,=—(©L+¢S)-B 9.5.13
where g is the gyromagnetic factor found to be approximately 2 experimentally.
In general, the Hamiltonian for an electron in the presence of an electromagnetic field is
~ 1 e - .
H,=——-eA)?’+V+-—(L+gS)-B 9.5.14
b= G (b= A £V 4 5 (Lt g8) (9.5.14)
The above Hamiltonian is again motivated by the Hamiltonian for classical mechanics for an
electron in the presence of an electromagnetic field, which is

By = —— [p— A’ + V(r) (9.5.15)
2m0

One can show, using the classical equation of motion for Hamiltonian mechanics, that Lorentz

force law emerges from the above. Equation (9.5.14) is motivated by (9.5.15) where the

momentum p in (9.5.15) is elevated to be an operator p in (9.5.14). The vector potential A(r),

however remains as a classical variable. As a result, (9.5.14) is a semi-classical Hamiltonian.



Chapter 10

Identical Particles

10.1 Introduction

The physics of identical particles is another triumph in quantum mechanics where the phe-

nomenon is not observed in the classical world. When particles are identical or indistinguish-

able, their wavefunctions have to assume a certain form to satisfy a certain symmetry when

the positions of the two particles are swapped. In quantum mechanics, it is the magnitude

square of a wavefunction that has physical meaning. If the particles are indistinguishable, the

magnitude square of a wavefunction does not change when the two particles are swapped.
In general, we can write the general wavefunction for two particles as

Pip(r1,12) = c12%a(r1)Yp(r2) 4 c210a(r2) s (r:) (10.1.1)

where 9, (r;) is a one-particle wavefunction for a particle in state n described by coordinate
r;.

But when r; = ro, the assumption is that the magnitude square of the wavefunction
remains unchanged. Namely,

(i (r1,72)[* = [ (2, 11) (10.1.2)
which means that
Yip(r1,T2) = Vi (T2, T1) (10.1.3)
where v = e?. Using (10.1.1) in (10.1.3), we have
1200 (r1)¥n(r2) + c219%a(r2) s (r1) = 7 [c1290a(r2)Yp(r1) + c219a(r1) s (r2)] (10.1.4)

From the above, we get
C21 = YC12, C12 = YC21 (10.1.5)
Consequently,

c12 = yen = 721 (10.1.6)

101
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or v2 =1, v =21, co1 = Fcq0, and

Yip(r1,12) = C12 [ha(r1) Y6 (r2) £ Ya(r2)ihy(r1)] (10.1.7)
When the “+” sign is chosen in (10.1.7), it corresponds to the wavefunction of two identical
bosons. When the “—” sign is chosen, it corresponds to the wavefunction of two identical
fermions.

10.2 Pauli Exclusion Principle

For fermions, the two-particle wavefunction is given by

Pip(r1,12) = ¢ [tha(r1)Yp(r2) — Ya(r2)Yp(r1)] (10.2.1)

when a = b, the above vanishes, meaning that two fermions cannot be in the same state.
The above vanishes when r; = ro, meaning that two fermions cannot be in the same position
simultaneously. This known as the Pauli exclusion principle. No two identical electrons can
be in the same state nor the same position simultaneously. However, two electrons with
different spins, up spin and down spin, are considered different, and they can be in the same
state, like in the same orbital in an atom. Also, the sign of the total wavefunction, ¢, (r1,r2),
changes sign when the positions of the two particles are swapped.

10.3 Exchange Energy

When we have two electrons, each will see the Coulomb potential of the other electron. Hence,
the Hamiltonian is given by

R h2 ) 9 e2
H=- B S 10.3.1
2me (V1 + VQ) + 47'('60 ‘I‘l —I9 ( )
The two-particle fermion wavefunction can be written as
1
i) = —= [11,0) [2,6) = [2,0) 1, )] (10.3.2)

V2

where % ensures that |¢y,) is also normalized. In the above, |i,7) is the Hilbert space

representation of the wavefunction v, (r;). The above does not solve the Schrédinger equation
corresponding to the above Hamiltonian, but it can be used to estimate the eigenvalue or the
energy of the Hamiltonian in the spirit of the variational method described previously, using
the Rayleigh quotient.

To find the corresponding expectation value of the energy, we evaluate

(E) = ({p| H |to1p) (10.3.3)
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Since the function is normalized, the above is also the Rayleigh quotient for the energy. When
expanded to four terms, gives

(E) = % [(1,a| (2,b| H|1,a) |2,b) + (2,a] (1,b] H |2,a) |1,b)
—(1,al (2,b] H |2,a) |1,b) — (2,a| (1,b| H |1, a) |2,b>] (10.3.4)
The first two terms above are equal to each other. Specifically,
(1,al (2,6 H |1, a> 12,b)

= (1,a| (2, b| v2|1 a)|2,b) + (1,a| (2, b| v2|1 a)|2,b)

2

€ ||1,a>|2,b>

+ (1, af (2, 0] Treg [r1 — 1o

—h? —h?
= (1, a| v2|1 a) + (2, b| v2|2 b)

2
e
1 2, 0| —— |1 2,0
e e L
= ExEa+ Exep + EPEab (10.3.5)

ExEg,q is the kinetic energy of particle 1 in state a, while Ex g} is the kinetic energy of
particle 2 in state b. The Epg .5 term can be derived explicitly to yield

N2
Eppay — ¢ /d gp [Pa (T )1 [ (2] (10.3.6)

4meg v — 1|

This is exactly the same as the potential energy from the second term on the right-hand side
of (10.3.4) if we were to write it explicitly. Consequently, we have

1 . .
Exga+Exkey+ Eppa = 5 [(1,a| (2,b] H |1,a)|2,b) + (2,a| (1,b] H |2,a)|1,b)| (10.3.7)

However, the third and fourth terms on the right-hand side of (10.3.4) have no classical
analog. They are there because of the presence of the second term in (10.1.7) be it for bosons
or fermions. The second term is needed because the particles are indistinguishable or identical
if we exchange their positions.

Due to the Hermiticity of the Hamiltonian operator, the fourth term on the right-hand
side of (10.3.4) is the complex conjugate of the third term. Consequently, these two terms
can be written as

Egx.a = —% (L0l (2,01 71 [2,0) [1,6) + ({10l (2,01 2,0} [1,5)) ] (10.3.8)
= —Re [ / drdr'y* (r) i (') Hipg (x') ¥ (r)} (10.3.9)

The exchange energy is proportional to the overlap between the wavefunctions v, (r) and

wb (I‘)
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10.4 Extension to More Than Two Particles

In the following, we will discuss methods to construct basis functions for different kinds of
particles. These basis functions does not solve the Schrodinger equation yet, but they have
to satisfy certain symmetry conditions depending on the kind of particles they represent.

1. Non-identical Particle Case:

Let us assume that we have N particles, and M modes to fit this NV particles. We can
construct a state for non-identical particles that looks like

[Yaig) = |1,a)]2,b)|3,¢) ... |N,n) (10.4.1)
In terms of basis function, we may express the above as
[Wabn) = |1,@)[2,8)]3,) - - [N, m) (10.4.2)
or
Vaben (T1, T2, TN) = Ya(r1)hp(r2) -+ P (rn) (10.4.3)

We can fit the N particles in n modes, and these n modes can be repeating or non-
repeating. For non-repeating case, it is necessary for M > N.

However, the above wavefunction cannot be used for bosons and fermions, as we will

get a new wavefunction when we swap the positions of two particles. But bosons and
fermions are indistinguishable particles. We will consider them separately.

2. Boson Case:

For the N boson particle case, we can write the legitimate wavefunction, which can be
used as a basis function, as

|widentical-bosons> X Z P‘la a>|27 b>|37 C> e |N7 ’I’L> (1044)
I3

where P is a permutation operator, and the above summation is over all possible per-
mutations of the coordinate r; over the one-particle eigenstates a, b, ¢, - - - ,n. The above
wavefunction remains unchange when we permute the positions of two particles, because
for every |1,a) ---|i,0) -+ |4, p) - - - |N,n), there is a |1,a) -+ |4,1) -+ - |i,p) - - - [N, n) in the
above summation. Hence, swapping of ¢ and j will not change the sign of the above
wavefunction. The above can also be written as a basis function as

[Wabn) o< Y PI1,a)[2,b)[3,¢) -+ [N, n) (10.4.5)
P

3. Fermion Case:
For the N fermion case, we can write the wavefunction, which can be used as a basis
function, as

N!

1 .
+P|1,0)[2,b)[3,¢) - - [N, n) (10.4.6)
=1

|widcntical—fcrmion> - W F
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“_»

where the “4” sign is chosen for even permutation while the sign is chosen for odd
permutation. A permutation involves a unique pairwise exchange of two particles . The
permutation is even or odd depending on the number of pairwise exchanges that have
taken place.

Therefore, given a term |1,a) - - - |i,1) - - - |4, p) - - - [N, m), there always exists another term:
—|1,a)--|g,0)---]é,p) - - - [N,n) in the above summation since they differ by one per-
mutation. If ¢ = j, the two terms cancel each other implying that they cannot be in the
same position. Likewise all the terms in the sum cancel each other since every term that
contains ¢ and j can be paired up with every other terms in the sum. Moreover, If [ = p,
all terms in the summation above cancel as well implying that they cannot be in the
same mode or state. Therefore, the above is a legitimate basis function that represents
the fermions as it obeys Pauli’s exclusion principle. Also, there is a sign change when
the position of two particles are swapped.

Another way of writing the fermion case is

|17a> |2va> |N,CL>
|widentical—fermion> - \/ﬁ - (1047)

The above is known as the Slater determinant. When two particles are in the same
position, two columns are the same, and the above determinant is zero. When two states
are the same, two rows are the same, and the determinant of the above is again zero,
implying that these two cases are not allowed. Also when two columns are swapped,
the sign of the determinant changes, because it corresponds to two particles exchanging
positions. In terms of basis function, we can express the above as

1 N! A
|ap..n) = 7 ;iPl,a>2,b>|3,c> [N, n)
[1,a) [2,a) - [N,a)
-—=|" o (10.4.8)

10.5 Counting the Number of Basis states

Usually, the one particle eigenfucntion has infinitely many possible states. In the finite basis
method, we may want to choose a subset of this eigenstates, say M states. At this point, if
we have N particles and M states to put this N particles in, it may be prudent to count how
many possible basis states there are. Such counting scheme will also be used in the appendix
to derive the thermal distribution functions.

1. Non-identical Particles:
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The first particle has M state to choose from in (10.4.2), the second particle also has M
states to choose from, and eventually, there are MY states possible for (10.4.2), since
repetition of the states is allowed.

Npgsis = MY (10.5.1)

. Identical Bosons:

In this case, the number of particles that can be put into one state is not limited. Since
we need to permute the state (10.4.2) to arrive at new states to be linear superposed in
the manner of (10.4.5), the ordering of the particles within the states is not important.

We will first derive the number of permutations when ordering is important. One can
imaging the M states to be equivalent to M bins. The first particle has M possible
bins to fit into. However, once the particle is put into one of the bins, since ordering
is important, repetition is allowed, there are two ways to put in the second particle in
the same bin, before or after the first particle. In other words, the first particle splits
the bin into two compartments, allowing two ways to put two particles in the same bin.
Together with the other M — 1 bins, there are M + 1 ways to insert the second particle
into the bins. In other words, adding a new particle always adds a new compartment
for the next particle to fit in. By the same token, the third particle has M + 2 ways to
fit into the bins etc. Finally the number of possible ways is

M(M + 1) (M +2)...(M + N — 1) (10.5.2)

One can verify that the above gives the correct answer of N! if only one bin is available
for N particles. Since ordering is unimportant, we have

(M + N —1)!

Na%'s =
bas NI(M = 1)!

(10.5.3)

. Identical Fermions:

For fermions, the first particle has M states to choose from. The second particle has
M — 1 states to choose from, since repetition is not allowed. Also, ordering is not
important since all permutations are used in the summation (10.4.8). Consequently,

M!
Npgsis = ————— 10.5.4
basis T NI(M — N)! (10.5.4)
10.6 Examples
1. Non-identical Particles:
Say if we have two electrons with different spins, the distinct states are
11,0)12, 0}, 1, 0)[2,5), 1, @)[2,b), 1, )2, a) (106.1)

The above is in agreement with M =2, N =2, MY =22 = 4.
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2. Identical Bosons:

Consider the * He (helium four) atoms which are bosons. Then the possible boson states
are

1
V2

—1)!
_ 9 (MiN-1) %:3'

) NY(M—-D)! — 21

[1,a)|2,a),|1,b)|2,0), (11, a)|2,b) + |1,b)|2,a)) (10.6.2)

Again this is in agreement with M =2, N
3. Identical Fermions:
If we have two identical fermions, the only state is
1
V2
M! 2! =1

Again this is in agreement with M =2, N = 2, NIM=N)T = 3101

(11, a)|2,b) — |1,b)]2,a)) (10.6.3)

In the above simple examples, we see that for the boson case, there are more states with
particles in the same state compared to the other cases. In the boson case, there are two out
of three states where the particles are in the same state (see (10.6.2)). In the non-identical
particle case, there are two out of four such states. In the fermion case, there is none. This
is indicative of the fact that bosons like to cluster together.

10.7 Thermal Distribution Functions

There are some important thermal distribution functions in understanding semiconductor
physics. These are the Maxwell-Boltzmann distribution, the Fermi-Dirac distribution, and the
Bose-Einstein distribution. These distribution functions are derived via statistical mechanics,
and the results will just quoted here. The first-principles derivations are given in Appendix

B.
1. Maxwell-Boltzmann Distribution:

For this distribution, the number of particles N(E) in a given energy state is given by

—(E—p)

N(E) = ¢ *87 (10.7.1)

where p is the chemical potential, kp is the Boltzmann constant, and T is temperature
in Kelvin.

2. Fermi-Dirac Distribution:

This is given by

(10.7.2)
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Figure 10.1: Fermi-Dirac Distribution for changing temperature 7.

This is the most important distribution function for semiconductors. The chemical
potential p is loosely called the Fermi level. To be precise, i is the same as the Fermi
level at absolute zero temperature. When T is zero, the distribution function looks like
as shown in Figure 10.1. The electrons are frozen into the ground state for £ < pu.
When T > 0, some of the electrons from the states where £ < p are dislodged by
thermal agitation into states where E > u. This phenomenon is more pronounced as T’
increases. This distribution also explains the physical character of semiconductors.

In semiconductors, the Fermi level is midway in between the valence band and the
conduction band. When T = 0, all the electrons are frozen in the valence band, and the
semiconductor cannot conduct electricity, as there are no free electrons in the conduction
band. When T > 0, some electrons in the valence band are dislodged into the conduction
band. This gives rise to electrons in the conduction band, and holes in the valence band.
They contribute to the flow of electric current and the semiconductor starts to conduct.
The conductivity of the semi-conductor material increases with increasing temperature.

. Bose-Einstein Distribution:

The Bose-Einstein distribution is for bosons, and it is given by

1
e(B—n)/(ksT) — 1

N(E) = (10.7.3)
This distribution has a divergence when E = pu. It also reflects the fact that bosons
like to cluster together. When the temperature is low, they condense to around the
chemical potential pu.
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Figure 10.2: Comparison of different thermal distribution functions. For high energy states,

they are similar to each other (from DAB Miller).
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Chapter 11

Density Matrix

11.1 Pure and Mixed States

Given a quantum state described by

) = a1]yr) + aziba) (11.1.1)

which is a linear superposition of two states, the interpretation of quantum mechanics is that
the particle is in a linear superposition of the two states, and one does not know what state
the particle is in until the measurement is done. The measurement collapses the particle into
one of the two quantum states. For instance, the two states could be the spin states of an
atom. The famous Stern-Gerlach experiment separates the spin states into the up state and
the down state. Such a state indicated in (11.1.1) is known as a pure quantum state. The
phase relationship between a; and as is maintained precisely. When the quantum state is in
such a state, we say that the two states are coherent.

However, there are states where the particle has already collapsed into state 1 or state 2
even before the measurement. Or these two states are entirely uncorrelated or incoherent.
The particle is either in state 1 or state 2. The probability of finding the particle in state 1 is
la1|? while that for state 2 is |as|?. The phase relationship between a; and ay is completely
random. States for which there is no coherence between a; and as are known as mixed states.
If we take an ensemble average of the measurement outcomes of the mixed states, they satisfy
the aforementioned probability property.

Nevertheless, it is difficult for a particle to be in a pure quantum state if it involves a linear
superposition of many quantum states unless the quantum system is completely isolated.
Coupling to the thermal bath can destroy the coherence between these states. Hence, there
are states for which partial coherence still exists, and the linear superposition of quantum
states de-coheres with respect to each other, before the linear superposition of states becomes
entirely a mixed state. Coherence lifetime is used to measure when a linear superposition of
quantum states, which starts out being a coherent sum, becomes an incoherent superposition.

111
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11.2 Density Operator

An elegant way to represent a quantum state that is either in the pure state, mixed state, or
partial coherent state, is via the density operator

p= [l (11.2.1)
We can easily show that the expectation of the operator A in this state is
(A) = (wlAl) = ur (4p) (11:22)

This has been shown in Section 5.2.3. Therefore, knowing the density operator is equivalent
to knowing the quantum state of a system which is denoted by state [¢).
Say if we start with (11.1.1) for a quantum state, using it in (11.2.1) will yield

p = lar|* 1) (1] + |az|?|vh2) (o] + aral|vr) (o] + azat o) (i1 | (11.2.3)

Notice that only relative phases between a; and as are needed to form the above. Absolute
phase has no meaning in quantum mechanics.

For a mixed state, we assume that the off diagonal terms involving ajas and aja; will
either time average or ensemble average to zero since they are incoherent. Hence, we suppose
that

p = lar ) (] + [az|[p2) (2]
= p1[Y1)(P1| + p2|va) (2| (11.2.4)

The form (11.2.4) can be thought of as having been ensemble averaged or time averaged.!
For a general mixed state we can further write the density operator as

p= ij|¢j><¢j\ (11.2.5)

where |1;) are pure quantum states but not necessarily stationary states, and p; is the
probability of finding the quantum system in state |¢;).

When we find the expectation value of an operator A with a mixed state, it can be thought
of as having been ensemble averaged. For example,

() = tx(Ap) = ijtr(/lle)wjl)
Z (15| Albs) (11.2.6)

The trace of the matrix representation of an operator is independent of the basis states
chosen to represent the operator as explained in Chapter 5. It will be interesting to see how
the density operator changes under the change of basis state. To this end, we let

) =Y (1)) (11.2.7)

n

IStatistical processes whose time average and ensemble average are equivalent to each other are known as
ergodic processes.
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Using this in (11.2.5), we have

Z Zc’l% Y Gml(c9))*
:Z bn) ¢m\zpc (cW))* (11.2.8)

We can find the uv element of the matrix representatlon of p as

= (Bulplév) = Zp] D) = e (11.2.9)

where the overbar stands for ensemble average. From the above, it is quite clear that

Puv = P (11.2.10)

or that the density matrix is Hermitian. The Hermiticity property of the density operator is
obvious from (11.1.1) and (11.2.5).

Since a trace of an operator is independent of the basis state in which it is represented,
the trace of the density operator is defined as

tr(p) =Y (duldldu) (11.2.11)

u

where ¢,, constitutes an orthonormal basis.
For a pure quantum state,

7? = [) (@) (| = [) (0] = p (11.2.12)
Therefore,
tr(p?) = tr(p) = 1 (11.2.13)

The trace of the above is 1 is obviated by setting A to 1 in Equation (11.2.6).
For a mixed state

0" = ZZPMWQWH%)@/’H (11.2.14)

Taking the trace of the above, we have

tr(p?) =D (énlp’én) = ZZZ% (D l10a) (i) (03]

- ZZMM%I%W < Zzpipj - (Zp) =1 (11.2.15)

In the above, we did not assume that |1;) are orthogonal, but they are normalized. The
inequality follows from that |(1;]1;)|? < 1. Hence, the trace of the density operator has the
property that

tr(p?) <1,  mixed state (11.2.16)
1, pure state (11.2.17)



114 QUANTUM MECHANICS MADE SIMPLE

11.3 Time Evolution of the Matrix Element of an Oper-
ator

The matrix representation of an operator is given by

Amn(t) = <7/}m(t)|A|wn(t)> (11.3.1)
Taking the time derivative of the above,we have
Ot A (t) = (O ()| Ay (£)) + (P ()| A|Optbn (£)) (11.3.2)

assuming that A is time independent, using the fact that

RO (1)) = IO (1)) = B (1) (1133
we have
0 A () =3 {[Erm(8)] 14160 (0)) = 7 (i (|41 1)
= L m B AR(0) ~ 7 (W () AR, ()
= () HA ~ AH|, (1) (11.3.4)
10y A (t) = (AH — HA)py = [A, H] . (11.3.5)

The above applies to expectation value of A as well, as shown in Chapter 5, where

(A) = (p(B)|Aly(t) (11.3.6)
and

ihdy(AY = (AH — HA) = <[A, HD (11.3.7)

In other words, if A commutes with H , its expectation value is time independent. In the
above derivation, we have assumed that A is independent of time.

The time evolution of the density operator can be derived, similar to the time evolution
of the expectation value of an operator. However, the density operator is in general time
dependent, whereas operators considered previously are time indepFendent; and hence, the
derivation is slightly different. Given

p =) (11.3.8)

then

Oup = 10e0) (Y| + |1) (Or)| (11.3.9)
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Using (11.3.3), we have

% {pﬁ[ _ H,a} _ [ﬁ,ﬁf] (11.3.10)

Oup = =L HI) (] + 5 0) (Wl = h

There is a sign difference between (11.3.7) and (11.3.10). The above holds if p is in a mixed
state as well

p= ijh/fﬁ(%\ (11.3.11)

This follows from the linearity of the above equations and that p; is time-independent.
Equation (11.3.10) can be easily generalized to matrix elements when the basis functions
used for seeking the matrix representation are from time-independent basis. Then,

Dupoan = [ﬁf[ - Hﬁ] - [,a, H} (11.3.12)

h mn

where A,,, = (wm\AWJn), and ; is from a time-independent basis. By inserting identity
operator defined using the same basis set, we can convert the above into wholly a matrix
form:

op =+ [p.H] (11.3.13)

where p and H are the matrix representations of p and H , respectively. We often do not
distinguished the matrix representations p and H, and operator representations p and H, as
mathematically, they are the same. The above equation replaces the Schrodinger equation as
the equation of motion for the quantum system.

11.4 Interaction of Light with Two-Level Atomic System

Two-level systems are encountered in nuclear magnetic resonance when the spin states of
a particle interact with a magnetic field. Many more complex systems, for simplicity, can
be approximated by a two-level system. When an electric field (optical field) interacts with
an atom and causes an atomic transition between two energy levels, while the other energy
levels are far away, the system can be approximated by a simpler two-level system. Also,
approximate two-level systems are often use to represent the value “0” and “1” in quantum
computing as we shall see later.

One assumes that before the system is perturbed, the atom is described by a simple
two-level system with two stationary states bearing energies F; and F,. In this case, the
perturbing Hamiltonian is assumed to be

H,=exE=—-Ef (11.4.1)
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The matrix representation of the dipole moment in terms of two stationary states before
perturbation is given by?

where Z is the position operator, and

(Hp> = Hpun = ~Bftmn (11.4.3)

In the above pi1 = po2 = 0, so are Hyy = Hyoo = 0, because ¢, and 1, have different
parities. In other words, if one of them has odd parity, the other one has even parity. Then
in the coordinate representation, the function |¢;|>2 will have odd parity, and its integral
evaluates to zero. But for the off diagonal elements, the integrands will have even parity,
and their integrals evaluate to nonzero values. The matrix elements above are formed with
stationary states, and p;o can be made pure real so that pis = po1 = pg. Hence, the
perturbing Hamiltonian becomes

g | 0 —FEupa
Hp_{Eud . ] (11.4.4)

The above can be simplified to, and approximated by a two-level system with the use
of simple matrix mechanics. This is also very much in the spirit of a finite-basis method,
where a small number of basis can form a good approximation of the quantum system. The
unperturbed Hamiltonian, Hy is assumed to have eigenvalues F; and Fs with respect to these
two stationary states. The total Hamiltonian is then

NS E, -E
H=Hy+H,= |:E1Md E:‘d} (11.4.5)

The equation of motion according to Schréodinger equation is
ihdy|p) = H|w) (11.4.6)

In the above, the perturbing Hamiltonian introduces the off diagonal terms. They are re-
sponsible for causing the transition of eigenstates between state 1 and state 2. If the off
diagonal terms are absent, the stationary states will remain in their respective states with-
out transition. In the above finite basis approximation to the Hamiltonian, the basis used
consists of the two eigenstates of the original unperturbed problem. This is a subspace ap-
proximation method, whereby an infinite dimensional Hilbert space has been replaced by a
two-dimensional subspace.
The density matrix which is the matrix representation of the density operator is

N P11 P12
= 11.4.7
P [pm ,022} ( )

2This is an approximation since after perturbation, the quantum state is not necessarily describable by just
two stationary states. We saw that in the time-dependent perturbation theory, all eigenstates of the system
was necessary to approximate the perturbed system.
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With the notation of (11.2.3), the density matrix is

o[l ai(t)az(t)
P= lasai(t)  Jas(t)P (149
In (11.2.3), we assume here that the two states are stationary states (they need not be),
and the time variations of the states have been put into a;(t) and as(t). Hence, the off
diagonal terms can be rapidly varying functions of time due to the interference between the
two stationary states.

The expectation value of the dipole moment is

(8) = tr(pi) (11.49)
where
e [ R Vo a1
Hence
() = palpiz2 + p21) = 2uaRe(pi12) (11.4.11)

because p12 = p3;.
Next, we derive the equation of motion for the density matrix. Since

dp i s
Py H}
dt ~ h {p p
_i(|lpn p2| | Ex  —Epa| _| E1 —Epg| |p11 pr2
h\|p21 p22]| |—Fpa Es —Epq E, P21 P22
_ 3 _E,ud(pm - ,021) _E:ud(pll - ,022) + (EQ - El)p12 (11 4 12)
h |=Epa(p2e — p11) + (E1 — E3)pa; —Epa(pa1 — pi2) o

From the above

d i . gl
% =7 [(p11 — p22)Epg — (B2 — Eq)pa1] = —iwa1p21 + ZMT(PM — p22) (11.4.13)
where fwg; = Eo — E1. We need not write down the equation for pi2 since p12 = p3;.
From (11.4.12)

d i
P2 L Bua(par — pro) (11.4.14)

dp11 7
= ——Fuq(p12 — p21), a 5

dt h

From them, we get
d i 2i T T
ﬁ(p” — p22) = *ﬁEﬂd(Pu — p21 — pa1 + p12) = EE#d(le —p31) = ?Eﬂddm(/’m)
(11.4.15)
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since p12 = p3;. The above equations, (11.4.13) and (11.4.15), form two coupled equations
from which the unknowns, p11 — p22 and pio can be solved for.

At his point, we are going to add phenomenological terms to the above equations to make
them agree with experimental observations. The above two level system, so far, has been
isolated from a thermal bath. It more aptly describes the two level system of a single atom in
isolation. In actuality, there will be a collection of atoms that will be similarly excited by the
electric field. These atoms will be coupled to other thermal sources such as by collision with
other atoms or with the wall of the container. The density matrix can be used to represent
the ensemble averaged state of the collection of these atoms. Here, for a collection of atoms,
P11 — P22 is the fractional population difference in electrons of the atoms between state 1 and
state 2. But when coupled to a thermal bath, there will be some electrons excited to level 2
even in the absence of an external electric field. Hence, we modify (11.4.15) to account for
the coupling to a thermal bath to become

Ap * Apo

11.4.1
. (11.4.16)

d 2i
SAp=2E )
8P = 3 Eha(p2n — p2)
where Ap = p11 — p22, Apo = (p11 — p22), is the quiescent steady state value of Ap in the
absence of external driving field. The transient value Ap is assumed to relax to the quiescent
value Ap, in time 7.

Also, pa1 = C e~ ™21t in the absence of external driving field. But if the two level system
is coupled to an external heat bath the phase coherence between the two energy states will
be lost and average to zero. We can describe this by adding a term to (11.4.13) to account
for dephasing, or

dpa21 . . ld P21
—_— = —FE Ap— — 11.4.17
i twa1p21 +1 3 P T ( )
T is the dephasing time which is usually shorter than Tj.
At this point, it is prudent to discuss the role of the exciting field, which is of the form

E, . . ,
E(t) = E,coswt = > [eF + e7"f] (11.4.18)

When Ap is slowly varying in (11.4.17), the driving term, which is the second term on the
right-hand side in (11.4.17) has two rotating signals ¢! and e~*?. The response, pa; will
have two rotating signals as well. Hence, pa; = C e~ ™! + c.c.? when driven by a sinusoidal
source (11.4.18). Therefore, we define

Baor (t) = pa1 (t) et = C 4 C*e*t (11.4.19)

where C is slowly varying so that (21 (¢) is slowly varying when we ignore the rapid term.
Using this in (11.4.16), we have

d i . Ap — Ap,
%AP = —Eouq (621 - 512) - T,

11.4.2
; (11.4.20)

3where c.c. stands for complex conjugate.
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In the above, we have kept only the slowest varying term of the first term on the right-hand
side. The rapid term is assumed to only result in a small response in Ap. This is known as
the rotating wave approximation.

From (11.4.18), we deduce that

d t d . . o
let( ) _ thﬂm (t)} e By (£) e (11.4.21)
Consequently, (11.4.13) becomes
d iy palo Ba1
£521 =17 Aw 521 +1 oh Ap T2 (11422)

where Aw = w — w91, and we have kept only the slowly varying terms.
Previously, we have found that

(i) = pa (p12 + p21) = pa (Br2€™" + Bare™™") (11.4.23)
after using (11.4.19). Therefore
(1) = 2uq [Re (B21) coswt + Sm (Ba1) sinwt] (11.4.24)
since 21 = (5.
In steady state, dAp/dt = 0 in (11.4.20). Furthermore, Ap in (11.4.22) is a constant

in steady state, and hence, B2, must tend to a constant in steady state with dfs;/dt = 0.
Defining Q = uqFE,/ (2h), we have from (11.4.20) and (11.4.22) that

0= iAw,le + ZQA,O - le/TQ (11425)

0= —AQ%m (621) - (Ap - Apo) /T1 (11426)
Taking the real and imaginary parts of (11.4.25), we arrive at

0= —Awi‘sm (521) — %6 (521) /T2 (11427)

0= AwRe (Ba1) + QAp — S (Bay) /To (11.4.28)

Equations (11.4.26)-(11.4.28) constitute three equations with three unknowns Ap, Sm (B21),
Re (B21), from which they can be solved for. Therefore

1+ Aw?T}
Ap=Ap, 11.4.29
P= P UTAGRTE + AT T, ( )
AwQTENAp
R _ 2 2P0 11.4.30
¢(B21) = — AT LA T, ( )
0Ty Ap,
S (Ba1) = 220 (11.4.31)

1+ A?TE + 42T T
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If there are N atoms, then we define
AN = NAp, AN, = NAp,
and

1+ Aw?Tg
AN = AN,
14+ Aw2T22 + 4Q2T1T2

In electromagnetics, we have
P =exE

in phasor representation. In time domain

P =Re [e, (X' +iX") Eoe™™"]

=€, (X' coswt + X" sinwt) E,

But
P =N (i)

From (11.4.24), we have
P = 2N g [Re (S21) coswt + Im (fa1) sin wt]

Comparing (11.4.35) and (11.4.37), we have

2N
g Eogodé}%e (ﬁgl)

M3T2ANO AUJTQ
ol 14 (Aw)? T2 + 4027\ T,

2N
X' = B Sm (By)

€o
- [LZTQANO 1
ol 1+ (Aw)?> T2 + 40211 T,

When the applied electric field is small, we can ignore the 4Q2T, T, term to get

/ - /L(QiTgANO (wgl — w) T2
X (w) - 2 19
eoh 1+ (w — w21) T2

o ,U,?ITQANO 1
60h 1 + (w — w21)2 T22

X// (w)

(11.4.32)

(11.4.33)

(11.4.34)

(11.4.35)

(11.4.36)

(11.4.37)

(11.4.38)

(11.4.39)

(11.4.40)

(11.4.41)

Note that in this analysis, the perturbing field need not be small. The approximation we
have made is the two-state approximation. This is a decent approximation if the other eigen-
states are far away from these two states in terms of energy levels. The other approximation
is the rotating wave approximation which is good if the exciting frequency of the electric field
is high and is much faster than the relaxation times 77 and 75, and that it is close to wo;.
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Figure 11.1: Plots of x’ and x” according to (11.4.40) and (11.4.41) (from DAB Miller).

Also, this analysis is not a small perturbation analysis since the exciting field need not
be weak. In fact,  above, which is proportional to the exciting electric field, can be large.
When it is large, we note from (11.4.29) and (11.4.33) that the fractional population dif-
ference approaches zero, or that p1; = p22. In this case, the absorption transition is equal
to the stimulated emission. From (11.4.39), when Aw = 0, or w = wy; we can express the
denominator as

9 1
14+40°T1 T =1+ I (11.4.42)
S
where I is the field intensity, and I is the saturation intensity, since I is proportional to the
square of the electric field. The saturation intensity is defined to be the intensity at which
the absorption peak of x” will drop to half of its value compared to the weak excitation case
where [ is very small.

Equations (11.4.20) and (11.4.22) are also known as the optical Bloch equations. These
equations were first used to analyze another two-state system, the nuclear magnetic resonance
system. With a magnetic field pointing in the z direction, when the nuclear spins are pointing
upward and aligned with the magnetic field, they are in the lower energy state. However,
when they are pointing anti-parallel to the magnetic field, they are in a higher energy state.
RF (radio frequency) field can be used to flip the spin states, and similar equations as above
can be derived to describe the spin dynamics.



122 QUANTUM MECHANICS MADE SIMPLE



Chapter 12

Quantization of Classical Fields

12.1 Introduction

The quantum harmonic oscillator is extremely important for the quantization of classical
fields, be it electromagnetic, acoustic, or elastic in nature. Classical fields can be thought of
as due to a set of coupled classical harmonic oscillators. In the case of electromagnetics field,
these classical harmonic oscillators are dipoles in space polarized by the electric field. In the
case of acoustic or elastic field, they are due to coupled atomic or molecular vibration in a
medium. Many experimental evidence suggest that there are photon particles associated with
electromagnetic field, and phonon particles associated with vibrations of atoms or molecules
in crystalline solids.

When the classical harmonic oscillators are replaced by quantum harmonic oscillators,
the classical field becomes quantized as shall be seen. The energy that can propagate and
associated with the field is quantized, as in the case of the quantum harmonic oscillator. In
classical electromagnetics when we calculate energy, e.g. as stored energies

1 1
We = e E?, W, = S H|? (12.1.1)

we think of W, and W}, as a continuum, capable of assuming all values from zero to a large
value. Also, the power flow by a plane wave

§= L |E| (12.1.2)
210
assumes continuous values in classical electromagnetics. As shall be shown, this cannot be the
case if electromagnetic field consists is due to a set of coupled quantum harmonic oscillators.
The energy carried by a plane wave is also quantized corresponding to packets of energy.
The quantized nature of electromagnetic radiation has been observed historically. This
was first suggested for and used to deriving the Planck radiation law. Later, it was used by
Einstein to explain experimental findings in the photoelectric effect. From the experimental
data, it was deduced that the packet of energy associated with electromagnetic field is

Ephoton = hw (1213)

123
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This quantized energy is very small when w is small but sizeable in the optical regime. The
grainy nature of electromagnetic field is unimportant at radio frequency (RF), and microwave
frequencies, but is important at optical frequencies. We shall show that this is the case when
electromagnetic field is quantized when the classical harmonic oscillators are replaced by
quantum harmonic oscillators.

To introduce the quantized nature of electromagnetic field, one way is to regard electro-
magnetic field to be in a resonant cavity or a box with periodic boundary condition. The
electromagnetic field in such a system oscillates harmonically. We can replace the classical
harmonic oscillators associated with such a system with the quantum harmonic oscillator;
and hence, quantize the amplitude and the associated energy of the electromagnetic field.

A prevailing view is to think of a photon as a particle, but is associated with a wave field
that satisfies Maxwell’s equations. This is analogous to an electron being a particle and is
associated with a wavefunction as its “halo”. As photons are bosons, we can have a collection
of photons described by the same wave field, with different amplitudes, since this wave field
is now endowed with more energy. As shall be seen, the wave field associated with photons is
quite different from the wave field associated with electrons, or other boson particles obeying
Schrédinger equation.

We will first revisit the quantum harmonic oscillator due to its importance here. Next we
study the wave on a linear atomic chain, first as a classical wave, and then as a set of coupled
quantum harmonic oscillators. Then we study the quantization of electromagnetic wave field
along similar spirit.

12.2 The Quantum Harmonic Oscillator Revisited

The governing equation for the quantum harmonic oscillator is

- GG ST W) (12.2.1)
N omd2 2" N o
Letting £ = /™" 2, we have

1/ & E

| ——= = — 12.2.2

3 (-t e) = (12.22)

The above looks almost like A2 — B? with the exception that operators are involved instead
of scalars. We can look at

1 d 1 (d 1 L\ 1/d, d
Al s licrd) o (e o) s i) v

One can show easily that

(dggd) _ (12:2.4)
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Hence,
1 d? 2) 1 ( d ) 1 <d ) 1
Nt )= — (4 €)== +€) + = 12.2.5
(i) =7 o) v (o) (12:25)
We define
al = 1 (—d + f) creation or raising operator (12.2.6)
NG dé ) g op -
a L (d +§) annihilation or lowering operator (12.2.7)
=— (= , Wi 2.
V2 \dé g op

It can easily be shown by integration by parts that af is in fact the conjugate transpose
operator of a.
Consequently, from (12.2.1) and (12.2.2), we have

1 E
(de + 2) Y= (12.2.8)
and )
H = hw <a*a + 2) (12.2.9)
Since )
E, = <n + 2) huw (12.2.10)
we conclude that
&T&|wn> =n[¢n) (12.2.11)

In other words, if |4,,) is an eigenstate of (12.2.1) or (12.2.8), the above must be true. We
can define a number operator
h=a'a (12.2.12)

such that
| tbn) =1 |ibn) (12.2.13)

One can also show by direct substitution using (12.2.6) and (12.2.7) that
[a,al] = aa’ —ata=1 (12.2.14)
One can easily show, using the commutation relation, that
ataayn) = (aa’ — 1) al,) = (n— 1) a|vn) (12.2.15)

Therefore
alpn) = Ap [hn_1) (12.2.16)

Similarly, using the commutation relation,

ataa’ [,) = a' (1+a'a) [¢,) = (n+1)al |iy,) (12.2.17)
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Therefore
A" [hn) = Bui1 [thn11) (12.2.18)
Testing (12.2.16) with (1,1, and (12.2.18) with (¢,41|, we have
<¢n71| a Wn) =A,, <wn+1‘ af |¢n> = Bn+1 (12219)
By comparing the two equations in (12.2.19), and that
(Yn-1la@|¢n) = By, (12.2.20)
it is clear that
A, =B (12.2.21)
Since
alalgn) = Anal [Yn_1) = AnBy [¢n) (12.2.22)
= [An* [¥n) = n|tn) (12.2.23)
We conclude that
A, =n (12.2.24)
For simplicity, we assume that A,, and B,, are both real. Therefore
A" [ihn) = VI 1 thnsa) (12.2.26)

12.2.1 Eigenfunction by the Ladder Approach

With the raising operators, we can construct the requisite eigenfunctions if we only know the
ground state eigenfunction. The ground state eigenfunction satisfies

Qo) =0 (12.2.27)
Written explicitly in coordinate space representation we have
1 /d
NG (df + 5) o (§) =0 (12.2.28)
We can solve the above ordinary differential equation to get
wo (€) = #6—52/2 (12.2.29)

(We can also verify that g (§) satisfies (12.2.28) by direct substitution.) Consequently, one
can show that

(@")" [¢0) = V! [1by) (12.2.30)
or that the n-th eigenstate is

[n) = — (a")" |vo) (12.2.31)

1
Val
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12.3 Quantization of Waves on a Linear Atomic Chain—
Phonons

When a particle is in simple harmonic motion, quantum mechanics allows us to quantize its
motion using Schrodinger equation for the harmonic oscillator. When we have an atomic
chain, there will be coupling forces between the atoms. When one of the atoms is set into
simple harmonic oscillation, the whole chain will be in simple harmonic oscillation due to
coupling between them. Since the energy of one single particle is quantized in the quantum
realm, we expect that harmonic oscillation of the whole chain to be quantized in energy as
well. This is a much easier notion to accept if we accept that the energy of one particle is
quantized.

Figure 12.1: The linear atomic chain (from Haken).

For atoms on a linear atomic chain, assuming only nearest neighbor forces between the
particles, the equation of motion is

moGe(t) = flges1(t) — qe(t)] — flae(t) — qe—1(1)]
= flaes1(t) —2qe(t) + qe—1(t)] (12.3.1)

We impose the periodic boundary condition so that

¢ = qe4N (12.3.2)
Assuming that
1 .
q(t) = ﬁeZk"mBk(t) (12.3.3)
where
2ur
v = — 12.34
Na (12.3.4)

where v is an integer ranging from —oo to co. Since k, is countable, we will drop the subscript
v and use k as an index. Using (12.3.3) in (12.3.1), we have

By(t) = g (e + e~ — 2) By(t) (12.3.5)
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with

We let

Using (12.3.7) in (12.3.5) yields
—w? = 2g[cos (ka) — 1]

or
k
wy = £2,/gsin (;)

The kinetic energy of the system is

while the potential energy

[t

N
§f; qe — Qeﬂ

such that the force on the /-th atom is

The classical Hamiltonian of the system is then

Hz

12 0 2 =1

+ fZ (9 — ge41)?

(12.3.6)

(12.3.7)

(12.3.8)

(12.3.9)

(12.3.10)

(12.3.11)

(12.3.12)

(12.3.13)

The equation of motion (12.3.1) can be derived from the above using Hamiltonian equations

of motion, yielding

G (t) = miop/z (t), Do) = flges1 () —2qe () + qe—1 (1)]
qe (t) = \/%ei““Bk (t) + c.c.
pe(t) = \/%ei“mk () + c.c.

(12.3.14)

(12.3.15)
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so that

. 1
By (t) = — Ag (t) (12.3.16)
mo
A (t) = f [e* + e7™* — 2] By, (1) (12.3.17)
In the above, “c.c.” stands for “complex conjugate”. Equation (12.3.17) can be written as
Ay (t) = —w?mBy, (t) (12.3.18)
where
wie [e* 4 e~tka _ 9] (12.3.19)
mo
Combining (12.3.16) and (12.3.18), we have
Ay (t) = —wi Ay (1) (12.3.20)
By, (t) = —wiBy (1) (12.3.21)
To have a travelling wave, we let
Ay (t) = Ay (0) e ont (12.3.22)
By, (t) = By, (0) e~ ™w? (12.3.23)
From the above, we see that
Ak (t) = 7iwkm0Bk (t) (12324)
We also find that
2 1 ..
pi(t) = N|Ak(t)|2 + [Nez”“laAi(t) + C.c} (12.3.25)

where the second term is an oscillatory function of ¢. Also

1 ,
(2 — qev1) = ﬁema(l — e ) By (t) + c.c.

1 iktae: - (ka) e
= ———¢""%2sin | — | "2 B () + c.c. 12.3.26
= ) e ) (12:3.26)
Hence
8 k
(g — qey1)? = ¥ sin? <2a) |Bi(1)|* + O.F. (12.3.27)

where “O.F.” stands for “oscillatory functions of ¢”. The oscillatory terms sum to zero over
¢ when we plug (12.3.25) and (12.3.27) into (12.3.13). Therefore,

1 . ka

H WMNW+MW%2)mmF
1

= LA + mo?| B
my

= 2mowi| B (1) (12.3.28)
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after using (12.3.24).1 If we let

dmowy| B (t)* = pi(t) + gi (1) (12.3.29)
then
H= % FAGEXAG) (12.3.30)

which is identical to the Hamiltonian of a classical harmonic oscillator. The reason why the
above simple form ensues is:

1. By imposing periodic boundary condition on the linear atomic chain, only countable,
discrete modes with wavenumber k are allowed to propagate on the linear atomic chain;

2. Only a single mode is allowed to propagate on the linear atomic chain so as to make
the solution and the corresponding Hamiltonian very simple.

The physical picture we shall have of the above is that because only one mode exists, all
the atoms on the chain are oscillating at the same frequency and in unison except for a phase
lag. So each of them is in a simple harmonic motion. Since we have learned how to convert
a classical harmonic oscillator to a quantum harmonic oscillator, the same principles can be
applied to turn the above into a chain of coupled quantum harmonic oscillators.

To convert the above into a quantum harmonic oscillator, we elevate the above amplitudes
to operators, namely

f Wk orag s
H== [Pr + d7] (12.3.31)
where
P = —ih—d , i =q} (12.3.32)
dgy

in coordinate space representation. We can further let

. d
& =aqu/Vh, T =pp/Vh= i (12.3.33)
k
so that
3 _hwk &? 2| _ fiwy; 2 2
H= 5 [_dfi +£k] = (IT; + &5) (12.3.34)

(12.3.35)

Tt is to be noted that because of the assumption of a right traveling wave in (12.3.22) and (12.3.23),
| Ak (t)|? and |Bg(t)|? in the above are constants. What this means is that both the kinetic energy and the
potential energy parts of the Hamiltonian are constants of motion. However, had we assumed that both right
and left traveling waves exist in (12.3.22) and (12.3.23), this would not have been true: both |A(t)|? and
| By, (t)|2 are time varying. However, it can be proved that their sum in the Hamiltonian is a constant.
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The above is the quantum analogue of (12.3.30). Furthermore, we can show that

1 ~
a) =—= <—2Hk + Ek)
2
1 ~
i = <in + gk) (12.3.36)
Hence,
- hw
==k |alax + ara] (12.3.37)

We can rewrite (12.3.28) more suggestively as
H = mow} (B (t)Bi(t) + Br(t)Bj(t)) (12.3.38)

The quantum analogue of the above is

H = mow? (B;Bk + B’kég) (12.3.39)
We can identify that
- [ h
By = ag
2mowy
Bl = R (12.3.40)
k 2m0wk k

Also, the above analogue is in the spirit of the Schrodinger picture where the time dependence
is relegated to the state vector and the operators are time independent. An arbitrary phase
factor can be added to the above but this result in a time shift for the field. With the above
analogue, we can elevate the field to become operators, namely,

~ h ikla ~

— ) _gikta . 12.3.41
a 2m0wkNe @k tece ( )
[y fmowy e™qy + c.c. (12.3.42)
2N

These field operators are time independent because they are in the Schrodinger picture. Notice
that it is the Hamiltonian of the total system involving N atoms, or the total energy of the
total system, that is quantized with with energy proportional to Awj. This quantized energy
per atom is then proportional to hwy/N. This spread of the quantized energy per atom
becomes smaller as N becomes larger, which becomes unphysical, unless we keep N finite.
Hence, to be more realistic, one will have to consider a localized wave packet. We will return
to this point later.

If we had assumed that the solutions are summation of different k£ modes, then (12.3.14)
and (12.3.15) become

q () = \/% > e*By () + c.c. (12.3.43)
k
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1 ikl
pe(t) = — ) e*A, (1) + c.c. (12.3.44)
>
Consequently, (12.3.38), after using Parseval’s theorem, becomes

H =mg»_ w} (Bi(t)Bk(t) + Bi(t)Bj(t)) (12.3.45)
k

ikla
— .C. 12.3.4
“2m0wk e’ a4 c.c (12.3.46)

5\

k

Z_i\/memdﬁc,& (12.3.47)
4 N

The above represents a multitude of propagating modes with different k& values. They can
come together to form a wave packet that more realistically represent a wave that propagates
on an infinite linear atomic chain.

and (12.3.41) and (12.3.42) become

e
Pe

12.4 Schrodinger Picture versus Heisenberg Picture

At this juncture, it is prudent to discuss the difference between the Schriodinger picture
versus the Heisenberg picture of quantum mechanics. In the Schrédinger picture, the time
dependence is in the wavefunction or the state vector; whereas in the Heisenberg picture, the
time dependence is in the operator that represents an observable.

The Schrodinger equation is given by

H|y) = ihdi|¢) (12.4.1)

The formal solution to the above can be written as

) = ™ £y (12.4.2)

where |1g) is the state vector at ¢ = 0 and is independent of time. The expectation value of
an operator O is

(0) = ($[Ofw) = (toleF O #1|yy) (12.4.3)

Hence, in general, the relationship between an operator in the Schrodinger picture and in the
Heisenberg picture is given by

Op = erfltOge 1t (12.4.4)

where the subscripts “H” and “S” mean the Heisenberg picture and the Schrodinger picture
respectively. It can be shown easily that

H,04 (12.4.5)

= [:04]
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For the simple quantum harmonic oscillator,

H = hw (a*a + ;) (12.4.6)
It can be shown easily that
[Ha} = —hwa (12.4.7)
or that
% = —iwa (12.4.8)
Consequently, solving give
a(t) = a(0)e ™" (12.4.9)
Similarly, one can show that
at(t) = a'(0)e! (12.4.10)

The above are the annihilation and creation operators in the Heisenberg picture. Using the
above in (12.3.46) and (12.3.47), we have

A h ikla—iwt A
Ge(t) = g \| ="y, + c.c 12.4.11
e(t) - 2mowr N k ( )
~ j : . thWk ikla—iwt A
p[(t) = —1 W@ (073 + c.c. (12412)
k

The above are the field operators in the Heisenberg picture. They are time dependent.

12.5 The Continuum Limit

In the continuum limit, we let

mo = pa (12.5.1)
Then (12.3.1) becomes
92
paii(z,t) = fa* ozq(x,1) (12.5.2)
or
92

pi(t) = 95 5a(x,1) (12.5.3)
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where g = fa. Assume a traveling wave
1 ikx
q(z,t) = —\/Ze By (t) + c.c.

with periodic boundary condition; then

27y
ky = —
L
We define the momentum density to be
m(x) = pg(x)

Then a Hamiltonian that will lead to (12.5.3) is

I Y g [*(0q(x)\*
HQpOﬂ(x)dz+2/0<ax>dx

We let
1 ikx
q(z,t) = \ﬁe By(t) + c.c.
(z,t) ! R A (t) 4 c.c
w(x,t) = —=e k .C.
VL
Then

From the above, we have

where w? = gk?/p, or

From (12.5.9), we obtain that

(12.5.4)

(12.5.5)

(12.5.6)

(12.5.7)

(12.5.8)

(12.5.9)

(12.5.10)

(12.5.11)

(12.5.12)

(12.5.13)

(12.5.14)

(12.5.15)
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2 2
(aqg;,t)> = %|Bk(t)|2 +0.T. (12.5.16)

where O.T. stands for oscillatory term. When substituted into (12.5.7), the oscillatory terms
integrate to zero, and

1
= ;|Ak(t)|2 + kg Be(t)* = 20w3] Bi (1)

= pw} [B;(t)By(t) + Bi(t)Bi(1)] (12.5.17)
Defining
Apwk| B (8)[* = pi(t) + gi (1) (12.5.18)
the above becomes
H = % (i (t) + qi (t)] (12.5.19)

which is the classical Hamiltonian of a simple harmonic oscillator. The above can be quantized
to yield

A hw
=% (a,tak + akal) (12.5.20)
and (12.5.17) can be elevated to quantized form giving

= pu? [B;Bk + BkB,i} (12.5.21)

. h
By =/ G 12.5.22
! 2o ( )

up to an arbitrary phase. With this, we can elevate the fields to operators, namely,

h ) )
G(x,t) = 4/ QMLe““Hw’«tak + c.c. (12.5.23)

hoorp o
#(2,8) = —iy| kP gika—iwnty, | cc. (12.5.24)

2L
The above are in Heisenberg picture where operators are functions of time. With multi-mode

field, the above generalize to

Hence, we conclude that

ka

fr(x,t) = —i g \/ szelkm_wktc}k +c.c. (12.5.26)
&

gz, t) =Y Telm_w"tdk—i—c.c. (12.5.25)
k
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12.6 Quantization of Electromagnetic Field

For electromagnetic field, the harmonic oscillators are dipoles in a medium that are polarized
by an electric field. In general, the electric flux in a medium is given by

D= ¢E+P (12.6.1)

The first term is the contribution to the electric flux D due to vacuum, while the second term
is the polarization density contributed from dipoles polarized in a material medium by an
electric field. It is customary to write P = ¢gxE to indicate that the polarization density is
proportional to the electric field.

The time variation of the electric flux, 9;D, is instrumental in giving rise to displacement
current, and hence, yielding a propagating wave. This electric flux exists even in vacuum.
Hence, we can imagine that even vacuum is polarized by an electric field to produce dipole
density.? It is the coupling between these dipoles that allows electromagnetic field to propa-
gate in space, and even in vacuum.?

As seen previously, the quantization of electromagnetic field is most easily described by
the quantization of a modal field. A mode can be formed by a periodic boundary condition
or a metallic perfect electric/magnetic conductor boundary condition. In this manner, the
number of modes is countably infinite. In view of this, we can write

E, = a(t)De™™™ 4 c.c. (12.6.2)
By using periodic boundary condition, we get

2um
= — 12.6.
by = (12.6.3)

making it countably infinite. (We will drop the subscript v subsequently.) The associated B
field is

B, = ﬂ(t)%ei’” + c.c. (12.6.4)

where ¢ is the velocity of light. The relation between «(t) and S(t) can be derived from
Maxwell’s equations. From

VxE=-0,B (12.6.5)
we have
0. E, = 0,8y (12.6.6)

Using (12.6.2) and (12.6.4) in the above, we have

ika(t)De*® + c.c. = f—e™*® 4 c.c. (12.6.7)
c

2The same thing can be said of magnetic field polarizing vacuum to produce magnetic flux.

31t is debatable as to what gives rise to these dipoles in vacuum. In my opinion, it could be electron-
positron pairs that are embedded in vacuum. When vacuum is bombarded with an energetic photon, it is
known to produce an electron-position pair.
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From the above, we gather that

B = iwa (12.6.8)
using
V x B = ppeod:E (12.6.9)
or more specifically
0By = po€oO0cE, (12.6.10)
Finally, we find that
& = iwp (12.6.11)
or that
& = —w’a (12.6.12)
B=-uws (12.6.13)

A traveling wave solution is that o = age™* 3 = Boe~™!. From (12.6.8) and (12.6.11), we
deduce that ag = Sy

12.6.1 Hamiltonian

The Hamiltonian of the electromagnetic system is given by the total energy of the system
which is

L
H:/ W (z)dx (12.6.14)
0
where

1 1
W(z) = 5 <60|E|2 + MoB|2> (12.6.15)

From (12.6.2), we derive that for a propagating mode,

E? =2[a(t)]*|D|* + O.T. (12.6.16)
B2 =2|A(t 2[DF 0.T (12.6.17)
2= 25+ O, 6
where “O.T.” stands for “oscillatory terms”. When substituted into (12.6.14) and integrated,
the oscillatory terms disappear; we have
L|DP?
_ 2 2 2
H = LID["eo|a(t)|” + W\ﬁ(t)l
= LIDPeola(t)]* + |B(1) ] (12.6.18)
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Defining
w
D=\/1re (12.6.19)
the above can be written as
H = 2{laf? +|8]%) = Slaf? (12.6.20)
By letting a@ = p + iq, it becomes
H=20p+¢) (12.6.21)

2

The above resembles the Hamiltonian for a classical harmonic oscillator. Again, the reason
for its simplicity is that we have assumed a single propagating mode. This single propagating
mode is causing all the dipoles in the system to be oscillating time-harmonically in unison,
but with a phase lag between them.*

But p and ¢ are observables with Hermitian operators. Therefore, the quantum analogue
is

A W . A~
H= 5(1)2 + ) (12.6.22)
In coordinate space representation,
D ih d . (12.6.23)
= —th— = .0.
p dq’ qa=dq

H= % (a'a +aa') = hw (azak + ;) (12.6.24)
12.6.2 Field Operators
Alternatively, we can rewrite (12.6.20) as
H =2 [a()a*(t) + at)a* ()] (12.6.25)

4

The above can be elevated to be quantum mechanical operators so that
aal + aall (12.6.26)
Comparing the above with (12.6.24), we infer that

& = V2ha (12.6.27)

4Notice that there is no radiation damping in these dipoles as the periodic boundary condition wraps the
wave around, and energy is never lost from the system.
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to within an arbitrary phase. Hence, « in (12.6.2) can be elevated to be a field operator to
yield, in the Heisenberg picture,

ni W . ik —iwpt

E, =4/ 5Tes are + c.c. (12.6.28)
® hwk 1. itk —iw
B, =\ /2L60 ~axe ke—iwkt 4 ¢ c. (12.6.29)

The above can be generalized to a plane wave mode propagating in arbitrary direction, namely,

- h'("}k ~ ik-r—iwgt
E= g; 1/ mesak,se TR 4 oclc. (12.6.30)

» hwy, 1+ ~ ikr—iw
B= kz v/ 2V:0 Tkxedy e ker—iwgt 46 e (12.6.31)

where e; is a unit vector denoting the polarization of the electric field. It is orthogonal to the
k vector. It can be either linearly polarized or circularly polarized. In the linearly polarized
case, €, is either vertical or horizontal. In the circularly polarized case, e, is either right-hand
or left-hand circularly polarized. In the above, we have defined the Hamiltonian as an integral
over a volume V', and hence, the normalization above is with respect to V.

A photon is a packet of energy that propagates due to coupled quantum harmonic oscilla-
tors. This is similar to the phonon case which is a packet of energy due to coupled quantum
harmonic oscillators of mechanical origin. A photon can also propagate in a dielectric medium,
and it is quite clear then that in this case, the photon is due to coupled quantum harmonic
oscillators of dipolar origin (or electronic origin).

The quantization of energy is with respect to the entire Hamiltonian which describes a
set of coupled quantum harmonic oscillators. For the purely monochromatic photon, as is
seen before, if the quantization energy is fuwy, it will be shared among all the coupled har-
monic oscillators. This is untenable physically as the number of coupled harmonic oscillators
becomes large. Hence, it is more appropriate to think of a photon as quasi-monochromatic
as a linear superposition of wavenumbers k, allowing a localized wave packet to be formed.
A photon can be thought of as a “particle” possessing a packet of energy hw,, but it exists
as a linear superposition of different modes with different £’s. Each mode can have a energy
hwy, associated with it, but as the particle is a linear superposition of different modes, hw, is
the expectation value of the photon energy when the photon is in a superposition of different
quantum states.’

12.6.3 Multimode Case and Fock State

When polarization is considered, we may write the Hamiltonian for a single mode photon as

2 2 1
= e = Y (ol + ) 1263

5This is my personal opinion.
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where s stands for either horizontal or vertical polarization. The above can be easily derived
by considering the electric field with both polarizations present.
In the above, we can denote eigenstate of the Hamiltonian as

1) = [no)|nn) (12.6.33)

6

where v stands for vertical polarization and h stands for horizontal polarization. In the
above, there are n,, photons in the vertical polarization state and there are nj; photons in the
horizontal polarization state.

When many modes are considered simultaneously, it can be shown that the corresponding
Hamiltonian is

- - o 1
H = Z Hk,s = Zhwk (G,L,sa,kys + 2> (12634)
k,s k,s

The eigenstate of the above Hamiltonian can be written as

) = [T rcs) (12.6.35)

k,s

The above can be written alternatively as

|f¢)> = H |nk1,s>|nk2,s>|nk3,s> = H |nk1,sa Nky,sy Nks,sMky,s * > = H |{nk,s}> (12636)

S

The above state is known as a Fock state or the occupational number state. It is customary
to leave out the states where the occupational number is zero, listing only the states with
non-zero number of photons. For example

1) = 13k1,0s 22,05 Lics 0) (12.6.37)

indicates a quantum state with three V (vertical) polarized photons in k; mode, two H
(horizontal) polarized photons in ko mode, and one V polarized photon in k3 mode.

12.6.4 One-Photon State

The understanding of the one-photon state is important because of its usefulness in quantum
information, quantum communication, and quantum cryptography. It is prudent to elaborate
on it further. For example, when only one k mode is present, to denote a photon in the vertical
polarization state, and no photons in the horizontal polarization state, the state vector should
be

|¥) = [10)]0) (12.6.38)

Often, this is just written as

¥) = 1) (12.6.39)

SWhen the Hamiltonian consists of sum of the Hamiltonians of two quantum systems, the states of the
Hamiltonian operator can be represented by the product space of the states of the individual quantum system.
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where the second part is understood. For a photon in arbitrary polarization, it is written as
[¥) = ay|ly) + anllp) (12.6.40)

The above denotes a one-photon state where the photon is in the linear superposition of two
orthonormal one-photon states. Hence,

|ay|* + |an|* =1 (12.6.41)

Often, photons are generated by atomic transitions whereby the electron changes from a
high energy state to a low energy state giving rise to one or more photons. Since this is a
causal event, the wave field associated with a photon is a localized wave in space time.” The
localized wave is formed by linear superposing wave field with different k values. For instance,
a localized one-photon, vertically polarized state is a linear superposition of a number of one-
photon states with different k values as follows:

) =) acol i) (12.6.42)
k

The wave field associated with the above state can be localized in space time, and the wave
field satisfies causality.

It is to be noted that (12.6.34) is a quantum mechanical Hamiltonian involving the sum
over individual Hamiltonians of different quantum systems. The quantum system arises from a
set of coupled quantum harmonic oscillators. The choice of appropriate modes “diagonalizes”
the system, giving rise to apparently uncoupled systems. When a photon is in a quantum
state, it can be in a linear superposition of different quantum states of these different quantum
systems. Therefore, one-photon states (12.6.40) and (12.6.42) should be thought of as a linear
superposition of different quantum states, subject to the quantum interpretation of quantum
mechanics. The particle is in a linear superposition of states before the measurement, and it
collapses to one of the states after the measurement.

Even though a photon is associated with a packet of energy, when it is detected with a
polarizer (that detects it either in the vertical or horizontal polarized state), it is found either
in one state or the other. The packet of energy is never split between the two states indicated
by (12.6.40). Hence, experiment evidence suggests that a photon is a quantum particle in the
sense that an electron is a quantum particle at the quantum level. The same interpretation
applies to (12.6.42). The subject of quantum interpretation will be discussed later.

12.6.5 Coherent State Revisited

The expectation value of the annihilation and creation operators with respect to the photon
number states is always zero. Therefore, the expectation value of the field operators, which
are proportional to the annihilation and creation operators, is always zero. Hence, the number
states are non-classical. To arrive at an expectation value of field operators that are non-zero,
and resemble a classical field, one has to work with the coherent states.

"See the appendix for a discussion on localized wave packets.
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We have studied the coherent state previously. It is defined to be the eigenstate of the

annihilation operator. Namely, if |«) represents a coherent state, then
(12.6.43)

ila) = ala)

where we have used the eigenvalue « to index the coherent state. Since the number state |n)
is complete, we can expand the coherent state in terms of the number state, or
o0
o) = Caln) (12.6.44)
n=0
When the annihilation operator is applied to both sides, we obtain
(12.6.45)

ala) = Cnaln) => Covn=1ln—1) =Y Cpi1v/nln)
n=0 n=0 n=0

Equating the above with «|a), we have
(12.6.46)

o0 o0
Z Cri1Vnln) = « Z Chln)
n=0 n=0

By the orthogonality of the number states, matching the coefficients, we have Cp, 1 =

aCp/v/n+1, or
Cr = Cp_10/v/n = Cp_s0?//(n(n — 1)) = Coa™ //n! (12.6.47)

Consequently,
(12.6.48)

) = Co;ﬁlw

The above can be normalized to show that Cy = exp(—|a|?/2).
The photon number operator is 7 = afa. It can be shown that the average number of

photons associated with a coherent state is given by
(A) =1 = (a|n]a) = (a|a’d]a) = |of? (12.6.49)
Moreover
(7?) = (a|p?|a) = (alaTadtdla) = (ala’ataa + a'ala) = |a|* + o> =A% +7  (12.6.50)
Then
An = /(a2) — (n)2 = a'/? (12.6.51)
The above is characteristic of a Poisson process. The probability of detecting n photons in a
coherent state is
P, =|(n|a)]> = e*‘alQﬁﬁ = e*ﬁ%l (12.6.52)
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typical of a Poisson distribution.® The fractional uncertainty in the photon number is

An_ 1 (12.6.53)

nooVn

0.0175
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0.008 -
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/
0.004 |- !
| j
T ™

Figure 12.2: Two typical Poisson distributions. Case (a) has 7 = 50 while case (b) has
7 = 200 (from Haus).

L s e e

Time Evolution of the Coherent State

In the Schréodinger picture, the time dependence is with the eigenfunctions; hence, the time
dependence of the coherent state is

X n_i(n+1/2)wt
1 ae
a,t) = e 3l —|n 12.6.54
|av, t) nE—O ﬁn! n) ( )

The above can be written as
el iwt\n ) )
o, t) = et/2e =31l (ae\/nf')|n> = /2| et (12.6.55)
n=0 :

In the Heisenberg picture, the coherent state is time independent, and time-dependent
eigenstate can be obtained by applying the operator

N © n N
_ —iHt/Ry o\ O —ift/n
.8) = 7o) = 3 Tt M)
n—

— a" —i(n+1/2)wt — (ae™t)" iwt)2) . iwt
= Z ﬁe In) = Z W|n> =e |ae®™®)  (12.6.56)
n=0 : :

n=0

8An example of a Poisson distribution is a shot noise source, producing 7 photons in interval 7. The
probability of find n photons in this time interval follows the Poisson distribution.
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It can be further shown that the above can be summed in terms of a “Gaussian pulse”?
indicating that this pulse evolves in time without shape distortion.

(_,JL(_>

Figure 12.3: The time evolution of the coherent state. It follows the motion of a classical
pendulum or harmonic oscillator (From Gerry and Knight).

The expectation value of the field operator in the Heisenberg picture with respect to the

coherent state is then
. . huwy, . )
a)elk'rﬂ“’kt +c.c.= E —esakﬁselk'rﬂw’“t + c.c.
" 2V€0
yS

~ fzwk “
E= <04|E|Oz> = kES 1/ mes<a|ak,s
(12.6.57)

Similarly,

.\ hwy, 1A X )
B = (a|Bla) =) /2V§0 ko e 0 (XTI e e, (12.6.58)
k,s

The above certainly look like a classical field where «, s are complex numbers.

91t is to be noted that the Gaussian pulse we refer to is with respect to the displacement of the quantum
harmonic oscillator, not with respect to the direction of propagation of the photon.



Chapter 13

Schrodinger Wave Fields

13.1 Introduction

We notice that electromagnetic field can be viewed as a collection of photons each with an
field attached. These photons collectively form the coherent state that produces a wave field
that is analogous to the classical electromagnetic wave field. Photons are bosons whose wave
field satisfies Maxwell’s equations.

Similarly, if a boson wavefunction satisfies Schrodinger equation, a collection of bosons
gives rise to a wave field that satisfies Schrodinger equation. Similarly, a collection of fermions
gives rise to a wave field that satisfies Schrodinger equation if each individual particle wave-
function satisfies the same equation. We will call such fields Schrédinger wave fields.

We have seen that the number of bosons in an electromagnetic wave field can be tracked by
the annihilation and creation operators; similar operators are needed for tracking the particle
of a Schrédinger wave field. The wave field can be a collection of bosons or a collection of
fermions. Eventually, the bookkeeping of the many-particle system becomes simpler.

For Schrodinger equation, this is the second quantization. The first quantization was the
discovery that electrons can be associated with a wavefunction, and the trapped modes in
potential well are quantized. The second quantization refers to the fact that the Schrédinger
wave field, which can be treated as a continuum, can be made granular or quantized. This is
the advanced way of expressing the wave-particle duality concept inherent in a wave field.!

13.2 Fock Space for Fermions

For fermions, each eigenmode or eigenstate is either occupied or unoccupied. In general, there
will be infinitely many modes that the fermions can occupy. We could denote a two-particle
state as

|¢2p>:|"'7071m70u"'70u1v707"'> (1321)

IThe quantization of classical fields is also known as first quantization for them.

145
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where only the m and v modes are occupied and the rest of the modes are unoccupied. The
notation above is cumbersome, and it is common to denote the two-particle fermion Fock
state as

|thap) = |m, v) (13.2.2)
where for fermions, it is necessary that
|m,v) = —|v, m) (13.2.3)
We define a fermion creation operator such that
IAJL|m7n> = |k,m,n) (13.2.4)

The newly created particle always occupies the first space in the Fock state vector. By
definition then

bibL| ) = |1k, ) (13.2.5)
BRBI [+ = [yl ee) = [k, o) = =bfbf[ ) (13.2.6)
Therefore
bibl + 6] =0 (13.2.7)
Similarly, we can show that
biby + biby, = 0 (13.2.8)

or that the above is the Hermitian conjugate of (13.2.7). To show (13.2.8) more rigorously,
we start with a fermion Fock state

|w>:|’lvk’> (1329)

This state acquires a minus sign when we permute two of the particles. Finally, we can have
a state such that

W) =Lk, ) = —|k,1,--) (13.2.10)
An annihilation operator can be defined such that
bill ks -) = [k, -) (13.2.11)
It can be shown that
bpbi|vr) = bib|l ke, ) = blk, ) = --+) (13.2.12)
Similarly,

—i)li)k|’l/)p> = (;ll;k|k,l, . > = Elll, - > = |> (13.2.13)
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Therefore,
biby + bib, = 0 (13.2.14)
The above equations (13.2.7) and (13.2.14) imply that if k =1,

bibl =0 (13.2.15)
brbr =0 (13.2.16)
It means that no two particles can be created in the same mode k or no two particles can be
annihilated from the same mode k.
By the same token, we can show that for k # [,
biby + bib) = (13.2.17)

When k = [, we have a state |k,---) and then

(blbk + rbD)l, -+ ) = Blbglk, ) + bbl [k, )
T
k

=1Ilk,---) (13.2.18)
In conclusion,
biby + bibl = 61 (13.2.19)
In summary,
b}, b L = byt bub], = 6] (13.2.20)
(o] 8] L= 0]+ bjb =0 (13.2.21)
[?)k,?)l] .= beby - bub = 0 (13.2.22)

where [A, B], = AB + BA.

13.3 Field Operators

Just as in the case of electromagnetic field operators that represent many photons which
are bosons, we can define field operators for fermions and bosons in general. A one-particle
Schrodinger field operator is defined such that

d(r) = Z@Gﬁj(r) (13.3.1)
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where ¢; is an eigenmode from a complete set of orthonormal functions. It may or may not be
the j-th eigenstate of the quantum system governed by the one-particle Schrédinger equation.
The above field operator acts on a state vector in the Fock space. For instance,

= ¢ (r)]0) (13.3.2)

Notice that the above field operator, when operating on a Fock vector with a m-th mode
occupied, produces a vector tagged with the spatial dependence of the m-th eigenmode.

After using the completeness property of the orthonormal basis, plus the use of commu-
tation relations for the annihilation and creation operators, the field operator can be shown
to satisfy the following commutation relations:

@) = ) + I () = o ) (13.3.3)
.50 = 0@ B ) ) =0 (13.3.4)
[900).5()] | = Do) + D)) = 0 (13.3.5)
As an extension, one can define two-particle field operator
D) = 25 3 buubuda, (1) 60, () (13.3.6)

where the factor 1/v/2 is needed for normalization. Here, ¢,, (r1) and ¢,, (r2) may or may
not be one-particle eigenstates of the Schrodinger equation. The requirements on them are
that they are complete and orthonormal. In the above, the n; = no terms vanish because
Bnl;n = 0. It can be shown easily that

N N PN 1
W (r1,12) [1,m) = ¥ (r1, 1) b0, |0) = 7 (91 (1) G (r2) — b1 (r2) P (r1)]0)  (13.3.7)
It is to be noted that the above is zero when riy = ry. It is a consequence of the field

operator operating on the two-particle Fock state, and not the property of the field operator.
A three-particle field operator is defined to be

o 1 N~ A A
w (1'1, ra, I‘3) = ﬁ Z bnsbnzbnl ¢n1 (1‘1) (bnz (1‘2) (bne, (1'3) (1338)

T ni,nz,ng

In the above, none of the ny, na, ng can be repeated for the reasons of (13.2.15) and (13.2.16).
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Then, it can be shown that

W (r1,r,v3) |, m,n) = 1) (ry,1a,13) b} b1, b1, |0)
1

= ﬁ [¢l (rl) Om (I‘g) &n (I‘g) + & (r2) GOm (I‘g) n (rl)

+ ¢l (I‘g) ¢m (1‘1) ¢n (1'2) - ¢l (1‘1) ¢m (1‘3) ¢n (I‘g)
—¢1(r2) om (r1) P (r3) — @1 (r3) P (r2) P (r1)][0)  (13.3.9)

In general, an N-particle field operator is

12}([‘171‘27"' ,I‘N) = % Z an\r "'I;nzi)nl(bnl (r1)¢n2 (r2)"'¢m\1 (rN) (13'3'10)

In the above sum, only terms where ni,ns, -+ ,ny are distinct are contributing for the same
reason given in (13.3.8). It is seen that

Unp (r1,r2, -, TN) = \/%1/311? (rn)---P1p (r2) U1p (r1) (13.3.11)

where 1[)1 p is a one-particle field operator while ﬁ ~p is the N-particle field operator. However,
the used of such factorized form has to be handled with caution, as each one-particle operator
has to operate on distinct modes in order for the product of factors to be non-zero.
A general Fock state for NV fermion particles can be written as
@) = bl bl bl - bl 10) = |na,na,ng, - ) (13.3.12)

ni TNz ng

In the above, the state vector changes sign when any two of the annihilation operators swap
position, and that the state vector is zero if any two of the modes are identical.

When the Fock state is operated on by the N-particle annihilation operator, the coordinate
space representation of the N-particle fermion state is obtained as shown by (13.3.7). This
approach avoids the cumbersome use of Slater determinant in the book-keeping of the V-
particle fermion states.

13.4 Similarity Transform

It is prudent to note from the above that one can change between coordinate space basis
and Fock space basis via the algebra shown. This allows us to effect a change of basis for a
complex quantum system. Some quantum systems, when expressed in the Fock space basis, is
a lot simpler than the coordinate space basis. This was first shown for electromagnetic field.
It can be shown for other quantum fields. Hence, it is worthwhile to review the mathematics
of similarity transform next.

We can view the change of basis as a similarity transform when we change from eigenfunc-
tion space or coordinate space representation to Fock space representation. Given a matrix
equation

A-x=)Xx (13.4.1)
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we can define a new representation for the unknowns as

x=S.y (13.4.2)

In the above, S is unitary since the length of the vectors does not change. The above equation
becomes

A-S-y=XS-y (13.4.3)
Multiplying the above by §T, we have
S A.S.y=x8".5.y=)y (13.4.4)
where the unitary property of the S operator has been used. Hence,
A y=)y (13.4.5)
where
A,-S .A.S (13.4.6)

Equation (13.4.6) is in the form of a similarity transform.

13.5 Additive One-Particle Operator

We can consider a simple identical many particle Hamiltonian where the particles do not
interact with each other, say via the Coulomb potential. For instance, for fermions, the only
way they interact is via Pauli’s exclusion principle. An example of such a Hamiltonian for N
particles, in coordinate space representation, is

N
H,=> H, (13.5.1)
i=1
where .
Hy; = —%V? +V(ri) (13.5.2)

As an example, consider the three particle case. The three-particle wavefunction in coordinate
space representation is

3p(ry,ro,1T3) = % (61 (r1) dm (r2) Pn (r3) + @1 (T2) Prn (13) Pry (11)

+ @1 (r3) b (1) D (v2) — P1 (r1) Pin (T3) D1 (12)
— 1 (r2) m (r1) P (r3) — 1 (r3) P (r2) Pr (r1)] (13.5.3)

If the eigenmodes above are the eigenmodes of the H,; operator, then

N
H,3p(r1,T9,13) = Zﬁmﬁsp(rh r2,13) = (B} + Ep + Ep)3p(r1, T2, 13) (13.5.4)

=1
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The above approach gets unwieldy as the number of particles increases.
For a simpler approach, we can perform a change of basis or similarity transform on the
original Hamiltonian. The new Hamiltonian is

N
H= /Z%Tvp (r1,r2,- ,rn) Hythnp (r1,12,- - vy drydry - - dry (13.5.5)

The operator above now acts on a vector in the Fock space, and transforms it to another
vector in the same space.
Equation (13.5.5) can be written, after using (13.3.11), as

1 R R N R .
= ﬁ/@jjip (rN)N'(/)IP (rl) [Z/dr,wip (I‘i)Hrﬂ/JlP (I‘Z)
’ i=1
12}1P(r1)""\’"'¢1P(rN)dr1"'N"'drN (13.5.6)

where the ~ sign implies that r; is excluded from the sequence.

13.5.1 Three-Particle Case

It is quite complex to sort out the algebra of the above system. Much insight, however,
can be gotten by studying a simpler three-particle case. In this case, a typical term of the
transformed Hamiltonian is

=3 /d’lp r3 1/111: (r2) [/ dl‘ﬂﬂp (r1) Hoathip (r1)
d1p (r2) P1p (r3) dradrs + - - (13.5.7)

where the 4 - - - above refers to other two terms where r; = ro and r; = r3, and r; here refers
to the coordinates for the term inside the square brackets.

The space-dependent parts involving ¢, (r;) in the field operators can be grouped together
and the spatial integrations can be performed first. These modes are orthonormal giving rise
to 6n2n/2 and 5n3ng which can be used to reduce double summations into single summations.
Finally, one obtains

1 A
H = 6 Z st;rlz Z bLlH’r(Ll),nl | Onobng + -+ (13.5.8)

n2,n3 ny,ny

The general case where ¢,, (r1) is not an eigenstate of the Hamiltonian H,; is assumed here.
Hence,

HY = ($u | Holbny) (13.5.9)

ni,n1

In the event that ¢,, (r1) is an eigenstate, the above becomes

H )  =Ey 60, (13.5.10)

ny,n1
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1, m,n >

Figure 13.1: The three annihilation operators Z)nli)nzi)m acting on the three-particle state
|I,m, n) produces six threads that eventually gives rise to six terms.

To evaluate the action of the above operator on the three-fermion-particle state |I,m, n) =
blTb}LanL|O>, one needs to show
bray by by |1, M, 1) = biny by b b 0, B, 0)
= (5ln36mn25nn1 - 5ln35mn15nn2 - 5ln25mn357m1
+6l’ﬂ1 5mn3 6nn2 + 5ln25mn1 6nn3 - 6ln1 5mn2 6nn3) |0> (13.5.11)

A total of six terms is found. In the above l;n3, operating on the three-particle state, produces
three terms each of which is a two-particle state as shown in Figure 13.1. Next, 5n2 operating
on them will produce two terms per each term of the two-particle state, producing a net of
six terms of one-particle states. The final operation Enl produces one term for each particle.
In general, if we start with an N-particle state, the operation of l;m by, ~ on it will produce
N! terms.

The bf operators in (13.5.8) anti-commute with each other. Hence, lA)}Ll,g Bjm can be moved

to the right of the Hr(;)nl element, together with the summations. Therefore, we finally need
1

s

to evaluate

> bbby by by |1, m) (13.5.12)

n3 "nz
n2,n3

The above can be shown to evaluate to

n3 - nz

> 5h Bl bs b 1, 2) = 2 (8 BB, + O, DLy, + G 5157 ) 10)

nz,n3

= 2b,,,bib} bl 10) = 2b,,, |1, m, n) (13.5.13)

The first equality above can be obtained by using (13.5.11). The second equality follows from
working backward by expanding bmbTbT bf|0). Consequently,

l“mYn

’I’Ll,

. 1 . N s
H|l,m,n) = S b HS ballmon) + - (13.5.14)

’
ny,mni
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The other two terms indicated by the + - -- would contribute to exactly the same expression
as they are from indistinguishable particles. Finally, we have

Hllm,n) =" b HY, by, |l,m,n) (13.5.15)

n’,ny
In general, the additive one-particle operator in Fock space is

H=>"0,H by (13.5.16)

The above can be used for the N-particle case as long as they are indistinguishable. For the
case when the one-particle eigenstates are also the eigenstates of the H,, operator, the above
matrix becomes diagonal yielding,

H=> Eblb, (13.5.17)

The above means that if we have an N-particle fermion field, it can be represented by the
physics of one-particle Hamiltonian if the eigenstates chosen for the similarity transform are
also the eigenstates of the one-particle Hamiltonian. Also, the above Hamiltonian is very
similar to the Hamiltonian for photons derived in the previous chapter, except that photons
are bosons and the above derivation is for fermions. A similar derivation for bosons shows
that the Hamiltonian is similar to the above.

The above Hamiltonian does not distinguish between one particle or N particles. This
difference of the quantum systems is expressed by the Fock states of the particles.

13.6 Additive Two-Particle Operator

In general, the IV particles in a Schrodinger wave field will interact with each other. They may
interact pair-wise, for instance, via Coulomb potential other than just the Pauli’s exclusion
principle. An example of an additive two particle operator in coordinate space is

62

v _ _ 13.6.1
(I'1,I‘2) 4’/T60 |I‘1 7I‘Q| ( )

This will be part of a two-particle Hamiltonian

X h
H,(r{,ry) = ~5 (Vi+V3) + V(ri,r2) (13.6.2)

When N-particle Hamiltonian is considered, the Coulomb interaction appears as

V= Z V(r;,r;) = %Z V(r;,rj) (13.6.3)

i<j i#j
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For N particles, there are N(N —1) terms in the above summations. Again, we can transform
the above from coordinate space representation to Fock-space representation as before arriving
at

R A A ) )
V= 52 Z ﬁ/q/JIP(rN)...N...i/,IP(rl)
i=1 j=1,j#i
[/ dridrﬂ[}IP(ri)qﬂp(rj)v(ruI‘j)iﬁlp(l‘i)%p(rj)}
Q&IP(rl).-.N.-.’l&lp(rN)drl-..N-..drN (1364)

where the ~ indicates that r; and r; are excluded from the sequence. Without loss of gener-
ality, we can focus on the term where r; = r; and r; = ry. Then, the above becomes

V= %/ﬂp (rn) ] p (r3) [/ dl‘1dl‘2ﬂp(r2)ﬂp(r1)V(rlar2)¢1p(r1)1[’1p(r2)]

Yip (rs) - thrp (rn)dry - dry + -
(13.6.5)

where + -+ - above implies the rest of the terms; there are altogether N(N — 1) terms. Per-
forming the dr; - - - dr integrations first, making use of mode orthonormality, we arrive at

R 1 R N
R R A
V= om s+ g

n3, - ,NMN
o 12 . . .
Z bL2bILl Véﬂ,ni,nl,nzbnl b"2 o b"N o (1366)
n},ni,nh,ny
where
1,2 * *
Vo e = / drydesdry (11)6h, (£2)V (r1,72) 6, (1) 6, (v2) (13.6.7)

The above needs to operate on an N-particle Fock state, namely,

~ 1 ~ ~
Vllla"'le>:W Z bILN...bjli’»

n3, NN

Z pt ot (12) by | by - by |11, In) + -+ (13.6.8)

U ’
n2 N1 nf,nh,ny,ng
’ ’
n7,N1,M5,N2

The right-most term that acts on the Fock state is of the form

Y N PR 65 (13.6.9)
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The above yields N! terms similar to (13.5.11). But BLN Z;Lg commutes with b} bl in

N2 Ny

13.6.6) above. We can then move bf ---bl to the right of v 2 . Then we need to
( ny ns3 Mny,My,M1,M2
evaluate
> b bl b by byl I) = (N = 2)lb, byl D) (13.6.10)
n3, NN

The above equality can be proved by induction from the three-particle case or Equation
(13.5.13). As a result,

. 1 ks (12 .
V|11,---,1N>:W_1) > bILQbLlVTf,l’nim,nzbnlbm|l1,~~~,lN>+~~~ (13.6.11)

’ ’
ny,n1,Ng,N2

There are N (NN —1) terms of the similar kind in the +--- above. Summing them up, we have

N 1 PN A A
Vi, - v} = 5 SToobeh v b bagll ) (13.6.12)

n2 N1 ni,nk,ny,ne
U !
ni,ni,ns,na

In general, the additive two-particle operator in an N-particle fermion field is given by

~ 1 PN ~ A
=z ST bbb Ve b b, (13.6.13)

U /
nz2-n1 " nf,nhH,ni,ng N1
!/ /
ny,Mn1,n5,n2

The above derivations for fermions can be repeated for the boson case. In this case, we
will have a field of bosons. It is pleasing that by starting out with the N-particle coordi-
nate space representation of the Schrodinger equation, one arrives at a much simpler Fock
space representation of the same equation. It allows one to treat N-particle problems more
succinctly using such a representation.

13.7 More on Field Operators

The above shows that the one-particle additive operator is independent of the number of
particles. So what distinguishes one-particle quantum system from a two-particle one is in
the Fock state: the first one will have a Fock state for one particle while the latter will have
a Fock state for two particles.

A general one-particle Fock state is

) =D cubl,|0) (13.7.1)

When the one-particle field operator acts on the above, it projects the coordinate space
representation of the one-particle wavefunction. Namely,

BE)Y) =D cudm(r)[0) = ¥(x)[0) (13.7.2)
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The above one-particle state is in a linear superposition of different eigenstates. Hence, it can
constitute a wave paucket.2
Also, from (13.3.1), we can easily show that

bl, = /¢,L(r)1/3T(r)dr (13.7.3)

On combining with (13.7.3), we have

=3 c, / 6 ()0 (x)dr|0)

- / [Zcmm)] 3 (r)dr|o)

= / F()dT (r)dr|0) (13.7.4)

Therefore, a general one-particle state can be written as a linear superposition of the one-
particle field operator ¢ (r) weighted by f(r). It is clear that f(r) satisfies the one-particle
Schrodinger equation.

For a general two-particle state in Fock space,

[9) = D Cua b, B 10) (13.7.5)

H1sp2

upon substituting (13.7.3) into the above, we have

) = / (Z By (11) By <>> 1 (r1)d)" (x2)dr1dr2|0)

H1p2
= [ 01,5203 () )i drelo) (13.7.6)
where
f(rlarQ) = Z (rb,ul (rl)¢u2 (rQ)C,ul,,u2- (1377)
M2

For fermions, it can be easily shown, using the commutation relations for the field operators,
that
f(ri,r2) = —f(r2,11) (13.7.8)

The above implies that c,, ., = —cu,,u,- The above satisfies the two-particle Schrodinger
equation. It can be generalized to N particles, yielding

) = /f(l‘hrz,--- eN) 9T (1) 9T (r2) - T (x) drydry - - dry [0) (13.7.9)

2See the appendix for a discussion of wave packets.
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13.8 Boson Wave Field

The results for fermion wave field in the previous section can also be derived for boson wave
field. The difference is that more than one boson can occupy a given state: The Pauli exclusion
principle does not apply to bosons. A boson state involving two modes can be denoted as:

1Y) = |1, 10) (13.8.1)

where there are n,, particles in mode m, and n, particles in mode v. Since ordering is
unimportant, it is necessary that

[Ty T00) = |70, M) (13.8.2)
A boson creation operator can be defined such that
af Ik, nms o) = Cony 1 |ne + 1,10, 1) (13.8.3)
It raises the number of bosons in state k by one. By definition,

&;dynk,nl, .- > = an+10m+1|nk +1,n+1,-- > (13.8.4)
dgd“nl,nk, < > = C’m+1C’nk+1|nl + 1, ng + 1, < > = d}d};mk,nl, c > (1385)

The last equality follows since ordering is unimportant. Consequently,
atal —alal =0 (13.8.6)

Similarly, one can define annihilation operators for bosons that have the opposite effect as
the creation operators. Hence, going through a similar process, one also has

arpa; — ajar =0 (13.8.7)
From definition,
a'ln) = Cpyrln +1) (13.8.8)
aln) = Bypn — 1) (13.8.9)
Furthermore, from (13.8.9), we have
(n+1laf|ln) = Cpy1,  Ciiy = (nfaln+1) = Buya (13.8.10)
Then, we can show that
ajarlng,ny, -+ ) = C: Coyr|ng — Ling +1,--) (13.8.11)

dkdﬂnl,nk, . > = C:

410 [+ 1L —1,-+) (13.8.12)
If C,, is a real number, then when [ # k,

ara) —ala, =0 (13.8.13)
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For the case when | = k, we can drop the subscripts k and [ and look at

ataln)y = C2|n) (13.8.14)
aa'|n) = C2_ 4 |n) (13.8.15)

If C’TQLJrl —C2 =1, then
aat —ata =1 (13.8.16)

Then above implies that C2 = n, since Cy =0. Also, C,, = y/n. In summary, for bosons,

alal —alal =0 (13.8.17)
iy — arag =0 (13.8.18)
aa) —aja, = 1oy (13.8.19)

The above is derived without resorting to the use of the quantum harmonic oscillator, but
the assumption that C,, is real and that C2 = n. One can further conclude that

ataln) = njn) (13.8.20)

which is the number operator, which has been derived using a different approach.

13.9 Boson Field Operators

Similar to fermions, we can define field operators for bosons, so that

) =D a;e5(r) (13.9.1)

In gereral, for N particles,

¢(r17r2,"' arN) =

Z iy = Gy Oy (T1) Py (T2) - - - Py (T) (13.9.2)

ni,ng, NN

2

We can illustrate with a three-particle field operator:

1 .
1/1(r1,r2,r3):ﬁ Z Ay ngln, @(r1)(r1)P(r2) ¢ (r3) (13.9.3)

t ni,n2,n3

When this operates on |1;,1,,,1,) where the three particles are in different modes, we get
(13.3.9) except that — signs are now replaced by + signs. If we have a state denoted by

120, 1) = % (aj)zamm) (13.9.4)
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then
/l//}(rlv ro, r3)|217 ]-m>

[261(r1) i (r2)Pi(r3) + 2¢1(r2) P (r3)dr(r1) + 20 (r3) P (r1)di(r2)] [0)  (13.9.5)

1
V213!

It can be shown that the above is the correctly normalized wavefunction. If the state is

1 /. .\3
|3;>:ﬁ(a;r> 10) (13.9.6)

then

P(ry,ro,r3)|31) = §¢z(r1)¢l(r2)¢z(r3)|0> (13.9.7)

The above is in fact normalized.

13.10 Additive One-Particle Operator

In this case, we can illustrate with the three-particle case for bosons, arriving at an expression
similar to (13.5.8)

A 1 e R . o
H = 6 Z aILSaILZ’ Z a:rrl/l H'r(L}l),nlanl anza’ng + - (13101)

nz,n3 n’,ny
where
Hfll)n = (S | Hy |0, (13.10.2)

When the three particles are in the |1;, 1,,,, 1,,) state, (13.5.11) follows for bosons except that
we replace — signs with + signs. Equation (13.5.13) follows similarly for bosons, so does
(13.5.14) and (13.5.15). When two of the particles are in the same state as (13.9.4), we have

dnl &nzdng ‘2l7 1m> = @(5ln36mﬂ26ln1 + (;lng(;mnl 6177,2 + 6ln26mn3§ln1)|0> (13103)

Similar to (13.5.13), we need to evaluate

At At oA A A
§ : anganganlanzans|2l71m>

nz,n3
= V2! (28, afal, + dmn]af ) 10)
2
= V2, (a}) al |0) = (21)én, |20, Lpn) (13.10.4)

The first equality is established using (13.10.3), while the second equality is obtained by

2
working backward using commutation relations to expand a,,, (d;) af |0). When the three

particles are in the same state as indicated by (13.9.6), we have

Gy Gy Gy |31) = (3132013 O1my 01, |0) (13.10.5)
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and
Z dngdTng a‘nl&nz &ns |3l>
nans
3/2 )2 1 3/24 1\ po
= (302 6, (al) 0) = 5(8)*?an, (al) 10) = (2, 31) (13.10.6)
In general,
Z &LngLQ&nI&nZ&HS W]3p> = (2') dnl de> (13107)
nz,n3

where |1)3,) is the three-particle Fock state of either
|1l71m71n>7 |2l71m>7 |3l> (13108)

or other combinations. The proof for the rest follows that of fermion particles of (13.5.14) to
(13.5.17). In general, the Hamiltonian for N bosouns is given by

H= Z Hy il iy, (13.10.9)
For the diagonal case, it becomes
H =Y Eyafan (13.10.10)

13.11 The Difference between Boson Field and Photon
Field

The above is the Hamiltonian for a boson field or gas in Fock space. It looks strikingly similar
to the Hamiltonian for photon field or electromagnetic field. However, it is to be noted that
a boson field is quite different from the field of N photons.

1. A coordinate r; can be associated with every boson particle, but not with every photon;

2. All photons share the same electromagnetics field function in its field operator repre-
sentation, but N bosons will have product of N one-particle field operator;

3. The Hamiltonian of a boson gas has no zero-point energy, but for photons, there exists
the zero-point energy of %hw

A photon should be thought of as a quantized energy packet due to coupled quantum
harmonic oscillation of “space” or “vacuum”, similar to the case of a phonon, which is coupled
quantum harmonic oscillation of crystalline lattice.



Chapter 14

Interaction of Different Particles

14.1 Introduction

In the previous chapter, it was shown that the Hamiltonian of a many particle system can
be written succinctly using Fock space representation. This opens up the study of com-
plex systems, such as excitons that involve the interaction of electron-hole pair, as well as
superconductivity that involves the interaction of electrons with phonons. In this chapter,
we will study the interaction of the electron of an atom with photons of a cavity using the
many-particle formalism.

14.2 Interaction of Particles

Say if we have two quantum systems that are initially non-interacting, their individual quan-
tum systems can be described by eigenstates that satisfy

H, [vn) = Eq |¢r) (14.2.1)
H,y [2) = Es |t)2) (14.2.2)

Even though the two systems are entirely non-interacting with each other, nevertheless, we
can combine the two systems together and write

Ho6) = (Hy+ Hz) [91) la) = (By + Ba) 1) lin) = B o) (14.2.3)

where [11) |¢)2) represents a state in the direct product space. It can be used to represent
the eigenstates of the combined system. Equation (14.2.3) is entirely equivalent to (14.2.1)
and (14.2.2). In the above, H; acts only on |;) and Hy acts on [¢)2). The above allows
us to add an interaction term between system 1 and system 2, and the same direct product
space can be used to span the solution space. By using Fock space representation, the above
Hamiltonians can be written in terms of annihilation and creation opeartors for a system
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consisting of fermions and bosons,

Hy =Y Ejblb;,  Hy= hwylan (14.2.4)
j A

where ﬁl can be the Hamiltonian for electrons, and ﬁg can be the Hamiltonian for photons
where the %ﬁw,\ term or the zero-point energy has been ignored. This term will just introduce
a phase shift in the solution.

When electric dipole interaction exists between the electron of an atom and the electro-
magnetic field, the interaction Hamiltonian may be written as

Hegr=¢E-r (14.2.5)

The above has been added as a perturbation to the unperturbed equation (14.2.3) where the
electric field is treated classically in a previous chapter. We have enough knowledge now
to treat both E and r quantum mechanically. For the electron in the i-th atom, the above
becomes

Hey = zeZ (a>\ - a>\> %U)\ (ry) -1y (14.2.6)

We have used a quantized cavity mode electric field in (14.2.5) to arrive at the above. Also,
r in coordinate space representation remains unchanged. When N atoms are present,

Hear = Zzez ( ax — a/\) \/Eu)\ (ry) -1y (14.2.7)

A similarity transform of the above Hamiltonian can be performed with the N particle field
operator to yield

Hoq = /"ﬁ;rvp(rlf" 7rN)I;[ed,r¢NP(rl7"' ,ry)dry - --dry (14.2.8)

As mentioned in the previous chapter, since only one-particle interaction is involved, the
above can be transformed with the one-particle field operator yielding

Heq = Z Hed,A,j,kl;;'l;k (d,\ - d;) (14.2.9)
A

Fiw
Heaxj.k :ie\/fm/dré}f(r)m(r) () (14.2.10)

14.3 Time-Dependent Perturbation Theory

where

In the time-dependent perturbation theory, we first seek the solution of the unperturbed
system. The eigenstate of the unperturbed system is defined as

gO |me§me> =En |me§me> (14.3.1)
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where |N¢p,; Nym) stands for a vector in the direct product space of fermions and bosons:
Ny, stands for the m-th state of the fermions, while Ny, stands for the m-th state of the
bosons.

When the system is perturbed, we denote the solution |¢) as a linear superposition of the
eigenstates of the unperturbed solution. That is

V) = Z cm (8) €7 [N s Nogn) (14.3.2)
where fw,,, = E,,. The state [¢) evolves in time according to the equation

m% ) = (IS{O + Ffp) ) (14.3.3)

Applying the time-dependent perturbation method as we have done previously, and testing
the equation with (Nyg; Npg| gives

: 1 — (W —w '}
Cr(zl)(t) == chg)e (Wm=wa)t (N« Nya| Hp [N s Nom ) (14.3.4)
If the starting state is assumed such that c&‘” = 1, and all other states are zero, then the
above becomes )
HD(1) = e Ny Nigl Fly | Npss No) (14.35)
with
iy = g = Heapgidbe (ar — ) (14.3.6)
GokoA

14.3.1 Absorption

The electron in an atom is assumed to have two states: a lower energy state E;, and an upper
energy state Fo. We assume a photon in mode A; in the cavity. Then the starting state can
be written as

|Njs; Nis) = blal, 0) (14.3.7)
with energy
E, = By + hwy, (14.3.8)
Consequently,
Hy N Noo) = > Heapgublbe (ax - al ) laf, [0) (14.3.9)
7.k, A

It can be shown that

blb, (aA - ag) blal, |0) = k1dan, bl 0) — drablalal, |0) (14.3.10)
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In order for (Nf,; Nog| H, |Nfs; Nps) to be nonzero, it is necessary that |Njg; Ny,) contains
b1 |0y or blalal, |0). If

| N i Nog) = b5 10) (14.3.11)
then F, = Ej;, and
1, .
(1 _ W wi—wi—w t +
C((I )(t) = %6 ( J k1) ;Hed’k’j’kaklék)\l <0‘ bjbj ‘O> (14312)
= %ei(wj_WI—Wkl)tHed,)\17j71 (14_3.13)
1

where fw; = E;. The above is an oscillatory function of ¢ unless w; —w; — wy, = 0. When

this happens, égl)(t) will integrate to a large value, indicating the high likelihood of transition
to his eigenstate. Therefore, for this to happen, we need

Ey — By = hwy, (14.3.14)

In this process, we start with the electron in E; and a photon in the cavity, and end up with
the electron in F and no photon as indicated by (14.3.11).

If we integrate the above equation, a sinc function results, which can be approximated by
a delta function for long integration time, as was done previously. One can show that

2
2 ==

- 26(Ey — Ey — hwy,) (14.3.15)

to [Hedx, 1
One can derive the transition rate as before to arrive at
2 9
wq = ? | Hed)\l,j,l | (S(EQ — E1 — thl) (14316)

In the above, the other possibility is for the final state to be

| Ntq; Nug) = blalal, |0) (14.3.17)
with energy
Ey = Ej + hwy + hwy, (14.3.18)
Hence
E,—E;=E; — By + hw) (14.3.19)

and B, — E, = 0 in order for transition to occur or c((]l) to be large. However, (14.3.19) cannot

be zero. If E; = E5, E, — E, > 0 always. If Ej = Eq, then iwy > 0. What this means is that
it is not possible to start with an electron in the ground state and a photon in the cavity to
end up with the electron in the excited state with the emission of a photon.
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14.4 Spontaneous Emission

In the case of spontaneous emission, we assume that the starting state of the electron is in
the excited state with energy Fs. Then, F; = E5 initially and

|Nys: Nos) = b510) (14.4.1)
Then
Ny Now) = > Heagon bibe (@ - al ) o) (14.4.2)
FokA
The above can be reduced to
Hy|Nyoi Nus) = = 3 Heapn g 02:0503[0) (14.4.3)
kA

Therefore, for (Nyy; qu\flp|Nfs; Nys) to be nonzero, we need

N yq; Nog) = blal [0) (14.4.4)
with
E, = E; + hwy (14.4.5)
Therefore
E,— E, = E; — Ey + hw, (14.4.6)

In order for a sizeable cél), we need E; = Ey, and then

Ey — Ey = hwy, (14.4.7)
Then electron starts with the excited state Fs, spontaneously emits a photon, and drops to

lower state F7. Then energy of the emitted photon satisfies (14.4.7) by energy conservation.

14.5 Stimulated Emission

In this case, the electron in an atom is in the excited state. The presence of a photon in the
cavity stimulates the emission of another photon from the electron. The initial state is

[Nfo; Nys) = bial [0) (14.5.1)
with

E, = Ey + hwy, (14.5.2)
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We can show that

Hy|Npsi Noo) = S Hegp i 1b (aA - al) bal 10) (14.5.3)
ok A
=" Heargn S (5Mlz}} - B}aicﬂl) 10) (14.5.4)
Jyk,A

In order for the above to transition to the final state, or one requires a non-zero result for
(Ngg qu|ﬁp|Nfs? Nbs)

it is necessary that

| Ntq; Nig) = blalal, |0) (14.5.5)
with energy
Eq = Ej + hwy + hw)\l (1456)
or
Eq —F, = Ej —FEy 4+ hwy =0 (1457)

In other words, the only possibility is for F; = E1, yielding
Es — Fy = hwy, (14.5.8)

The above is just the spontaneous emission of a photon with the above energy, regardless if
we already have a photon with energy fw,, in the cavity.
Next we consider the case when A = A1. Then

|Nfq; Nog) = %5} (&11)2 10) (14.5.9)
with
E, = E; + 2hwy, (14.5.10)
Consequently,

N T or nr /s N2
(Ntqs Nog|Hp|Nys; Nos) = Hed,Ahj,z(O\ﬁ(ax)ijb; (ail) 0)
Loovap Loy 7o \2
= \@Hed,xl,m(o\ﬁ(ax) bjﬁbj (axl) 0)
=V2Hcqn, ;2 (14.5.11)
The /2 factor is important implying that the transition is two times more likely to occur

compared to the previous case. This is peculiar to stimulated emission where the emission of
a photon is enhanced by the presence of a photon of the same frequency.
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14.6 Multi-photon Case

In the multi-photon case, the transition rate for stimulated emission can be shown to be

2m
Wy = E(RM +1)[Hean, 1,2|70(E1 — Ez + hwy,) (14.6.1)

implying that the presence of ny, photons in the cavity enhances the emission by (ny, + 1)
times.

The spontaneous emission, however, is not affected by the presence of photons of other
frequencies in the cavity. For the absorption case, it can be shown that the formula is

2w
wy = En,\l|H@d,,\17172\25(E2 — By — hwy,) (14.6.2)

14.7 Total Spontaneous Emission Rate

When an electron emits a photon into the cavity, there are many modes with the same
frequency that the emission can occur. In general, the total spontaneous emission rate is

2w
Wipon = »_ w, = = > [Hean2*6(Br — By + hwy) (14.7.1)
q A

In the above

Heans = ie,/’;% / ¢1(0) [ (r) - rlg (r)dr
hew

~ ey EuA(ro) ‘T (14.7.2)

T = / ¢ (r)rey(r)dr (14.7.3)

where

We have assumed here that uy(rg) is slowly varying compared to ¢;(r), | = j, k, and that
¢i(r) is highly localized around an atom.

The modes in the cavity can be made countable by imposing a periodic boundary condition
arriving at

1 .
uy(r) = e——=e*T (14.7.4)

The summation over different electromagnetic modes then becomes

Vi Vi
;%ZZ%ZZ@#AkZZI/(%Sgdk (14.7.5)

pol k pol k
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12

6
>
T

Figure 14.1: The vectors in the polarization of the emitted photon are aligned to simplify the

calculation (from DAB Miller).

We can also pick the polarization such that one of them is always orthogonal to ris, so that

u(rg) - r12 = ux(ro)rizsiné

Consequently,
2 Vi w1 ?
_ T b - k ik-r n
Wepon = f/ PE e %\/7‘/76 °ripsind| §(E; — Eo + hwy)dk
or
e®|ria)? .9
Wepon = -, wg sin® 00(Ey — Es + hwy)dk
o €2|T12|2

5 / / wid(Ey — Ey + hwy, )27 sin® 0k2dfdk
8meo Jr=0Jo=0

In the above, w, = ck, or hck = hwy. Then

62|T12|2

Wepon = —a37
P 4dmegc3 bt

/ / (Feor)3(Er — Fa + Feog) sin® 00 (Feon)2d(Feor)
k=0 J6=0
Since

™ 1 4
/ sin® 0df = —/ (1 —cos®@)dcosf =
6=0 -1 3

then,

e?|r12Pwly

Wepon =
spon 3meghc3

where hwis = E5 — E;. The life time of a state is then 7 = W1

spon*

(14.7.6)

(14.7.7)

(14.7.8)

(14.7.9)

(14.7.10)

(14.7.11)



Chapter 15

Quantum Information and
Quantum Interpretation

15.1 Introduction

One important tenet of quantum mechanics is that one does not know what the state of the
system is until one performs a measurement. After the measurement, the system collapses to
the state that is “discovered” by the measurement. Before the measurement, the quantum
system is described by a state that is in a linear superposition of different states. It is the
existence as a linear superposition of states that greatly enriches the information content of
a quantum system. The possibility of a system to be simultaneously in different states is
peculiar to quantum mechanics. Objects in the classical world cannot be in such a state.
In puts quantum systems in the realm of “ghosts” and “angels” where in fairy tales and
ghost and angel stories of different cultures, they can be simultaneously in many places or
in different states. It is because of these “ghost-angel” states, that we can have quantum
cryptography, quantum communication, quantum circuits, and quantum computing.

15.2 Quantum Cryptography

Quantum cryptography can be used for secure quantum communication. It is secure because
a quantum state cannot be replicated without disturbing the quantum state. Hence, whoever
wants to replicate a quantum state to steal the data will be easily detected. The property of
non-replication follows from the no-cloning theorem.

15.2.1 No-cloning Theorem

First we assume that a quantum operator can be designed such that it can clone a quantum
state without measuring it. But such a capability will violate the principle of linear superpo-
sition, as we shall show. Therefore, such an operator cannot be designed. This is a proof by
contradiction.

169
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A quantum system is described by a quantum state that evolves from an initial state to
a final state following the laws of quantum mechanics. An example of such an evolutionary
operator is

T = it (15.2.1)

The above quantum operator is a unitary operator as well as a linear operator. First, assume
that it has the capability of replicating a quantum state in system 2 to be identical to the
state in system 1 after acting on such a quantum system. It does so without altering the
quantum state of system 1, e.g., by a measurement. We denote this by

T2 Wa)1 = [Wa)2|Wa)y (15.2.2)
By the same token, it should replicate
TIW.)2|W)1 = [Up)2| W), (15.2.3)

Now if the state to be replicated is

We)1 = % (1Wa)1 + [Wp)1] (15.2.4)
Then
T )o| W)y = % [719,)21W ) + T19,)2190):
-2 [Wa)2|Wa)1 + [Wp)a|Wp)1] # [Ue)2|Pe)r (15.2.5)

V2

Clearly, the above violates the principle of linear superposition if the last equality is true.
Hence, such a cloning operator is impossible due to the violation of the principle of linear
superpostion. The above proves the no-cloning theorem.

15.2.2 Entangled States
A multi-mode photon can be described by the following field operator

hw ~ ik-r—iw
E(r) =) 4/ ﬁesak,se ler—iwt 4 (15.2.6)
k,s

The single photon state can be denoted by

9) = i) (15.2.7)

The above denotes a photon in a pure k state with polarization v. It has a packet of energy
FE = hwy. However, a photon with a pure k state is not localized. But a photon generated by a
source like an atomic transition must be causal, and hence, localized. A localized wave packet
describing this photon field can be constructed by using a linear superposition of wavenumber
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k or frequencies. For high frequency photons, this localized state can have a center frequency
with a small spread of frequencies around the center frequency. The single-photon Fock state
can hence be written as

) = acllico) (15.2.8)
k

For quasi-monochromatic photons, the above will be dominated by one term and we can
denote this photon approximately with the state vector (15.2.7).

E:5(I‘) @aKT\

Figure 15.1: Two photons traveling in different directions.

With the above picture in mind, we can think of two localized photons traveling in different
directions. A direct product space can be used to represent the state of these two photons:

|w>ab = |1ka,v>a|1kb,v>b (1529)

where we have assumed quasi-mono-chromatic photons. For simplicity, we denote a two-
photon state as

)12 = [V)1[V)2 (15.2.10)

If the two photons are generated from the same source, entangled photon states may
result. Entangled two-particle states are those that cannot be written as a product (outer
product or tensor product) of simpler states. An example is the EPR (Einstein, Podolsky,
and Rosen) pair

#4)1 = —(HN )2 + VhIV)2) (15.2.11)
Other entangled states are

[®7 )12 = %(\H>1|H>2 — [V)1|V)2) (15.2.12)

[0 ) = %(\HMV& + |[V)1|H)s) (15.2.13)

U7 )12 = L(\H>1|V>2 —|[V)1|H)2) (15.2.14)

V2

The above four states are also called the Bell states. They are usually generated due to the
particle pair needing to satisfy conservation of angular momentum. For instance, two photons
are generated by atomic transitions where the initial angular momentum of the system is zero.
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An angular momentum conserving state with two counter-propagating photon is
1
V2

where R and L stand for right-handed and left-handed circular polarizations, respectively.
But a change of basis allows the above to be written as

|®) (IR)1|R)2 + |L)1|L)2) (15.2.15)

1

[®) = 7

([H)1|H)o — [V)1|V)2) (15.2.16)
one of the Bell states.

The entangled states are bewildering because it means that for two counter-propagating
photons, if one measures one photon is in |H) state, the other photon immediately collapses
to an |H) state as well, regardless of how far apart the two photons are. Whereas before the
measurement, the photons are in a linear superposition of a |H) and |V') states.

15.2.3 A Simple Quantum Encryption Algorithm

Let us assume that Alice and Bob communicate by the use of simple photon polarizers. When
Alice sends out a |V) state photon, it represents a “1” and similarly, an |H) state photon
represents a “0”. If Bob receives with a similarly aligned polarizer, he receives the information
correctly. (We call this the VH mode.) If Alice aligns her polarizer at 45° and Bob follows
suit, he continues to receive the information correctly.

However, if Alice aligns her polarizer vertically, and Bob aligns his at 45°, the bit infor-
mation received by him is only correct only 50% of the time. This is because the |+45) state
and |—45) state are expressible as a linear superposition of the |H) and |V') states. Normally,

1
+45) = 5 (1H) + V) (15.2.17)
|—45) = ——(|H) — [V (15.2.18)

V2

By the tenet of quantum measurement, these states are measured with equal likelihood
of being |H) or |V). Similarly, if Alice transmits with her polarizer aligned in the 45° angle,
and Bob receives with polarizers with H and V polarization, he receives the polarization of
|H) and |V) with equal likelihood (50% chance) regardless of what polarization Alice sends.
This is because i
V2
1

V2

Now if Alice decides to use her polarizer randomly, and Bob receives with the polarizer
randomly so that they are equally likely to use VH mode or 45° mode. The probability that
their polarizers are aligned is correctly 50%. During this time, they communicate with no
error. The other 50% time, when their polarizers are misaligned, they communicate with 50%
error. Hence, 25% of the data are wrong.

|H) (|4+45) + |—45)) (15.2.19)

5

V) (I+45) — [-45)) (15.2.20)
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Alice Bob
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Figure 15.2: Communication between Alice and Bob using single-photon source and simplified
polarizer measurement schemes (from DAB Miller).

After a preliminary quantum communication, Alice and Bob can communicate the infor-
mation about the alignments of their polarizers, say, by a phone call. Bob will retain only
the data when their polarizers are correctly aligned and discard the rest. For the preliminary
communication, they can compare their data over the aligned case, and there should be error
free in principle.

If an eavesdropper, Eve, attempts to steal the information, she does so by using a polarizer
to intercept the photon. If Eve knows that Alice is using the VH mode, Eve aligns her polarizer
in the VH mode. After Eve has received the data, she can retransmit the data to Bob, thus
stealing the data. However, if the polarization used by Alice is random, Eve’s polarizer is
not aligned with Alice’s half the time. Eve would have corrupted her data making the wrong
transmission 50% of the time. This would increase the error in transmission of the data from
Alice to Bob making it wrong 25% of the time. If Alice and Bob communicate by a phone
call to check the security of their data transmission and found that it is wrong approximately
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25% of the time, they would have suspected an eavesdropper.

Notice that Eve has to collapse the state of the photon sent out by Alice into one of the
two states of Eve’s polarizer before she can duplicate the photon and send it to Bob. Because
of the no-cloning theorem, Eve cannot duplicate the state of the photon that Alice has sent
without measuring it.

In a secure communication system, Alice and Bob do not send the real message in pre-
liminary testing of the security of time channel. Alice will first send Bob the secret key and
test if the channel is secure. If it is a secure channel, then she would send the rest of the
information. The above is known as the BB84 protocol, attributed to Bennett and Brassard’s
work in 1984.

Also, notice that the above secure communication system does not work in a classical
optical communication channel where a bunch of photons is sent. If a bunch of photon is sent
by Alice to denote a V or an H polarization to send “1” and “0”, when Eve eavesdrops with
her misaligned polarizer by 45°, she would have noticed that equal number of photons are
emerging from her two orthogonal polarizations. By checking the phase of the two streams
of photons, she can easily duplicate a classical photon bunch and send it to Bob, meanwhile
stealing the data off the communication channel. Hence, the security of the quantum com-
munication channel comes from the interpretation of quantum mechanics: a particle is in the
linear superposition of quantum states before the measurement. A measurement collapses
the quantum state into one of the states “discovered” by the measurement.

The above discussion of a secure channel is based on ideal single-photon sources. In prac-
tice, non-ideality will give rise to communication errors. Quantum error correction schemes
have been devised to minimize the errors in a quantum communication channel.

15.3 Quantum Computing

The distinguishing feature of quantum computing is quantum parallelism. Again, this follows
from the tenet of quantum measurement. A quantum state can be in a linear superposition of
many states before the measurement. After the measurement, the quantum state collapses to
one of the quantum states. The prowess of quantum computing, as mentioned before, comes
from the “ghost-angel” state of a quantum system.

15.3.1 Quantum Bits (Qubits)

A quantum bit or a qubit is a bit in a quantum state that is in the linear superposition of
two states representing the |0) bit and the |1) bit. Namely,

) = Co|0) + C1 [1) (15.3.1)

where [Co|* 4+ |C1|> = 1. The two states [0) and |1) can be the vertical and horizontal
polarization of a photon. Alternatively, it can be the up and down state of a spin, or any two
energy levels of a multi-level system.

The richness of quantum information is already manifested in this very simple example.
Unlike classical bits in classical computers, which can only have binary values, a qubit can
have multitudes of possible values depending on the values of Cy and C;. A two-state quantum
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system, as has been shown in the spin case, can be represented by a Bloch sphere. Every
point on the Bloch sphere represents a possible quantum state, depending on C7 and C5, and
there could be infinitely many states.

15.3.2 Quantum Gates

Analogous to classical logic gates, there are quantum gates that manipulate the |0) and |1)
states of a qubit. A qubit as indicated by (15.3.1) can be represented by a column vector of
length two. For example, the qubit in (15.3.1) can be represented by [Co, Cl]t. A quantum
gate transforms the quantum state [Co, C]* to another state [C), C}]". Such a matrix

il My Mlg} {CO}
= 15.3.2
|:Ci:| |:M21 M22 Cl ( )

has to be unitary since all quantum gates must operate by the time evolution according to

N = it (15.3.3)
Col0) + Ch|1) ———— X ——— C4]0) + Co|1)
GO +afl) 7 o) — a1y
o+l —— g SLEUNEILELD

Figure 15.3: Single qubit gates showing their input and output states.

Examples of quantum gates, expressed in their matrix representations with a slight abuse
of notation, are

X = [(1) (ﬂ (15.3.4)
7= B OJ (15.3.5)
H= % E _11} (15.3.6)

X represents the NOT gate while Z represents one that flips the sign of |1) bit. H is called
the Hadamard gate that is almost like a “square root” gate.
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When these quantum gates operate on the qubit denoted by (15.3.1), the results are as
follows:

X|y) = C1]0) + Col1) (15.3.7)
Z|ip) = Col0) — C1|1) (15.3.8)
1) = £0 1oy —

Hlyp) = 7 (10) + 1)) + 7 (10) = [1)) (15.3.9)

Moreover, one can show that
H?=1] (15.3.10)

When expressed in terms of matrix algebra,

. [Co]  [Ci]
X [Cl] = [Co_ (15.3.11)
S[Col [ Co]
Z {OJ = [—01_ (15.3.12)
e Co+C1
H {CO} = lcoﬁcl (15.3.13)
! V2

In addition to one qubit gate, there are also two qubit gates. A very important one is the
CNOT gate shown in Figure 15.4. Its transformation matrix is given by

1 0 0 O

N 01 0 0

UCNOT = 00 0 1 (15314)
00 1 0

The above can also be implemented with a unitary transform.

|A) |A)

1B) [B@A)

Figure 15.4: A quantum circuit of a two-qubit gate representing the CNOT gate. It takes
two input streams, and has two output streams. The @ symbol represents an exclusive or
operation, or addition modulus 2.

15.3.3 Quantum Computing Algorithms

As mentioned before, the most important aspect of quantum computing algorithm is quantum
parallelism. We will illustrate this with the Deutsch algorithm. It can be implemented with
the quantum circuit shown below:
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@ = |0) H— * 1H
Uy
¢ = |1) |
y @ f(z)
I I ! !
W}O> |¢1> WJ2> |¢3>

Figure 15.5: The implementation of the Deutsch algorithm with quantum gates and circuits.

We start with a state

[tho) =10, 1) (15.3.15)
At stage [¢1), we have
o= q = %(\owm) (15.3.16)
y= M= (0 - 1) (15.317)
Hence,
[9a) = 5 () + 1)) (10) ~ 1)) = 5(10,0) ~ 0,1) + [1,0) ~ 1, 1) (15.3.15)

The unitary operator @ has no effect on the  qubit, but performs the operation y & f(x) on
the y qubit. The function f(z) takes input & which is either 0 or 1. It produces an output
which is either constant or balanced, but the output is either 0 or 1.

Hence, according to the rules above,

(10, £(0)) =10, 1@ f(0)) +[1, F(1)) — [1,1 & f(1))) (15.3.19)

DO =

1a) =

If f(z) is a constant function, then f(0) = f(1), and the above becomes

[2)const = 5 (10, £(0)) — 10,16 f(0)) + [1, £(0)) — [1,1 & f(0)))

1
2
L (10y+ 1) (1£(0)) = L& £(0))) (15.3.20)

2

With the Hadamard operation on the upper qubit, we have

[Vabeonss = 10) 7= (17(0)) = |1 & F(0)) (15.3.21)
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If for the balanced case, f(0) # f(1), hence f(1) =1@® f(0). Then

1

[th2)bar = 5 (10, £(0)) = 10,16 f(0)) + [1,1& £(0)) — [1, f(0)))

(10) = 1) (1£(0)) = 1 @ £(0))) (15.3.22)

N = N

After the H gate operation, we have
1
V2

The above shows the prowess of quantum parallelism with just one operation, one can
determine if a function f(z) is balanced or constant. More sophisticated algorithms exploiting
quantum parallelism, such as the Shor’s algorithm and the Grover’s algorithm, have been
devised. The Shor’s algorithm can perform a Fourier transform in (log N)? operations rather
than the classical N log N operations. The Grover’s algorithm can search a data base with
N data in V/N operations rather than the classical N operations. Because of quantum
parallelism, quantum computer can also perform quantum simulation of quantum system
which is not possible on classical computers.

[ths)bar = [1)—= (1f(0)) — [1 & f(0))) (15.3.23)

15.4 Quantum Teleportation

Quantum teleportation is the idea of Alice being able to send a photon of unknown state to
Bob, without having to perform a measurement on this photon, nor disturb its state. We
denote the photon, called photon 1, in the unknown state by

[); = Co0); + C1 1), (15.4.1)
In the beginning, this photon is only accessible to Alice. Alice, however, is accessible to
another photon, called photon 2, of an entangled Bell state. The other photon of the Bell

state, photon 3, is not accessible to Alice but is accessible to Bob.
We can define the state of the three photons by the direct product state

¥)125 = 75 (o 0h +Ca 1)) 103, 1), = 1) 10)) (15.4.2)
where the Bell state is assumed to be
0755 = 5 (1002 11)5 — 1) 10),) (15.4.3
Expanding (15.4.2) gives rise to

) 106 =% (Co 10}, 0} [1)5 — Co [0}, [1)510)4
+C1 |1>1 |0>2 |1>3 -G |1>1 |1>2 |0>3) (15.4.4)
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Classical

. ‘ Output photon
information v
@) 107 Y ¥ =
o o o) 1)
* BOB
ALICE
A' .\@9 ®
Input photon el
) EPR source

Figure 15.6: A teleportation experiment setup with photons. Alice makes measurement on
the two photons accessible to her using the Bell state measurement device, and communicate
the outcome to Bob via a classical channel. Bob then performs a unitary transformation on
his photon to obtain the input photon state (from Fox).

The four Bell states are complete and orthogonal, and the states of photon 1 and photon 2
can be expanded in the four Bell states; namely

’(I)+>12 = \% (10)1 10} + (1)1 [1)5) (15.4.5)
_ 1

‘(I) >12 = ﬁ (10)1 10)5 = [1)4 [1)5) (15.4.6)

), = % (10, 1), + (1), [0),) (15.4.7)

9713 = 75 (00, 1D, = 1), 10)) (15.48)

Projecting (15.4.4) onto the four Bell states, and subsequently expanding (15.4.4) in terms
of them, we have

|‘I’>123 Y [|(I)+> (Co |1> -Gy |0>3)
+[®7),, (Col1)y + C110)5)
+ T, ( CO\O) +C11)5)
—|¥7),, (Col0), + C1[1)3)] (15.4.9)
In the above, the first two photons, photon 1 and photon 2, are grouped into different Bell

states. Moreover, the state of photon 3 resembles the state of the original photon 1. The
quantum system now is in a linear superposition of different Bell states.
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The Bell state measurement device projects the first two photons onto a Bell state. The
Bell state measurement device collapses the quantum system into one of the four Bell states.
For example, when Alice finds that the first two photons are in the Bell state |®1),,, then
the third photon must be in the state

[1h)g = Co 1) — C10)5 (15.4.10)

Bob can apply a unitary operator, similar to qubit gate operators described in the previous
section, to obtain the original state of photon 1.

The above does not violate the no-cloning theorem, because the original state of the
photon 1 is destroyed, and its semblance is reproduced in photon 3.

15.5 Interpretation of Quantum Mechanics

Quantum mechanics has the basic tenet that a quantum state is in a linear superposition of
states before a measurement. A measurement projects a quantum state into one of the states.
The ability of a quantum state to be in a linear superposition of states is surreal, and it has
bothered a great many physicists. In the classical world, a system can only be in one state
or the other, but not in a linear superposition of states. Only the world of ghosts and angels
can we imagine that an object is in a linear superposition of states.

In the coordinate space, an electron, represented by its wavefunction, can be simultane-
ously at all locations where the wavefunction is non-zero. In the Young’s double slit experi-
ment, the electron, represented by its wavefunction, can go through both slits simultaneously
like a wave.!

When the ghost-angel state concept is extended to classical objects, such as a cat, it gives
rise to the ludicrous result: the story of the Schrodinger cat. The Schrodinger cat is a linear
superposition of a dead cat and a live cat. To understand why the Schrédinger cat does not
exist, we need to understand the concept of quantum coherence.

Two states are in quantum coherence if the phase relationships between them are deter-
ministic and not random. When this coherence is lost, the phase relationship between them
is lost. The quantum system has already collapsed into one of the two states. Hence, in
practice, a measurement is not always necessary before the quantum system collapses into
one or more of the quantum states. The interaction of quantum system with its environment
can cause such a collapse.

From a statistical physics viewpoint, it is impossible for a quantum system to be completely
isolated. Almost all systems are in a thermal bath of the universe with which they are
seeking equilibrium. Macroscopic objects cannot be in a pure quantum state which has the
characteristics of the ghost-angel state. It is impossible for the huge number of atoms in the
Schrédinger cat to be coherent with respect to each other.

The density matrix is a nice way of representing a state of a quantum system where
the physics of quantum coherence surfaces explicitly. This concept is expressed in the off-
diagonal terms of the density matrix. If one allows time average or ensemble average? to the
density matrix, when the system is expressed by quantum states that are not coherent, the

LOr the apparition of the ghost-angel state.
2Processes for which time average is the same as ensemble average are known as ergodic processes.
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off-diagonal elements will average to zero. The system is in a mixed state rather than a pure
quantum state. The system is similar to the local hidden variable theory: the state of the
quantum system is already predetermined before the measurement.

Another uneasiness about the philosophical interpretation of quantum mechanics is that
one does not know what state the quantum system is in before the measurement. This has
prompted Einstein to ask,“Is the moon there if you don’t look at it?” The uncertainty of
the state applied to quantum mechanics is only true for a linear superposition of coherent
quantum states, which I term the ghost-angel state. This state has not been found to exist
for macroscopic objects.

However, if one insists that, “One does not know if the moon is there before one looks at
it.” as a true statement, it cannot be refuted nor confirmed by experiments. The mere act of an
experiment already means that we have “looked” at the moon. The same claim goes that “If
saw a fallen tree in the forest, it did not necessary follow from the act of falling before I arrived
there.” Alternatively, “If we found dinosaur bones, it did not necessary mean that dinosaurs
roamed the earth over 200 million years ago.” We believe that the moon is there even if we do
not look at it, the tree fell because it went through the act of falling, and that dinosaur bones
were found because they roamed the earth 200 million years ago, because we believe in the
realism of the world we live in. This realism cannot be proved but is generally accepted by
those who live in this world. Hence, it is this surreal interpretation of quantum mechanics that
causes the uneasiness among many physicists. But the interpretation of quantum mechanics
is slightly better than the above: a quantum state is in a linear superposition of states, the
precise one of which we are not sure of until a measurement is performed. However, this
surrealism of this ghost-angel state exists in our minds in fairy tales and ghost stories of
many cultures. Experimental effort has agreed with the surreal interpretation of quantum
mechanics in terms of the Bell’s theorem, that will be discussed.

The ghost-angel state of a quantum system is what enriches the information in it. However,
for a quantum system to be in such a state, the linear superposition of states must be coherent
with each other. Quantum coherence is the largest stumbling block to the construction of
quantum computers; however, rapid advances are being made, and one day, it can be a reality.

15.6 EPR Paradox

The interpretation of quantum mechanics went through difficult times. The fact that a particle
can be in a superposition of many states before a quantum measurement, and the probabilistic
interpretation of a quantum measurement behooves the challenge by many great physicists,
especially Einstein. The most severe challenge of quantum mechanics and its interpretation
comes from the EPR (Einstein, Podolsky and Rosen) paradox. To describe it simply, we
imagine a pi meson that decays into an electron-positron pair:

™ —=e +el (15.6.1)

The pi meson originally has spin zero. So for conservation of angular momentum, the electron-
positron pair will have opposite spins: spin up and spin down. Since the total angular
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momentum is zero, they are in the singlet state which has total spin of zero, or

1

V2

The electron-positron pair is in the linear superposition of two states, but the electron and
positron are flying in opposite directions. According to the interpretation of quantum mechan-
ics, one does not know the spin state of the electron nor the positron before the measurement.
After one measures the spin state of, say the electron, irrespective of how far the positron
is away from the electron, we immediately know the spin state of the positron according to
the above equation. The spins of the two particles are always opposite to each other. This
notion is unpalatable to many physicists, and hence, is called “spooky action at a distance”
by Einstein. Information cannot travel faster than the speed of light. How could the state of
one particle be immediately determined after a measurement is made at another particle far
away? This paradox attempts to prove that quantum mechanics is incomplete by reductio ad
absurdum.

W) = —= (1t4y) — [14)) (15.6.2)

15.7 Bell’s Theorem?

Quantum measurements are known to be random, and the data can only be interpreted
probabilistically. If one were to measure the spin of one of the particle, it is equally likely to
be in the spin up or spin down state randomly according to (15.6.2). In the hidden variable
theory, it is suggested that the outcome of the experiment is already predetermined even
before the measurement. The outcome is determined by a hidden random variable \. It is
the randomness of this variable that gives rise to the randomness of the outcome in quantum
measurements.

Many hidden variable theories were proposed shortly after the EPR paradox was published.
In 1964, J. S. Bell, in the spirit of proving the correctness of the hidden variable theory, came
up with an inequality that showed the incompatibility of quantum mechanics and the hidden
variable theory. If hidden variable theory is correct, the inequality will be satisfied, but if
quantum mechanics is correct, the inequality is violated. This is known as Bell’s theorem.

We can discuss the derivation of the Bell’s theorem in the context of the two-photon
experiment, since the experiment that verifies the theorem has been done using photons. The
actual experiment is quite complex, but we will reduce it to a simplified case. The simplified
experiment involves a photon source that produces an entangled photon pair, each of which
is traveling in opposite directions. The photon pair is in one of the Bell state, say the EPR
pair:

I
V2

In the above state, if one of the photons is measured to be V (vertical) polarized, the other
photon must be V polarized. However, if one photon is measured to be H (horizontal)
polarized, the other photon must be H polarized. We will detect the photon state with a

) (ViVa) + |H1 Hy)) (15.7.1)

3This section is written with important input from Y. H. Lo and Q. Dai.
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simple polarizer. In the above state, which is a linear superposition of two states, the photons
are equally likely to be found in the first state, |V;V5), or the second state, |HyHsz). The
polarizer will detect an H or a V polarization with equal likelihood, but the moment that
one photon is determined to be H polarized, the other photon is immediately know to be H
polarized, and vice versa. This is the “spookiness” of quantum interpretation.

Imagine an atomic source that generates two photons propagating in opposite directions.
The atom initially has zero angular momentum, so that the two photons are either both
horizontally polarized or both vertically polarized. Hence, the photon can be described in
one of the Bell states or an entangled state as shown in (15.7.1).

P1 4 a 1 Photon Source 2 P2
L > -

N

Figure 15.7: Experimental verification of Bell’s theorem

15.7.1 Prediction by Quantum Mechanics

Photon 1 is measured with a polarizer P; with vertical polarization pointing in the a direction.
If P measures a V polarization, we set A(a) = 1, and if P; measures an H polarization, we
set A(a) = —1. Here, A(a) denotes the measurement outcome, and it is completely random
according to quantum mechanics.

Similarly, polarizer P, has its vertical polarization oriented in the b direction. When it
measures a V polarization, we set B(b) = 1, and when it measures an H polarization, it sets
B(b) = —1. Again, B(b) is completely random. In the above, we set A and B to be functions
of a and b respectively, as the experimental outcomes are expected to be functions of the
orientation of the polarizers.

If a = b, we expect that

(A(a)B(b)) = E(a,b) = AB =1 (15.7.2)
If alb, if P, measures a V polarization, P> will measure a H polarization, we expect that
(A(a)B(b)) = E(a,b) = AB = —1 (15.7.3)

Even though A and B are random, their products are deterministic in the above two cases.
An interesting case ensues if a and b are at an incline with respect to each other. In this
case, we know by quantum mechanics that

[VYe = cosO|V), —sin6|H)p (15.7.4)

|H)q = sinb|V), + cos 0| H)p (15.7.5)
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Figure 15.8: The case when the two polarizers are at an incline with respect to each other
for proving the Bell’s theorem.

If P; measures an outcome with A(a) = 1, then the photon that propagates to P, must
be polarized in the a direction. However, according to (15.7.4), for Py, such a photon has the
probability of cos? 6 being detected in the V polarization, and the probability of sin? § being
detected in the H polarization. Hence, the expectation value of B, or (B) = cos? — sin? 6.

If P, finds that A = —1, by similar arguments, the expectation value of B is sin® § — cos? 6.
Then

E(a,b) = (A(a)B(b)) = cos? § — sin? = cos(26) (15.7.6)

Notice that the above reduces to the special cases of: (i) when the polarizers P; and P, are
aligned, namely when 6 = 0°, as in (15.7.2), and (ii) when the polarizers are perpendicular
to each other, with 6 = 90°, as in (15.7.3).

15.7.2 Prediction by Hidden Variable Theory

In the hidden variable theory derivation, a particle is assumed to be already in a polarization
state even before a measurement. A and B are random, but they are predetermined by a
hidden random variable A\. We let

Aa,\) = +1 (15.7.7)
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B(b,\) = +1 (15.7.8)

Here, A and B hence flip-flop between +1 entirely due to randomness of the variable A. This
theory predicts the randomness of quantum mechanics experiments nicely. The expectation
value of AB then is

E(a,b) = (AB) = / p(N)A(a, \)B(b, \)dA (15.7.9)

where p()) is the probability distribution of the random variable A. The above is a very
general representation of the hidden variable theory where we have not explicitly stated the
functions p(A), A(a, ) nor B(b, \).

If a =Db, then
A(a,\) = B(a, \) (15.7.10)
and the above becomes
E(a,a) = /p()\)AQ(a,)\)d)\ = /p()\)d)\ =1 (15.7.11)
Same as we would have found in (15.7.2).
If alb, then
A(a,\) = —B(b, \) (15.7.12)
and (15.7.9) becomes
E(a,b) = —/p()\)A2(a, A)d\ = /p()\)d)\ =-1 (15.7.13)

as would have been found in (15.7.3). Hence, hidden variable theory is in good agreement
with quantum mechanics interpretation of (15.7.2) and (15.7.3).

So far, everything is fine and dainty until when a and b do not belong to any of the above
category, but in general are inclined with respect to each other. If a # b in general, then the
hidden variable generates random A and B in such a manner that

E(a,b) <1 (15.7.14)
Consequently, we have
E(a,b) — E(a,b’) = /[A(a, A)B(b,\) — A(a,\)B(b’, \)]p(\)d\ (15.7.15)
The above can be rewritten as
E(a,b) — E(a,b’) = /A(a7 A)B(b, \)[1 £ A(a’, \) B(b', \)]p(A\)dA

_ / A, \)B(b', M1+ A(a, N B(b', A)]p(A)dA (15.7.16)
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We have just added and subtracted identical terms in the above. After using the triangular

inequality

|B(a,b) — E(a,b')| < / [A(a, \)B(b, A)|[1 £ A&, )B(b', A)|p(\)dA

+/|A(a, N BB, A1+ A(a’, ) B(b, \)|p(A)dA

Using the fact that
|AB| <1, 1+ AB >0

we have
IB(a,b) — E(a,b')| < / 1+ A(a, \)B(B', A)]p(\)dA
—|—/[1 + A(a’, \)B(b, \)]p(A)dA

The above is the same as
|E(a,b) — E(a,b’)| <2+ [E(a’,b’) + E(a’,b)]
It is of the form
|IX|<2+Y
which implies that
|IX|+£Y <2
or
IX+Y|<|X|+ Y| <2
Consequently, we have
|E(a,b) — E(a,b’) + E(a’,b’) + E(a’,b)| < 2

which is the Clauser-Horne-Shimony-Holt (CHSH) inequality.
In (15.7.20), if a’ = b’ = ¢, then (15.7.20) becomes

|E(a,b) — E(a,c)| <2+ [E(c,c) + E(b,c)]

(15.7.17)

(15.7.18)

(15.7.19)

(15.7.20)

(15.7.21)

(15.7.22)

(15.7.23)

(15.7.24)

(15.7.25)

From (15.7.11), E(c,c) = 1. We pick the smaller of the right-hand side of (15.7.25) and arrive

at

|E(a,b) — E(a,c)| <1— E(b,c)

(15.7.26)
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Figure 15.9: The case for a, b, and ¢ where the quantum mechanics prediction violates the
Bell’s inequality.

The above is the Bell’s inequality. It can be easily shown that it cannot be satisfied by
quantum mechanics that predicts (15.7.6). Say if we pick a, b, and ¢ as shown in the Figure
15.9, then according to quantum mechanics or (15.7.6),

E(a,b) = cos(90°) =0 (15.7.27)
o 1

E(a,c) = cos(45°) = 7 (15.7.28)
E(b,c) = cos(45°) = 1 (15.7.29)

, 7 7.

Then in (15.7.26), we have

’0 1‘—0707£1 L =0.293 (15.7.30)

7| =0 7 =0 7.

In experimental tests of Bell’s theorem, quantum mechanics triumphs over hidden variable
theory so far.* Hence, the spookiness of ghost-angel states will prevail in quantum mechanics.

15.8 A Final Word on Quantum Parallelism

Quantum interpretation gives rise to the spookiness of quantum mechanics, in a way giving
it the capability that empowers ghosts and angels. Quantum parallelism is such an empower-
ment. It reminds me of a novel that I have read when I was young on the Monkey King. This

4see a paper by A. Aspect, 1982.
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Monkey King is of Indian origin, but has permeated Chinese culture to take on a different
persona. According to the story in The Journey to the West, this Monkey King had unusual
capabilities. One of them was that he could pull a strand of hair from his body, and with a
puff of air, he could turn it into many duplicates of himself. He could then fight his enemies
from all angles and all sides. He thus made himself invincible.

He was arrogant, mischievous, and wreaked havoc in the Heavenly Palace where the other
gods lived. Finally, he could only be tamed and subdued by Lord Buddha, summoning him
to accompany and protect the monk Xuan Zang in his treacherous journey to collect the
Buddhist Sutra from the West (in this case India).

Oh Lord, if we were to empower ourselves with the capabilities of ghosts and angels, who
18 there to curb our power!
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Figure 15.10: The Monkey King sending replicas of himself against his enemy, defeating
everyone in his path.
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Appendix A

Generators of Translator and
Rotation

A.1 Infinitesimal Translation

From Taylor series expansion, we have

F@) + af (@) + % 2@+

d a® d?

1 - - “e
+ adac + 2! dx? + f(@)

= % f(z) (A.1.1)

f(z+a)

The exponential to an operator is interpreted as a Taylor series when it needs to be evaluated.
The above can be written with a momentum operator (assuming that i = 1)

f(z+a) = e f(z) (A.1.2)
or in Dirac notation o
|fa) = €P[f) (A.1.3)
where |f,) is the state vector representation of the function f(z + a). If a Hamiltonian is
translational invariant, it will commute with the translation operator, namely
He'?|f) = P H|f) (A.1.4)
or

[ewﬁ,ff] ~0 (A.1.5)

For example, if the Hamiltonian is such that f%dQ /dz?, then it is quite clear that the left-hand
side of (A.1.4) is

2 2
53¢ @) = g g @t @) = 3 e+ o (A.L6)

191



192 QUANTUM MECHANICS MADE SIMPLE

The right-hand side of (A.1.4) is

ela? —ld—Qf(x) = —lf”(l’) = —lf”(:c—i—a) (A.1.7)
2 dx? 2 2 o
which is the same as the left-hand side.
By assuming that e’®® ~ 1 + iap + - - -, the above also means that
Hp=pH, [H,p]=0 (A.1.8)

This means that p is a constant of motion as shown in Section 5.8, or

d(p) _
=0 (A.1.9)

In other words, momentum is conserved in a system where the Hamiltonian is translational
invariant.

A.2 Infinitesimal Rotation

Similarly, the L, operator is fi% which is a generator of rotation,!

F(+a) = 5 f(¢) = L= f(9) (A.2.1)

Going through the derivation as we have before, for a Hamiltonian that is rotationally sym-
metric about the z axis, then it commutes with e**Z=. In this case

et H] =0 (A.2.2)
or Taylor series expanding the above, we derive that
[L.,H] =0 (A.2.3)

Hence, the Z component of the angular momentum is conserved for a system that is rotation-
ally symmetric about the z axis.

The above has been motivated by L, that follows from the orbital angular momentum,
whose form has been motivated by the classical angular momentum. What if the angular
momentum has no classical analogue like the spin angular momentum? Or the state vector
may not be written using wavefunctions at all. In this case, we can postulate a generalized
generator of rotation of the form

ez 4) (A.2.4)

The above will take the angular momentum state |j) and generate rotated state about the z
axis. We postulate the above form for three reasons:

L Assume again that /i = 1.
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1. The generator of rotation for orbital angular momentum is already of this form. It must
be the special case of the above form.

2. If the above generator commutes with the Hamiltonian with similar rotational symme-
try, this component of angular momentum will be conserved.

3. The rotation will cause the expectation value of the angular momentum vector, an
observable, to rotate according to a coordinate rotation about the z axis.

It is easy to see that the expectation value of the J. operator remains unchanged under
this rotation. We can easily show that

(jle™* = J.e™ 7= |j) = (G| 4) (A.2.5)
In the above, functions of operator J. commute with each other, a fact that can be easily
proved by expanding the functions as a power series. The conjugate transpose of et ig

e~z gince J, is Hermitian because it represents an observable. Hence, the last equality in

(A.2.5) follows.

A.3 Derivation of Commutation Relations

In general, we can define the angular momentum operator to be
J =i, +jJ, + kJ. (A.3.1)

The above is an observable so are the components of the operator in the z, y, z directions.
Hence, the expectation value of the above with respect to the state |j) gives rise to

() = 10Je) +3(0,) + k(L) =i, +jJ, + k. =] (A.3.2)

where we denote the expectation values of J; with scalar number J;, and that of J with J. We
will test point 3 above with respect to this vector J. This vector will have to rotate according
to coordinate rotation as the state vector is rotated according to (A.2.4).

If e’/= is a generator of rotation about the z axis, it will leave .J, unchanged as shown
above. But it will not leave J, and J, components unchanged. Now, we can find the expec-
tation value of J, under rotation about z axis, or that

Jo = GlJel), Tl = (e e ) (A.3.3)

Before rotation, this would have represented the expectation values of the z component of J,
the angular momentum. After rotation,

J=1J, +jJ, +kJ. (A.3.4)

and J!, will contain both the 2 and y component of J. When we rotate the state vector by
angle «, the expectation value of the vector J will rotate by « in the same direction. But
from the Figure A.1, it is clear that

J, = Jycosa+ Jysina (A.3.5)
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The equivalence of rotations in (A.3.3) and (A.3.5) can be proved by lengthy algebra. To
simplify the algebra, we can show the equivalence for infinitesimal rotation. To this end, we
assume that « is small so that we keep only the first two terms of the Taylor expansion for

eiods o eivds 1 4 ioJ,. Then,
Il = (| Jy —iad Iy +iadyd. + - j) (A.3.6)

For small «, (A.3.5) becomes
Jo = Jp 4+ ady (A.3.7)

But (A.3.6) can be written as

Ty = (Gl eld) — ial§| T de — Jod2|5) (A.3.8)
J Y
‘ A
A
\\
\ !
\ = 4 X
\\ /’/”_/—
\ -
\\ ’V’_/_,—"/-
\'\ 7 ""d
LT : >
Figure A.1: Coordinate rotation of the zy plane about the z axis by angle a.
Comparing (A.3.7) and (A.3.8), we have
Jodo — Jud. =i, (A.3.9)

We can let i # 1 to arrive back at the previously postulated commutator relations. The
above is arrived at using only rotational symmetry argument that the angular momentum
operator is a generator of rotation. The other commutation relations for angular operators
can be derived by similar arguments. In general, for all operators that represent angular
momentum, we have

[jm,jy} — ihJ., [jy,jz} = i, [JJT} = ihJ, (A.3.10)

From the above, we can define raising and lowering operators and use the ladder approach to
derive the properties of the eigenstates of angular momentum operators.



Appendix B

Quantum Statistical Mechanics

B.1 Introduction

We would like to derive Maxwell-Boltzmann, Fermi-Dirac, and Bose-Einstein distributions.
It is based on statistical mechanics that assumes that all identical energy levels have equal
likelihood of being occupied. Only the counting is based on quantum mechanics.

We consider a quantum system with energy levels Ey, Ey, F3, ---. Each level E; could
have degeneracy of d;, i = 1, 2, 3, ---, and is filled by N;, i = 1, 2, 3, --- particles. When
the system is coupled to its environment, energy will be exchanged with its environment via
collision, vibration, and radiation. At thermal equilibrium, there is no net energy flowing into
and out of the system. We expect that

E= Z E, N, (B.1.1)
n=1

to be a constant due to energy conservation. Also we expect the number of particles to remain
constant, or that

N = i N, (B.1.2)
n=1

due to particle conservation.

The particles will acquire energy from their environment due to energy exchange, and dis-
tribute themselves across the energy levels subject to the above constraints, but also according
to the availability of energy levels. Energy levels with higher degeneracies are more likely to
be filled. We will consider three different cases: (i) when the particles are distinguishable, (ii)
when they are identical fermions, and (iii) when they are identical bosons.

B.1.1 Distinguishable Particles

We will find the function Q(Ni, N2, N3, ---) whose value equals the number of ways that
there are N, particles in Fy, Ny particles in Fy, N3 particles in E3 and so on. In order to fill

195
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En dn,Nn
Es d; N;
E, dy N,
Es d; N,

Figure B.1: Particles are distributed among different energy levels according to quantum
statistics. An energy level is denoted with F; with degeneracy d; and INV; particles occupying
it.

energy level F; with N7 particles, the number of ways is

(J]\\ID - Nl;(zéw_Nl)' (B.1.3)

If F; has degeneracy di, all the degenerate levels are equally likely to be filled. Then there
are div ! ways that the Ny particles can go into F4 level. Hence, the number of ways that E;
can be filled is

NldM
=— B.14
@s: N1 (N = Nyp)! (B.1.4)
The number of ways that Ey can be filled is
(N — Ny)lab
= B.1.
Qe = 30 (N = Ni — N)! (B.1.5)
Then the total number of ways
Q(N1,N2, N3, -+ ) = Qp,Qp,Qr; -+
_ N (N — Ny)ld3" (N =Ny = Np)ldg™
N (N = N)!No! (N = Ny — Na)! N3! (N — Ny — Ny — N3)!
dNralzals ... = dNn
=N 23— NI u B.1.
Ni!NoINgl--- N, ! (B.1.6)

n=1
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Notice that the above is independent of the order in which the levels are filled, as expected.
The above can also be interpreted in a different light: There are dY» ways that N,, particles
can fit into the F, energy level. But order is unimportant and a division by N, ! is necessary.
But there are N! ways that these distinguishable particles can be selected in an ordered way,
and hence, a prefactor of N! is needed in the above.

B.1.2 Identical Fermions

Due to Pauli’s exclusion principle, each energy level can admit only one particle. In this case,
the number of ways energy FE, can be filled is

dp!

@e. = 57 (d, — NI’

dy > N, (B.1.7)

(The above has value 1 when d,, = 1.) The total number of ways is then

] dy!
Q@ (N1, N2, N3, ...) = ]

@ - o (@, — V). (B.1.8)

B.1.3 1Identical Bosons

For bosons, repetition for filling a given state is allowed, but the particles are indistinguishable
from each other. Then when N,, particles are picked to fill the d,, degenerate E, levels, the
first particle from N,, particles has d,, slots to fill in, while the second particle has d,, + 1 slots
to fill in, and the third particle has d,, + 2 slots to fill in and so on, since repetition is allowed.
That is the new particle can take the position of the old particle as well. So the number of
ways that F, with d,, degeneracy can be filled is

Qp, = B0+ 1) (dn+2) . (dn + No — 1) (B.1.9)

N,!
(N +d, — 1)
= LT (B.1.10)

Therefore o g N
S n+ n - .

Ni,Ny, N3, ..) = —_—

QN No, Ny, = [T Sy s

Unlike the distinguishable particle case, no prefactor of N! is needed for the identical
particle case, since the order with which they are selected is unimportant.

(B.1.11)

B.2 Most Probable Configuration

A way of filling the energy levels {E, Fa, Es, ...} with {Ny, Na, N3, ...} is called a configura-
tion. The most likely configuration to be filled is the one with the largest @ (N1, Na, N3, ...).
At statistical equilibrium, the system will gravitate toward this configuration. Hence, to find
this configuration, we need to maximize @) with respect to different {Ny, No, N3, ...} subject
to the energy conservation constraint (B.1.1) and particle conservation constraint (B.1.2).
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We use the Lagrange multiplier technique to find the optimal @ subject to constraints

(B.1.1) and (B.1.2). We define a function
G=IQ+a [N— an} T3 [E— anEn]
n=1 n=1

The optimal @ value is obtained by solving

oG oG oG
BT”:(),TL:172,3,"', %:O, WZO

B.2.1 Distinguishable Particles

In this case,

o0
G=IN!+ > [N,lnd, —InN!]
n=1

[e.e] (oo}
ta {N— an] 6 {E— anEn]
n=1 n=1
We use Stirling’s formula that
In(zl)=zlnz—z

Consequently,

(oo}
G =Y [Nynd, — NyInN, + N,, — aN,, — BE,N,,]

n=1

+InN!'+aN + SE

From the above

oG
ON,

=Ind, —InN, —a—FE, =0
As a result, we have

Nn — dne_(a+BE7l)

(B.2.1)

(B.2.2)

(B.2.3)

(B.2.4)

(B.2.5)

(B.2.6)

(B.2.7)

(B.2.8)

(B.2.9)

The above is the precursor to the Maxwell-Boltzmann distribution from first principles.

B.2.2 Identical Fermions

In this case

G =3 [In(d}) — In(N}) - In((dy, — N,)!)]

N—iNn +8 E—iNnEn

n=1

(B.2.10)

(B.2.11)
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After applying Stirling’s formula to N,, dependent terms, we have
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G= Z Ind,! — N,InN, + N,, — (d, — N,,)In(d,, — N,,) + (d,, — N,,) — aN,, — BN, E,,]

n=1

+alN + FE

From the above,

oG
N, —InN, +In(d, — N,)—a—-8E,=0
or
dyn
Nn = 1 + ea+ﬁEn

(B.2.12)
(B.2.13)

(B.2.14)

(B.2.15)

In the above derivation, we have assumed that d,, is large so that N, is large since N,, < d,,

in (B.1.7). The above is the precursor to the Fermi-Dirac distribution.

B.2.3 Identical Bosons

In this case

G = i In((N,, + d,, — 1)) — In(N,,!) — In((d,, — 1)1)]

N — iNn
n=1

With Stirling’s approximation to the V,, dependent terms,

+a + 8

E— i N, E,
n=1

G :Z[(Nn +d, —1)In(N, +dp, —1) = (N, +d,, —1) = N,In N,, + N,
n=1
—In((d, = 1)) — aN, — BN, E,] + aN + SE
Then
oG
oN, In(N, +d, — 1) —In(N,,) —a—BE, =0
yielding

dn —1 d,
etBEn 1 = eatBE. _ ]

N, =

(B.2.16)

(B.2.17)

(B.2.18)

(B.2.19)

(B.2.20)

(B.2.21)

where we assume that d,, > 1. The above is the precursor to the Bose-Einstein distribution.
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B.3 The Meaning of a and (8

We will apply the above to a simple quantum system in order to infer what o and 3 should
be. We consider N electrons inside a bulk material describable by a single electron in an
effective mass approximation. In such a case, the kinetic energy of the electron is described
by

h2k?
B, =

o (B.3.1)

If we assume periodic boundary conditions on a box of lengths L,, Ly, and L,, then

M\ 2,72 . \?
2 x Yy z
k<Lm>+(Ly )+(th> (B.3.2)

In the k space, there is a state associated with a unit box of volume

e _ s

AV, =
YT L.L,L, V

(B.3.3)
where V is the volume of the box of bulk material. In k space, in a spherical shell of thickness
Ak, the number of states in the neighborhood of & is

2
dk:47rkAk: 1%

2
AV = oAk (B.3.4)

Then the total number of particles is, using (B.2.9) for Maxwell-Boltzmann,

14
N => dye *+FF) = CPC > K Akem PP
k

k
Vi [T —BR%K2/(2m) 1.2

By using the fact that

e 2 d e 2 d 1 ™ ﬁ 3
I = —Ak* 1.2 - _ = — Ak I AR e B.3.
1 /Oe k*dk dAoe dk dAQ”A 1 (B.3.6)
the above integrates to
af m :
N =Ve (27r6h2) (B.3.7)

Similarly, the total F is given by

E=) EpNy =) Epdge TP,
k k
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After using (B.3.1) and (B.3.4), we have

E Lth—a /OO e—ﬁh2k2/2mk4dk
0

~ 4nm
3
3V _ m 2 3N
where we have made use of
> d 3
I = /O e A gk = —h= TﬁA*% (B.3.9)

and (B.3.7) in getting the last equality.
From the equipartition theorem of energy from statistical mechanics we know that

% = ngT (B.3.10)
Hence, we conclude that
8= L (B.3.11)
kgT
It is customary to write
T
= _%12 (B.3.12)
so that for Maxwell-Boltzmann distribution,
N, = dpe~ (En=w)/(ksT) (B.3.13)

where u(T) is the chemical potential. When normalized with respect to degeneracy, we have
N = €~ =)/ (kBT) Maxwell-Boltzmann (B.3.14)

Fermi-Dirac and Bose-Einstein distribution become Maxwell-Boltzmann when (8E, +
a) > 1. So they have the same « and 8. Therefore,

1
"= B/ (ks T) 1

Fermi-Dirac (B.3.15)

1
T (B /(kpT) — 1’

Npe Bose-Einstein (B.3.16)

When (E,, — u) > kpT the above distributions resemble the Maxwell-Boltzmann distri-
bution. This is because n becomes small per energy level, and the indistinguishability of
the particles plays a less important role. When (E,, — 1) < 0, the Fermi-Dirac distribution
“freezes” to 1 for all energy levels below p, since the Pauli’s exclusion principle only allows
one fermion per level. When (E,, — ) < kT, the Bose-Einstein distribution diverges, im-
plying that the particles condense to an energy level close to . This condensation is more
pronounced if kg7 is small.
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Appendix C

Gaussian Wave Packet

C.1 Introduction

In order to relate the wave nature to the particle nature of an object, it is necessary to obtain
a wave packet picture of the object. Experimental observation has indicated that electrons are
highly localized objects, so are photons. A wavefunction with a pure or single wavenumber
k has equal amplitude everywhere. According to the probabilistic interpretation of quantum
mechanics, it is untenable physically to think of a particle as all pervasive and can be found
equally likely everywhere. A photon wave can have many k wavenumbers, and they can be
linearly superposed to form a localized photon wave packet. Since the F-k relationship of
the photon wave is linear (or almost linear in the material-media case), the formation of such
a wave packet is quite straightforward. It is less clear for an electron wave, since the E-k
relationship is nonlinear.

In this appendix, we will explain the particle nature of an electron in the classical limit
when the momentum of the electron becomes large. One expects that the wavefunction
resembles that of a localized particle in this limit so that the electron is found with high
probability only in a confined location. This understanding can be achieved by studying the
Gaussian wave packet solution of Schrodinger equation.

When the Schrodinger equation is solved in vacuum for electron, the solution is

ezk‘]ﬁ'

This unlocalized solution means that the electron can be everywhere. A more realistic wave-
function for an electron is a wave packet which is localized. This is more akin to the motion
that an electron is a localized particle. A wave packet can be constructed by linear superpos-
ing waves of different momenta hk or different energies fw. We will derive the Gaussian wave
packet solution to Schrédinger equation. This can be constructed by studying the solution to
the wave equation.

203
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C.2 Derivation from the Wave Equation

It is well known that the wave equation

0 9?  0* .,
(axz+ay2+822+k>¢(x,y,2)0 (C.2.1)

admits solution of the form
e:tik\/r2+y2+(z—ib)2

(C.2.2)
\/x2 + 92 + (2 — ib)?

¢ (x,y,2)=C

for

\/{L‘z +y2+(z— ib)2 #0 (C.2.3)

The above corresponds to a spherical wave where the source point is located in the complex
coordinates z = 0, y = 0, and z = ¢b. It was first suggested by G. Deschamps. From the
above, it is quite clear that, after letting z = vt,

e:l:ik\/ 2 +y2+(vt7ib)2

\/$2 +y2 + (vt —ib)®

¢ (z,y,vt) = A (C.2.4)

is a solution to ) ) )
0 0 10
42 t) = 2.
(8952 oy 12 0t2 ) ¢ (@,y,0t) =0 (C25)

The above equation can be factored

(wlat — iy K2+ 82 + a;) (v-lat iy k2 + 02+ a;) & (z,y,vt) =0 (C.2.6)

where 0; = 0/0t, 02 = 8% /92 and so on. In the above, function of an operator has meaning
only when the function is Taylor expanded into an algebraic series. One can assume that
k? — oo, while 97 and 92 are small." Taylor expanding the above and keeping leading order
terms only, we have

~1 . ioa2 92 —1 - b2 92 ~
(v 0r — ik — % (8I+8y)) (v 8t+zk—|—ﬂ (8$+8y)> ¢ (z,y,vt) =0 (C.2.7)
In (C.2.4), we can let? |vt — ib|? > 2 + y? to arrive at the approximation

vt—ib

e:t(ik(vtfib)%»ikﬂ)

¢ (z,y,vt) = A (C.2.8)

vt — ib

IThis is known as the paraxial wave approximation. It implies that the variation of the solution is mainly
in the vt direction with slow variation in the z and y directions.
21t can be shown that when this is valid, the paraxial wave approximation used in (C.2.7) is good.
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It can be shown that when we pick the plus sign above in the + sign, the above is the exact
solution to

<vlat — ik — i (92 + 85)) ¢4 (x,y,vt) =0 (C.2.9)
where o
£) = Agik(vi—ib) ¢ ik(vt—ib) ¢ C.2.10
¢4 (x,y,vt) = Ae m—e ¥ (2,y,1) (C.2.10)
and s
A ibeik 2Tvtlib) C
t)=—-Ag——m—— 211
w(xaya ) 0 (’Ut—lb) ( )
Furthermore, 9 (x,y,t) is an exact solution to
(vlat — i (92 + aj)) Y (z,y,t) =0 (C.2.12)
If we multiply the above by ifiv, the above becomes
) h o 9
ihdy + o (2+02) ) ¢ (2,y,t) =0 (C.2.13)
By letting v = hk/m, the above becomes
. G 2
(0 + 5 (@24 02) ) 0 (w0) =0 (C2.14)

which is just Schrodinger equation. Equation (C.2.11) represents the Gaussian wave packet
solution of Schrodinger equation. It can be studied further to elucidate its physical contents.

C.3 Physical Interpretation
In (C.2.11), one can write

k(z>+y%) k(2?4 y%) (vt+ib) k(2 +y?) _H,mz—i—yQ

= = 0.3.1

2 (vt — ib) 2 (v2t? 4+ b?) 2R w2 ( )
where 22 g2 o -
vt + 2 vt

— = (1+ = C.3.2

R vt W k ( e ) ( )
Then Gaussian wave packet can be more suggestively written as

A 2242 2142
Y (2,y,1) = 2 A ik R i) (C.3.3)

——C
1+ 022 /b2

where
o(t) = tan™"' (vt/b) (C.3.4)
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The above reveals a wave packet which is Gaussian tapered with width W and modulated
by oscillatory function of space and time. However, the width of this packet is a function of
time as indicated by (C.3.2).

At vt = 0, the width of the packet is given by

/2 1
Wo = Zb or bzikWOQ (C.3.5)

This width can be made independent of k if b is made proportional to k. Nevertheless, as
time progresses with vt > 0, the width of the packet grows according to (C.3.2). However, to
maintain a fixed-width Wy, it is necessary that b — co as k — co. Subsequently, the effect of
v%t? /b% becomes small in (C.3.2) as b — oco. This means that the width of the Gaussian wave
packet remains almost constant for the time when vt < b, but b is a large number proportional
to k. The duration over which the Gaussian wave packet’s width remains unchange becomes
increasingly longer as k becomes larger.

In the above, ik represents the momentum of a particle. When the particle carries high
momentum, it can be represented by a Gaussian wave packet that hardly changes in shape
with respect to time. This is what is expected of a classical picture of a moving particle: the
Gaussian wave packet does reproduce the classical picture of a high momentum particle.

It is quite easy to design a wave packet for a photon that does not spread with time by
linear superposing waves with different frequencies. This is because the w-k diagram (or E-k
diagram, since E = hw) for photons is a straight line. It implies that all waves with different
k’s travel with the same phase velocity. These Fourier modes are locked in phase, and the
pulse shape does not change as the wave packet travels.

Figure C.1: w — k diagram for a photon wave which is a straight line.

But for electron wave in a vacuum, the w-k diagram is quadratic. It implies that waves
with different & numbers travel with different phase velocity, giving rise to distortion of the
pulse shape. But if we have a narrow band pulse operating in the high k regime, the w-k
diagram is quasi-linear locally, and there should be little pulse spreading. Hence, one can
construct a quasi-distortionless pulse in the high k regime.
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Aw

Ak

Figure C.2: w — k diagram of an electron wave in vacuum.

C.4 Stability of the Plane Wave Solution

It is quite obvious from our understanding of quantum mechanics, wave packets, and coher-
ence, that the plane wave solution e** is not stable as k — co. One can always express

etk — / da' ™' §(x — 2) (C.4.1)

— 00

If one can think of §(x — 2’) as the limiting case of a wave packet, the above implies that
a plane wave can be expanded as a linear superposition of wave packets at each location x,
but bearing a phase exp(ikz). As k — oo, this phase is rapidly varying among the different
wave packets. Hence, their coherence is extremely difficult to maintain, and upset easily
by coupling to other quantum systems that exists in the environment. In other words, the
particle cannot be stably maintained in the plane-wave state classically: it has to collapse to
a wave-packet state. Consequently, classically, particles are localized when its momentum k&
becomes large.
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