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Preface

Preface to the Second Edition

It has been eight years now since the appearance of the first edition of this book in 2001. During
this time, many courteous users—professors who have been adopting the book, researchers, and
students—have taken the time and care to provide me with valuable feedback about the book.
In preparing the second edition, | have taken into consideration the generous feedback I have
received from these users. To them, and from the very outset, | want to express my deep sense
of gratitude and appreciation.

The underlying focus of the book has remained the same: to provide a well-structured and
self-contained, yet concise, text that is backed by a rich collection of fully solved examples
and problems illustrating various aspects of nonrelativistic quantum mechanics. The book is
intended to achieve a double aim: on the one hand, to provide instructors with a pedagogically
suitable teaching tool and, on the other, to help students not only master the underpinnings of
the theory but also become effective practitioners of quantum mechanics.

Although the overall structure and contents of the book have remained the same upon the
insistence of numerous users, | have carried out a number of streamlining, surgical type changes
in the second edition. These changes were aimed at fixing the weaknesses (such as typos)
detected in the first edition while reinforcing and improving on its strengths. | have introduced a
number of sections, new examples and problems, and new material; these are spread throughout
the text. Additionally, | have operated substantive revisions of the exercises at the end of the
chapters; | have added a number of new exercises, jettisoned some, and streamlined the rest.
I may underscore the fact that the collection of end-of-chapter exercises has been thoroughly
classroom tested for a number of years now.

The book has now a collection of almost six hundred examples, problems, and exercises.
Every chapter contains: (a) a number of solved examples each of which is designed to illustrate
a specific concept pertaining to a particular section within the chapter, (b) plenty of fully solved
problems (which come at the end of every chapter) that are generally comprehensive and, hence,
cover several concepts at once, and (c) an abundance of unsolved exercises intended for home-
work assignments. Through this rich collection of examples, problems, and exercises, | want
to empower the student to become an independent learner and an adept practitioner of quantum
mechanics. Being able to solve problems is an unfailing evidence of a real understanding of the
subject.

The second edition is backed by useful resources designed for instructors adopting the book
(please contact the author or Wiley to receive these free resources).

The material in this book is suitable for three semesters—a two-semester undergraduate
course and a one-semester graduate course. A pertinent question arises: How to actually use

Xiii



Xiv PREFACE

the book in an undergraduate or graduate course(s)? There is no simple answer to this ques-
tion as this depends on the background of the students and on the nature of the course(s) at
hand. First, | want to underscore this important observation: As the book offers an abundance
of information, every instructor should certainly select the topics that will be most relevant
to her/his students; going systematically over all the sections of a particular chapter (notably
Chapter 2), one might run the risk of getting bogged down and, hence, ending up spending too
much time on technical topics. Instead, one should be highly selective. For instance, for a one-
semester course where the students have not taken modern physics before, | would recommend
to cover these topics: Sections 1.1-1.6; 2.2.2, 2.2.4, 2.3, 2.4.1-2.4.8, 2.5.1, 2.5.3, 2.6.1-2.6.2,
2.7, 3.2-3.6; 4.3-4.8; 5.2-5.4, 5.6-5.7; and 6.2-6.4. However, if the students have taken mod-
ern physics before, I would skip Chapter 1 altogether and would deal with these sections: 2.2.2,
2.2.4,23,24.1-2.48,25.1, 253, 26.1-2.6.2, 2.7; 3.2-3.6; 4.3-4.8; 5.2-5.4, 5.6-5.7; 6.2—
6.4; 9.2.1-9.2.2, 9.3, and 9.4. For a two-semester course, | think the instructor has plenty of
time and flexibility to maneuver and select the topics that would be most suitable for her/his
students; in this case, | would certainly include some topics from Chapters 7-11 as well (but
not all sections of these chapters as this would be unrealistically time demanding). On the other
hand, for a one-semester graduate course, | would cover topics such as Sections 1.7-1.8; 2.4.9,
2.6.3-2.6.5; 3.7-3.8; 4.9; and most topics of Chapters 7-11.

Acknowledgments
I have received very useful feedback from many users of the first edition; | am deeply grateful
and thankful to everyone of them. | would like to thank in particular Richard Lebed (Ari-
zona State University) who has worked selflessly and tirelessly to provide me with valuable
comments, corrections, and suggestions. | want also to thank Jearl Walker (Cleveland State
University)—the author of The Flying Circus of Physics and of the Halliday—Resnick—\Walker
classics, Fundamentals of Physics—for having read the manuscript and for his wise sugges-
tions; Milton Cha (University of Hawaii System) for having proofread the entire book; Felix
Chen (Powerwave Technologies, Santa Ana) for his reading of the first 6 chapters. My special
thanks are also due to the following courteous users/readers who have provided me with lists of
typos/errors they have detected in the first edition: Thomas Sayetta (East Carolina University),
Moritz Braun (University of South Africa, Pretoria), David Berkowitz (California State Univer-
sity at Northridge), John Douglas Hey (University of KwaZulu-Natal, Durban, South Africa),
Richard Arthur Dudley (University of Calgary, Canada), Andrea Durlo (founder of the A.l.F.
(Italian Association for Physics Teaching), Ferrara, Italy), and Rick Miranda (Netherlands). My
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solve the Schrodinger equation for a one-dimensional harmonic oscillator and for an infinite
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Finally, I want to thank my editors, Dr. Andy Slade, Celia Carden, and Alexandra Carrick,
for their consistent hard work and friendly support throughout the course of this project.

N. Zettili
Jacksonville State University, USA
January 2009
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Preface to the First Edition

Books on quantum mechanics can be grouped into two main categories: textbooks, where
the focus is on the formalism, and purely problem-solving books, where the emphasis is on
applications. While many fine textbooks on quantum mechanics exist, problem-solving books
are far fewer. It is not my intention to merely add a text to either of these two lists. My intention
is to combine the two formats into a single text which includes the ingredients of both a textbook
and a problem-solving book. Books in this format are practically nonexistent. | have found this
idea particularly useful, for it gives the student easy and quick access not only to the essential
elements of the theory but also to its practical aspects in a unified setting.

During many years of teaching quantum mechanics, | have noticed that students generally
find it easier to learn its underlying ideas than to handle the practical aspects of the formalism.
Not knowing how to calculate and extract numbers out of the formalism, one misses the full
power and utility of the theory. Mastering the techniques of problem-solving is an essential part
of learning physics. To address this issue, the problems solved in this text are designed to teach
the student how to calculate. No real mastery of quantum mechanics can be achieved without
learning how to derive and calculate quantities.

In this book | want to achieve a double aim: to give a self-contained, yet concise, presenta-
tion of most issues of nonrelativistic quantum mechanics, and to offer a rich collection of fully
solved examples and problems. This unified format is not without cost. Size! Judicious care
has been exercised to achieve conciseness without compromising coherence and completeness.

This book is an outgrowth of undergraduate and graduate lecture notes | have been sup-
plying to my students for about one decade; the problems included have been culled from a
large collection of homework and exam exercises | have been assigning to the students. It is
intended for senior undergraduate and first-year graduate students. The material in this book
could be covered in three semesters: Chapters 1 to 5 (excluding Section 3.7) in a one-semester
undergraduate course; Chapter 6, Section 7.3, Chapter 8, Section 9.2 (excluding fine structure
and the anomalous Zeeman effect), and Sections 11.1 to 11.3 in the second semester; and the
rest of the book in a one-semester graduate course.

The book begins with the experimental basis of quantum mechanics, where we look at
those atomic and subatomic phenomena which confirm the failure of classical physics at the
microscopic scale and establish the need for a new approach. Then come the mathematical
tools of quantum mechanics such as linear spaces, operator algebra, matrix mechanics, and
eigenvalue problems; all these are treated by means of Dirac’s bra-ket notation. After that we
discuss the formal foundations of quantum mechanics and then deal with the exact solutions
of the Schrddinger equation when applied to one-dimensional and three-dimensional problems.
We then look at the stationary and the time-dependent approximation methods and, finally,
present the theory of scattering.
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and Gerry O. Sullivan (University College Dublin, Ireland) for their meticulous reading and
comments on an early draft of the manuscript. 1 am grateful to the four anonymous reviewers
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Xvi PREFACE

Note to the student

\We are what we repeatedly do. Excellence, then, is not an act, but a habit.
Aristotle

No one expects to learn swimming without getting wet. Nor does anyone expect to learn
it by merely reading books or by watching others swim. Swimming cannot be learned without
practice. There is absolutely no substitute for throwing yourself into water and training for
weeks, or even months, till the exercise becomes a smooth reflex.

Similarly, physics cannot be learned passively. Without tackling various challenging prob-
lems, the student has no other way of testing the quality of his or her understanding of the
subject. Here is where the student gains the sense of satisfaction and involvement produced by
a genuine understanding of the underlying principles. The ability to solve problems is the best
proof of mastering the subject. As in swimming, the more you solve problems, the more you
sharpen and fine-tune your problem-solving skills.

To derive full benefit from the examples and problems solved in the text, avoid consulting
the solution too early. If you cannot solve the problem after your first attempt, try again! If
you look up the solution only after several attempts, it will remain etched in your mind for a
long time. But if you manage to solve the problem on your own, you should still compare your
solution with the book’s solution. You might find a shorter or more elegant approach.

One important observation: as the book is laden with a rich collection of fully solved ex-
amples and problems, one should absolutely avoid the temptation of memorizing the various
techniques and solutions; instead, one should focus on understanding the concepts and the un-
derpinnings of the formalism involved. It is not my intention in this book to teach the student a
number of tricks or techniques for acquiring good grades in quantum mechanics classes without
genuine understanding or mastery of the subject; that is, | didn’t mean to teach the student how
to pass quantum mechanics exams without a deep and lasting understanding. However, the stu-
dent who focuses on understanding the underlying foundations of the subject and on reinforcing
that by solving numerous problems and thoroughly understanding them will doubtlessly achieve
a double aim: reaping good grades as well as obtaining a sound and long-lasting education.

N. Zettili



Chapter 1

Origins of Quantum Physics

In this chapter we are going to review the main physical ideas and experimental facts that
defied classical physics and led to the birth of quantum mechanics. The introduction of quan-
tum mechanics was prompted by the failure of classical physics in explaining a nhumber of
microphysical phenomena that were observed at the end of the nineteenth and early twentieth
centuries.

1.1 Historical Note

At the end of the nineteenth century, physics consisted essentially of classical mechanics, the
theory of electromagnetism®, and thermodynamics. Classical mechanics was used to predict
the dynamics of material bodies, and Maxwell’s electromagnetism provided the proper frame-
work to study radiation; matter and radiation were described in terms of particles and waves,
respectively. As for the interactions between matter and radiation, they were well explained
by the Lorentz force or by thermodynamics. The overwhelming success of classical physics—
classical mechanics, classical theory of electromagnetism, and thermodynamics—made people
believe that the ultimate description of nature had been achieved. It seemed that all known
physical phenomena could be explained within the framework of the general theories of matter
and radiation.

At the turn of the twentieth century, however, classical physics, which had been quite unas-
sailable, was seriously challenged on two major fronts:

e Relativistic domain: Einstein’s 1905 theory of relativity showed that the validity of
Newtonian mechanics ceases at very high speeds (i.e., at speeds comparable to that of
light).

e Microscopic domain: As soon as new experimental techniques were developed to the
point of probing atomic and subatomic structures, it turned out that classical physics fails
miserably in providing the proper explanation for several newly discovered phenomena.
It thus became evident that the validity of classical physics ceases at the microscopic
level and that new concepts had to be invoked to describe, for instance, the structure of
atoms and molecules and how light interacts with them.

IMaxwell’s theory of electromagnetism had unified the, then ostensibly different, three branches of physics: elec-
tricity, magnetism, and optics.
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The failure of classical physics to explain several microscopic phenomena—such as black-
body radiation, the photoelectric effect, atomic stability, and atomic spectroscopy—had cleared
the way for seeking new ideas outside its purview.

The first real breakthrough came in 1900 when Max Planck introduced the concept of the
quantum of energy. In his efforts to explain the phenomenon of blackbody radiation, he suc-
ceeded in reproducing the experimental results only after postulating that the energy exchange
between radiation and its surroundings takes place in discrete, or quantized, amounts. He ar-
gued that the energy exchange between an electromagnetic wave of frequency v and matter
occurs only in integer multiples of hv, which he called the energy of a quantum, where h is a
fundamental constant called Planck’s constant. The quantization of electromagnetic radiation
turned out to be an idea with far-reaching consequences.

Planck’s idea, which gave an accurate explanation of blackbody radiation, prompted new
thinking and triggered an avalanche of new discoveries that yielded solutions to the most out-
standing problems of the time.

In 1905 Einstein provided a powerful consolidation to Planck’s quantum concept. In trying
to understand the photoelectric effect, Einstein recognized that Planck’s idea of the quantization
of the electromagnetic waves must be valid for light as well. So, following Planck’s approach,
he posited that light itself is made of discrete bits of energy (or tiny particles), called photons,
each of energy hv, v being the frequency of the light. The introduction of the photon concept
enabled Einstein to give an elegantly accurate explanation to the photoelectric problem, which
had been waiting for a solution ever since its first experimental observation by Hertz in 1887.

Another seminal breakthrough was due to Niels Bohr. Right after Rutherford’s experimental
discovery of the atomic nucleus in 1911, and combining Rutherford’s atomic model, Planck’s
quantum concept, and Einstein’s photons, Bohr introduced in 1913 his model of the hydrogen
atom. In this work, he argued that atoms can be found only in discrete states of energy and
that the interaction of atoms with radiation, i.e., the emission or absorption of radiation by
atoms, takes place only in discrete amounts of hv because it results from transitions of the atom
between its various discrete energy states. This work provided a satisfactory explanation to
several outstanding problems such as atomic stability and atomic spectroscopy.

Then in 1923 Compton made an important discovery that gave the most conclusive confir-
mation for the corpuscular aspect of light. By scattering X-rays with electrons, he confirmed
that the X-ray photons behave like particles with momenta hv/c; v is the frequency of the
X-rays.

This series of breakthroughs—due to Planck, Einstein, Bohr, and Compton—gave both
the theoretical foundations as well as the conclusive experimental confirmation for the particle
aspect of waves; that is, the concept that waves exhibit particle behavior at the microscopic
scale. At this scale, classical physics fails not only quantitatively but even qualitatively and
conceptually.

As if things were not bad enough for classical physics, de Broglie introduced in 1923 an-
other powerful new concept that classical physics could not reconcile: he postulated that not
only does radiation exhibit particle-like behavior but, conversely, material particles themselves
display wave-like behavior. This concept was confirmed experimentally in 1927 by Davisson
and Germer; they showed that interference patterns, a property of waves, can be obtained with
material particles such as electrons.

Although Bohr’s model for the atom produced results that agree well with experimental
spectroscopy, it was criticized for lacking the ingredients of a theory. Like the “quantization”
scheme introduced by Planck in 1900, the postulates and assumptions adopted by Bohr in 1913
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were quite arbitrary and do not follow from the first principles of a theory. It was the dissatis-
faction with the arbitrary nature of Planck’s idea and Bohr’s postulates as well as the need to fit
them within the context of a consistent theory that had prompted Heisenberg and Schrédinger
to search for the theoretical foundation underlying these new ideas. By 1925 their efforts paid
off: they skillfully welded the various experimental findings as well as Bohr’s postulates into
a refined theory: quantum mechanics. In addition to providing an accurate reproduction of the
existing experimental data, this theory turned out to possess an astonishingly reliable predic-
tion power which enabled it to explore and unravel many uncharted areas of the microphysical
world. This new theory had put an end to twenty five years (1900-1925) of patchwork which
was dominated by the ideas of Planck and Bohr and which later became known as the old
quantum theory.

Historically, there were two independent formulations of quantum mechanics. The first
formulation, called matrix mechanics, was developed by Heisenberg (1925) to describe atomic
structure starting from the observed spectral lines. Inspired by Planck’s quantization of waves
and by Bohr’s model of the hydrogen atom, Heisenberg founded his theory on the notion that
the only allowed values of energy exchange between microphysical systems are those that are
discrete: quanta. Expressing dynamical quantities such as energy, position, momentum and
angular momentum in terms of matrices, he obtained an eigenvalue problem that describes the
dynamics of microscopic systems; the diagonalization of the Hamiltonian matrix yields the
energy spectrum and the state vectors of the system. Matrix mechanics was very successful in
accounting for the discrete quanta of light emitted and absorbed by atoms.

The second formulation, called wave mechanics, was due to Schrodinger (1926); it is a
generalization of the de Broglie postulate. This method, more intuitive than matrix mechan-
ics, describes the dynamics of microscopic matter by means of a wave equation, called the
Schrodinger equation; instead of the matrix eigenvalue problem of Heisenberg, Schrédinger
obtained a differential equation. The solutions of this equation yield the energy spectrum and
the wave function of the system under consideration. In 1927 Max Born proposed his proba-
bilistic interpretation of wave mechanics: he took the square moduli of the wave functions that
are solutions to the Schrédinger equation and he interpreted them as probability densities.

These two ostensibly different formulations—Schrédinger’s wave formulation and Heisen-
berg’s matrix approach—were shown to be equivalent. Dirac then suggested a more general
formulation of quantum mechanics which deals with abstract objects such as kets (state vec-
tors), bras, and operators. The representation of Dirac’s formalism in a continuous basis—the
position or momentum representations—gives back Schrddinger’s wave mechanics. As for
Heisenberg’s matrix formulation, it can be obtained by representing Dirac’s formalism in a
discrete basis. In this context, the approaches of Schrédinger and Heisenberg represent, re-
spectively, the wave formulation and the matrix formulation of the general theory of quantum
mechanics.

Combining special relativity with quantum mechanics, Dirac derived in 1928 an equation
which describes the motion of electrons. This equation, known as Dirac’s equation, predicted
the existence of an antiparticle, the positron, which has similar properties, but opposite charge,
with the electron; the positron was discovered in 1932, four years after its prediction by quan-
tum mechanics.

In summary, quantum mechanics is the theory that describes the dynamics of matter at the
microscopic scale. Fine! But is it that important to learn? This is no less than an otiose question,
for quantum mechanics is the only valid framework for describing the microphysical world.
It is vital for understanding the physics of solids, lasers, semiconductor and superconductor
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devices, plasmas, etc. In short, quantum mechanics is the founding basis of all modern physics:
solid state, molecular, atomic, nuclear, and particle physics, optics, thermodynamics, statistical
mechanics, and so on. Not only that, it is also considered to be the foundation of chemistry and
biology.

1.2 Particle Aspect of Radiation

According to classical physics, a particle is characterized by an energy E and a momentum
p, whereas a wave is characterized by an amplitude and a wave vector k (|k| = 2z /1) that
specifies the direction of propagation of the wave. Particles and waves exhibit entirely different
behaviors; for instance, the “particle” and “wave” properties are mutually exclusive. We should
note that waves can exchange any (continuous) amount of energy with particles.

In this section we are going to see how these rigid concepts of classical physics led to its
failure in explaining a number of microscopic phenomena such as blackbody radiation, the
photoelectric effect, and the Compton effect. As it turned out, these phenomena could only be
explained by abandoning the rigid concepts of classical physics and introducing a new concept:
the particle aspect of radiation.

1.2.1 Blackbody Radiation

At issue here is how radiation interacts with matter. When heated, a solid object glows and
emits thermal radiation. As the temperature increases, the object becomes red, then yellow,
then white. The thermal radiation emitted by glowing solid objects consists of a continuous
distribution of frequencies ranging from infrared to ultraviolet. The continuous pattern of the
distribution spectrum is in sharp contrast to the radiation emitted by heated gases; the radiation
emitted by gases has a discrete distribution spectrum: a few sharp (narrow), colored lines with
no light (i.e., darkness) in between.

Understanding the continuous character of the radiation emitted by a glowing solid object
constituted one of the major unsolved problems during the second half of the nineteenth century.
All attempts to explain this phenomenon by means of the available theories of classical physics
(statistical thermodynamics and classical electromagnetic theory) ended up in miserable failure.
This problem consisted in essence of specifying the proper theory of thermodynamics that
describes how energy gets exchanged between radiation and matter.

When radiation falls on an object, some of it might be absorbed and some reflected. An
idealized “blackbody” is a material object that absorbs all of the radiation falling on it, and
hence appears as black under reflection when illuminated from outside. When an object is
heated, it radiates electromagnetic energy as a result of the thermal agitation of the electrons
in its surface. The intensity of this radiation depends on its frequency and on the temperature;
the light it emits ranges over the entire spectrum. An object in thermal equilibrium with its
surroundings radiates as much energy as it absorbs. It thus follows that a blackbody is a perfect
absorber as well as a perfect emitter of radiation.

A practical blackbody can be constructed by taking a hollow cavity whose internal walls
perfectly reflect electromagnetic radiation (e.g., metallic walls) and which has a very small
hole on its surface. Radiation that enters through the hole will be trapped inside the cavity and
gets completely absorbed after successive reflections on the inner surfaces of the cavity. The
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Figure 1.1 Spectral energy density u(v, T) of blackbody radiation at different temperatures as
a function of the frequency v.

hole thus absorbs radiation like a black body. On the other hand, when this cavity is heated? to
a temperature T, the radiation that leaves the hole is blackbody radiation, for the hole behaves
as a perfect emitter; as the temperature increases, the hole will eventually begin to glow. To
understand the radiation inside the cavity, one needs simply to analyze the spectral distribution
of the radiation coming out of the hole. In what follows, the term blackbody radiation will
then refer to the radiation leaving the hole of a heated hollow cavity; the radiation emitted by a
blackbody when hot is called blackbody radiation.

By the mid-1800s, a wealth of experimental data about blackbody radiation was obtained
for various objects. All these results show that, at equilibrium, the radiation emitted has a well-
defined, continuous energy distribution: to each frequency there corresponds an energy density
which depends neither on the chemical composition of the object nor on its shape, but only
on the temperature of the cavity’s walls (Figure 1.1). The energy density shows a pronounced
maximum at a given frequency, which increases with temperature; that is, the peak of the radi-
ation spectrum occurs at a frequency that is proportional to the temperature (1.16). This is the
underlying reason behind the change in color of a heated object as its temperature increases, no-
tably from red to yellow to white. It turned out that the explanation of the blackbody spectrum
was not so easy.

A number of attempts aimed at explaining the origin of the continuous character of this
radiation were carried out. The most serious among such attempts, and which made use of
classical physics, were due to Wilhelm Wien in 1889 and Rayleigh in 1900. In 1879 J. Stefan
found experimentally that the total intensity (or the total power per unit surface area) radiated
by a glowing object of temperature T is given by

P=aocT4 (1.1)

which is known as the Stefan—Boltzmann law, where ¢ = 5.67 x 1078 Wm=2K~* is the

2\When the walls are heated uniformly to a temperature T, they emit radiation (due to thermal agitation or vibrations
of the electrons in the metallic walls).



6 CHAPTER 1. ORIGINS OF QUANTUM PHYSICS

u (107° T m™ Hz")
10.0

9.0 I \
Rayleigh-Jeans

so o \

7.0 A I \WienivLaw
6.0 - : i

| 7=2000k \

5.0 ) \

4.0 . Planck’s Law ’\

/ .
3.0 . N

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 v (10" Hz)

Figure 1.2 Comparison of various spectral densities: while the Planck and experimental dis-
tributions match perfectly (solid curve), the Rayleigh-Jeans and the Wien distributions (dotted
curves) agree only partially with the experimental distribution.

Stefan—Boltzmann constant, and a is a coefficient which is less than or equal to 1; in the case
of a blackbody a = 1. Then in 1884 Boltzmann provided a theoretical derivation for Stefan’s
experimental law by combining thermodynamics and Maxwell’s theory of electromagnetism.

Wien’s energy density distribution
Using thermodynamic arguments, Wien took the Stefan—-Boltzmann law (1.1) and in 1894 he
extended it to obtain the energy density per unit frequency of the emitted blackbody radiation:

u@, T) = Avde PV/T, (1.2)

where A and £ are empirically defined parameters (they can be adjusted to fit the experimental
data). Note: u(v, T) has the dimensions of an energy per unit volume per unit frequency; its SI
units are Jm~3 Hz~1. Although Wien’s formula fits the high-frequency data remarkably well,
it fails badly at low frequencies (Figure 1.2).

Rayleigh’s energy density distribution

In his 1900 attempt, Rayleigh focused on understanding the nature of the electromagnetic ra-
diation inside the cavity. He considered the radiation to consist of standing waves having a
temperature T with nodes at the metallic surfaces. These standing waves, he argued, are equiv-
alent to harmonic oscillators, for they result from the harmonic oscillations of a large number
of electrical charges, electrons, that are present in the walls of the cavity. When the cavity is in
thermal equilibrium, the electromagnetic energy density inside the cavity is equal to the energy
density of the charged particles in the walls of the cavity; the average total energy of the radia-
tion leaving the cavity can be obtained by multiplying the average energy of the oscillators by
the number of modes (standing waves) of the radiation in the frequency interval v to v + dv:

2

N@) = (1.3)

c3
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where ¢ = 3 x 108 ms~1 is the speed of light; the quantity (8 v2/c3)dv gives the number of
modes of oscillation per unit volume in the frequency range v to v +dv. So the electromagnetic
energy density in the frequency range v to v + dv is given by

2
0, T) = NO)E) = o

(E), (1.4)

where (E) is the average energy of the oscillators present on the walls of the cavity (or of the
electromagnetic radiation in that frequency interval); the temperature dependence of u(v, T) is
buried in (E).

How does one calculate (E)? According to the equipartition theorem of classical thermo-
dynamics, all oscillators in the cavity have the same mean energy, irrespective of their frequen-

ciess:
Jo Ee~E/KTdE )

where k = 1.3807 x 10~23 JK~1 is the Boltzmann constant. An insertion of (1.5) into (1.4)
leads to the Rayleigh—Jeans formula:

(E)

8rv?

U(V;T)Z c3

KT. (1.6)

Except for low frequencies, this law is in complete disagreement with experimental data: u(v, T)
as given by (1.6) diverges for high values of v, whereas experimentally it must be finite (Fig-
ure 1.2). Moreover, if we integrate (1.6) over all frequencies, the integral diverges. This implies
that the cavity contains an infinite amount of energy. This result is absurd. Historically, this was
called the ultraviolet catastrophe, for (1.6) diverges for high frequencies (i.e., in the ultraviolet
range)—a real catastrophical failure of classical physics indeed! The origin of this failure can
be traced to the derivation of the average energy (1.5). It was founded on an erroneous premise:
the energy exchange between radiation and matter is continuous; any amount of energy can be
exchanged.

Planck’s energy density distribution

By devising an ingenious scheme—interpolation between Wien’s rule and the Rayleigh-Jeans
rule—Planck succeeded in 1900 in avoiding the ultraviolet catastrophe and proposed an ac-
curate description of blackbody radiation. In sharp contrast to Rayleigh’s assumption that a
standing wave can exchange any amount (continuum) of energy with matter, Planck considered
that the energy exchange between radiation and matter must be discrete. He then postulated
that the energy of the radiation (of frequency v) emitted by the oscillating charges (from the
walls of the cavity) must come only in integer multiples of hv:

E = nhv, n=0,12 3, -, 1.7

where h is a universal constant and hv is the energy of a “quantum” of radiation (v represents
the frequency of the oscillating charge in the cavity’s walls as well as the frequency of the
radiation emitted from the walls, because the frequency of the radiation emitted by an oscil-
lating charged particle is equal to the frequency of oscillation of the particle itself). That is,
the energy of an oscillator of natural frequency v (which corresponds to the energy of a charge

3Using a variable change 8 = 1/(kT), we have (E) = —% In (f0°° e_ﬂEdE) = —% In(1/8) =1/8 =kT.
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oscillating with a frequency v) must be an integral multiple of hv; note that hv is not the same
for all oscillators, because it depends on the frequency of each oscillator. Classical mechanics,
however, puts no restrictions whatsoever on the frequency, and hence on the energy, an oscilla-
tor can have. The energy of oscillators, such as pendulums, mass—spring systems, and electric
oscillators, varies continuously in terms of the frequency. Equation (1.7) is known as Planck’s
quantization rule for energy or Planck’s postulate.

So, assuming that the energy of an oscillator is quantized, Planck showed that the cor-
rect thermodynamic relation for the average energy can be obtained by merely replacing the
integration of (1.5)—that corresponds to an energy continuum—aby a discrete summation cor-
responding to the discreteness of the oscillators’ energies®:

_ >0 o nhve /KT hv

(E) >0 ennv/kT — ehv/kT _1°

(1.8)

and hence, by inserting (1.8) into (1.4), the energy density per unit frequency of the radiation
emitted from the hole of a cavity is given by

82 hv

uw. M = —Fmmr —1-

(1.9)

This is known as Planck’s distribution. It gives an exact fit to the various experimental radiation
distributions, as displayed in Figure 1.2. The numerical value of h obtained by fitting (1.9) with
the experimental data is h = 6.626 x 10734 J s. We should note that, as shown in (1.12), we
can rewrite Planck’s energy density (1.9) to obtain the energy density per unit wavelength

8rhc 1

= 75 ehe/kT —1° (1.10)

Let us now look at the behavior of Planck’s distribution (1.9) in the limits of both low and
high frequencies, and then try to establish its connection to the relations of Rayleigh-Jeans,
Stefan-Boltzmann, and Wien. First, in the case of very low frequencies hv <« kT, we can
show that (1.9) reduces to the Rayleigh-Jeans law (1.6), since exp(hv/kT) ~ 1 4 hv/kT.
Moreover, if we integrate Planck’s distribution (1.9) over the whole spectrum (where we use a
change of variable x = hv/kT and make use of a special integral®), we obtain the total energy
density which is expressed in terms of Stefan—Boltzmann’s total power per unit surface area
(1.1) as follows:

o0 8zh [ 3 8rk4T4 [ x3 8% _, 4 _,
/0 uw, T)dv = ?/0 /KT _1dv = g /0 = _1dx = 15h3C3T = EO‘T ,
(1.12)
where o = 27°k*/15h3¢? = 5.67 x 108 Wm~—2 K~ is the Stefan—Boltzmann constant. In
this way, Planck’s relation (1.9) leads to a finite total energy density of the radiation emitted
from a blackbody, and hence avoids the ultraviolet catastrophe. Second, in the limit of high
frequencies, we can easily ascertain that Planck’s distribution (1.9) yields Wien’s rule (1.2).
In summary, the spectrum of the blackbody radiation reveals the quantization of radiation,
notably the particle behavior of electromagnetic waves.

“To derive (1.8) one needs: 1/(1 — x) = >°° / x™ and x /(1 — x)2 = 3°5° o nx" with x = e~"/kT,

. . - 3
5In integrating (1.11), we need to make use of this integral: 0+°° EQ‘_—ldx =I5
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The introduction of the constant h had indeed heralded the end of classical physics and the
dawn of a new era: physics of the microphysical world. Stimulated by the success of Planck’s
quantization of radiation, other physicists, notably Einstein, Compton, de Broglie, and Bohr,
skillfully adapted it to explain a host of other outstanding problems that had been unanswered
for decades.

Example 1.1 (Wien’s displacement law)

(a) Show that the maximum of the Planck energy density (1.9) occurs for a wavelength of
the form Amax = b/ T, where T is the temperature and b is a constant that needs to be estimated.

(b) Use the relation derived in (a) to estimate the surface temperature of a star if the radiation
it emits has a maximum intensity at a wavelength of 446 nm. What is the intensity radiated by
the star?

(c) Estimate the wavelength and the intensity of the radiation emitted by a glowing tungsten
filament whose surface temperature is 3300 K.

Solution
(a) Since v = ¢/A, we have dv = |dv/(d1)|dL = (c/A?)d; we can thus write Planck’s
energy density (1.9) in terms of the wavelength as follows:

_ dv 8z hc 1
a2, Ty =u@,T) = s 1 (1.12)
The maximum of G(4, T) corresponds to ol (4, T)/04 = 0, which yields
8z hc h hc ghe/ZkT
—5(1—e/HT) 4 S =0 113
18 [ ( ¢ ) kT (ehe/akT — 1) 7 (L.13)
and hence u ﬂ
—=5(1—-e"%), (1.14)

A
where o = hc/(kKT). We can solve this transcendental equation either graphically or numeri-
cally by writing a/2 = 5 — ¢. Inserting this value into (1.14), we obtain 5 — ¢ = 5 — 55+,
which leads to a suggestive approximate solution ¢ ~ 5e~ = 0.0337 and hence a/1 =
5 — 0.0337 = 4.9663. Since a = hc/(kT) and using the values h = 6.626 x 10734 J s and
k = 1.3807 x 10~23 JK~1, we can write the wavelength that corresponds to the maximum of
the Planck energy density (1.9) as follows:

hc 1 28989 x108%m K
j-max = = = .
4.9663k T T

(1.15)

This relation, which shows that Amax decreases with increasing temperature of the body, is
called Wien’s displacement law. It can be used to determine the wavelength corresponding to
the maximum intensity if the temperature of the body is known or, conversely, to determine the
temperature of the radiating body if the wavelength of greatest intensity is known. This law
can be used, in particular, to estimate the temperature of stars (or of glowing objects) from their
radiation, as shown in part (b). From (1.15) we obtain

c 49663
= ——KT. 1.16
j-max h ( )

Vmax =
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This relation shows that the peak of the radiation spectrum occurs at a frequency that is propor-
tional to the temperature.

(b) If the radiation emitted by the star has a maximum intensity at a wavelength of Amax =
446 nm, its surface temperature is given by

2898.9 x107°m K

~ 6500 K. 1.17
446 x 10~9m (L.17)

Using Stefan—-Boltzmann’s law (1.1), and assuming the star to radiate like a blackbody, we can
estimate the total power per unit surface area emitted at the surface of the star:

P=0T*=567x108Wm 2K x (6500 K)* ~ 101.2 x 105 Wm™2. (1.18)

This is an enormous intensity which will decrease as it spreads over space.
(c) The wavelength of greatest intensity of the radiation emitted by a glowing tungsten
filament of temperature 3300 K is

2898.9 x 107 m K
Jmax = ~ 878.45 nm. 1.19
max 3300 K (1.19)

The intensity (or total power per unit surface area) radiated by the filament is given by

P=0T*=567x108Wm2K™* x (3300 K)* ~ 6.7 x 105 Wm=2, (1.20)

1.2.2 Photoelectric Effect

The photoelectric effect provides a direct confirmation for the energy quantization of light. In
1887 Hertz discovered the photoelectric effect: electrons® were observed to be ejected from
metals when irradiated with light (Figure 1.3a). Moreover, the following experimental laws
were discovered prior to 1905:

o If the frequency of the incident radiation is smaller than the metal’s threshold frequency—
a frequency that depends on the properties of the metal—no electron can be emitted
regardless of the radiation’s intensity (Philip Lenard, 1902).

o No matter how low the intensity of the incident radiation, electrons will be ejected in-
stantly the moment the frequency of the radiation exceeds the threshold frequency vo.

e At any frequency above vg, the number of electrons ejected increases with the intensity
of the light but does not depend on the light’s frequency.

e The kinetic energy of the ejected electrons depends on the frequency but not on the in-
tensity of the beam; the kinetic energy of the ejected electron increases linearly with the
incident frequency.

61n 1899 J. J. Thomson confirmed that the particles giving rise to the photoelectric effect (i.e., the particles ejected
from the metals) are electrons.
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K

Incident light t
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AN with kinetic energy
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Figure 1.3 (a) Photoelectric effect: when a metal is irradiated with light, electrons may get
emitted. (b) Kinetic energy K of the electron leaving the metal when irradiated with a light of
frequency v; when v < vg no electron is ejected from the metal regardless of the intensity of
the radiation.

These experimental findings cannot be explained within the context of a purely classical
picture of radiation, notably the dependence of the effect on the threshold frequency. According
to classical physics, any (continuous) amount of energy can be exchanged with matter. That is,
since the intensity of an electromagnetic wave is proportional to the square of its amplitude, any
frequency with sufficient intensity can supply the necessary energy to free the electron from the
metal.

But what would happen when using a weak light source? According to classical physics,
an electron would keep on absorbing energy—at a continuous rate—until it gained a sufficient
amount; then it would leave the metal. If this argument is to hold, then when using very weak
radiation, the photoelectric effect would not take place for a long time, possibly hours, until an
electron gradually accumulated the necessary amount of energy. This conclusion, however, dis-
agrees utterly with experimental observation. Experiments were conducted with a light source
that was so weak it would have taken several hours for an electron to accumulate the energy
needed for its ejection, and yet some electrons were observed to leave the metal instantly. Fur-
ther experiments showed that an increase in intensity (brightness) alone can in no way dislodge
electrons from the metal. But by increasing the frequency of the incident radiation beyond a cer-
tain threshold, even at very weak intensity, the emission of electrons starts immediately. These
experimental facts indicate that the concept of gradual accumulation, or continuous absorption,
of energy by the electron, as predicated by classical physics, is indeed erroneous.

Inspired by Planck’s quantization of electromagnetic radiation, Einstein succeeded in 1905
in giving a theoretical explanation for the dependence of photoelectric emission on the fre-
quency of the incident radiation. He assumed that light is made of corpuscles each carrying an
energy hv, called photons. When a beam of light of frequency v is incident on a metal, each
photon transmits all its energy hv to an electron near the surface; in the process, the photon is
entirely absorbed by the electron. The electron will thus absorb energy only in quanta of energy
hv, irrespective of the intensity of the incident radiation. If hv is larger than the metal’s work
function W—the energy required to dislodge the electron from the metal (every metal has free
electrons that move from one atom to another; the minimum energy required to free the electron
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from the metal is called the work function of that metal)—the electron will then be knocked out
of the metal. Hence no electron can be emitted from the metal’s surface unless hv > W

wan

where K represents the kinetic energy of the electron leaving the material.

Equation (1.21), which was derived by Einstein, gives the proper explanation to the exper-
imental observation that the kinetic energy of the ejected electron increases linearly with the
incident frequency v, as shown in Figure 1.3b:

K=hv—-W =hQ@ —vp), (1.22)

where vg = W/h is called the threshold or cutoff frequency of the metal. Moreover, this
relation shows clearly why no electron can be ejected from the metal unless v > vg: since the
kinetic energy cannot be negative, the photoelectric effect cannot occur when v < vg regardless
of the intensity of the radiation. The ejected electrons acquire their kinetic energy from the
excess energy h(v — vg) supplied by the incident radiation.

The kinetic energy of the emitted electrons can be experimentally determined as follows.
The setup, which was devised by Lenard, consists of the photoelectric metal (cathode) that is
placed next to an anode inside an evacuated glass tube. When light strikes the cathode’s surface,
the electrons ejected will be attracted to the anode, thereby generating a photoelectric current.
It was found that the magnitude of the photoelectric current thus generated is proportional to
the intensity of the incident radiation, yet the speed of the electrons does not depend on the
radiation’s intensity, but on its frequency. To measure the kinetic energy of the electrons, we
simply need to use a varying voltage source and reverse the terminals. When the potential V
across the tube is reversed, the liberated electrons will be prevented from reaching the anode;
only those electrons with kinetic energy larger than e|V | will make it to the negative plate and
contribute to the current. We vary V until it reaches a value Vs, called the stopping potential,
at which all of the electrons, even the most energetic ones, will be turned back before reaching
the collector; hence the flow of photoelectric current ceases completely. The stopping potential
Vs is connected to the electrons’ kinetic energy by e|Vs| = %meu2 = K (in what follows, Vs
will implicitly denote |Vs|). Thus, the relation (1.22) becomes eVs = hv — W or

h W he W
veoh,_W _he_w 123
ST T e Tel e (1.23)

The shape of the plot of Vs against frequency is a straight line, much like Figure 1.3b with
the slope now given by h/e. This shows that the stopping potential depends linearly on the
frequency of the incident radiation.

It was Millikan who, in 1916, gave a systematic experimental confirmation to Einstein’s
photoelectric theory. He produced an extensive collection of photoelectric data using various
metals. He verified that Einstein’s relation (1.23) reproduced his data exactly. In addition,
Millikan found that his empirical value for h, which he obtained by measuring the slope h/e of
(1.23) (Figure 1.3b), is equal to Planck’s constant to within a 0.5% experimental error.

In summary, the photoelectric effect does provide compelling evidence for the corpuscular
nature of the electromagnetic radiation.
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Example 1.2 (Estimation of the Planck constant)
When two ultraviolet beams of wavelengths 41 = 80 nmand /1, = 110 nm fall on a lead surface,
they produce photoelectrons with maximum energies 11.390 eV and 7.154 eV, respectively.
(a) Estimate the numerical value of the Planck constant.
(b) Calculate the work function, the cutoff frequency, and the cutoff wavelength of lead.

Solution

(a) From (1.22) we can write the kinetic energies of the emitted electrons as K; = hc/11 —
W and K, = hc/4, — W the difference between these two expressions is given by K; — Ky =
hc(22 — 21)/(A142) and hence

_ Ki—=Ky 1122

h .
C Ao — M1

(1.24)

Since 1 eV = 1.6 x 10719 J, the numerical value of h follows at once:

11.390 — 7.154) x 1.6 x 10~1° 10~9 m)(110 x 10~°
h=( 390 54) x 1.6 x 1071°J (80 x 10~° m)(110 x 10 m):6.627x10—34Js.

3 x 108 ms-1 “ 110 x 10°m — 80 x 10-° m
(1.25)
This is a very accurate result indeed.
(b) The work function of the metal can be obtained from either one of the two data
hc 6.627 x 10734 J s x 3 x 108 ms~!
W=——-K; = —11.390 x 1.6 x 107197
P 80 x 109 m X Lo
= 6.627x 1070 J=4.14eV. (1.26)

The cutoff frequency and wavelength of lead are

W 6.627 x 10719 10%5 Hy & _8x 108 m/s
= ) 0= =

— = L _2X M a0 nm. (1.27
h 6627 x10%Js b0 105 Hz nm. (1.27)

Vo =

1.2.3 Compton Effect

In his 1923 experiment, Compton provided the most conclusive confirmation of the particle
aspect of radiation. By scattering X-rays off free electrons, he found that the wavelength of the
scattered radiation is larger than the wavelength of the incident radiation. This can be explained
only by assuming that the X-ray photons behave like particles.

At issue here is to study how X-rays scatter off free electrons. According to classical
physics, the incident and scattered radiation should have the same wavelength. This can be
viewed as follows. Classically, since the energy of the X-ray radiation is too high to be ab-
sorbed by a free electron, the incident X-ray would then provide an oscillatory electric field
which sets the electron into oscillatory motion, hence making it radiate light with the same
wavelength but with an intensity | that depends on the intensity of the incident radiation Ig
(i.e,, I o lp). Neither of these two predictions of classical physics is compatible with ex-
periment. The experimental findings of Compton reveal that the wavelength of the scattered
X-radiation increases by an amount A 4, called the wavelength shift, and that A1 depends not
on the intensity of the incident radiation, but only on the scattering angle.
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Figure 1.4 Compton scattering of a photon (of energy hv and momentum p) off a free, sta-
tionary electron. After collision, the photon is scattered at angle  with energy hv’.

Compton succeeded in explaining his experimental results only after treating the incident
radiation as a stream of particles—photons—colliding elastically with individual electrons. In
this scattering process, which can be illustrated by the elastic scattering of a photon from a free’
electron (Figure 1.4), the laws of elastic collisions can be invoked, notably the conservation of
energy and momentum.

Consider that the incident photon, of energy E = hv and momentum p = hv/c, collides
with an electron that is initially at rest. If the photon scatters with a momentum p’ at an angle®
& while the electron recoils with a momentum Pe, the conservation of linear momentum yields

P=Pe+p, (1.28)

which leads to

h2
P2=(p—p")2=p?+ p'’? — 2pp’cos O = 2 (v2 +v% — 20 cos 9) . (1.29)

Let us now turn to the energy conservation. The energies of the electron before and after
the collision are given, respectively, by

Eo = mec?, (1.30)

= ,/P2c2 + m2ct = h\/v2 42— 200/ c0s 6 + h2 ; (1.31)

in deriving this relation, we have used (1.29). Since the energies of the incident and scattered
photons are given by E = hv and E’ = hv’, respectively, conservation of energy dictates that

E+Eg=E +E, (1.32)

"When a metal is irradiated with high energy radiation, and at sufficiently high frequencies—as in the case of X-
rays—so that hv is much larger than the binding energies of the electrons in the metal, these electrons can be considered
as free.

8Here 6 is the angle between B and p’, the photons’ momenta before and after collision.
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or
m2c4
hv + mec? = hv' 4+ h,[v2 + v'2 — 2vv’ cos 0 + %, (1.33)
which in turn leads to
Mec? ) m2c*
v—\/—}—T: v2 41/ — 2vv’ cos 6 + ;2 . (1.34)
Squaring both sides of (1.34) and simplifying, we end up with
1 1 h 2h 0
- _Z_ 1 — cos 0) = in2{=Z). 1.35
VY mec2( cos 9) MeC? sin (2) (1:35)
Hence the wavelength shift is given by
M= —h= (1 —cos ) = 2ic sin 2 4 (1.36)
o  meC - e 2)’ '

where Ac = h/(meC) = 2.426 x 10~12 m is called the Compton wavelength of the electron.
This relation, which connects the initial and final wavelengths to the scattering angle, confirms
Compton’s experimental observation: the wavelength shift of the X-rays depends only on the
angle at which they are scattered and not on the frequency (or wavelength) of the incident
photons.

In summary, the Compton effect confirms that photons behave like particles: they collide
with electrons like material particles.

Example 1.3 (Compton effect)
High energy photons (y -rays) are scattered from electrons initially at rest. Assume the photons
are bzackscatterred and their energies are much larger than the electron’s rest-mass energy, E >
MmeC*.

(a) Calculate the wavelength shift.

(b) Show that the energy of the scattered photons is half the rest mass energy of the electron,
regardless of the energy of the incident photons.

(c) Calculate the electron’s recoil kinetic energy if the energy of the incident photons is
150 MeV.

Solution
(@) In the case where the photons backscatter (i.e., & = =), the wavelength shift (1.36)
becomes

Ad =) —2=2icsin 2 (%) — 2)c = 4.86 x 1072 m, (1.37)

since Ac = h/(meC) = 2.426 x 10712 m.
(b) Since the energy of the scattered photons E’ is related to the wavelength A’ by E’ =
hc/A’, equation (1.37) yields

_he hc B mec? o mec?
T X T 242h/(mec)  mec2A/(hc) +2  meC2/E +2°

/

(1.38)
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Figure 1.5 Pair production: a highly energetic photon, interacting with a nucleus, disappears
and produces an electron and a positron.

where E = hc// is the energy of the incident photons. If E > mec? we can approximate
(1.38) by

E = e ~ — 0.25 MeV. 1
: 5e 0.25 Me (1.39)

-1
mec2 Mec?] ™" _ mec?  (Mec?)?  mec?
2 4E 2

(c) If E = 150 MeV, the kinetic energy of the recoiling electrons can be obtained from
conservation of energy

Ke = E — E’ =~ 150 MeV — 0.25 MeV = 149.75 MeV. (1.40)

1.2.4 Pair Production

We deal here with another physical process which confirms that radiation (the photon) has
corpuscular properties.

The theory of quantum mechanics that Schrédinger and Heisenberg proposed works only
for nonrelativistic phenomena. This theory, which is called nonrelativistic quantum mechanics,
was immensely successful in explaining a wide range of such phenomena. Combining the the-
ory of special relativity with quantum mechanics, Dirac succeeded (1928) in extending quantum
mechanics to the realm of relativistic phenomena. The new theory, called relativistic quantum
mechanics, predicted the existence of a new particle, the positron. This particle, defined as the
antiparticle of the electron, was predicted to have the same mass as the electron and an equal
but opposite (positive) charge.

Four years after its prediction by Dirac’s relativistic quantum mechanics, the positron was
discovered by Anderson in 1932 while studying the trails left by cosmic rays in a cloud chamber.
When high-frequency electromagnetic radiation passes through a foil, individual photons of
this radiation disappear by producing a pair of particles consisting of an electron, e~, and a
positron, eT: photon— e~ 4 e™. This process is called pair production; Anderson obtained
such a process by exposing a lead foil to cosmic rays from outer space which contained highly
energetic X-rays. It is useless to attempt to explain the pair production phenomenon by means
of classical physics, because even nonrelativistic quantum mechanics fails utterly to account
for it.

Due to charge, momentum, and energy conservation, pair production cannot occur in empty
space. For the process photon— e~ + e™ to occur, the photon must interact with an external
field such as the Coulomb field of an atomic nucleus to absorb some of its momentum. In the
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reaction depicted in Figure 1.5, an electron—positron pair is produced when the photon comes
near (interacts with) a nucleus at rest; energy conservation dictates that

ho = Ee¢- +Ee+t +En= (meC2 + ke—) + (me02 + ke*) +Kn
~ 2mec? + ke- + ke, (1.41)

where he is the energy of the incident photon, 2mec? is the sum of the rest masses of the
electron and positron, and k.- and ke+ are the kinetic energies of the electron and positron,
respectively. As for Ex = Ky, it represents the recoil energy of the nucleus which is purely
kinetic. Since the nucleus is very massive compared to the electron and the positron, Ky can
be neglected to a good approximation. Note that the photon cannot produce an electron or a
positron alone, for electric charge would not be conserved. Also, a massive object, such as the
nucleus, must participate in the process to take away some of the photon’s momentum.

The inverse of pair production, called pair annihilation, also occurs. For instance, when
an electron and a positron collide, they annihilate each other and give rise to electromagnetic
radiation®: e~ + et — photon. This process explains why positrons do not last long in nature.
When a positron is generated in a pair production process, its passage through matter will make
it lose some of its energy and it eventually gets annihilated after colliding with an electron.
The collision of a positron with an electron produces a hydrogen-like atom, called positronium,
with a mean lifetime of about 10~10 s; positronium is like the hydrogen atom where the proton
is replaced by the positron. Note that, unlike pair production, energy and momentum can
simultaneously be conserved in pair annihilation processes without any additional (external)
field or mass such as the nucleus.

The pair production process is a direct consequence of the mass—energy equation of Einstein
E = mc?, which states that pure energy can be converted into mass and vice versa. Conversely,
pair annihilation occurs as a result of mass being converted into pure energy. All subatomic
particles also have antiparticles (e.g., antiproton). Even neutral particles have antiparticles;
for instance, the antineutron is the neutron’s antiparticle. Although this text deals only with
nonrelativistic quantum mechanics, we have included pair production and pair annihilation,
which are relativistic processes, merely to illustrate how radiation interacts with matter, and
also to underscore the fact that the quantum theory of Schrédinger and Heisenberg is limited to
nonrelativistic phenomena only.

Example 1.4 (Minimum energy for pair production)
Calculate the minimum energy of a photon so that it converts into an electron—positron pair.
Find the photon’s frequency and wavelength.

Solution

The minimum energy Epin of a photon required to produce an electron—positron pair must be
equal to the sum of rest mass energies of the electron and positron; this corresponds to the case
where the kinetic energies of the electron and positron are zero. Equation (1.41) yields

Emin = 2mec? = 2 x 0.511 MeV = 1.02 MeV. (1.42)

SWhen an electron—positron pair annihilate, they produce at least two photons each having an energy MeC2 =
0.511 MeV.
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If the photon’s energy is smaller than 1.02 MeV, no pair will be produced. The photon’s
frequency and wavelength can be obtained at once from Epin = hv = 2mec? and A = ¢/v:

_2mee? 2% 9.1 x 1073 kg x (3 x 108ms1)?

- = 2.47 x 109 Hz 1.43
L 663 x10-%J s % ’ (1.43)

c 3 x 108ms!

ST 2 _12x10%m. 1.44
v T 2.47 x 1090 Hz % (1.44)

A=

1.3 Wave Aspect of Particles
1.3.1 de Broglie’s Hypothesis: Matter Waves

As discussed above—in the photoelectric effect, the Compton effect, and the pair production
effect—radiation exhibits particle-like characteristics in addition to its wave nature. In 1923 de
Broglie took things even further by suggesting that this wave—particle duality is not restricted to
radiation, but must be universal: all material particles should also display a dual wave—particle
behavior. That is, the wave—particle duality present in light must also occur in matter.

So, starting from the momentum of a photon p = hv/c = h/A, we can generalize this
relation to any material particle’® with nonzero rest mass: each material particle of momentum
p behaves as a group of waves (matter waves) whose wavelength 1 and wave vector k are
governed by the speed and mass of the particle

o
p

=1
I
oo

: (1.45)

where h = h/2z. The expression (1.45), known as the de Broglie relation, connects the mo-
mentum of a particle with the wavelength and wave vector of the wave corresponding to this
particle.

1.3.2 Experimental Confirmation of de Broglie’s Hypothesis

de Broglie’s idea was confirmed experimentally in 1927 by Davisson and Germer, and later by
Thomson, who obtained interference patterns with electrons.

1.3.2.1 Davisson—-Germer Experiment

In their experiment, Davisson and Germer scattered a 54 eV monoenergetic beam of electrons
from a nickel (Ni) crystal. The electron source and detector were symmetrically located with
respect to the crystal’s normal, as indicated in Figure 1.6; this is similar to the Bragg setup
for X-ray diffraction by a grating. What Davisson and Germer found was that, although the
electrons are scattered in all directions from the crystal, the intensity was a minimum at § = 35°

1011 classical physics a particle is characterized by its energy E and its momentum p, whereas a wave is characterized
by its wavelength 2 and its wave vector k = (27 /4)fi, where fi is a unit vector that specifies the direction of propagation
of the wave.
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Figure 1.6 Davisson—Germer experiment: electrons strike the crystal’s surface at an angle ¢;
the detector, symmetrically located from the electron source, measures the number of electrons
scattered at an angle 6, where 0 is the angle between the incident and scattered electron beams.

and a maximum at & = 50°; that is, the bulk of the electrons scatter only in well-specified
directions. They showed that the pattern persisted even when the intensity of the beam was so
low that the incident electrons were sent one at a time. This can only result from a constructive
interference of the scattered electrons. So, instead of the diffuse distribution pattern that results
from material particles, the reflected electrons formed diffraction patterns that were identical
with Bragg’s X-ray diffraction by a grating. In fact, the intensity maximum of the scattered
electrons in the Davisson—-Germer experiment corresponds to the first maximum (n = 1) of
the Bragg formula,

ni =2dsin ¢, (1.46)

where d is the spacing between the Bragg planes, ¢ is the angle between the incident ray and the
crystal’s reflecting planes, @ is the angle between the incident and scattered beams (d is given
in terms of the separation D between successive atomic layers in the crystal by d = D sin9).

For an Ni crystal, we have d = 0.091 nm, since D = 0.215 nm. Since only one maximum
is seen at § = 50° for a mono-energetic beam of electrons of kinetic energy 54 eV, and since
2¢ + 6 = = and hence sin ¢ = cos(6/2) (Figure 1.6), we can obtain from (1.46) the
wavelength associated with the scattered electrons:

2d . 2d 1 2 x 0.091
A= - sin ¢ = - Ccos 59 = anm cos 25° = 0.165 nm. (1.47)

Now, let us look for the numerical value of A that results from de Broglie’s relation. Since the
kinetic energy of the electrons is K = 54 eV, and since the momentum is p = /2m¢K with
mec? = 0.511 MeV (the rest mass energy of the electron) and hc ~ 197.33 eV nm, we can
show that the de Broglie wavelength is

h h _ 2zmhc
P 2meK | /2mec2K
which is in excellent agreement with the experimental value (1.47).

We have seen that the scattered electrons in the Davisson—Germer experiment produced
interference fringes that were identical to those of Bragg’s X-ray diffraction. Since the Bragg

formula provided an accurate prediction of the electrons’ interference fringes, the motion of an
electron of momentum p must be described by means of a plane wave

A= = 0.167 nm, (1.48)

w(F, 1) = Al 6700 = el (PT-ED/N, (1.49)
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Figure 1.7 Thomson experiment: diffraction of electrons through a thin film of polycrystalline
material yields fringes that usually result from light diffraction.

where A is a constant, k is the wave vector of the plane wave, and w is its angular frequency;
the wave’s parameters, k and o, are related to the electron’s momentum p and energy E by
means of de Broglie’s relations: k = p/h, w = E/h.

We should note that, inspired by de Broglie’s hypothesis, Schrédinger constructed the the-
ory of wave mechanics which deals with the dynamics of microscopic particles. He described
the motion of particles by means of a wave function v (r, t) which corresponds to the de Broglie
wave of the particle. We will deal with the physical interpretation of  (f, t) in the following
section.

1.3.2.2 Thomson Experiment

In the Thomson experiment (Figure 1.7), electrons were diffracted through a polycrystalline
thin film. Diffraction fringes were also observed. This result confirmed again the wave behavior
of electrons.

The Davisson—Germer experiment has inspired others to obtain diffraction patterns with a
large variety of particles. Interference patterns were obtained with bigger and bigger particles
such as neutrons, protons, helium atoms, and hydrogen molecules. de Broglie wave interference
of carbon 60 (C60) molecules were recently! observed by diffraction at a material absorption
grating; these observations supported the view that each C60 molecule interferes only with
itself (a C60 molecule is nearly a classical object).

1.3.3 Matter Waves for Macroscopic Objects

We have seen that microscopic particles, such as electrons, display wave behavior. What about
macroscopic objects? Do they also display wave features? They surely do. Although macro-

I Markus Arndt, et al., "Wave—Particle Duality of C60 Molecules”, Nature, V401, n6754, 680 (Oct. 14, 1999).
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scopic material particles display wave properties, the corresponding wavelengths are too small
to detect; being very massivel2, macroscopic objects have extremely small wavelengths. At the
microscopic level, however, the waves associated with material particles are of the same size
or exceed the size of the system. Microscopic particles therefore exhibit clearly discernible
wave-like aspects.

The general rule is: whenever the de Broglie wavelength of an object is in the range of, or
exceeds, its size, the wave nature of the object is detectable and hence cannot be neglected. But
if its de Broglie wavelength is much too small compared to its size, the wave behavior of this
object is undetectable. For a quantitative illustration of this general rule, let us calculate in the
following example the wavelengths corresponding to two particles, one microscopic and the
other macroscopic.

Example 1.5 (Matter waves for microscopic and macroscopic systems)
Calculate the de Broglie wavelength for

(a) a proton of kinetic energy 70 MeV Kkinetic energy and

(b) a 100 g bullet moving at 900 ms—1.

Solution

(a) Since the kinetic energy of the protonis T = p2/(2m p), itsmomentumis p = /2T myp.
The de Broglie wavelengthis A, = h/p = h/,/2Tmp. To calculate this quantity numerically,
it is more efficient to introduce the well-known quantity hc =~ 197 MeV fm and the rest mass
of the proton m ,c? = 938.3 MeV, where c is the speed of light:

E . hc _> 197 MeV fm

/4
pc [2Tm pc2 V2 x 938.3 x 70 MeV?

(b) As for the bullet, its de Broglie wavelength is 1, = h/p = h/(mv) and since h =
6.626 x 10734 J s, we have

dp =21 =34x10"®m. (1.50)

h 6.626 x 10734 J s
dp=—= =74x107%m. 151
= o T 0.1kg x 900 ms—1 % (151)

The ratio of the two wavelengths is Ap/Ap =~ 2.2 x 10~2L. Clearly, the wave aspect of this
bullet lies beyond human observational abilities. As for the wave aspect of the proton, it cannot
be neglected; its de Broglie wavelength of 3.4 x 10~1> m has the same order of magnitude as
the size of a typical atomic nucleus.

We may conclude that, whereas the wavelengths associated with microscopic systems are
finite and display easily detectable wave-like patterns, the wavelengths associated with macro-
scopic systems are infinitesimally small and display no discernible wave-like behavior. So,
when the wavelength approaches zero, the wave-like properties of the system disappear. In
such cases of infinitesimally small wavelengths, geometrical optics should be used to describe
the motion of the object, for the wave associated with it behaves as a ray.

12Very massive compared to microscopic éJarticIes. For instance, the ratio between the mass of an electron and a
100 g bullet is infinitesimal: me/mp =~ 10=2°,
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Figure 1.8 The double-slit experiment with particles: S is a source of bullets; 11 and I, are
the intensities recorded on the screen, respectively, when only S; is open and then when only
S is open. When both slits are open, the total intensity is | = 11 + I>.

1.4 Particles versus Waves

In this section we are going to study the properties of particles and waves within the contexts of
classical and quantum physics. The experimental setup to study these aspects is the double-slit
experiment, which consists of a source S (S can be a source of material particles or of waves),
a wall with two slits S; and Sy, and a back screen equipped with counters that record whatever
arrives at it from the slits.

1.4.1 Classical View of Particles and Waves

In classical physics, particles and waves are mutually exclusive; they exhibit completely differ-
ent behaviors. While the full description of a particle requires only one parameter, the position
vector r(t), the complete description of a wave requires two, the amplitude and the phase. For
instance, three-dimensional plane waves can be described by wave functions w (f, t):

w(F,t) = Ae KT=0) — Agi®, (1.52)

where A is the amplitude of the wave and ¢ is its phase (|2 is the wave vector and w is the
angular frequency). We may recall the physical meaning of : the intensity of the wave is
given by | = |y|?.

(a) S is a source of streams of bullets

Consider three different experiments as displayed in Figure 1.8, in which a source S fires a
stream of bullets; the bullets are assumed to be indestructible and hence arrive on the screen
in identical lumps. In the first experiment, only slit S; is open; let 11(y) be the corresponding
intensity collected on the screen (the number of bullets arriving per second at a given point y).
In the second experiment, let 12(y) be the intensity collected on the screen when only Sy is
open. In the third experiments, if S; and S, are both open, the total intensity collected on the
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Only slit 1 is open Only slit 2 is open Both slits are open

Figure 1.9 The double-slit experiment: S is a source of waves, 11 and I, are the intensities
recorded on the screen when only S; is open, and then when only S; is open, respectively. When
both slits are open, the total intensity is no longer equal to the sum of 11 and I; an oscillating
term has to be added.

screen behind the two slits must be equal to the sum of 11 and I5:

F(y) = 11(y) + l2(y). (1.53)

(b) S is a source of waves

Now, as depicted in Figure 1.9, S is a source of waves (e.g., light or water waves). Let I; be
the intensity collected on the screen when only S; is open and I, be the intensity when only S;
is open. Recall that a wave is represented by a complex function y, and its intensity is propor-
tional to its amplitude (e.g., height of water or electric field) squared: 11 = |y1]2, 12 = |w2|.
When both slits are open, the total intensity collected on the screen displays an interference
pattern; hence it cannot be equal to the sum of I and I,. The amplitudes, not the intensities,
must add: the total amplitude y is the sum of w4 and y»; hence the total intensity is given by

L=ly1+wal® = |yl +lval® + (wive + w3yr) = li+ 2+ 2Re(yi v)
= Ii+1lb+2Il1lacos o, (1.54)

where ¢ is the phase difference between w1 and w2, and 2./11 17 cos ¢ is an oscillating term,
which is responsible for the interference pattern (Figure 1.9). So the resulting intensity distrib-
ution cannot be predicted from 17 or from I, alone, for it depends on the phase J, which cannot
be measured when only one slit is open (6 can be calculated from the slits separation or from
the observed intensities 11, I and I).

Conclusion: Classically, waves exhibit interference patterns, particles do not. When two non-
interacting streams of particles combine in the same region of space, their intensities add; when
waves combine, their amplitudes add but their intensities do not.

1.4.2 Quantum View of Particles and Waves

Let us now discuss the double-slit experiment with quantum material particles such as electrons.
Figure 1.10 shows three different experiments where the source S shoots a stream of electrons,
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Figure 1.10 The double-slit experiment: S is a source of electrons, 11 and I, are the intensities
recorded on the screen when only S; is open, and then when only S, is open, respectively. When
both slits are open, the total intensity is equal to the sum of 11, 12 and an oscillating term.

first with only S; open, then with only S, open, and finally with both slits open. In the first two
cases, the distributions of the electrons on the screen are smooth; the sum of these distributions
is also smooth, a bell-shaped curve like the one obtained for classical particles (Figure 1.8).

But when both slits are open, we see a rapid variation in the distribution, an interference
pattern. So in spite of their discreteness, the electrons seem to interfere with themselves; this
means that each electron seems to have gone through both slits at once! One might ask, if
an electron cannot be split, how can it appear to go through both slits at once? Note that
this interference pattern has nothing to do with the intensity of the electron beam. In fact,
experiments were carried out with beams so weak that the electrons were sent one at a time
(i.e., each electron was sent only after the previous electron has reached the screen). In this
case, if both slits were open and if we wait long enough so that sufficient impacts are collected
on the screen, the interference pattern appears again.

The crucial question now is to find out the slit through which the electron went. To answer
this query, an experiment can be performed to watch the electrons as they leave the slits. It
consists of placing a strong light source behind the wall containing the slits, as shown in Fig-
ure 1.11. We place Geiger counters all over the screen so that whenever an electron reaches the
screen we hear a click on the counter.

Since electric charges scatter light, whenever an electron passes through either of the slits,
on its way to the counter, it will scatter light to our eyes. So, whenever we hear a click on
the counter, we see a flash near either S; or S; but never near both at once. After recording
the various counts with both slits open, we find out that the distribution is similar to that of
classical bullets in Figure 1.8: the interference pattern has disappeared! But if we turn off the
light source, the interference pattern appears again.

From this experiment we conclude that the mere act of looking at the electrons immensely
affects their distribution on the screen. Clearly, electrons are very delicate: their motion gets
modified when one watches them. This is the very quantum mechanical principle which states
that measurements interfere with the states of microscopic objects. One might think of turning
down the brightness (intensity) of the light source so that it is weak enough not to disturb the
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Figure 1.11 The double-slit experiment: S is a source of electrons. A light source is placed
behind the wall containing S; and Sp. When both slits are open, the interference pattern is
destroyed and the total intensity is | = 17 + 5.

electrons. We find that the light scattered from the electrons, as they pass by, does not get
weaker; the same sized flash is seen, but only every once in a while. This means that, at low
brightness levels, we miss some electrons: we hear the click from the counter but see no flash
at all. At still lower brightness levels, we miss most of the electrons. We conclude, in this case,
that some electrons went through the slits without being seen, because there were no photons
around at the right moment to catch them. This process is important because it confirms that
light has particle properties: light also arrives in lumps (photons) at the screen.

Two distribution profiles are compiled from this dim light source experiment, one corre-
sponding to the electrons that were seen and the other to the electrons that were not seen (but
heard on the counter). The first distribution contains no interference (i.e., it is similar to classi-
cal bullets); but the second distribution displays an interference pattern. This results from the
fact that when the electrons are not seen, they display interference. When we do not see the
electron, no photon has disturbed it but when we see it, a photon has disturbed it.

For the electrons that display interference, it is impossible to identify the slit that each
electron had gone through. This experimental finding introduces a new fundamental concept:
the microphysical world is indeterministic. Unlike classical physics, where we can follow
accurately the particles along their trajectories, we cannot follow a microscopic particle along
its motion nor can we determine its path. It is technically impossible to perform such detailed
tracing of the particle’s motion. Such results inspired Heisenberg to postulate the uncertainty
principle, which states that it is impossible to design an apparatus which allows us to determine
the slit that the electron went through without disturbing the electron enough to destroy the
interference pattern (we shall return to this principle later).

The interference pattern obtained from the double-slit experiment indicates that electrons
display both particle and wave properties. When electrons are observed or detected one by one,
they behave like particles, but when they are detected after many measurements (distribution
of the detected electrons), they behave like waves of wavelength . = h/p and display an
interference pattern.




26 CHAPTER 1. ORIGINS OF QUANTUM PHYSICS

1.4.3 Wave-Particle Duality: Complementarity

The various experimental findings discussed so far—blackbody radiation, photoelectric and
Compton effect, pair production, Davisson—-Germer, Thomson, and the double-slit experiments—
reveal that photons, electrons, and any other microscopic particles behave unlike classical par-
ticles and unlike classical waves. These findings indicate that, at the microscopic scale, nature
can display particle behavior as well as wave behavior. The question now is, how can something
behave as a particle and as a wave at the same time? Aren’t these notions mutually exclusive?
In the realm of classical physics the answer is yes, but not in quantum mechanics. This dual
behavior can in no way be reconciled within the context of classical physics, for particles and
waves are mutually exclusive entities.

The theory of quantum mechanics, however, provides the proper framework for reconcil-
ing the particle and wave aspects of matter. By using a wave function w (f,t) (see (1.49))
to describe material particles such as electrons, quantum mechanics can simultaneously make
statements about the particle behavior and the wave behavior of microscopic systems. It com-
bines the quantization of energy or intensity with a wave description of matter. That is, it uses
both particle and wave pictures to describe the same material particle.

Our ordinary concepts of particles or waves are thus inadequate when applied to micro-
scopic systems. These two concepts, which preclude each other in the macroscopic realm, do
not strictly apply to the microphysical world. No longer valid at the microscopic scale is the
notion that a wave cannot behave as a particle and vice versa. The true reality of a quantum
system is that it is neither a pure particle nor a pure wave. The particle and wave aspects of
a quantum system manifest themselves only when subjected to, or intruded on by, penetrating
means of observation (any procedure of penetrating observation would destroy the initial state
of the quantum system; for instance, the mere act of looking at an electron will knock it out
of its orbit). Depending on the type of equipment used to observe an electron, the electron
has the capacity to display either “grain” or wave features. As illustrated by the double-slit
experiment, if we wanted to look at the particle aspect of the electron, we would need only to
block one slit (or leave both slits open but introduce an observational apparatus), but if we were
interested only in its wave features, we would have to leave both slits open and not intrude on
it by observational tools. This means that both the “grain” and “wave” features are embedded
into the electron, and by modifying the probing tool, we can suppress one aspect of the electron
and keep the other. An experiment designed to isolate the particle features of a quantum system
gives no information about its wave features, and vice versa. When we subject an electron to
Compton scattering, we observe only its particle aspects, but when we involve it in a diffraction
experiment (as in Davisson—Germer, Thomson, or the double-slit experiment), we observe its
wave behavior only. So if we measure the particle properties of a quantum system, this will
destroy its wave properties, and vice versa. Any measurement gives either one property or the
other, but never both at once. We can get either the wave property or the particle but not both
of them together.

Microscopic systems, therefore, are neither pure particles nor pure waves, they are both.
The particle and wave manifestations do not contradict or preclude one another, but, as sug-
gested by Bohr, they are just complementary. Both concepts are complementary in describing
the true nature of microscopic systems. Being complementary features of microscopic matter,
particles and waves are equally important for a complete description of quantum systems. From
here comes the essence of the complementarity principle.

We have seen that when the rigid concept of either/or (i.e., either a particle or a wave)
is indiscriminately applied or imposed on quantum systems, we get into trouble with reality.
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Without the complementarity principle, quantum mechanics would not have been in a position
to produce the accurate results it does.

1.4.4 Principle of Linear Superposition

How do we account mathematically for the existence of the interference pattern in the double-
slit experiment with material particles such as electrons? An answer is offered by the superpo-
sition principle. The interference results from the superposition of the waves emitted by slits
1 and 2. If the functions w1 (F,t) and w2 (r, t), which denote the waves reaching the screen
emitted respectively by slits 1 and 2, represent two physically possible states of the system,
then any linear superposition

w(r,t) = a1y1(f,t) + a2y (1, t) (1.55)

also represents a physically possible outcome of the system; a1 and o are complex constants.
This is the superposition principle. The intensity produced on the screen by opening only slit
1is |g/1(?,t)|2 and it is |z//2(?,t)|2 when only slit 2 is open. When both slits are open, the
intensity is

ly (D12 = |y, 1) + ypa(F, 0
= i@ OP + 20, O + wi (0, Dy, 1) + (@, Dy (7, 1),
(1.56)

where the asterisk denotes the complex conjugate. Note that (1.56) is not equal to the sum of
lya(F, t)[% and |y (F, t)|?; it contains an additional term w0 (F, ) + yi (P, )y (7, 1).
This is the very term which gives rise in the case of electrons to an interference pattern similar
to light waves. The interference pattern therefore results from the existence of a phase shift
between w1(f, t) and wo(r,t). We can measure this phase shift from the interference pattern,
but we can in no way measure the phases of y1 and y» separately.

We can summarize the double-slit results in three principles:

o Intensities add for classical particles: I = 11 + 1.

o Amplitudes, not intensities, add for quantum particles: w(r,t) = w1(F,t) + wo(r,1);
this gives rise to interference.

e Whenever one attempts to determine experimentally the outcome of individual events
for microscopic material particles (such as trying to specify the slit through which an
electron has gone), the interference pattern gets destroyed. In this case the intensities add
in much the same way as for classical particles: | = 13 + 12.

1.5 Indeterministic Nature of the Microphysical World

Let us first mention two important experimental findings that were outlined above. On the one
hand, the Davisson—Germer and the double-slit experiments have shown that microscopic ma-
terial particles do give rise to interference patterns. To account for the interference pattern, we
have seen that it is imperative to describe microscopic particles by means of waves. Waves are
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not localized in space. As a result, we have to give up on accuracy to describe microscopic
particles, for waves give at best a probabilistic account. On the other hand, we have seen in the
double-slit experiment that it is impossible to trace the motion of individual electrons; there is
no experimental device that would determine the slit through which a given electron has gone.
Not being able to predict single events is a stark violation of a founding principle of classi-
cal physics: predictability or determinacy. These experimental findings inspired Heisenberg
to postulate the indeterministic nature of the microphysical world and Born to introduce the
probabilistic interpretation of quantum mechanics.

1.5.1 Heisenberg’s Uncertainty Principle

According to classical physics, given the initial conditions and the forces acting on a system,
the future behavior (unique path) of this physical system can be determined exactly. That is,
if the initial coordinates ro, velocity vg, and all the forces acting on the particle are known,
the position ' (t) and velocity o (t) are uniquely determined by means of Newton’s second law.
Classical physics is thus completely deterministic.

Does this deterministic view hold also for the microphysical world? Since a particle is rep-
resented within the context of quantum mechanics by means of a wave function corresponding
to the particle’s wave, and since wave functions cannot be localized, then a microscopic particle
is somewhat spread over space and, unlike classical particles, cannot be localized in space. In
addition, we have seen in the double-slit experiment that it is impossible to determine the slit
that the electron went through without disturbing it. The classical concepts of exact position,
exact momentum, and unique path of a particle therefore make no sense at the microscopic
scale. This is the essence of Heisenberg’s uncertainty principle.

In its original form, Heisenberg’s uncertainty principle states that: If the x-component of
the momentum of a particle is measured with an uncertainty Apy, then its x-position cannot,
at the same time, be measured more accurately than Ax = h/(2Apyx). The three-dimensional
form of the uncertainty relations for position and momentum can be written as follows:

h h h
AXApx = 3, AyApy = 7, AZAp; = 5. (1.57)

This principle indicates that, although it is possible to measure the momentum or position
of a particle accurately, it is not possible to measure these two observables simultaneously to
an arbitrary accuracy. That is, we cannot localize a microscopic particle without giving to it
a rather large momentum. We cannot measure the position without disturbing it; there is no
way to carry out such a measurement passively as it is bound to change the momentum. To
understand this, consider measuring the position of a macroscopic object (e.g., a car) and the
position of a microscopic system (e.g., an electron in an atom). On the one hand, to locate the
position of a macroscopic object, you need simply to observe it; the light that strikes it and gets
reflected to the detector (your eyes or a measuring device) can in no measurable way affect the
motion of the object. On the other hand, to measure the position of an electron in an atom, you
must use radiation of very short wavelength (the size of the atom). The energy of this radiation
is high enough to change tremendously the momentum of the electron; the mere observation
of the electron affects its motion so much that it can knock it entirely out of its orbit. It is
therefore impossible to determine the position and the momentum simultaneously to arbitrary
accuracy. If a particle were localized, its wave function would become zero everywhere else and
its wave would then have a very short wavelength. According to de Broglie’s relation p = h/2,
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the momentum of this particle will be rather high. Formally, this means that if a particle is
accurately localized (i.e., Ax — 0), there will be total uncertainty about its momentum (i.e.,
Apyx — 00). To summarize, since all quantum phenomena are described by waves, we have no
choice but to accept limits on our ability to measure simultaneously any two complementary
variables.

Heisenberg’s uncertainty principle can be generalized to any pair of complementary, or
canonically conjugate, dynamical variables: it is impossible to devise an experiment that can
measure simultaneously two complementary variables to arbitrary accuracy (if this were ever
achieved, the theory of quantum mechanics would collapse).

Energy and time, for instance, form a pair of complementary variables. Their simultaneous
measurement must obey the time—energy uncertainty relation:

AEAt > (1.58)

N T

This relation states that if we make two measurements of the energy of a system and if these
measurements are separated by a time interval At, the measured energies will differ by an
amount AE which can in no way be smaller than h/At. If the time interval between the two
measurements is large, the energy difference will be small. This can be attributed to the fact
that, when the first measurement is carried out, the system becomes perturbed and it takes it
a long time to return to its initial, unperturbed state. This expression is particularly useful in
the study of decay processes, for it specifies the relationship between the mean lifetime and the
energy width of the excited states.

We see that, in sharp contrast to classical physics, quantum mechanics is a completely
indeterministic theory. Asking about the position or momentum of an electron, one cannot
get a definite answer; only a probabilistic answer is possible. According to the uncertainty
principle, if the position of a quantum system is well defined, its momentum will be totally
undefined. In this context, the uncertainty principle has clearly brought down one of the most
sacrosanct concepts of classical physics: the deterministic nature of Newtonian mechanics.

Example 1.6 (Uncertainties for microscopic and macroscopic systems)
Estimate the uncertainty in the position of (a) a neutron moving at 5 x 10m s~ and (b) a 50 kg
person moving at 2ms—1,

Solution
(a) Using (1.57), we can write the position uncertainty as

h h 1.05x 107347 s
AX > ~

~ = =6.4x107®m. (159
T 2Ap T 2mpp 2x1.65x 10727 kg x 5 x 106 ms—1 % (1.59)

This distance is comparable to the size of a nucleus.
(b) The position uncertainty for the person is

h h 1.05 x 10734 J s
AX > ~

= =05x 1073 m. 1.60
Z2Ap ~ 2mo  2x50kg x 2ms-1 % m (1.60)

An uncertainty of this magnitude is beyond human detection; therefore, it can be neglected. The
accuracy of the person’s position is limited only by the uncertainties induced by the device used
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in the measurement. So the position and momentum uncertainties are important for microscopic
systems, but negligible for macroscopic systems.

1.5.2 Probabilistic Interpretation

In quantum mechanics the state (or one of the states) of a particle is described by a wave
function w (r, t) corresponding to the de Broglie wave of this particle; so w (f, t) describes the
wave properties of a particle. As a result, when discussing quantum effects, it is suitable to
use the amplitude function, y, whose square modulus, |2, is equal to the intensity of the
wave associated with this quantum effect. The intensity of a wave at a given point in space is
proportional to the probability of finding, at that point, the material particle that corresponds to
the wave.

In 1927 Born interpreted |y |2 as the probability density and | (F, t)|2d°r as the probability,
dP(F, t), of finding a particle at time t in the volume element d3r located between F and ¥ +dr:

Iy (F,t)]%d%r = dP (T, 1), (1.61)

where |2 has the dimensions of [Length] 3. If we integrate over the entire space, we are
certain that the particle is somewhere in it. Thus, the total probability of finding the particle
somewhere in space must be equal to one:

/ Ly (F, t))%d%r = 1. (1.62)
all space

The main question now is, how does one determine the wave function y of a particle? The
answer to this question is given by the theory of quantum mechanics, where y is determined
by the Schrédinger equation (Chapters 3 and 4).

1.6 Atomic Transitions and Spectroscopy

Besides failing to explain blackbody radiation, the Compton, photoelectric, and pair production
effects and the wave—particle duality, classical physics also fails to account for many other
phenomena at the microscopic scale. In this section we consider another area where classical
physics breaks down—the atom. Experimental observations reveal that atoms exist as stable,
bound systems that have discrete numbers of energy levels. Classical physics, however, states
that any such bound system must have a continuum of energy levels.

1.6.1 Rutherford Planetary Model of the Atom

After his experimental discovery of the atomic nucleus in 1911, Rutherford proposed a model
in an attempt to explain the properties of the atom. Inspired by the orbiting motion of the
planets around the sun, Rutherford considered the atom to consist of electrons orbiting around
a positively charged massive center, the nucleus. It was soon recognized that, within the context
of classical physics, this model suffers from two serious deficiencies: (a) atoms are unstable
and (b) atoms radiate energy over a continuous range of frequencies.

The first deficiency results from the application of Maxwell’s electromagnetic theory to
Rutherford’s model: as the electron orbits around the nucleus, it accelerates and hence radiates
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energy. It must therefore lose energy. The radius of the orbit should then decrease continuously
(spiral motion) until the electron collapses onto the nucleus; the typical time for such a collapse
is about 10~8 s. Second, since the frequency of the radiated energy is the same as the orbiting
frequency, and as the electron orbit collapses, its orbiting frequency increases continuously.
Thus, the spectrum of the radiation emitted by the atom should be continuous. These two
conclusions completely disagree with experiment, since atoms are stable and radiate energy
over discrete frequency ranges.

1.6.2 Bohr Model of the Hydrogen Atom

Combining Rutherford’s planetary model, Planck’s quantum hypothesis, and Einstein’s pho-
ton concept, Bohr proposed in 1913 a model that gives an accurate account of the observed
spectrum of the hydrogen atom as well as a convincing explanation for its stability.

Bohr assumed, as in Rutherford’s model, that each atom’s electron moves in an orbit around
the nucleus under the influence of the electrostatic attraction of the nucleus; circular or elliptic
orbits are allowed by classical mechanics. For simplicity, Bohr considered only circular orbits,
and introduced several, rather arbitrary assumptions which violate classical physics but which
are immensely successful in explaining many properties of the hydrogen atom:

e Instead of a continuum of orbits, which are possible in classical mechanics, only a dis-
crete set of circular stable orbits, called stationary states, are allowed. Atoms can exist
only in certain stable states with definite energies: E1, Ep, Egz, etc.

e The allowed (stationary) orbits correspond to those for which the orbital angular momen-
tum of the electron is an integer multiple of h (h = h/2x):

L =nh. (1.63)
This relation is known as the Bohr quantization rule of the angular momentum.

e As long as an electron remains in a stationary orbit, it does not radiate electromagnetic
energy. Emission or absorption of radiation can take place only when an electron jumps
from one allowed orbit to another. The radiation corresponding to the electron’s transition
from an orbit of energy E, to another E, is carried out by a photon of energy

hy = En - Em. (164)

So an atom may emit (or absorb) radiation by having the electron jump to a lower (or
higher) orbit.

In what follows we are going to apply Bohr’s assumptions to the hydrogen atom. We want to
provide a quantitative description of its energy levels and its spectroscopy.

1.6.2.1 Energy Levels of the Hydrogen Atom

Let us see how Bohr’s quantization condition (1.63) leads to a discrete set of energies E,, and
radii r,. When the electron of the hydrogen atom moves in a circular orbit, the application
of Newton’s second law to the electron yields F = mea; = meo2/r. Since the only force'3

13 At the atomic scale, gravity has no measurable effect. The gravitational force between the hydrogen’s proton and
electron, Fg = (Gmem p)/rz, is negligible compared to the electrostatic force Fe = e2/(4n:aor2), since Fg/Fe =

(4me0)Gmemp/e? ~ 10740,



32 CHAPTER 1. ORIGINS OF QUANTUM PHYSICS

acting on the electron is the electrostatic force applied on it by the proton, we can equate the
electrostatic force to the centripetal force and obtain

e? v?
=Me—. 1.65
dreor? T (1.69)
Now, assumption (1.63) yields
L = meor = nh, (1.66)

hence mev2/r = n2h?/(mer?), which when combined with (1.65) yields e2/(4regr?) =
n2h?2 /(mer3); this relation in turn leads to a quantized expression for the radius:

dreoh® ,
= = 1.67
n ( —yi )n n“ap, (1.67)
where )
47 goh
ag = ——— 1.68
0= & (1.68)
is the Bohr radius, ag = 0.053 nm. The speed of the orbiting electron can be obtained from
(1.66) and (1.67):
nh e2 \ 1
= = - 1.69
o et (47[80) nh (1.69)

Note that the ratio between the speed of the electron in the first Bohr orbit, v1, and the speed of
light is equal to a dimensionless constant a, known as the fine structure constant:

o1 e 1 Loy C_3x108ms—1
“TC Tamehc 137  PTT T a3y

~219 x 106 ms™t.  (1.70)

As for the total energy of the electron, it is given by

= (1.71)

in deriving this relation, we have assumed that the nucleus, i.e., the proton, is infinitely heavy
compared with the electron and hence it can be considered at rest; that is, the energy of the
electron—proton system consists of the kinetic energy of the electron plus the electrostatic po-
tential energy. From (1.65) we see that the kinetic energy, %mevz, is equal to %ez/(4mor),
which when inserted into (1.71) leads to

1( ¢?
E=—= . 1.72
2 (47rgol’) (1.72)

This equation shows that the electron circulates in an orbit of radius r with a kinetic energy
equal to minus one half the potential energy (this result is the well known Virial theorem of
classical mechanics). Substituting ry of (1.67) into (1.72), we obtain

2

2 2
ec 1 Me e 1 R
n 8megn 2h2 (47[80) ( )
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Figure 1.12 Energy levels and transitions between them for the hydrogen atom.

known as the Bohr energy, where R is the Rydberg constant:

2

2
me (e
=—|——) =13.6¢eV. 1.74

2h? (47r60) (.74

The energy E, of each state of the atom is determined by the value of the quantum number n.
The negative sign of the energy (1.73) is due to the bound state nature of the atom. That is,
states with negative energy E, < 0 correspond to bound states.

The structure of the atom’s energy spectrum as given by (1.73) is displayed in Figure 1.12
(where, by convention, the energy levels are shown as horizontal lines). As n increases, the
energy level separation decreases rapidly. Since n can take all integral values fromn = 1
to n = +o0, the energy spectrum of the atom contains an infinite number of discrete energy
levels. In the ground state (n = 1), the atom has an energy E; = —R and a radius ag. The states
n=2,3,4,...correspond to the excited states of the atom, since their energies are greater than
the ground state energy.

When the quantum number n is very large, n — +o0, the atom’s radius r,, will also be very
large but the energy values go to zero, E; — 0. This means that the proton and the electron are
infinitely far away from one another and hence they are no longer bound; the atom is ionized.
In this case there is no restriction on the amount of kinetic energy the electron can take, for it
is free. This situation is represented in Figure 1.12 by the continuum of positive energy states,
En > 0.

Recall that in deriving (1.67) and (1.73) we have neglected the mass of the proton. If we
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include it, the expressions (1.67) and (1.73) become

2

4z eoh? Me 5 € 1 1 R

h= n“={({1+—)agn En=— s ——

n ue? ( + mp) o : 2h? (471'80) n2 1+me/mpn?’
(1.75)

where u = mpme/(Mp 4+ Me) = Me /(1 + me/mp) is the reduced mass of the proton—electron
system.

We should note that rp and E, of (1.75), which were derived for the hydrogen atom, can
be generalized to hydrogen-like ions where all electrons save one are removed. To obtain the
radius and energy of a single electron orbiting a fixed nucleus of Z protons, we need simply to
replace e2 in (1.75) by Ze?,

Me\ 0 5 zz2 R
m=(1+—")—=n En=—-—r——"-—— 1.76
n ( + M) 7 5 n 1+me/M nzs ( )

where M is the mass of the nucleus; when mg /M <« 1 we can just drop the term mg/M.

de Broglie’s hypothesis and Bohr’s quantization condition

The Bohr quantization condition (1.63) can be viewed as a manifestation of de Broglie’s hypoth-
esis. For the wave associated with the atom’s electron to be a standing wave, the circumference
of the electron’s orbit must be equal to an integral multiple of the electron’s wavelength:

2zr =ni n=1,2 3,..). 1.77)
This relation can be reduced to (1.63) or to (1.66), provided that we make use of de Broglie’s

relation, A = h/p = h/(mev). That is, inserting A = h/(mev) into (1.77) and using the fact
that the electron’s orbital angular momentum is L = meor, we have

h
= Meol = N— = L =nh, (1.78)

2rr =niA=n
mel) 27T

which is identical with Bohr’s quantization condition (1.63). In essence, this condition states
that the only allowed orbits for the electron are those whose circumferences are equal to integral
multiples of the de Broglie wavelength. For example, in the hydrogen atom, the circumference
of the electron’s orbit is equal to 1 when the atom is in its ground state (n = 1); it is equal to
2/ when the atom is in its first excited state (n = 2); equal to 34 when the atom is in its second
excited state (n = 3); and so on.

1.6.2.2 Spectroscopy of the Hydrogen Atom

Having specified the energy spectrum of the hydrogen atom, let us now study its spectroscopy.
In sharp contrast to the continuous nature of the spectral distribution of the radiation emitted by
glowing solid objects, the radiation emitted or absorbed by a gas displays a discrete spectrum
distribution. When subjecting a gas to an electric discharge (or to a flame), the radiation emitted
from the excited atoms of the gas discharge consists of a few sharp lines (bright lines of pure
color, with darkness in between). A major success of Bohr’s model lies in its ability to predict
accurately the sharpness of the spectral lines emitted or absorbed by the atom. The model
shows clearly that these discrete lines correspond to the sharply defined energy levels of the
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atom. The radiation emitted from the atom results from the transition of the electron from an
allowed state n to another m; this radiation has a well defined (sharp) frequency v:

1 1

For instance, the Lyman series, which corresponds to the emission of ultraviolet radiation, is
due to transitions from excited statesn = 2, 3,4, 5, ... to the ground state n = 1 (Figure 1.12):

1 1
hv, =Ep—E1 =R (F - F) (n>1). (1.80)
Another transition series, the Balmer series, is due to transitions to the first excited state (n =
2):

hvg =En—Ex; =R (2—12 - n—lz) (n > 2). (1.81)
The atom emits visible radiation as a result of the Balmer transitions. Other series are Paschen,
n — 3 with n > 3; Brackett, n — 4 withn > 4; Pfund, n — 5 with n > 5; and so on. They
correspond to the emission of infrared radiation. Note that the results obtained from (1.79) are
in spectacular agreement with those of experimental spectroscopy.

So far in this chapter, we have seen that when a photon passes through matter, it interacts
as follows:

o If it comes in contact with an electron that is at rest, it will scatter from it like a corpus-
cular particle: it will impart a momentum to the electron, it will scatter and continue its
travel with the speed of light but with a lower frequency (or higher wavelength). This is
the Compton effect.

o If it comes into contact with an atom’s electron, it will interact according to one of the
following scenarios:

— If it has enough energy, it will knock the electron completely out of the atom and
then vanish, for it transmits all its energy to the electron. This is the photoelectric
effect.

— Ifits energy hv is not sufficient to knock out the electron altogether, it will kick the
electron to a higher orbit, provided hv is equal to the energy difference between the
initial and final orbits: hv = En — Ep. In the process it will transmit all its energy
to the electron and then vanish. The atom will be left in an excited state. However,
if hv #£ E, — Ep, nothing will happen (the photon simply scatters away).

e If it comes in contact with an atomic nucleus and if its energy is sufficiently high (hv >
2mec?), it will vanish by creating matter: an electron—positron pair will be produced.
This is pair production.

Example 1.7 (Positronium’s radius and energy spectrum)
Positronium is the bound state of an electron and a positron; it is a short-lived, hydrogen-like
atom where the proton is replaced by a positron.
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(a) Calculate the energy and radius expressions, E,, and ry.

(b) Estimate the values of the energies and radii of the three lowest states.

(c) Calculate the frequency and wavelength of the electromagnetic radiation that will just
ionize the positronium atom when it is in its first excited state.

Solution

(a) The radius and energy expressions of the positronium can be obtained at once from
(1.75) by simply replacing the reduced mass x with that of the electron—positron system u =
MeMe/(Me + Me) = %me:

2
87 goh? 2 Me e? 1
= n En=—-——75—) =. 1.82
" ( mee? ) ’ : 4h? (471'80) n2 (1.82)

We can rewrite r, and E,, in terms of the Bohr radius, ag = 4neoh2/(mee2) = 0.053 nm, and

2
the Rydberg constant, R = % (%) = 13.6 eV, as follows:

R

2
rh = 2agn<, En = —on

(1.83)
These are related to the expressions for the hydrogen by ry . = 2rny, and Ep,, = %EnH.

(b) The radii of the three lowest states of the positronium are given by r; = 2ag = 0.106 nm,
rp = 8ap = 0.424 nm, and r3 = 18ap = 0.954 nm. The corresponding energies are E; =
—3R=-68eV,E;=—3R=—17¢eV,and E3 = —{;R = —0.756 eV.

(c) Since the energy of the first excited state of the positroniumis E; = —1.7eV = —1.7 x
1.6x1071° J = —2.72x 10719 ], the energy of the electromagnetic radiation that will just ionize
the positronium is equal tohv = Eqo —E» = 0— (—2.72 x 1071%J) = 2.72 x 1071° J = Ejon;
hence the frequency and wavelength of the ionizing radiation are given by

Eion  272x10719)
h — 66x10-%Js

c  3x108ms?
v 412 x 1014 Hz

=4.12 x 10 Hz, (1.84)

=7.28x10""m. (1.85)

1.7 Quantization Rules

The ideas that led to successful explanations of blackbody radiation, the photoelectric effect,
and the hydrogen’s energy levels rest on two quantization rules: (a) the relation (1.7) that Planck
postulated to explain the quantization of energy, E = nhv, and (b) the condition (1.63) that
Bohr postulated to account for the quantization of the electron’s orbital angular momentum,
L = nh. A number of attempts were undertaken to understand or interpret these rules. In 1916
Wilson and Sommerfeld offered a scheme that included both quantization rules as special cases.
In essence, their scheme, which applies only to systems with coordinates that are periodic in
time, consists in quantizing the action variable, J = ¢ p dq, of classical mechanics:

?{ pdg =nh (n=0,1,2,3,..)), (1.86)
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where n is a quantum number, p is the momentum conjugate associated with the coordinate
q; the closed integral § is taken over one period of q. This relation is known as the Wilson—
Sommerfeld quantization rule.

Wilson—-Sommerfeld quantization rule and Planck’s quantization relation
In what follows we are going to show how the Wilson-Sommerfeld rule (1.86) leads to Planck’s
guantization relation E = nhv. For an illustration, consider a one-dimensional harmonic os-
cillator where a particle of mass m oscillates harmonically between —a < x < a; its classical
energy is given by

E(x, p) = P + L e, (1.87)

’ 2m 2 ’

hence p(E,X) = £+2mE — m2w?x2. At the turning points, Xmin = —a and Xmax = a,
the energy is purely potential: E = V(4+a) = %ma)zaz; hence a = /2E/(mw?). Using
P(E, X) = +£+/2mE — m2w?2x2 and from symmetry considerations, we can write the action as

a a
jl{ pdx = 2/ V2ME — m2w2x2dx = 4mw/ Va2 — x2dx. (1.88)

The change of variables x = a sin 6 leads to

a /2 a2 /2 a2 E
/ Va2 — x2dx = a2/ cos20 do = 7/ (1+c0s20)dg = 2 — = (1.89)
0 0

0 4 2me?’

Since w = 2z v, where v is the frequency of oscillations, we have

2rE E
fpdx:”_z_. (1.90)
w Vv
Inserting (1.90) into (1.86), we end up with the Planck quantization rule E = nhv, i.e.,
E
]{ pdx =nh =l — =nh = Enh = nhv. (1.91)
vV

We can interpret this relation as follows. From classical mechanics, we know that the motion of
a mass subject to harmonic oscillations is represented in the xp phase space by a continuum of
ellipses whose areas are given by § pdx = E /v, because the integral § p(x) dx gives the area
enclosed by the closed trajectory of the particle in the xp phase space. The condition (1.86) or
(1.91) provides a mechanism for selecting, from the continuum of the oscillator’s energy values,
only those energies Ey, for which the areas of the contours p(x, E;) = +/2m (E, — V (X)) are
equal to nh withn = 0, 1, 2, 3, .... That is, the only allowed states of oscillation are those
represented in the phase space by a series of ellipses with “quantized” areas § p dx = nh. Note
that the area between two successive states is equal to h: ¢ p(x, Eny1) dx—¢ p(x, En) dx = h.

This simple calculation shows that the Planck rule for energy quantization is equivalent to
the quantization of action.

Wilson-Sommerfeld quantization rule and Bohr’s quantization condition

Let us now show how the Wilson-Sommerfeld rule (1.86) leads to Bohr’s quantization condi-
tion (1.63). For an electron moving in a circular orbit of radius r, it is suitable to use polar
coordinates (r, ¢). The action J = ¢ pdq, which is expressed in Cartesian coordinates by the
linear momentum p and its conjugate variable x, is characterized in polar coordinates by the
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orbital angular momentum L and its conjugate variable ¢, the polar angle, where ¢ is periodic

in time. Thatis, J = § pdq is given in polar coordinates by foz” Ldg. In this case (1.86)
becomes

2
/ L dg = nh. (1.92)
0

For spherically symmetric potentials—as it is the case here where the electron experiences the
proton’s Coulomb potential—the angular momentum L is a constant of the motion. Hence
(1.92) shows that angular momentum can change only in integral units of h:

2 h
L dep =nh = L =n— =nh, (1.93)
0 2
which is identical with the Bohr quantization condition (1.63). This calculation also shows
that the Bohr quantization is equivalent to the quantization of action. As stated above (1.78),
the Bohr quantization condition (1.63) has the following physical meaning: while orbiting the
nucleus, the electron moves only in well specified orbits, orbits with circumferences equal to
integral multiples of the de Broglie wavelength.
Note that the Wilson—Sommerfeld quantization rule (1.86) does not tell us how to calculate
the energy levels of non-periodic systems; it applies only to systems which are periodic. On a
historical note, the quantization rules of Planck and Bohr have dominated quantum physics from
1900 to 1925; the quantum physics of this period is known as the “old quantum theory.” The
success of these quantization rules, as measured by the striking agreement of their results with
experiment, gave irrefutable evidence for the quantization hypothesis of all material systems
and constituted a triumph of the “old quantum theory.” In spite of their quantitative success,
these quantization conditions suffer from a serious inconsistency: they do not originate from a
theory, they were postulated rather arbitrarily.

1.8 Wave Packets

At issue here is how to describe a particle within the context of quantum mechanics. As quan-
tum particles jointly display particle and wave features, we need to look for a mathematical
scheme that can embody them simultaneously.

In classical physics, a particle is well localized in space, for its position and velocity can
be calculated simultaneously to arbitrary precision. As for quantum mechanics, it describes
a material particle by a wave function corresponding to the matter wave associated with the
particle (de Broglie’s conjecture). Wave functions, however, depend on the whole space; hence
they cannot be localized. If the wave function is made to vanish everywhere except in the
neighborhood of the particle or the neighborhood of the “classical trajectory,” it can then be
used to describe the dynamics of the particle. That is, a particle which is localized within a
certain region of space can be described by a matter wave whose amplitude is large in that
region and zero outside it. This matter wave must then be localized around the region of space
within which the particle is confined.

A localized wave function is called a wave packet. A wave packet therefore consists of a
group of waves of slightly different wavelengths, with phases and amplitudes so chosen that
they interfere constructively over a small region of space and destructively elsewhere. Not only
are wave packets useful in the description of “isolated” particles that are confined to a certain
spatial region, they also play a key role in understanding the connection between quantum
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mechanics and classical mechanics. The wave packet concept therefore represents a unifying
mathematical tool that can cope with and embody nature’s particle-like behavior and also its
wave-like behavior.

1.8.1 Localized Wave Packets

Localized wave packets can be constructed by superposing, in the same region of space, waves
of slightly different wavelengths, but with phases and amplitudes chosen to make the super-
position constructive in the desired region and destructive outside it. Mathematically, we can
carry out this superposition by means of Fourier transforms. For simplicity, we are going to
consider a one-dimensional wave packet; this packet is intended to describe a “classical” parti-
cle confined to a one-dimensional region, for instance, a particle moving along the x-axis. We
can construct the packet w (x, t) by superposing plane waves (propagating along the x-axis) of
different frequencies (or wavelengths):

Y e i (kx—ot
w(x,t):ﬁ/_ # (ke =gk, (1.94)

¢ (K) is the amplitude of the wave packet.

In what follows we want to look at the form of the packet at a given time; we will deal
with the time evolution of wave packets later. Choosing this time to be t = 0 and abbreviating
w (X, 0) by wo(x), we can reduce (1.94) to

(x) = L / +OO¢(k)eikXdk (1.95)
0] _«/E . , .

where ¢ (k) is the Fourier transform of wg(x),

1 +00 ik
pk) = T /_ wo(x)e " dx. (1.96)

The relations (1.95) and (1.96) show that ¢ (k) determines yo(x) and vice versa. The packet
(1.95), whose form is determined by the x-dependence of yo(x), does indeed have the required
property of localization: |wo(X)| peaks at x = 0 and vanishes far away from x = 0. On the
one hand, as x — 0 we have e** — 1; hence the waves of different frequencies interfere
constructively (i.e., the various k-integrations in (1.95) add constructively). On the other hand,
far away from x = 0 (i.e., |x| > 0) the phase e'* goes through many periods leading to violent
oscillations, thereby yielding destructive interference (i.e., the various k-integrations in (1.95)
add up to zero). This implies, in the language of Born’s probabilistic interpretation, that the
particle has a greater probability of being found near x = 0 and a scant chance of being found
far away from x = 0. The same comments apply to the amplitude ¢ (k) as well: ¢ (k) peaks at
k = 0 and vanishes far away. Figure 1.13 displays a typical wave packet that has the required
localization properties we have just discussed.

In summary, the particle is represented not by a single de Broglie wave of well-defined
frequency and wavelength, but by a wave packet that is obtained by adding a large number of
waves of different frequencies.

The physical interpretation of the wave packet is obvious: wp(x) is the wave function or
probability amplitude for finding the particle at position x; hence |wo(x)|? gives the probability
density for finding the particle at x, and P (x) dx = |wo(x)|?dx gives the probability of finding
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lwo(X)|2 l¢p (k)2
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Figure 1.13 Two localized wave packets: wo(x) = (2/za?)M4e~**/a%eikox and p(k) =
(a2 /27 )/4e—3" (k—k0)?/4: they peak at x = 0 and k = ko, respectively, and vanish far away.

the particle between x and x +dx. What about the physical interpretation of ¢ (k)? From (1.95)
and (1.96) it follows that

+00 +00
/ w0 () 2dx = / 1 (k) Pk (197)

—00 —_

then if w (x) is normalized so is ¢ (K), and vice versa. Thus, the function ¢ (k) can be interpreted
most naturally, like wp(x), as a probability amplitude for measuring a wave vector k for a parti-
cle in the state ¢ (k). Moreover, while |¢ (k)|? represents the probability density for measuring k
as the particle’s wave vector, the quantity P (k) dk = |¢ (k)|?dk gives the probability of finding
the particle’s wave vector between k and k + dKk.

We can extract information about the particle’s motion by simply expressing its correspond-
ing matter wave in terms of the particle’s energy, E, and momentum, p. Using k = p/h,
dk = dp/h, E = hw and redefining #(p) = ¢(k)/+/h, we can rewrite (1.94) to (1.96) as
follows:

et = len_h _+°°<$(p>e‘<px—50/“dp, (1.98)
1 oo ipx/h

W) = = / F(pe™/dp, (1.99)

- 1 oo —ipx/h

i = o= / wo(x)e=iPMdx, (1.100)

where E (p) is the total energy of the particle described by the wave packet  (x, t) and ¢(p) is
the momentum amplitude of the packet.

In what follows we are going to illustrate the basic ideas of wave packets on a simple,
instructive example: the Gaussian and square wave packets.

Example 1.8 (Gaussian and square wave packets)

(a) Find w (x, 0) for a Gaussian wave packet ¢ (k) = Aexp[—a?(k — ko)?/4], where A is
a normalization factor to be found. Calculate the probability of finding the particle in the region
—a/2 <x <a/2.
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ikox
(b) Find ¢ (k) for a square wave packet yo(x) = [ ASTT, Xl =a,

0, |x] > a.
Find the factor A so that y (x) is normalized.
Solution
(a) The normalization factor A is easy to obtain:
+00 +00 a2
1= / 1 (k)|2dk = |A|2/ exp [——(k - ko)z} dk, (1.101)
—oo oo 2

which, by using a change of variable z = k — kp and using the integral ffof e~a2/247 =
V27 /a, leads at once to A = \/a/~/27x = [a%/(2)]*/*. Now, the wave packet corresponding

0 a2 1/4 a2
d(K) = (_) exp [——(k - ko)z} (1.102)
2 4

1 [t ikx 1 a2\ oo —a2(k—ko)2/4+ikx
vt = = | g0k = —— (o e dk.  (1.103)
—00 —00

To carry out the integration, we need simply to rearrange the exponent’s argument as follows:

2 2 2
—aT(k—ko)z—Hkx: [ (k—ko)—ﬁ} —X—+|kox (1.104)

The introduction of a new variable y = a(k — kg)/2 — ix/a yields dk = 2dy/a, and when
combined with (1.103) and (1.104), this leads to

2\1/4 4o
o = g (E) e i)
T —00

1/ 2\Y , +00
- (—2) g x*/a%gikox / e~Y’dy. (1.105)
Jr \ra —0
Since ffo‘f e—yzdy = /m, this expression becomes
5\ /4 _
wo(X) = (?) X /a% gikox (1.106)
T

where elko% s the phase of yo(x); wo(X) is an oscillating wave with wave number ko modulated
by a Gaussian envelope centered at the origin. We will see later that the phase factor e'koX has
real physical significance. The wave function yo(x) is complex, as necessitated by quantum
mechanics. Note that wq(x), like ¢ (k), is normalized. Moreover, equations (1.102) and (1.106)
show that the Fourier transform of a Gaussian wave packet is also a Gaussian wave packet.

The probability of finding the particle in the region —a/2 < x < a/2 can be obtained at
once from (1.106):

P / e lyo()[2dx =/ —— / o2/ — T / * /247 ~ 2 (1.107)
= 0 = = = -, .
—a/2 v ma? J_ap J2r J-1 3
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where we have used the change of variable z = 2x/a.
(b) The normalization of wo(x) is straightforward:

+o00 a . i a

1 =/ lwo(X)2dx = |A]Z | e koXetkoXgx = |A2 [ dx = 2a|A%; (1.108)
—00 —a —a

hence A = 1/+/2a. The Fourier transform of yo(x) is

1 1 sin [(k — ko)a]

1 +o00 i . .
K) = —|kxd — ikox —|kxd —
¢( ) A/ 271' </—voo V/O(X)e X 2«/7[8. _ae € X A/Ta k - kO
(1.109)

1.8.2 Wave Packets and the Uncertainty Relations

We want to show here that the width of a wave packet yo(x) and the width of its amplitude
¢ (K) are not independent; they are correlated by a reciprocal relationship. As it turns out, the
reciprocal relationship between the widths in the x and k spaces has a direct connection to
Heisenberg’s uncertainty relation.

For simplicity, let us illustrate the main ideas on the Gaussian wave packet treated in the
previous example (see (1.102) and (1.106)):

1/4

2 \ 4 2722 ik a2 2(k—ko)2
wo(X) = (_) e X /glkox (k) = (2_) e~ (k=ko)*/4, (1.110)
T

a2

As displayed in Figure 1.13, |wo(x)|? and |¢ (k)| are centered at x = 0 and k = ko, respec-
tively. It is convenient to define the half-widths Ax and Ak as corresponding to the half-maxima
of [wo(x)]? and |¢ (k)|%. In this way, when x varies from 0 to +Ax and k from kg to ko & Ak,
the functions |wo(x)|? and |¢ (k)| drop to e~1/2;

ly@EA OF e ko £ AP
ly (0, 0)1° ’ ¢ (ko)

These equations, combined with (1.110), lead to e=24%*/a* — g=1/2 and g=a°AK?/2 — g=1/2,
respectively, or to

(1.111)

a 1
AX = > Ak = 3 (1.112)
hence
AXAKk = =. (1.113)
Since Ak = Ap/h we have
h
AXAp = = (1.114)

This relation shows that if the packet’s width is narrow in x-space, its width in momentum
space must be very broad, and vice versa.

A comparison of (1.114) with Heisenberg’s uncertainty relations (1.57) reveals that the
Gaussian wave packet yields an equality, not an inequality relation. In fact, equation (1.114) is
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the lowest limit of Heisenberg’s inequality. As a result, the Gaussian wave packet is called the
minimum uncertainty wave packet. All other wave packets yield higher values for the product
of the x and p uncertainties: AXAp > h/2; for an illustration see Problem 1.11. In conclusion,
the value of the uncertainties product Ax Ap varies with the choice of v, but the lowest bound,
h/2, is provided by a Gaussian wave function. We have now seen how the wave packet concept
offers a heuristic way of deriving Heisenberg’s uncertainty relations; a more rigorous derivation
is given in Chapter 2.

1.8.3 Motion of Wave Packets

How do wave packets evolve in time? The answer is important, for it gives an idea not only
about the motion of a quantum particle in space but also about the connection between classical
and quantum mechanics. Besides studying how wave packets propagate in space, we will also
examine the conditions under which packets may or may not spread.

At issue here is, knowing the initial wave packet wo(x) or the amplitude ¢ (k), how do we
find y(x, t) atany later time t? This issue reduces to calculating the integral [ ¢ (k)e! ®*—*Ydk
in (1.94). To calculate this integral, we need to specify the angular frequency w and the ampli-
tude ¢ (k). We will see that the spreading or nonspreading of the packet is dictated by the form
of the function w (k).

1.8.3.1 Propagation of a Wave Packet without Distortion

The simplest form of the angular frequency w is when it is proportional to the wave number k;
this case corresponds to a hondispersive propagation. Since the constant of proportionality has
the dimension of a velocity!*, which we denote by vq (i.e., @ = vok), the wave packet (1.94)
becomes

1 [+ ik(x—pot)
W(x,t)=ﬁ/_ b ()e K=ol g (1.115)

This relation has the same structure as (1.95), which suggests that y(x, t) is identical with
wo(X — vot):
w (X, 1) = wo(X —vot); (1.116)

the form of the wave packet at time t is identical with the initial form. Therefore, when o is
proportional to k, so that w = vgk, the wave packet travels to the right with constant velocity
vo without distortion.

However, since we are interested in wave packets that describe particles, we need to con-
sider the more general case of dispersive media which transmit harmonic waves of different
frequencies at different velocities. This means that w is a function of k: @ = w(k). The form
of w (k) is determined by the requirement that the wave packet y (x, t) describes the particle.
Assuming that the amplitude ¢ (k) peaks at k = ko, then ¢(k) = g(k — ko) is appreciably
different from zero only in a narrow range Ak = k — kg, and we can Taylor expand « (k) about
ko:

B . do®k) 1. 5 dPek) -
wk) = wkp) + (k—ko) —dk - + 2(k ko) K2 - + -
= w(ko) + (k — ko)og + (k — ko)?a + - - - (1.117)

14For propagation of light in a vacuum this constant is equal to c, the speed of light.
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Figure 1.14 The function Re w (x, t) of the wave packet (1.118), represented here by the solid
curve contained in the dashed-curve envelope, propagates with the group velocity vg along the
x axis; the individual waves (not drawn here), which add up to make the solid curve, move with
different phase velocities v pp.

2
where vg = 94 ) anda:%%z‘k x
=Ko =Ko

Now, to determine w (X, t) we need simply to substitute (1.117) into (1.94) with ¢ (k) =
g(k — ko). This leads to

+
w(X,t) = \/%_eikg(x—npht)/ OO g(k _ ko)ei(k—kg)(x—ngt)e—i(k—ko)z(xt+~--dk (1118)
T —

o0

wherel®

k k
vg = %, Uph = #; (1.119)
vph and vg are respectively the phase velocity and the group velocity. The phase velocity
denotes the velocity of propagation for the phase of a single harmonic wave, etko*—vpnt) and
the group velocity represents the velocity of motion for the group of waves that make up the
packet. One should not confuse the phase velocity and the group velocity; in general they are
different. Only when w is proportional to k will they be equal, as can be inferred from (1.119).

Group and phase velocities
Let us take a short detour to explain the meanings of vpn and vg. As mentioned above, when
we superimpose many waves of different amplitudes and frequencies, we can obtain a wave
packet or pulse which travels at the group velocity vg; the individual waves that constitute the
packet, however, move with different speeds; each wave moves with its own phase velocity
vph. Figure 1.14 gives a qualitative illustration: the group velocity represents the velocity with
which the wave packet propagates as a whole, where the individual waves (located inside the
packet’s envelope) that add up to make the packet move with different phase velocities. As
shown in Figure 1.14, the wave packet has an appreciable magnitude only over a small region
and falls rapidly outside this region.

The difference between the group velocity and the phase velocity can be understood quan-
titatively by deriving a relationship between them. A differentiation of w = kvpn (see (1.119))
with respect to k yields dw/dk = vph +k(dopn/dk), and since k = 27z /A, we have doph /dk =

1511 these equations we have omitted kg since they are valid for any choice of kg.
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(doph/dA)(dA/dk) = —(Zn/kz)(dvph/di) ork(dopn/dk) = —A(dopp/d1); combining these
relations, we obtain

dw doph doph
—2®_ Kk—P0 — o — P20 1.12
Dg dk Uph + dk Uph /1 d/l . ( O)
which we can also write as
d
vg = vph + P ;)S“ (1.121)

since k(dvpn/dk) = (p/h)(doph/dp)(dp/dk) = p(dvph/dp) because k = p/h. Equations
(1.120) and (1.121) show that the group velocity may be larger or smaller than the phase veloc-
ity; it may also be equal to the phase velocity depending on the medium. If the phase velocity
does not depend on the wavelength—this occurs in nondispersive media—the group and phase
velocities are equal, since dopn/d4 = 0. But if v py depends on the wavelength—this occurs in
dispersive media—then dovpn/dA # 0; hence the group velocity may be smaller or larger than
the phase velocity. An example of a nondispersive medium is an inextensible string; we would
expect og = vpn. Water waves offer a typical dispersive medium; in Problem 1.13 we show
that for deepwater waves we have vg = %v ph and for surface waves we have vog = %vph; see
(1.212) and (1.214).

Consider the case of a particle traveling in a constant potential V; its total energy is
E(p) = p2/(2m)+ V. Since the corpuscular features (energy and momentum) of a particle are
connected to its wave characteristics (wave frequency and number) by the relations E = hw
and p = hk, we can rewrite (1.119) as follows:

W =R (1.122)
P p

which, when combined with E(p) = % +V, yield

_d (p? _p_ _1(p _p_ Vv
vg—@(ﬁw)—a—vpm.c.e, vph—a(ﬂw)—ﬁw. (1123)

The group velocity of the wave packet is thus equal to the classical velocity of the particle,
g = Vparticle- This suggests we should view the “center” of the wave packet as traveling like
a classical particle that obeys the laws of classical mechanics: the center would then follow
the “classical trajectory” of the particle. We now see how the wave packet concept offers a
clear connection between the classical description of a particle and its quantum mechanical
description. In the case of a free particle, an insertion of V = 0 into (1.123) yields

1
=2, opn= o= oy (1.124)
This shows that, while the group velocity of the wave packet corresponding to a free particle
is equal to the particle’s velocity, p/m, the phase velocity is half the group velocity. The
expression vpn = zvg is meaningless, for it states that the wave function travels at half the
speed of the particle it is intended to represent. This is unphysical indeed. The phase velocity
has in general no meaningful physical significance.
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Time-evolution of the packet
Having taken a short detour to discuss the phase and group velocities, let us now return to our
main task of calculating the packet w (x, t) as listed in (1.118). For this, we need to decide on
where to terminate the expansion (1.117) or the exponent in the integrand of (1.118). We are
going to consider two separate cases corresponding to whether we terminate the exponent in
(1.118) at the linear term, (k — ko)ogt, or at the quadratic term, (k — ko)?at. These two cases
are respectively known as the linear approximation and the quadratic approximation.

In the linear approximation, which is justified when g(k — ko) is narrow enough to neglect
the quadratic k2 term, (k — ko)2at < 1, the wave packet (1.118) becomes

1 . ~+00 .
w(X,t) = ——=e'ko&x—vpD) / g(k — ko)e' kK0 x—vgt g (1.125)
NV -0

This relation can be rewritten as
p(x, 1) = Kot =vmnb g (x — pgtye= ko), (1.126)

where yyq is the initial wave packet (see (1.95))

+00 . .
wo(x — vgt) = J%_ﬂ / g(g)e'*ratatiko—relqg; (1.127)
—00
the new variable g stands for g = k — ko. Equation (1.126) leads to

ly(x, D12 = |po(x — vgt)|*. (1.128)

Equation (1.126) represents a wave packet whose amplitude is modulated. As depicted in Fig-
ure 1.14, the modulating wave, yo(x — vgt), propagates to the right with the group velocity vg;
the modulated wave, e'*o*—vpnt) represents a pure harmonic wave of constant wave number kg
that also travels to the right with the phase velocity vph. That is, (1.126) and (1.128) represent
a wave packet whose peak travels as a whole with the velocity vg, while the individual wave
propagates inside the envelope with the velocity vpn. The group velocity, which gives the ve-
locity of the packet’s peak, clearly represents the velocity of the particle, since the chance of
finding the particle around the packet’s peak is much higher than finding it in any other region
of space; the wave packet is highly localized in the neighborhood of the particle’s position and
vanishes elsewhere. It is therefore the group velocity, not the phase velocity, that is equal to the
velocity of the particle represented by the packet. This suggests that the motion of a material
particle can be described well by wave packets. By establishing a correspondence between
the particle’s velocity and the velocity of the wave packet’s peak, we see that the wave packet
concept jointly embodies the particle aspect and the wave aspect of material particles.

Now, what about the size of the wave packet in the linear approximation? Is it affected
by the particle’s propagation? Clearly not. This can be inferred immediately from (1.126):
wo(X —ogt) represents, mathematically speaking, a curve that travels to the right with a velocity
vg Without deformation. This means that if the packet is initially Gaussian, it will remain
Gaussian as it propagates in space without any change in its size.

To summarize, we have shown that, in the linear approximation, the wave packet propagates
undistorted and undergoes a uniform translational motion. Next we are going to study the
conditions under which the packet experiences deformation.
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1.8.3.2 Propagation of a Wave Packet with Distortion

Let us now include the quadratic k2 term, (k — ko)2at, in the integrand’s exponent of (1.118)
and drop the higher terms. This leads to

w(x, 1) = el ot=vend £ (x 1), (1.129)

where f (x,t), which represents the envelope of the packet, is given by
f(x,t) = L / " g(q)elIx—vatg=iaatq (1.130)
’ LY, 27 —00 ’

with g = k — ko. Were it not for the quadratic g2 correction, ig2at, the wave packet would
move uniformly without any change of shape, since similarly to (1.116), f (x, t) would be given
by f(x,t) = wo(x — vgt).

To show how « affects the width of the packet, let us consider the Gaussian packet (1.102)
whose amplitude is given by ¢ (k) = (a%/2x)Y/* exp[—a?(k — ko)?/4] and whose initial width
is Axo = a/2 and Ak = h/a. Substituting ¢ (k) into (1.129), we obtain

1/4

(x t) 1 a2 eiko(X—Dpht) /+oo exp | i (x t) a2 +iat 2 d
=—\=— —ogl) — | — a .
(1.1312)
Evaluating the integral (the calculations are detailed in the following example, see Eq. (1.145)),

we can show that the packet’s density distribution is given by

X (= vgt)° 1132
T 2| 20F | (452

where AX(t) is the width of the packet at time t:

a [, 16a2 / a?t?
AX(t):i l—|— a4 tZZAXO 1+m (1133)

We see that the packet’s width, which was initially given by Axg = a,/2, has grown by a factor

1+ a2t2/(Axg)* after time t. Hence the wave packet is spreading; the spreading is due

to the inclusion of the quadratic q2 term, iq2at. Should we drop this term, the packet’s width
AX(t) would then remain constant, equal to Axg.

The density distribution (1.132) displays two results: (1) the center of the packet moves

with the group velocity; (2) the packet’s width increases linearly with time. From (1.133) we

see that the packet begins to spread appreciably only when a?t?/(Axo)* ~ 1 ort ~ (Axg)?/e.

In fact, if t <« (Axg)2/a the packet’s spread will be negligible, whereas if t > (A%ﬁ the
packet’s spread will be significant.
To be able to make concrete statements about the growth of the packet, as displayed in

(1.133), we need to specify «; this reduces to determining the function w(k), since a =

% % e For this, let us invoke an example that yields itself to explicit calculation. In

0 . . . . . .
fact, the example we are going to consider—a free particle with a Gaussian amplitude—allows
the calculations to be performed exactly; hence there is no need to expand w (k).

ly (x, DI =
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Example 1.9 (Free particle with a Gaussian wave packet)
Determine how the wave packet corresponding to a free particle, with an initial Gaussian packet,
spreads in time.

Solution
The issue here is to find out how the wave packet corresponding to a free particle with ¢ (k) =
(a2 /27 )/4e—a*(k—k0)?/4 (see (1.110)) spreads in time.

First, we need to find the form of the wave packet, w(x,t). Substituting the amplitude
$(K) = (a2/27)/4e—3*k—k0)*/4 into the Fourier integral (1.94), we obtain

1 a2\ oo a2 )

Since w(k) = hk2/(2m) (the dispersion relation for a free particle), and using a change of
variables g = k — kg, we can write the exponent in the integrand of (1.134) as a perfect square

forq:
2 2 2
a 2 - hk _ a - ht 2 - hkot
4(k ko)+|(kx th)_ (4+|2m)q +i(x p q
hkot
+ iko (x — %)
. hkot . hkot
2
=— - K -
aq +I(X m)CI+Io(X 2m)
3 |, _hkot\]P_ L (, _ hkot)?
=— 20 m 4da m
. hkot
+ |k0 (X - W) 5 (1135)
where we have used the relation — aq? +iyq = — a [q — iy/(2a)]2 — y?/(4a), with y =
X — hkot/m and
a? _ht

Substituting (1.135) into (1.134) we obtain

1/4

1 (@ . hk 1 hkot \ >
w(X,t) = ﬁ (2—7[) exp [Iko (x —Z—n(;t):|exp [_E (x — TOt) i|
00 H 2
X/_; expi—a[q—z'—a(x—y)} ]dq. (1.137)

Combined with the integral®® [*>°exp[— o (q — iy/(2))?] dq = /7 /a, (1.137) leads to

1 (a2 _ hk 1 hkot \ ?
w(x,t) = ﬁ (2—”) exp |:Iko (x — Z_n:t)} exp |:_E (x — Tot) :| . (1.138)

161f  and & are two complex numbers and if Re § > 0, we have [*2° e=F@+0’4q = J/77B.

1/4
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Since o is a complex number (see (1.136)), we can write it in terms of its modulus and phase

1/2
2 2 2:2
a . 2ht a 4h<t i0
where 6 = tan—1[2ht/(ma?)]; hence
—1/4
1 2 4h?t? _io/2
ﬁ:5(1+m2_a4) e 102, (1.140)

Substituting (1.136) and (1.140) into (1.138), we have

1/4 2,2\ /4 2
w(x,t) = (%) (1 + 4n°t ) e=i6/2giko(c="kt/2m) gy [_ (X — hkot/m)
T

mZ2a4 a2 + 2iht/m
(1.141)
Since ’e—yz/(aszZi“t/m) 2 e—y?/(@-2iht/m)g—y?/@+2iht/m) \yhere y = x — hkot/m, and

since y2/(a? — 2iht/m) + y2/(@2 + 2iht/m) = 2a2y?/(a* + 4h?t2/m2), we have

y2 2 B 2a2y? .
2
|:_(x - hkot/m)ZH

a% + 4h%t2/m2
~1/2
2 (), s /
ra? m2a4 aZ + 2iht/m
2 1 2 hkot ) 2
e ——exp | ———— (x - —0) , (1.143)
masy (1) [ay (1] m

where y (t) = \/1 + 4h%t2/(m2a%).

We see that both the wave packet (1.141) and the probability density (1.143) remain Gaussian
as time evolves. This can be traced to the fact that the x-dependence of the phase, e'%0%, of g (x)
as displayed in (1.110) is linear. If the x-dependence of the phase were other than linear, say
quadratic, the form of the wave packet would not remain Gaussian. So the phase factor elkoX,
which was present in yo(x), allows us to account for the motion of the particle.

Since the group velocity of a free particle is vg = dw/dk = % (%) ‘k = hko/m, we can
0

hence

ly (x, D)2

rewrite (1.141) as follows!’:

2
_ 1 —i60/2 5iko(X—vgt/2) _(x—ogt)
w(x, 1) = ZnAX(t)e g'oX—vgl/2) exp 21 onum Ziht/m | (1.144)
2 1 ~(x—ogt)?
‘ t//(x,t)‘ = e exp[ TINTO: } (1.145)

171t is interesting to note that the harmonic wave et*0X—vgt/2) propagates with a phase velocity which is half the
group velocity; as shown in (1.124), this is a property of free particles.



50 CHAPTER 1. ORIGINS OF QUANTUM PHYSICS

ly(x, t)]?
A
V2/ma?
1 .
V27 Axoa/1+(t/7)2 I -
1=0 ¢ v
A ~
: _...' : _... .._. N .. 1 > X
—Ugtz —Ugt]_ 0 l)glt]_ l)gltZ

Figure 1.15 Time evolution of |y (x, t)|?: the peak of the packet, which is centered at x =
vgt, moves with the speed vg from left to right. The height of the packet, represented here
by the dotted envelope, is modulated by the function 1/(+/2z Ax(t)), which goes to zero at
t — dooand is equal to \/2/7a? att = 0. The width of the packet Ax(t) = AXoy/1 + (t/7)?

increases linearly with time.
ax = 3y = & 14 2 (1.146)
—27V 72 mZ2a* '

represents the width of the wave packet at time t. Equations (1.144) and (1.145) describe a
Gaussian wave packet that is centered at x = vgt whose peak travels with the group speed vg =
hko/m and whose width Ax(t) increases linearly with time. So, during time t, the packet’s
center has moved from x = 0 to x = ogt and its width has expanded from Axg = a/2 to

wherel8

AX(t) = Axo\/l + 4h%t2/(m2a#). The wave packet therefore undergoes a distortion; although

it remains Gaussian, its width broadens linearly with time whereas its height, 1/(+v/27 Ax(t)),
decreases with time. As depicted in Figure 1.15, the wave packet, which had a very broad width
and a very small amplitude at t — —oo, becomes narrower and narrower and its amplitude
larger and larger as time increases towardst = 0; att = 0 the packet is very localized, its width
and amplitude being given by Axo = a/2 and /2/z a2, respectively. Then, as time increases
(t > 0), the width of the packet becomes broader and broader, and its amplitude becomes
smaller and smaller.

In the rest of this section we are going to comment on several features that are relevant not
only to the Gaussian packet considered above but also to more general wave packets. First, let
us begin by estimating the time at which the wave packet starts to spread out appreciably. The
packet, which is initially narrow, begins to grow out noticeably only when the second term,
2ht/(ma?), under the square root sign of (1.146) is of order unity. For convenience, let us write

18\We can derive (1.146) also from (1.111): a combination of the half-width |y (£AX, t)]2 /[y (0, 0)]2 = e~1/2
with (1.143) yields e=2[Ax/27 O — ¢=1/2 \which in turn leads to (1.146).
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2
AX(t) = Axoy|1+ (;) , (1.147)

2m(Axg)?
TTh

represents a time constant that characterizes the rate of the packet’s spreading. Now we can
estimate the order of magnitude of z; it is instructive to evaluate it for microscopic particles
as well as for macroscopic particles. For instance, ¢ for an electron whose position is defined
to within 10719 m is given by!® 7 ~ 1.7 x 10716 s; on the other hand, the time constant
for a macroscopic particle of mass say 1 g whose position is defined to within 1 mm is of the
order?? of  ~ 2x10% s (for an illustration see Problems 1.15 and 1.16). This crude calculation
suggests that the wave packets of microscopic systems very quickly undergo significant growth;
as for the packets of macroscopic systems, they begin to grow out noticeably only after the
system has been in mation for an absurdly long time, a time of the order of, if not much higher
than, the age of the Universe itself, which is about 4.7 x 1017 s. Having estimated the times
at which the packet’s spread becomes appreciable, let us now shed some light on the size of
the spread. From (1.147) we see that when t >> 7 the packet’s spreading is significant and,
conversely, when t « 7 the spread is negligible. As the casest > 7 andt <« t correspond
to microscopic and macroscopic systems, respectively, we infer that the packet’s dispersion is
significant for microphysical systems and negligible for macroscopic systems. In the case of
macroscopic systems, the spread is there but it is too small to detect. For an illustration see
Problem 1.15 where we show that the width of a 100 g object increases by an absurdly small
factor of about 10~2° after traveling a distance of 100 m, but the width of a 25 eV electron
increases by a factor of 10° after traveling the same distance (in a time of 3.3 x 1072 s). Such
an immense dispersion in such a short time is indeed hard to visualize classically; this motion
cannot be explained by classical physics.

So the wave packets of propagating, microscopic particles are prone to spreading out very
significantly in a short time. This spatial spreading seems to generate a conceptual problem:
the spreading is incompatible with our expectation that the packet should remain highly local-
ized at all times. After all, the wave packet is supposed to represent the particle and, as such,
it is expected to travel without dispersion. For instance, the charge of an electron does not
spread out while moving in space; the charge should remain localized inside the corresponding
wave packet. In fact, whenever microscopic particles (electrons, neutrons, protons, etc.) are
observed, they are always confined to small, finite regions of space; they never spread out as
suggested by equation (1.146). How do we explain this apparent contradiction? The problem
here has to do with the proper interpretation of the situation: we must modify the classical
concepts pertaining to the meaning of the position of a particle. The wave function (1.141)
cannot be identified with a material particle. The quantity |y (x, t)|?dx represents the proba-
bility (Born’s interpretation) of finding the particle described by the packet y (x, t) attime t in
the spatial region located between x and x + dx. The material particle does not disperse (or
fuzz out); yet its position cannot be known exactly. The spreading of the matter wave, which is
accompanied by a shrinkage of its height, as indicated in Figure 1.15, corresponds to a decrease

(1.146) in the form

where
(1.148)

191f Axg = 10710 m and since the rest mass energy of an electron is mc2 = 0.5 MeV and using hc =~ 197 x
1015 MeV m, we have r = 2mc?(Axg)?/((hc)c) ~ 1.7 x 10716 5,
20since h = 1.05 x 10734 J swe have r = 2 x 0.001 kg x (0.001 m)2/(1.05 x 10734 J s) ~ 2 x 10% s.
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of the probability density |y (x, t)|> and implies in no way a growth in the size of the particle.
So the wave packet gives only the probability that the particle it represents will be found at a
given position. No matter how broad the packet becomes, we can show that its norm is always
conserved, for it does not depend on time. In fact, as can be inferred from (1.143), the norm of
the packet is equal to one:

+oo 2 /Ll +oo 2(x—hkot/m)2 /__ /na2 2
[oo Iy, O dx = ”aZV [oo P (ay)Z 71'32

(1.149)
since f_+ocf e~ dx = /7 /a. This is expected, since the probability of finding the particle
somewhere along the x-axis must be equal to one. The important issue here is that the norm
of the packet is time independent and that its spread does not imply that the material particle
becomes bloated during its motion, but simply implies a redistribution of the probability density.
So, in spite of the significant spread of the packets of microscopic particles, the norms of these
packets are always conserved—normalized to unity.

Besides, we should note that the example considered here is an idealized case, for we are
dealing with a free particle. If the particle is subject to a potential, as in the general case, its
wave packet will not spread as dramatically as that of a free particle. In fact, a varying potential
can cause the wave packet to become narrow. This is indeed what happens when a measurement
is performed on a microscopic system; the interaction of the system with the measuring device
makes the packet very narrow, as will be seen in Chapter 3.

Let us now study how the spreading of the wave packet affects the uncertainties product
Ax(t)Ap(t). First, we should point out that the average momentum of the packet hko and its
uncertainty h Ak do not change in time. This can be easily inferred as follows. Rewriting (1.94)
in the form

1 [+ : +00 .
w(x,t) = irs Pk, 0)e' W~k = irs H(k, t)e' ™ dk, (1.150)
Y —00 LY, —00
we have _
ok, t) =70y (K, 0), (1.151)
where $(k, 0) = (a2/2x)Y/4e=a°k—k0)?/4: hence
lp(k, )]* = |k, 0)]*. (1.152)

This suggests that the widths of ¢ (k, t) and ¢ (k, 0) are equal; hence Ak remains constant and
so must the momentum dispersion Ap (this is expected because the momentum of a free particle
is a constant of the motion). Since the width of ¢ (k, 0) is given by Ak = 1/a (see (1.112)), we
have

Ap:hAk:g. (1.153)
Multiplying this relation by (1.146), we have

h 4h?
AX(Ap = =,/1 t2, 1.154
X(OAp = 5[ 1+ —t2, (1154)
which shows that Ax(t)Ap > h/2 is satisfied at all times. Notably, whent = 0 we obtain
the lower bound limit AxgAp = h/2; this is the uncertainty relation for a stationary Gaussian
packet (see (1.114)). As |t] increases, however, we obtain an inequality, AX(t)Ap > h/2.
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0X¢l = —ht/(ma) 0X¢l = ht/(ma)

t

>

Figure 1.16 Time evolutions of the packet’s width Ax(t) = Axo\/l + (0Xe1 (t)/ Axg)? (dotted
curve) and of the classical dispersion dx¢ (t) = ht/(ma) (solid lines). For large values of |t|,
AX(t) approaches ox¢(t) andatt = 0, Ax(0) = Axp = a/2.

Having shown that the width of the packet does not disperse in momentum space, let us now
study the dispersion of the packet’s width in x-space. Since Axg = a/2 we can write (1.146)

as
a 4h2t2 X (1) \?
AX() = = /14— = Axp /1 1.155
K0 = 314+ 2 = o +( s ) (L.155)

where the dispersion factor dx¢ (t)/AXp is given by

O0Xcl (1) 2h h
=t——t=4+——t;
AXog ma2 2mAx3

(1.156)

As shown in Figure 1.16, when |t] is large (i.e., t — £00), we have AX(t) — Xl (t) with

ht A
Sxa(t) = = = + 2Pt — 4 aut, (1.157)
ma m

where Ao = h/(ma) represents the dispersion in velocity. This means that if a particle starts
initially (t = 0) at x = 0 with a velocity dispersion equal to Ao, then Ao will remain constant
but the dispersion of the particle’s position will increase linearly with time: dx¢ (t) = h|t|/(ma)
(Figure 1.16). We see from (1.155) that if ox¢ (t)/AXo < 1, the spreading of the wave packet
is negligible, but if dx¢ (t)/Axo > 1, the wave packet will spread out without bound.

We should highlight at this level the importance of the classical limit of (1.154): in the limit
h — 0, the product Ax(t) Ap goes to zero. This means that the x and p uncertainties become
negligible; that is, in the classical limit, the wave packet will propagate without spreading. In
this case the center of the wave packet moves like a free particle that obeys the laws of classical
mechanics. The spread of wave packets is thus a purely quantum effect. So when h — 0 all
quantum effects, the spread of the packet, disappear.

We may conclude this study of wave packets by highlighting their importance:

e They provide a linkage with the Heisenberg uncertainty principle.
e They embody and unify the particle and wave features of matter waves.
e They provide a linkage between wave intensities and probabilities.

e They provide a connection between classical and quantum mechanics.
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1.9 Concluding Remarks

Despite its striking success in predicting the hydrogen’s energy levels and transition rates, the
Bohr model suffers from a number of limitations:

e It works only for hydrogen and hydrogen-like ions such as Hetand Li®*.

e It provides no explanation for the origin of its various assumptions. For instance, it gives
no theoretical justification for the quantization condition (1.63) nor does it explain why
stationary states radiate no energy.

e It fails to explain why, instead of moving continuously from one energy level to another,
the electrons jump from one level to the other.

The model therefore requires considerable extension to account for the electronic properties
and spectra of a wide range of atoms. Even in its present limited form, Bohr’s model represents
a bold and major departure from classical physics: classical physics offers no justification for
the existence of discrete energy states in a system such as a hydrogen atom and no justification
for the quantization of the angular momentum.

In its present form, the model not only suffers from incompleteness but also lacks the ingre-
dients of a consistent theory. It was built upon a series of ad hoc, piecemeal assumptions. These
assumptions were not derived from the first principles of a more general theory, but postulated
rather arbitrarily.

The formulation of the theory of quantum mechanics was largely precipitated by the need
to find a theoretical foundation for Bohr’s ideas as well as to explain, from first principles, a
wide variety of other microphysical phenomena such as the puzzling processes discussed in
this chapter. It is indeed surprising that a single theory, quantum mechanics, is powerful and
rich enough to explain accurately a wide variety of phenomena taking place at the molecular,
atomic, and subatomic levels.

In this chapter we have dealt with the most important experimental facts which confirmed
the failure of classical physics and subsequently led to the birth of quantum mechanics. In the
rest of this text we will focus on the formalism of quantum mechanics and on its application to
various microphysical processes. To prepare for this task, we need first to study the mathemat-
ical tools necessary for understanding the formalism of quantum mechanics; this is taken up in
Chapter 2.

1.10 Solved Problems

Numerical calculations in quantum physics can be made simpler by using the following units.
First, it is convenient to express energies in units of electronvolt ( eV): one eV is defined as
the energy acquired by an electron passing through a potential difference of one Volt. The
electronvolt unit can be expressed in terms of joules and vice versa: 1 eV = (1.6 x 10~ C) x
(1V)=1.6x10"1Jand 1J =0.625 x 1019 eV.

It is also convenient to express the masses of subatomic particles, such as the electron,
proton, and neutron, in terms of their rest mass energies: mec? = 0.511 MeV, mpc2 =
938.27 MeV, and mpc2 = 939.56 MeV.

In addition, the quantities hc = 197.33 MeV fm = 197.33 x 10~ MeV m or hc =
1242.37 x 10710 eV m are sometimes more convenient to use than h = 1.05 x 10734 J s,
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Additionally, instead of 1/(4z¢o) = 8.9 x 10° N m? C~2, one should sometimes use the fine
structure constant a = €2 /[(4z eo)hc] = 1/137.

Problem 1.1
A 45 kW broadcasting antenna emits radio waves at a frequency of 4 MHz.

(a) How many photons are emitted per second?

(b) Is the quantum nature of the electromagnetic radiation important in analyzing the radia-
tion emitted from this antenna?

Solution
(a) The electromagnetic energy emitted by the antenna in one second is E = 45000 J.
Thus, the number of photons emitted in one second is

E 45000

— = = 1.7 x 10%L, 1.158
hv  6.63 x 10~ J s x 4 x 10° Hz % (1.158)

n =

(b) Since the antenna emits a huge number of photons every second, 1.7 x 1031, the quantum
nature of this radiation is unimportant. As a result, this radiation can be treated fairly accurately
by the classical theory of electromagnetism.

Problem 1.2
Consider a mass-spring system where a 4 kg mass is attached to a massless spring of constant
k = 196 Nm™1; the system is set to oscillate on a frictionless, horizontal table. The mass is
pulled 25 cm away from the equilibrium position and then released.

() Use classical mechanics to find the total energy and frequency of oscillations of the
system.

(b) Treating the oscillator with quantum theory, find the energy spacing between two con-
secutive energy levels and the total number of quanta involved. Are the quantum effects impor-
tant in this system?

Solution
(a) According to classical mechanics, the frequency and the total energy of oscillations are
given by

1 [k 1 [19 1, 196 )
== S = /22 _111H E = ZkA2="-(0.252=6.125J. (1.1
V=)= z, 5 5-(0.25 = 6.125).  (1.159)

(b) The energy spacing between two consecutive energy levels is given by
AE =hv = (6.63x 1073*J s) x (1.11 Hz) = 7.4 x 1074 (1.160)

and the total number of quanta is given by

E 6.1251]

— — _ 33

We see that the energy of one quantum, 7.4 x 10~3* J, is completely negligible compared to
the total energy 6.125 J, and that the number of quanta is very large. As a result, the energy
levels of the oscillator can be viewed as continuous, for it is not feasible classically to measure
the spacings between them. Although the quantum effects are present in the system, they are
beyond human detection. So quantum effects are negligible for macroscopic systems.
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Problem 1.3
When light of a given wavelength is incident on a metallic surface, the stopping potential for
the photoelectrons is 3.2 V. If a second light source whose wavelength is double that of the first
is used, the stopping potential drops to 0.8 V. From these data, calculate

(a) the wavelength of the first radiation and

(b) the work function and the cutoff frequency of the metal.

Solution
(a) Using (1.23) and since the wavelength of the second radiation is double that of the first
one, A = 211, We can write

hc w
v, = —_1% 1.162
S1 eil e ] ( )
he W  he W
Ve, = = _%_nhe W (1.163)

el e 2ely e
To obtain 11 we have only to subtract (1.163) from (1.162):
hc 1 hc
Vo, = Vg, =—(1—=)=—. 1.164
T T ey ( 2) 2e41 (1.164)
The wavelength is thus given by

hc 6.6 x 10734 J s x 3 x 108ms™!

- - =26x10""m. (1165
2e(Vs; —Vs,)  2x16x10-19Cx 32V —-0.8V) % ( )

A1

(b) To obtain the work function, we simply need to multiply (1.163) by 2 and subtract the
result from (1.162), Vs, — 2Vs, = W /e, which leads to

W =e(Vs, —2Vs,) =1.6eV =16 x 1.6 x 1071° =256 x 1071 J. (1.166)
The cutoff frequency is

W 256 x 10719

— =T " _39x10%Hz 1.167
h ~ 66x103Js % z (1.167)

V=

Problem 1.4

(a) Estimate the energy of the electrons that we need to use in an electron microscope to
resolve a separation of 0.27 nm.

(b) In a scattering of 2 eV protons from a crystal, the fifth maximum of the intensity is
observed at an angle of 30°. Estimate the crystal’s planar separation.

Solution
(a) Since the electron’s momentum is p = 2z h/4, its kinetic energy is given by
p2 27T2h2
= =__ 1.168
2Me MeA2 ( )

Since mec? = 0.511 MeV, hc = 197.33 x 10~ MeV m, and 4 = 0.27 x 10~ m, we have

_ 2r2(hc)®>  27%(197.33 x 107> MeV m)?
T (Mec?)42  (0.511 MeV)(0.27 x 10—9 m)2

—20.6eV. (1.169)
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(b) Using Bragg’s relation (1.46), A = (2d/n) sin ¢, where d is the crystal’s planar separa-
tion, we can infer the proton’s kinetic energy from (1.168):

2 2 2h2 2 2h2
- = (1.170)
2mp  mpA2  2mpd?sin 2¢
which leads to nzh nxhe
r ” (1.171)

d=— = .
in ¢)\/2MpE  (sin ¢), /2m ,c2E
Since n = 5 (the fifth maximum), ¢ = 30°, E =2eV, and mpc2 = 938.27 MeV, we have

B 5r x 197.33 x 1071° MeV m
~ (sin 30°)v/2 x 938.27 MeV x 2 x 10~ MeV

=0.101 nm. (1.172)

Problem 1.5
A photon of energy 3 keV collides elastically with an electron initially at rest. If the photon
emerges at an angle of 60°, calculate

(a) the kinetic energy of the recoiling electron and

(b) the angle at which the electron recoils.

Solution
(a) From energy conservation, we have

hv + mec? = hv’ + (Ke + Mec?), (1.173)

where hv and hv’ are the energies of the initial and scattered photons, respectively, mec? is the
rest mass energy of the initial electron, (Ke +mec?) is the total energy of the recoiling electron,
and Ke is its recoil Kinetic energy. The expression for Ke can immediately be inferred from
(1.173):

, 1 1 hc A/ — A AL
where the wave shift A4 is given by (1.36):
h 2z hc
AL = V—1=—@1-cosf)=——=(1—cosb
rneC( ) meCZ( )
27 x 197.33 x 1071> MeV m
= 1— o
0511 MeV (1 - cos 60°)
= 0.0012 nm. (1.175)

Since the wavelength of the incident photon is 2 = 2z hc/(hv), we have 1 = 2z x 197.33 x
10~15 MeV m/(0.003 MeV) = 0.414 nm; the wavelength of the scattered photon is given by

X = A+ Al =0.4152 nm. (1.176)

Now, substituting the numerical values of A’ and A/ into (1.174), we obtain the kinetic energy
of the recoiling electron
0.0012 nm

A
Ke = (M) 22 = B keV) x ~—="M _ 8 671 V. 1177
e = (W)= = BkeV) x 5o m — 8671 ¢ (2.177)
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(b) To obtain the angle at which the electron recoils, we need simply to use the conservation
of the total momentum along the x— and y— axes:
P = Pe COS ¢ + p’cos 0, 0 = pesin ¢ — p’sin 6. (1.178)
These can be rewritten as
PeCOS ¢ = p — p’cos &, Pe Sin ¢ = p’sin 0, (1.179)

where p and p’ are the momenta of the initial and final photons, pe is the momentum of the
recoiling electron, and @ and ¢ are the angles at which the photon and electron scatter, respec-
tively (Figure 1.4). Taking (1.179) and dividing the second equation by the first, we obtain

sin 6 . sin 6
p/p'—cosé A'Ji—cos6’
where we have used the momentum expressions of the incident photon p = h/4 and of the

scattered photon p’ = h/A’. Since 1 = 0.414 nm and 2’ = 0.4152 nm, the angle at which the
electron recoils is given by

sin @ sin 60°
=tan ! {—————— ) =tan"? = 59.86°. 1.181
¢ =tan (1//1 —cos 9) an (0.4152/0.414 —cos 600) (1.181)

tang = (2.180)

Problem 1.6
Show that the maximum kinetic energy transferred to a proton when hit by a photon of energy
hv is Kp = hv/[1 4+ mc?/(2hv)], where m is the mass of the proton.

Solution
Using (1.35), we have
1 1
=7 + moc? (1 —cos 6), (1.182)
which leads to h
hy’ e (1.183)

~ 1+ (hv/mpc?)(I — cos 6)

Since the kinetic energy transferred to the proton is given by K, = hv —hv’, we obtain
hv _ hv

1+ (hv/mpc) (L —cos 6) 1+ mpc?/[hv(l —cos )]

Clearly, the maximum kinetic energy of the proton corresponds to the case where the photon
scatters backwards (0 = ),

KthV

(1.184)

hv

Kp=1 +mpc2/(2hv)’ (1.185)
Problem 1.7
Consider a photon that scatters from an electron at rest. If the Compton wavelength shift is
observed to be triple the wavelength of the incident photon and if the photon scatters at 60°,
calculate

(a) the wavelength of the incident photon,

(b) the energy of the recoiling electron, and

(c) the angle at which the electron scatters.
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Solution
(@) In the case where the photons scatter at § = 60° and since AA = 34, the wave shift
relation (1.36) yields

h
31 = — (1 — cos 60° 1.186
-~ C( )s ( )
which in turn leads to
h zhc  3.14 x 197.33 x 107> MeV m
1= - - =404 x 1078 m. 1.187
BMeC  3mec2 3 x 0.511 MeV x (1.187)

(b) The energy of the recoiling electron can be obtained from the conservation of energy:

= 2.3 MeV.
(1.188)

1 1 3he¢  3zhc 3 x3.14 x 197.33 x 10715 MeV m
Ke = he = = =

2ox) T 4 24 2x404x10"83m
In deriving this relation, we have used the fact that ' = 1 + A1 = 44.
(c) Since A’ = 4/ the angle ¢ at which the electron recoils can be inferred from (1.181)

_ sin 8 _ sin 60° R

Problem 1.8
In a double-slit experiment with a source of monoenergetic electrons, detectors are placed along
a vertical screen parallel to the y-axis to monitor the diffraction pattern of the electrons emitted
from the two slits. When only one slit is open, the amplitude of the electrons detected on the
screen is y(y,t) = Are= &Y=/ /11 v2 and when only the other is open the amplitude is
wa(y,t) = Age~i(kytay—ot) /14 v2 \where A; and A, are normalization constants that need
to be found. Calculate the intensity detected on the screen when

(a) both slits are open and a light source is used to determine which of the slits the electron
went through and

(b) both slits are open and no light source is used.
Plot the intensity registered on the screen as a function of y for cases (a) and (b).

Solution
Using the integral ff;’: dy/(1 + y?) = =, we can obtain the normalization constants at once:

A1 = Ay = 1//x; hence w1 and yy become yi(y,t) = e~ &=/ /7 (1 +y2), ya(y, t) =
e—i(ky+n:y—a)t)/ /71'(1 + y2)

(a) When we use a light source to observe the electrons as they exit from the two slits on
their way to the vertical screen, the total intensity recorded on the screen will be determined by
a simple addition of the probability densities (or of the separate intensities):

L(y) = lya(y, D17 + lwa(y, H)I* = (1.190)

r(1+y?)’

As depicted in Figure 1.17a, the shape of the total intensity displays no interference pattern.
Intruding on the electrons with the light source, we distort their motion.
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I(y 1(y)

A 4

> ,\ ,\=y
° VYA
(a) (

b)

Figure 1.17 Shape of the total intensity generated in a double slit experiment when both slits
are open and (a) a light source is used to observe the electrons’ motion, | (y) = 2/z (1 + y?),
and no interference is registered; (b) no light source is used, 1 (y) = 4/[z (1+y?)] cos?(zy/2),
and an interference pattern occurs.

(b) When no light source is used to observe the electrons, the motion will not be distorted
and the total intensity will be determined by an addition of the amplitudes, not the intensities:

1 . . 2
Ly) = lpa(y.t) + pa(y, > = A0 ‘e"(ky_“’t) + e (kytmy—ob)
1 . .
— 1 Iry 1 —liry
n(1+y2)( +e )( te )
4 2 T
_ TN\ 1.191
201+ yD) (2y) (1.191)

The shape of this intensity does display an interference pattern which, as shown in Figure 1.17b,
results from an oscillating function, cos?(z y/2), modulated by 4/[z (1 + y?)].

Problem 1.9

Consider a head-on collision between an «-particle and a lead nucleus. Neglecting the recoil
of the lead nucleus, calculate the distance of closest approach of a 9.0 MeV a-particle to the
nucleus.

Solution

In this head-on collision the distance of closest approach rg can be obtained from the conserva-
tion of energy Ei = E ¢, where E; is the initial energy of the system, a-particle plus the lead
nucleus, when the particle and the nucleus are far from each other and thus feel no electrostatic
potential between them. Assuming the lead nucleus to be at rest, E; is simply the energy of the
a-particle: Ej = 9.0 MeV =9 x 108 x 1.6 x 10719 J.

As for E ¢, it represents the energy of the system when the a-particle is at its closest distance
from the nucleus. At this position, the «-particle is at rest and hence has no kinetic energy.
The only energy the system has is the electrostatic potential energy between the «-particle
and the lead nucleus, which has a positive charge of 82e. Neglecting the recoil of the lead
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nucleus and since the charge of the a-particle is positive and equal to 2e, we have Ef =
(2e)(82e)/(4meorp). The energy conservation Ej = E or (2€)(82e)/(4megrg) = Ej leads at

once to 26)(82
o= 20®%) 60w 10-%m, (1.192)
A7 g E;j

where we used the values e = 1.6 x 10~ C and 1/(4r&g) = 8.9 x 10° Nm? C~2.

Problem 1.10
Considering that a quintuply ionized carbon ion, C>*, behaves like a hydrogen atom, calculate
(a) the radius r, and energy E,, for a given state n and compare them with the corresponding
expressions for hydrogen,
(b) the ionization energy of C>+ when it is in its first excited state and compare it with the
corresponding value for hydrogen, and
(c) the wavelength corresponding to the transition from state n = 3 to state n = 1; compare
it with the corresponding value for hydrogen.

Solution
(a) The C>* ion is generated by removing five electrons from the carbon atom. To find the
expressions for rp. and Ep. for the C3* ion (which has 6 protons), we need simply to insert
Z =6 into (1.76): 367
a
rnC = gonz, EnC = —7
where we have dropped the term me /M, since it is too small compared to one. Clearly, these
expressions are related to their hydrogen counterparts by

a r 36
e = é’nz - % Ene = —n—zz = 36E,,,. (1.194)

(b) The ionization energy is the one needed to remove the only remaining electron of the
C>t ion. When the C°* ion is in its first excited state, the ionization energy is

36R

: (1.193)

Ex. = —9x13.6eV =-122.4¢V, (1.195)

which is equal to 36 times the energy needed to ionize the hydrogen atom in its first excited
state: Ep,, = —3.4 eV (note that we have taken n = 2 to correspond to the first excited state;
as a result, the cases n = 1 and n = 3 will correspond to the ground and second excited states,
respectively).

(c) The wavelength corresponding to the transition from state n = 3 to state n = 1 can be

inferred from the relation hc/A = E3. — E1 which, when combined with E;. = —489.6 eV
and Ez. = —54.4 eV, leads to
hc 2zhe 27197.33 x 10 eV m
A= __ = X — 2.85nm. (1.196)
Ea. — Ei.  Es. —E1i.  —54.4eV 448966V
Problem 1.11

A@—1k), [kl<a,
0, k| > a.
where a is a positive parameter and A is a normalization factor to be found.
(b) Calculate the uncertainties Ax and Ap and check whether they satisfy the uncertainty
principle.

(a) Find the Fourier transform for ¢ (k) =
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po(X) = (4/x?)sin?(ax/2)

a2
¢ (k) = /3/(2a3) (a — |k|)
V3/(2a3)
K
—a 0 a i 0 2

Figure 1.18 The shape of the function ¢ (k) and its Fourier transform wo(x).

Solution
(a) The normalization factor A can be found at once:

+00 0 a
1 = / 1 (K)|2dk = | A2 (a+k)2dk+|A|2/ (a —k)?dk
—00 —a 0
a a
- 2|A|2/ (a—k)zdk=2|A|2/ (a2—2ak+k2)dk
0 0
3
_ 2%|A|2, (1.197)

which yields A = /3/(2a3). The shape of ¢(k) = /3/(2a3) (a — |K]) is displayed in Fig-
ure 1.18.
Now, the Fourier transform of ¢ (k) is

1 [+ ikx
wo(x) = ﬁ/ (ke dk
—00

= L3 /o (a+k)eikxdk+/a(a—k)eikxdk
2z V2ad |/ 0
1 /3 0 ik & ik & ik

= — /— ke dk — ke dk+a/ e “*dk | .
2z V 2ad /_a /0 “a

(1.198)
Using the integrations

Tledk = Peary L(g giax (1.199)

k= R G (1), -

a

kg _ @ iax L (iax _

/Oke dk = —e® 4 (e 1), (1.200)

/a eikxdk _ i(eiax_e—iax)zw’ (1201)

_a iX X
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and after some straightforward calculations, we end up with

wo(x) = Xiz sin 2 (%) . (1.202)

2
As shown in Figure 1.18, this wave packet is localized: it peaks at x = 0 and decreases gradu-
ally as x increases. We can verify that the maximum of wgo(x) occurs at x = 0; writing wo(x)
as a?(ax/2)~2sin?(ax,/2) and since limy_,q sin (bx)/(bx) — 1, we obtain yo(0) = a2.

(b) Figure 1.18a is quite suggestive in defining the half-width of ¢(k): Ak = a (hence
the momentum uncertainty is Ap = ha). By defining the width as Ak = a, we know with
full certainty that the particle is located between —a < k < a; according to Figure 1.18a, the
probability of finding the particle outside this interval is zero, for ¢ (k) vanishes when |k| > a.

Now, let us find the width Ax of wo(x). Since sin(az/2a) = 1, wo(z/a) = 4a%/x?, and
that o(0) = a2, we can obtain from (1.202) that wo (7 /a) = 4a2/x% = 4/72yo(0), or

yo(z/a) _ 4 (1.203)

po(0) 72

This suggests that Ax = 7 /a: when x = £Ax = 4 /a the wave packet yo(x) drops to 4 /2
from its maximum value yo(0) = a2. In sum, we have Ax = z/a and Ak = a; hence

AXAK = 7 (1.204)

or
AXAp = zh, (1.205)

since Ak = Ap/h. In addition to satisfying Heisenberg’s uncertainty principle (1.57), this
relation shows that the product Ax Ap is higher than h/2: AxAp > h/2. The wave packet
(1.202) therefore offers a clear illustration of the general statement outlined above; namely, only
Gaussian wave packets yield the lowest limit to Heisenberg’s uncertainty principle AxAp =
h/2 (see (1.114)). All other wave packets, such as (1.202), yield higher values for the product
AXAp.

Problem 1.12
Calculate the group and phase velocities for the wave packet corresponding to a relativistic
particle.

Solution
Recall that the energy and momentum of a relativistic particle are given by

2
2 et —mo = —10 (1.206)

B \/1—1)2/02’ P \/1—1)2/02’

where mg is the rest mass of the particle and c is the speed of light in a vacuum. Squaring and
adding the expressions of E and p, we obtain E? = p2c? + m2c*; hence

E =c,/p2 + m3c2. (1.207)

E =mc
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Using this relation along with p? + m3c? = m3c?/(1 — v?/c?) and (1.122), we can show that
the group velocity is given as follows:

dE d c
=G = (c,/lo2 T mécZ) - ﬁ —o. (1.208)
/p? +mic

The group velocity is thus equal to the speed of the particle, vg = v.
The phase velocity can be found from (1.122) and (1.207): vph = E/p = ¢,/1 + m2c2/ p?

which, when combined with p = mov/y/1 — v2/c?, leads to ,/1 4+ m2c2/p2 = ¢/v; hence

E m2c2  ¢?
— S 10 1.209
Uph - p - p2 " ( )

This shows that the phase velocity of the wave corresponding to a relativistic particle with
mo # 0 is larger than the speed of light, vph = ¢?/v > c. This is indeed unphysical. The
result opn > C seems to violate the special theory of relativity, which states that the speed
of material particles cannot exceed c. In fact, this principle is not violated because vpn does
not represent the velocity of the particle; the velocity of the particle is represented by the group
velocity (1.208). As a result, the phase speed of a relativistic particle has no meaningful physical
significance.
Finally, the product of the group and phase velocities is equal to ¢?, i.e., DgLph = c.

Problem 1.13

The angular frequency of the surface waves in a liquid is given in terms of the wave number k
by o = /gk 4+ Tk3/p, where g is the acceleration due to gravity, p is the density of the liquid,
and T is the surface tension (which gives an upward force on an element of the surface liquid).
Find the phase and group velocities for the limiting cases when the surface waves have: (a) very
large wavelengths and  (b) very small wavelengths.

Solution
The phase velocity can be found at once from (1.119):

o g T, gL 2aT
vph_k_\/k pk—/zﬁpw (1.210)

where we have used the fact that k = 2z /4, 4 being the wavelength of the surface waves.
(@) If 1 is very large, we can neglect the second term in (1.210); hence

_ /%_\/§
oph =1/ 5 =11 (1.211)

In this approximation the phase velocity does not depend on the nature of the liquid, since it
depends on no parameter pertaining to the liquid such as its density or surface tension. This
case corresponds, for instance, to deepwater waves, called gravity waves.
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To obtain the group velocity, let us differentiate (1.211) with respect to k: dopp/dk =
—(1/2k)/g/k = —vpn/2k. A substitution of this relation into (1.120) shows that the group
velocity is half the phase velocity:

do doph 1 1 1 /gi
v = g = Uon FRge oo =g =g =5y (1212)

The longer the wavelength, the faster the group velocity. This explains why a strong, steady
wind will produce waves of longer wavelength than those produced by a swift wind.
(b) If 4 is very small, the second term in (1.210) becomes the dominant one. So, retaining

only the second term, we have
2z T T
ph = | = [k, (1.213)
ph p

which leads to dvph/dk = /Tk/p/2k = vpn/2k. Inserting this expression into (1.120), we
obtain the group velocity

W = Uph + El)ph = El)ph; (1214)
hence the smaller the wavelength, the faster the group velocity. These are called ripple waves;
they occur, for instance, when a container is subject to vibrations of high frequency and small
amplitude or when a gentle wind blows on the surface of a fluid.

DgZDph+k

Problem 1.14

This problem is designed to illustrate the superposition principle and the concepts of modulated
and modulating functions in a wave packet. Consider two wave functions w1 (y, t) = 5y cos 7t
and y2(y,t) = —5ycos 9t, where y and t are in meters and seconds, respectively. Show that
their superposition generates a wave packet. Plot it and identify the modulated and modulating
functions.

Solution
Using the relation cos (o &+ ) = cos a cos B F sin a sin S, we can write the superposition of
w1(y,t) and wa(y, t) as follows:

w(y,t) = wya(y,t) + ya(y,t) = dycos 7t — 5y cos 9t
= b5y (cos 8tcost + sin 8tsint) — 5y (cos 8t cos t — sin 8t sin t)
= 10ysin tsin 8t. (1.215)

The periods of 10y sin t and sin(8t) are given by 2z and 2z /8, respectively. Since the period of
10y sin t is larger than that of sin 8t, 10y sin t must be the modulating function and sin 8t the
modulated function. As depicted in Figure 1.19, we see that sin 8t is modulated by 10y sin t.

Problem 1.15

(a) Calculate the final size of the wave packet representing a free particle after traveling a
distance of 100 m for the following four cases where the particle is

(i) a 25 eV electron whose wave packet has an initial width of 1076 m,
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.<«—10ysint .
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Figure 1.19 Shape of the wave packet w(y,t) = 10ysin tsin 8t. The function sin 8t, the
solid curve, is modulated by 10y sin t, the dashed curve.

(ii) a 25 eV electron whose wave packet has an initial width of 10~8 m

(iii) a 100 MeV electron whose wave packet has an initial width of 1 mm, and

(iv) a 100 g object of size 1 cm moving at a speed of 50 ms~1.

(b) Estimate the times required for the wave packets of the electron in (i) and the object in
(iv) to spread to 10 mm and 10 cm, respectively. Discuss the results obtained.

Solution
(@) If the initial width of the wave packet of the particle is Axg, the width at time t is given

by
OX
AX(t) = AXo, |1+ (AXO) , (1.216)

where the dispersion factor is given by

oX 2ht ht ht
ot At — , 1.217
Axo ~ maZ  2m(a/2)2 ~ 2m (Axg)? ( )

(i) For the 25 eV electron, which is clearly not relativistic, the time to travel the L = 100 m
distance is given by t = L/o = Ly/mc2/2E/c, since E = $mo? = imc?(v?/c?) or v =
¢+/2E /(mc2). We can therefore write the dispersion factor as

oX h ~h L /me2  hcl mc2

- t = = —. 1.218
AXo 2mAx§ 2mAx§C 2E 2mc2Axg 2E ( )

The numerics of this expression can be made easy by using the following quantities: hc ~
197 x 1015 MeV m, the rest mass energy of an electron is mc? = 0.5 MeV, Axg = 10~® m
E =25eV = 25 x 1078 MeV, and L = 100 m. Inserting these quantities into (1.218), we
obtain

~ 2 x 103 (1.219)

ox 197 x 10715 MeV m x 100 m \/ 0.5 MeV
Axg — 2x05MeV x10-2m? V2 x 25 x 10-5 MeV

the time it takes the electron to travel the 100 m distance is given, as shown above, by

‘(_ L mc2_ 100 m \/ 0.5 MeV
T ¢V 2E T 3x108ms1V 2 x 25 x 10-6 MeV

=33x107%s. (1.220)
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Using t = 3.3 x 10~° s and substituting (1.219) into (1.216), we obtain
AX(t=33x10"75)=10mxvV1+4x106~2x10°m=2mm. (1.221)

The width of the wave packet representing the electron has increased from an initial value of
106 mto 2 x 103 m, i.e., by a factor of about 103. The spread of the electron’s wave packet
is thus quite large.

(i) The calculation needed here is identical to that of part (i), except the value of Axg is
now 10~8 m instead of 10~® m. This leads to dx/Axg ~ 2 x 107 and hence the width is
AX(t) = 20 cm; the width has therefore increased by a factor of about 107. This calculation is
intended to show that the narrower the initial wave packet, the larger the final spread. In fact,
starting in part (i) with an initial width of 10~ m, the final width has increased to 2 x 10~3 m
by a factor of about 10%; but in part (ii) we started with an initial width of 10~8 m, and the final
width has increased to 20 cm by a factor of about 10" .

(iii) The motion of a 100 MeV electron is relativistic; hence to good approximation, its
speed is equal to the speed of light, » ~ c. Therefore the time it takes the electron to travel a
distance of L = 100 mist ~ L/c = 3.3 x 10~ s. The dispersion factor for this electron can
be obtained from (1.217) where Axq = 103 m:

hL hclL 197 x 10715 MeV 1
OX c 197 x 10 eV m x OOm:2X10_5. (1.222)

Axo  2mcAxZ  2mcZAx2 2 x 0.5 MeV x 10-6 m?

The increase in the width of the wave packet is relatively small:

AX(t=33x10""5)=10"mx vV1+4x 10710~ 1073 m = Axo. (1.223)

So the width did not increase appreciably. We can conclude from this calculation that, when
the motion of a microscopic particle is relativistic, the width of the corresponding wave packet
increases by a relatively small amount.

(iv) In the case of a macroscopic object of mass m = 0.1 kg, the time to travel the distance
L =100mist = L/o = 100 m/50 ms~1 = 2's. Since the size of the system is about
Axg=1cm=001lmandh = 1.05x 1034 J s, the dispersion factor for the object can be
obtained from (1.217):

OX ht 1.05x1073Jsx2s

— = ~ ~ 1072, 1.224
Axo  2mAx3 ~ 2x0.1kg x 10=4 m2 ( )

Since dx/Axo = 1072 « 1, the increase in the width of the wave packet is utterly unde-
tectable:

AX(25) =1072m x v/1410-58 ~ 1072 m = Axo. (1.225)
(b) Using (1.216) and (1.217) we obtain the expression for the time t in which the wave

packet spreads to Ax(t):

2
t=r (Ax(t)) —1, (1.226)

AXp

where 7 represents a time constant = = 2m(Axg)?/h (see (1.148)). The time constant for the
electron of part (i) is given by

2mc2(Axg)? 2 x 0.5 MeV x 10712 m?
T = =

= =17x1078s 1.227
hc? 197 x 1015 MeV m x 3 x 108ms—1 x , (227
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and the time constant for the object of part (iv) is given by

2m(Axg)? 2 x 0.1kg x 1074 m? 29
= ~ =19 x 10 s. 1.228
‘ h 105 x 103 J s x (1.228)
Note that the time constant, while very small for a microscopic particle, is exceedingly large
for macroscopic objects.
On the one hand, a substitution of the time constant (1.227) into (1.226) yields the time
required for the electron’s packet to spread to 10 mm:

10-2
10-6
On the other hand, a substitution of (1.228) into (1.226) gives the time required for the object

to spread to 10 cm:
10-1)2
t=19x10"s (W) —1~19x10%s, (1.230)

The result (1.229) shows that the size of the electron’s wave packet grows in a matter of 1.7 x
10~* s from 10~% m to 10=2 m, a very large spread in a very short time. As for (1.230), it
shows that the object has to be constantly in motion for about 1.9 x 103 s for its wave packet
to grow from 1 cm to 10 cm, a small spread for such an absurdly large time; this time is absurd
because it is much larger than the age of the Universe, which is about 4.7 x 1017 s. We see that
the spread of macroscopic objects becomes appreciable only if the motion lasts for a long, long
time. However, the spread of microscopic objects is fast and large.
We can summarize these ideas in three points:

2
t=17x10"%s ( ) —1~17x10"%s. (1.229)

e The width of the wave packet of a nonrelativistic, microscopic particle increases substan-
tially and quickly. The narrower the wave packet at the start, the further and the quicker
it will spread.

e When the particle is microscopic and relativistic, the width corresponding to its wave
packet does not increase appreciably.

e For a nonrelativistic, macroscopic particle, the width of its corresponding wave packet
remains practically constant. The spread becomes appreciable only after absurdly long
times, times that are larger than the lifetime of the Universe itself!

Problem 1.16

A neutron is confined in space to 10~14 m. Calculate the time its packet will take to spread to
(a) four times its original size,
(b) a size equal to the Earth’s diameter, and
(c) a size equal to the distance between the Earth and the Moon.

Solution
Since the rest mass energy of a neutron is equal to mpc? = 939.6 MeV, we can infer the time
constant for the neutron from (1.227):

_2mpc?(Axp)? 2 x 939.6 MeV x (1014 m)2
T heZ T 197 x 10 MeV m x 3 x 108 ms—1

=32x10"%s. (1.231)
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Inserting this value in (1.226) we obtain the time it takes for the neutron’s packet to grow from
an initial width Axg to a final size Ax(t):

2 2
t= Tw/(AX—(t)) —1=32x10"%5s (ﬂ) -1 (1.232)
AXo AXp

The calculation of t reduces to simple substitutions.
(a) Substituting Ax(t) = 4Axg into (1.232), we obtain the time needed for the neutron’s
packet to expand to four times its original size:

t=32x10"21s/16-1=1.2x 10725, (1.233)

(b) The neutron’s packet will expand from an initial size of 1071* m to 12.7 x 108 m (the
diameter of the Earth) in a time of

_ 12.7 x 106 m\?
t=32x10"% 5\/(W) —1=41s. (1.234)

(c) The time needed for the neutron’s packet to spread from 10~14 m to 3.84 x 108 m (the
distance between the Earth and the Moon) is

3.84 x 108 m\?
t=32x10"2 s\/(lof—mmr") —1-=123s. (1.235)

The calculations carried out in this problem show that the spread of the packets of micro-
scopic particles is significant and occurs very fast: the size of the packet for an earthly neutron
can expand to reach the Moon in a mere 12.3 s! Such an immense expansion in such a short
time is indeed hard to visualize classically. One should not confuse the packet’s expansion with
a growth in the size of the system. As mentioned above, the spread of the wave packet does
not mean that the material particle becomes bloated. It simply implies a redistribution of the
probability density. In spite of the significant spread of the wave packet, the packet’s norm is
always conserved; as shown in (1.149) it is equal to 1.

Problem 1.17
Use the uncertainty principle to estimate: (a) the ground state radius of the hydrogen atom and
(b) the ground state energy of the hydrogen atom.

Solution
() According to the uncertainty principle, the electron’s momentum and the radius of its
orbit are related by rp ~ h; hence p ~ h/r. To find the ground state radius, we simply need to
minimize the electron—proton energy
2 2 2 2

e h e

E(r) — p_ — — —

2me  dmeor  2mer?2  Ameor

(1.236)

with respecttor:

dE h2 g2
0= — = 5.

=t — 1.237
dr merd  dmeor ( )
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This leads to the Bohr radius

47 ggh?
fo = —— —0.053 nm. (1.238)

Mee

(b) Inserting (1.238) into (1.236), we obtain the Bohr energy:

2 2

h e me [ €2
E - =——|——) =-136¢eV. 1.239
(o) 2mr3  Amweoro 2h? (47r80) ¢ ( )

2

The results obtained for rg and E(rg), as shown in (1.238) and (1.239), are indeed impressively
accurate given the crudeness of the approximation.

Problem 1.18
Consider the bound state of two quarks having the same mass m and interacting via a potential
energy V (r) = kr where k is a constant.

(a) Using the Bohr model, find the speed, the radius, and the energy of the system in the
case of circular orbits. Determine also the angular frequency of the radiation generated by a
transition of the system from energy state n to energy state m.

(b) Obtain numerical values for the speed, the radius, and the energy for the case of the
ground state, n = 1, by taking a quark mass of mc2 = 2 GeV and k = 0.5 GeV fm—1.

Solution
() Consider the two quarks to move circularly, much like the electron and proton in a
hydrogen atom; then we can write the force between them as

02 dV(r)
nr = =k, (1.240)

where 1 = m/2 is the reduced mass and V (r) is the potential. From the Bohr quantization
condition of the orbital angular momentum, we have

L = wor =nh. (1.241)

Multiplying (1.240) by (1.241), we end up with %03 = nhk, which yields the (quantized)
speed of the relative motion for the two-quark system:

hk 1/3
op = (F) nt/3, (1.242)

The radius can be obtained from (1.241), r, = nh/(uop); using (1.242), this leads to

h2\ 13
rnz(—) n2/3, (1.243)

We can obtain the total energy of the relative motion by adding the kinetic and potential

energies:

1/3

1 3 [ h?k?

En=—uv?+krp=={—) n?3 (1.244)
2 2\ u
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In deriving this relation, we have used the relations for v, and ry, as given by (1.242) by (1.243),
respectively.
The angular frequency of the radiation generated by a transition from n to m is given by

1/3

En—Em 3 /K2 23 23

(b) Inserting n = 1, hc ~ 0.197 GeV fm, uc? =mc?/2 =1 GeV, and k = 0.5 GeV fm~!
into (1.242) to (1.244), we have

hek \Y3 0.197 GeV fm x 0.5 GeV fm—1\ "/
t ((/“32)2) = ( (1GeV)2 ) ¢ = 0.46c, (1.246)
where c is the speed of light and
1/3 ) 13
(hc)? (0.197 GeV fm)
- = =0.427f 1.247
h (ﬂCZk 1GeV x 0.5 GeV fm-1 m; (1.247)

£ _ 3 ((oAA\T 3 ((0.197 GeV fm)2(0.5 GeV fm )2
L=\ ue? 2

1/3
—0.32 GeV. (1.24
T Gev ) 0.32 GeV. (1.248)

1.11 Exercises

Exercise 1.1
Consider a metal that is being welded.
(a) How hot is the metal when it radiates most strongly at 490 nm?
(b) Assuming that it radiates like a blackbody, calculate the intensity of its radiation.

Exercise 1.2
Consider a star, a light bulb, and a slab of ice; their respective temperatures are 8500 K, 850 K,
and 273.15K.

(a) Estimate the wavelength at which their radiated energies peak.

(b) Estimate the intensities of their radiation.

Exercise 1.3

Consider a 75 W light bulb and an 850 W microwave oven. If the wavelengths of the radiation
they emit are 500 nm and 150 mm, respectively, estimate the number of photons they emit per
second. Are the quantum effects important in them?

Exercise 1.4

Assuming that a given star radiates like a blackbody, estimate
(a) the temperature at its surface and
(b) the wavelength of its strongest radiation,

when it emits a total intensity of 575 MW m~2.
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Exercise 1.5
The intensity reaching the surface of the Earth from the Sun is about 1.36 kW m~—2. Assuming
the Sun to be a sphere (of radius 6.96 x 108 m) that radiates like a blackbody, estimate

(a) the temperature at its surface and the wavelength of its strongest radiation, and

(b) the total power radiated by the Sun (the Earth-Sun distance is 1.5 x 101 m).

Exercise 1.6

(a) Calculate: (i) the energy spacing AE between the ground state and the first excited
state of the hydrogen atom; (ii) and the ratio AE /E1 between the spacing and the ground state
energy.

(b) Consider now a macroscopic system: a simple pendulum which consists of a 5g mass
attached to a 2m long, massless and inextensible string. Calculate (i) the total energy E; of
the pendulum when the string makes an angle of 60° with the vertical; (ii) the frequency of the
pendulum’s small oscillations and the energy AE of one quantum; and (iii) the ratio AE/E;.

(c) Examine the sizes of the ratio AE/E; calculated in parts (a) and (b) and comment on
the importance of the quantum effects for the hydrogen atom and the pendulum.

Exercise 1.7
A beam of X-rays from a sulfur source (1 = 53.7 nm) and a y -ray beam from a Cs3" sample
(4 = 0.19nm) impinge on a graphite target. Two detectors are set up at angles 30° and 120°
from the direction of the incident beams.
(a) Estimate the wavelength shifts of the X-rays and the y -rays recorded at both detectors.
(b) Find the kinetic energy of the recoiling electron in each of the four cases.
(c) What percentage of the incident photon energy is lost in the collision in each of the four
cases?

Exercise 1.8

It has been suggested that high energy photons might be found in cosmic radiation, as a result
of the inverse Compton effect, i.e., a photon of visible light gains energy by scattering from
a high energy proton. If the proton has a momentum of 10X eV/c, find the maximum final
energy of an initially yellow photon emitted by a sodium atom (19 = 2.1 nm).

Exercise 1.9

Estimate the number of photons emitted per second from a 75 rmW light bulb; use 575nm as
the average wavelength of the (visible) light emitted. Is the quantum nature of this radiation
important?

Exercise 1.10
A 0.7 MeV photon scatters from an electron initially at rest. If the photon scatters at an angle
of 35°, calculate

(a) the energy and wavelength of the scattered photon,

(b) the Kkinetic energy of the recoiling electron, and

(c) the angle at which the electron recoils.

Exercise 1.11

Light of wavelength 350 nm is incident on a metallic surface of work function 1.9eV.
(a) Calculate the kinetic energy of the ejected electrons.
(b) Calculate the cutoff frequency of the metal.
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Exercise 1.12

Find the wavelength of the radiation that can eject electrons from the surface of a zinc sheet with
a kinetic energy of 75 eV; the work function of zinc is 3.74 eV. Find also the cutoff wavelength
of the metal.

Exercise 1.13
If the stopping potential of a metal when illuminated with a radiation of wavelength 480 nm is
1.2V, find

(a) the work function of the metal,

(b) the cutoff wavelength of the metal, and

(c) the maximum energy of the ejected electrons.

Exercise 1.14
Find the maximum Compton wave shift corresponding to a collision between a photon and a
proton at rest.

Exercise 1.15
If the stopping potential of a metal when illuminated with a radiation of wavelength 150 nm is
7.5V, calculate the stopping potential of the metal when illuminated by a radiation of wave-
length 275 nm.

Exercise 1.16
A light source of frequency 9.5 x 10 Hz illuminates the surface of a metal of work function
2.8eV and ejects electrons. Calculate

(a) the stopping potential,

(b) the cutoff frequency, and

(c) the kinetic energy of the ejected electrons.

Exercise 1.17
Consider a metal with a cutoff frequency of 1.2 x 10'* Hz.

(a) Find the work function of the metal.

(b) Find the kinetic energy of the ejected electrons when the metal is illuminated with a
radiation of frequency 7 x 10 Hz.

Exercise 1.18
A light of frequency 7.2 x 101 Hz is incident on four different metallic surfaces of cesium, alu-
minum, cobalt, and platinum whose work functions are 2.14eV, 4.08eV, 3.9eV, and 6.35eV,
respectively.

(@) Which among these metals will exhibit the photoelectric effect?

(b) For each one of the metals producing photoelectrons, calculate the maximum Kinetic
energy for the electrons ejected.

Exercise 1.19
Consider a metal with stopping potentials of 9V and 4 V when illuminated by two sources of
frequencies 17 x 10'* Hz and 8 x 10 Hz, respectively.

(a) Use these data to find a numerical value for the Planck constant.

(b) Find the work function and the cutoff frequency of the metal.

(c) Find the maximum kinetic energy of the ejected electrons when the metal is illuminated
with a radiation of frequency 12 x 1014 Hz.
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Exercise 1.20
Using energy and momentum conservation requirements, show that a free electron cannot ab-
sorb all the energy of a photon.

Exercise 1.21
Photons of wavelength 5 nm are scattered from electrons that are at rest. If the photons scatter
at 60° relative to the incident photons, calculate

(a) the Compton wave shift,

(b) the kinetic energy imparted to the recoiling electrons, and

(c) the angle at which the electrons recoil.

Exercise 1.22
X-rays of wavelength 0.0008 nm collide with electrons initially at rest. If the wavelength of the
scattered photons is 0.0017 nm, determine

(a) the kinetic energy of the recoiling electrons,

(b) the angle at which the photons scatter, and

(c) the angle at which the electrons recoil.

Exercise 1.23
Photons of energy 0.7 MeV are scattered from electrons initially at rest. If the energy of the
scattered photons is 0.5 MeV, find

(a) the wave shift,

(b) the angle at which the photons scatter,

(c) the angle at which the electrons recoil, and

(d) the Kkinetic energy of the recoiling electrons.

Exercise 1.24
In a Compton scattering of photons from electrons at rest, if the photons scatter at an angle of
45° and if the wavelength of the scattered photons is 9 x 10713 m, find

(a) the wavelength and the energy of the incident photons,

(b) the energy of the recoiling electrons and the angle at which they recoil.

Exercise 1.25
When scattering photons from electrons at rest, if the scattered photons are detected at 90° and
if their wavelength is double that of the incident photons, find

(a) the wavelength of the incident photons,

(b) the energy of the recoiling electrons and the angle at which they recoil, and

(c) the energies of the incident and scattered photons.

Exercise 1.26

In scattering electrons from a crystal, the first maximum is observed at an angle of 60°. What
must be the energy of the electrons that will enable us to probe as deep as 19 nm inside the
crystal?

Exercise 1.27
Estimate the resolution of a microscope which uses electrons of energy 175 eV.

Exercise 1.28
What are the longest and shortest wavelengths in the Balmer and Paschen series for hydrogen?
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Exercise 1.29

(a) Calculate the ground state energy of the doubly ionized lithium ion, Li2*, obtained when
one removes two electrons from the lithium atom.

(b) If the lithium ion Li2* is bombarded with a photon and subsequently absorbs it, calculate
the energy and wavelength of the photon needed to excite the Li%* ion into its third excited state.

Exercise 1.30
Consider a tenfold ionized sodium ion, Nal®t, which is obtained by removing ten electrons
from an Na atom.

(a) Calculate the orbiting speed and orbital angular momentum of the electron (with respect
to the ion’s origin) when the ion is in its fourth excited state.

(b) Calculate the frequency of the radiation emitted when the ion deexcites from its fourth
excited state to the first excited state.

Exercise 1.31
Calculate the wavelength of the radiation needed to excite the triply ionized beryllium atom,
Be3+, from the ground state to its third excited state.

Exercise 1.32
According to the classical model of the hydrogen atom, an electron moving in a circular orbit
of radius 0.053nm around a proton fixed at the center is unstable, and the electron should
eventually collapse into the proton. Estimate how long it would take for the electron to collapse
into the proton.

Hint: Start with the classical expression for radiation from an accelerated charge

dE 2 eZa? _p? 2  e?

dt ~ 34zegcd’ T 2m  Ameor | S8meor’

where a is the acceleration of the electron and E is its total energy.

Exercise 1.33
Calculate the de Broglie wavelength of
(a) an electron of kinetic energy 54 eV,
(b) a proton of kinetic energy 70 MeV,
(c) a 100 g bullet moving at 1200 ms~1, and
Useful data: mec? = 0.511 MeV, mpc? = 938.3MeV, he ~ 197.3eV nm.

Exercise 1.34

A simple one-dimensional harmonic oscillator is a particle acted upon by a linear restoring
force F(x) = —mw?x. Classically, the minimum energy of the oscillator is zero, because we
can place it precisely at x = 0, its equilibrium position, while giving it zero initial velocity.
Quantum mechanically, the uncertainty principle does not allow us to localize the particle pre-
cisely and simultaneously have it at rest. Using the uncertainty principle, estimate the minimum
energy of the quantum mechanical oscillator.

Exercise 1.35
Consider a double-slit experiment where the waves emitted from the slits superpose on a vertical
screen parallel to the y-axis. When only one slit is open, the amplitude of the wave which gets
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through is w1 (y, t) = e~Y*/32ei@1=ay) and when only the other slit is open, the amplitude is
wa(y, t) = e—Y?/32gi(0t—ay—ry).

(a) What is the interference pattern along the y-axis with both slits open? Plot the intensity
of the wave as a function of y.

(b) What would be the intensity if we put a light source behind the screen to measure which
of the slits the light went through? Plot the intensity of the wave as a function of y.

Exercise 1.36
Consider the following three wave functions:

vi(y) = Ae™Y,  ya(y) = A V2 ps(y) = Ase™Y +ye V),

where A1, Ay, and Az are normalization constants.
(a) Find the constants A1, Az, and Az so that w1, w2, and w3 are normalized.
(b) Find the probability that each one of the states will be in the interval -1 <y < 1.

Exercise 1.37
Find the Fourier transform ¢ (p) of the following function and plot it:

[ 1oL <1,
‘”(X)—{o, x| > 1.

Exercise 1.38

(a) Find the Fourier transform of ¢ (k) = Ae~2lKI=1bk ‘where a and b are real numbers, but
a is positive.

(b) Find A so that w(x) is normalized.

(c) Find the x and k uncertainties and calculate the uncertainty product AxAp. Does it
satisfy Heisenberg’s uncertainty principle?

Exercise 1.39
(a) Find the Fourier transform y (x) of
0, p<—po,
#(P)=1 A, —po <P < Po,
0, po<p,

where A is a real constant.

(b) Find A so that w (x) is normalized and plot ¢ (p) and y (x). Hint: The following integral
might be needed: [2° dx (sin?(ax))/x? = za.

(c) Estimate the uncertainties Ap and Ax and then verify that Ax Ap satisfies Heisenberg’s
uncertainty relation.

Exercise 1.40
Estimate the lifetime of the excited state of an atom whose natural width is 3 x 10~*eV; you
may need the value h = 6.626 x 1073*Js = 4.14 x 10~ 1%eVs.

Exercise 1.41
Calculate the final width of the wave packet corresponding to an 80 g bullet after traveling for
20s; the size of the bullet is 2 cm.
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Exercise 1.42
A 100 g arrow travels with a speed of 30 ms~1 over a distance of 50 m. If the initial size of the
wave packet is 5cm, what will be its final size?

Exercise 1.43
A 50 MeV beam of protons is fired over a distance of 10 km. If the initial size of the wave
packet is 1.5 x 10~6 m, what will be the final size upon arrival?

Exercise 1.44
A 250 GeV heam of protons is fired over a distance of 1 km. If the initial size of the wave packet
is 1 mm, find its final size.

Exercise 1.45

Consider an inextensible string of linear density x (mass per unit length). If the string is subject
to a tension T, the angular frequency of the string waves is given in terms of the wave number
k by w = k/T/u. Find the phase and group velocities.

Exercise 1.46
The angular frequency for a wave propagating inside a waveguide is given in terms of the wave

number k and the width b of the guide by & = kc |1 — nz/(bzkz)]_m. Find the phase and
group velocities of the wave.

Exercise 1.47

Show that for those waves whose angular frequency « and wave humber k obey the dispersion
relation k?c? = w? 4 constant, the product of the phase and group velocities is equal to c?,
vgvph = €2, where c is the speed of light.

Exercise 1.48
How long will the wave packet of a 10 g object, initially confined to 1 mm, take to quadruple
its size?

Exercise 1.49
How long will it take for the wave packet of a proton confined to 10~1°m to grow to a size
equal to the distance between the Earth and the Sun? This distance is equal to 1.5 x 108 km.

Exercise 1.50
Assuming the wave packet representing the Moon to be confined to 1 m, how long will the
packet take to reach a size triple that of the Sun? The Sun’s radius is 6.96 x 10° km.
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Chapter 2

Mathematical Tools of Quantum
Mechanics

2.1 Introduction

We deal here with the mathematical machinery needed to study quantum mechanics. Although
this chapter is mathematical in scope, no attempt is made to be mathematically complete or
rigorous. We limit ourselves to those practical issues that are relevant to the formalism of
guantum mechanics.

The Schrodinger equation is one of the cornerstones of the theory of quantum mechan-
ics; it has the structure of a linear equation. The formalism of quantum mechanics deals with
operators that are linear and wave functions that belong to an abstract Hilbert space. The math-
ematical properties and structure of Hilbert spaces are essential for a proper understanding of
the formalism of quantum mechanics. For this, we are going to review briefly the properties of
Hilbert spaces and those of linear operators. We will then consider Dirac’s bra-ket notation.

Quantum mechanics was formulated in two different ways by Schrédinger and Heisenberg.
Schrddinger’s wave mechanics and Heisenberg’s matrix mechanics are the representations of
the general formalism of quantum mechanics in continuous and discrete basis systems, respec-
tively. For this, we will also examine the mathematics involved in representing kets, bras,
bra-kets, and operators in discrete and continuous bases.

2.2 The Hilbert Space and Wave Functions

2.2.1 The Linear Vector Space

A linear vector space consists of two sets of elements and two algebraic rules:
e asetof vectors w, ¢, x, ...andasetof scalarsa, b, c,...;
e arule for vector addition and a rule for scalar multiplication.

(a) Addition rule
The addition rule has the properties and structure of an abelian group:
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If w and ¢ are vectors (elements) of a space, their sum, w + ¢, is also a vector of the
same space.
Commutativity: w +¢ =¢ + .
Associativity: (v +¢)+ x = v + (¢ + x).

Existence of a zero or neutral vector: for each vector y, there must exist a zero vector
Osuchthat: O+ w =y + 0O = y.

Existence of a symmetric or inverse vector: each vector  must have a symmetric vector
(—y)suchthat y + (—y)=(-y)+y =0.

(b) Multiplication rule
The multiplication of vectors by scalars (scalars can be real or complex numbers) has these
properties:

The product of a scalar with a vector gives another vector. In general, if  and ¢ are two
vectors of the space, any linear combination ay + b¢ is also a vector of the space, a and
b being scalars.

Distributivity with respect to addition:
a(y +¢) =ay +ag, @+by =ay +by, (2.2)
Associativity with respect to multiplication of scalars:
a(by) = (ab)y (2.2)
For each element y there must exist a unitary scalar | and a zero scalar "0" such that

ly =yl =y and oy =yo=o0. (2.3)

2.2.2 The Hilbert Space

A Hilbert space H consists of a set of vectors v, ¢, x, ... and aset of scalars a, b, c, ... which
satisfy the following four properties:

(a) H is alinear space

The properties of a linear space were considered in the previous section.

(b) H has a defined scalar product that is strictly positive

The scalar product of an element y with another element ¢ is in general a complex
number, denoted by (v, ¢), where (v, ¢) = complex number. Note: Watch out for the
order! Since the scalar product is a complex number, the quantity (v, ¢) is generally not
equal to (¢, w): (v, ¢) = y*¢ while (¢, w) = ¢*w. The scalar product satisfies the
following properties:

e The scalar product of y with ¢ is equal to the complex conjugate of the scalar
product of ¢ with w:

(v, d) = (@, p)". (2.4)
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e The scalar product of ¢ with y is linear with respect to the second factor if v =

ayy + byo:

(¢, ay1 +by2) =ald, y1) +b(@, y2), (2.5)
and antilinear with respect to the first factor if ¢ = a¢1 + bgy:

@g1 +be2, w) =a* (g1, ) +b*(d2, v). (2.6)

e The scalar product of a vector y with itself is a positive real number:

w,w)=lw >0, 2.7)
where the equality holds only for y = O.

(c) H isseparable

There exists a Cauchy sequence yn, € H (n =1, 2, ...) such that for every y of H and
& > 0, there exists at least one y, of the sequence for which

Iy —wynl<e (2.8)

(d) H is complete

Every Cauchy sequence y, € H converges to an element of H . That is, for any vy, the
relation
lim |l yn—ym =0, (2.9)

n,m—oo

defines a unique limit y of H such that

Jim 1y =y 1=0. (2.10)

Remark

We should note that in a scalar product (¢, w), the second factor, v, belongs to the Hilbert
space H, while the first factor, ¢, belongs to its dual Hilbert space Hy. The distinction between
‘H and Hq is due to the fact that, as mentioned above, the scalar product is not commutative:
(¢, w) # (w, ¢); the order matters! From linear algebra, we know that every vector space can
be associated with a dual vector space.

2.2.3 Dimension and Basis of a Vector Space

A set of N nonzero vectors ¢1, ¢2, ..., ¢ is said to be linearly independent if and only if the
solution of the equation

N
> aigi =0 (2.11)
i=1

isa; = ap = --- = ay = 0. But if there exists a set of scalars, which are not all zero, so that

one of the vectors (say ¢n) can be expressed as a linear combination of the others,

n—1 N
$n=D aidi+ > adi, 2.12)
i=1

i=n+1
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the set {¢;} is said to be linearly dependent.

Dimension: The dimension of a vector space is given by the maximum number of linearly
independent vectors the space can have. For instance, if the maximum number of linearly inde-
pendent vectors a space has is N (i.e., @1, ¢2, ..., #n), this space is said to be N-dimensional.
In this N-dimensional vector space, any vector y can be expanded as a linear combination:

N
y = Zai¢i~ (2.13)
=)

Basis: The basis of a vector space consists of a set of the maximum possible number of linearly
independent vectors belonging to that space. This set of vectors, ¢1, ¢2, . . ., ¢, to be denoted
in short by {¢;}, is called the basis of the vector space, while the vectors ¢1, ¢, ..., N are
called the base vectors. Although the set of these linearly independent vectors is arbitrary,
it is convenient to choose them orthonormal; that is, their scalar products satisfy the relation
(¢i, ¢j) = dij (we may recall that 6jj = 1 whenever i = j and zero otherwise). The basis is
said to be orthonormal if it consists of a set of orthonormal vectors. Moreover, the basis is said
to be complete if it spans the entire space; that is, there is no need to introduce any additional
base vector. The expansion coefficients a; in (2.13) are called the components of the vector
in the basis. Each component is given by the scalar product of y with the corresponding base
vector, aj = (¢j, y).

Examples of linear vector spaces
Let us give two examples of linear spaces that are Hilbert spaces: one having a finite (discrete)
set of base vectors, the other an infinite (continuous) basis.

e The first one is the three-dimensional Euclidean vector space; the basis of this space
consists of three linearly independent vectors, usually denoted by E J, k._Any vector of
the Euclidean space can be written in terms of trle base vectors as A = aji +azj + ask,
where aj, ap, and asz are the components gf A in the basis; each component can be
determined by taking the scalar product of A with the corresponding base vector: a; =
i-A a2 =]-A andag = k- A. Note that the scalar product in the Euclidean space is real
and hence symmetric. The norm in this space is the usual length of vectors || A ||= A.
Note also that whege\ietali +az]j + ask = 0 we have a; = a = az = 0 and that none
of the unit vectors i, j, k can be expressed as a linear combination of the other two.

e The second example is the space of the entire complex functions  (x); the dimension of
this space is infinite for it has an infinite number of linearly independent basis vectors.

Example 2.1
Check whether the following sets of functions are linearly independent or dependent on the real
X-axis.

@ f0) =4,90) =x% h(x) =e*

(b) f(x) =x, g(x) = x% h(x) =x3

() f(x) = x, g(x) =5x, h(x) = x?

(d) f(x) =24x2,g(xX) =3 —x +4x3, h(x) = 2x + 3x? — 8x3

Solution
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(a) The first set is clearly linearly independent since a1 f (X) + a2g(x) + agh(x) = 4a; +
arx? + aze® = 0 implies that a; = a» = az = 0 for any value of x.

(b) The functions f(x) = x, g(x) = x2, h(x) = x2 are also linearly independent since
aix + axx? + azx® = 0 implies that a; = a» = a3 = 0 no matter what the value of x. For
instance, taking x = —1, 1, 3, the following system of three equations

—a;+ay—az =0, a1 +ay+az3=0, 3a; +9ap +27a3 =0 (2.14)

yieldsa; = ap = a3z =0.

(c) The functions f(x) = x, g(x) = 5x, h(x) = x? are not linearly independent, since
g(x) =5f(x) +0 x h(x).

(d) The functions f(x) = 2+ x?, g(x) = 3 — x + 4x3, h(x) = 2x + 3x? — 8x3 are not
linearly independent since h(x) = 3 (x) — 2g(x).

Example 2.2
Avre the following sets of vectors (in the three-dimensional Euclidean space) linearly indepen-
dent or dependent?

(@) A (3 0,0), B f 0, -2, 0),5 0,0, -1)

(b) A 6, —9,0), B = (-2,3, 0).

(c),g (23 1),@:(0,1,2)0?(00—5)

d) A=(1,-2,3),B=(—4,1,7),C = (0,10, 11), and D = (14, 3, —4)
Solution

(@) The three vectors A= 3,0,0), B = 0, —2,0), C= (0,0, —1) are linearly indepen-
dent, since B B B R . B
a1A+aB +a3C =0 = 3a;i —232] —azk =0 (2.15)
leads to
3a; =0, —2a; =0, —az =0, (2.16)
which yields a; = aQ=as= 0.
(b) The vectors A= (6, —9,0), B = (=2, 3, 0) are linearly dependent, since the solution

to
alA+aB=0 = (6a;—2ay)i +(—9a1 +3ay)j =0 (2.17)

isa; = ap/3. The first vector is equal to —3 times the second one: A = —3B.
(c) The vectors A = (2,3,-1), B = (0,1, 2), C = (0,0, —5) are linearly independent,
since

a1A+ayB +a3C =0 = 2ai + (3a1 + a2)j + (—a1 +2a; —5az)k =0  (2.18)

leads to
2a; =0, 3a; +a =0, —aj +2a —5az = 0. (2.19)

The only solution of this system isa; = a; = ag = 0. R
(d) The vectors A = (1, -2,3), B = (-4,1,7),C = (0,10, 11), and D = (14, 3, —4) are
not linearly independent, because D can be expressed in terms of the other vectors:

D=2A-3B+C. (2.20)
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2.2.4 Square-Integrable Functions: Wave Functions

In the case of function spaces, a “vector” element is given by a complex function and the scalar
product by integrals. That is, the scalar product of two functions w (x) and ¢ (x) is given by

(v, ) = / v ()p(X) dx. (2.21)

If this integral diverges, the scalar product does not exist. As a result, if we want the function
space to possess a scalar product, we must select only those functions for which (y, ¢) is finite.
In particular, a function w(x) is said to be square integrable if the scalar product of y with
itself,

(o) = [ veordx (2:22)
is finite.

It is easy to verify that the space of square-integrable functions possesses the properties of
a Hilbert space. For instance, any linear combination of square-integrable functions is also a
square-integrable function and (2.21) satisfies all the properties of the scalar product of a Hilbert
space.

Note that the dimension of the Hilbert space of square-integrable functions is infinite, since
each wave function can be expanded in terms of an infinite number of linearly independent
functions. The dimension of a space is given by the maximum number of linearly independent
basis vectors required to span that space.

A good example of square-integrable functions is the wave function of quantum mechanics,
w(F,t). We have seen in Chapter 1 that, according to Born’s probabilistic interpretation of
w (T, 1), the quantity | w (7, t) | d3r represents the probability of finding, at time t, the particle
in a volume d3r, centered around the point r. The probability of finding the particle somewhere
in space must then be equal to 1:

+00 +00 +00
/ | w(F,t) | d3r =/ dx/ dy/ | w(t,t) [>dz =1; (2.23)
—0Q —00 —00

hence the wave functions of quantum mechanics are square-integrable. Wave functions sat-
isfying (2.23) are said to be normalized or square-integrable. As wave mechanics deals with
square-integrable functions, any wave function which is not square-integrable has no physical
meaning in quantum mechanics.

2.3 Dirac Notation

The physical state of a system is represented in quantum mechanics by elements of a Hilbert
space; these elements are called state vectors. We can represent the state vectors in different
bases by means of function expansions. This is analogous to specifying an ordinary (Euclid-
ean) vector by its components in various coordinate systems. For instance, we can represent
equivalently a vector by its components in a Cartesian coordinate system, in a spherical coor-
dinate system, or in a cylindrical coordinate system. The meaning of a vector is, of course,
independent of the coordinate system chosen to represent its components. Similarly, the state
of a microscopic system has a meaning independent of the basis in which it is expanded.

To free state vectors from coordinate meaning, Dirac introduced what was to become an in-
valuable notation in quantum mechanics; it allows one to manipulate the formalism of quantum
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mechanics with ease and clarity. He introduced the concepts of kets, bras, and bra-kets, which
will be explained below.

Kets: elements of a vector space
Dirac denoted the state vector y by the symbol | ), which he called a ket vector, or simply a
ket. Kets belong to the Hilbert (vector) space H, or, in short, to the ket-space.

Bras: elements of a dual space

As mentioned above, we know from linear algebra that a dual space can be associated with
every vector space. Dirac denoted the elements of a dual space by the symbol (|, which he
called a bra vector, or simply a bra; for instance, the element (i | represents a bra. Note: For
every ket | w) there exists a unique bra (y | and vice versa. Again, while kets belong to the
Hilbert space H, the corresponding bras belong to its dual (Hilbert) space Hy.

Bra-ket: Dirac notation for the scalar product
Dirac denoted the scalar (inner) product by the symbol (| ), which he called a a bra-ket. For
instance, the scalar product (¢, y) is denoted by the bra-ket (¢ | w):

(. v) — (Ply). (2.24)
Note: When a ket (or bra) is multiplied by a complex number, we also get a ket (or bra).

Remark: In wave mechanics we deal with wave functions y (r, t), but in the more general
formalism of quantum mechanics we deal with abstract kets | ). Wave functions, like kets,
are elements of a Hilbert space. We should note that, like a wave function, a ket represents the
system completely, and hence knowing | w) means knowing all its amplitudes in all possible
representations. As mentioned above, kets are independent of any particular representation.
There is no reason to single out a particular representation basis such as the representation in
the position space. Of course, if we want to know the probability of finding the particle at some
position in space, we need to work out the formalism within the coordinate representation. The
state vector of this particle at time t will be given by the spatial wave function (F,t | w) =
w(r,1). In the coordinate representation, the scalar product (¢ | w) is given by

@) = / 6 (F. Oy (. ) dr. (2.25)

Similarly, if we are considering the three-dimensional momentum of a particle, the ket | ) will
have to be expressed in momentum space. In this case the state of the particle will be described
by a wave function  (p, t), where p is the momentum of the particle.

Properties of kets, bras, and bra-kets

e Every ket has a corresponding bra
To every ket | ), there corresponds a unique bra (y | and vice versa:

ly) <« (y]. (2.26)
There is a one-to-one correspondence between bras and kets:
aly)+blg) «— ay|+b* sl (2.27)
where a and b are complex numbers. The following is a common notation:

lay) =a|y), (ay |=a"(y |. (2.28)
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e Properties of the scalar product

In quantum mechanics, since the scalar product is a complex number, the ordering matters
a lot. We must be careful to distinguish a scalar product from its complex conjugate;
(w | ¢) is not the same thing as (¢ | w):

@ly) ={yle). (2.29)
This property becomes clearer if we apply it to (2.21):
@1 =([oeovendr) = [veoseod = wio. @)

When | w) and | ¢) are real, we would have (v | ¢) = (¢ | w). Let us list some
additional properties of the scalar product:

(v lawyr +ay2) = ai(y | y1) +az{y | wa), (2.31)
(g1 +axd | y) = af(oly)+ az(g2 | v), (2.32)
(a1 + a2 | brys +boy2) = arbi{¢r | wa1) + ajba(én | y2)
+aybi(d2 | w1) + asba(do | wo).
(2.33)

The norm is real and positive

For any state vector | ) of the Hilbert space H, the norm (w | ) is real and positive;
(w | w) is equal to zero only for the case where | ) = O, where O is the zero vector.
If the state | w) is normalized then (y | w) = 1.

Schwarz inequality
For any two states | ) and | ¢) of the Hilbert space, we can show that
Ky I B < (v 1 w)ig] o). (2.34)

If | w)and | ¢) are linearly dependent (i.e., proportional: | v) = a | ¢), where « is a
scalar), this relation becomes an equality. The Schwarz inequality (2.34) is analogous to
the following relation of the real Euclidean space

A B> <|APZ|BJ?. (2.35)
Triangle inequality

Vi +élw+é) < Jwlv) + Vgl (2.36)

If | w)and | ¢) are linearly dependent, | w) = a | ¢), and if the proportionality scalar «
is real and positive, the triangle inequality becomes an equality. The counterpart of this
inequality in Euclidean space is given by |A + B| < |A| + |B].

Orthogonal states
Two kets, | ) and | ¢), are said to be orthogonal if they have a vanishing scalar product:

(w1¢)=0. (2.37)
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e Orthonormal states

Two kets, | w) and | ¢), are said to be orthonormal if they are orthogonal and if each one
of them has a unit norm:

(w1¢) =0, (wly) =1, (@1¢) =1 (2.38)

e Forbidden quantities

If | w) and | ¢) belong to the same vector (Hilbert) space, products of the type | w) | ¢)
and (yw | (¢ | are forbidden. They are nonsensical, since | y) | ¢) and (v | (¢ | are
neither kets nor bras (an explicit illustration of this will be carried out in the example
below and later on when we discuss the representation in a discrete basis). If | y) and
| ¢) belong, however, to different vector spaces (e.g., | ) belongs to a spin space and
| ¢) to an orbital angular momentum space), then the product | w) | ¢), written as
| v)® | @), represents a tensor product of | w) and | ¢). Only in these typical cases are
such products meaningful.

Example 2.3

(Note: We will see later in this chapter that kets are represented by column matrices and bras
by row matrices; this example is offered earlier than it should because we need to show some
concrete illustrations of the formalism.) Consider the following two kets:

—3i 2
Iwh=<2+i), |¢w=< —i ).
4 2 —3i

(a) Find the bra (¢ |.
(b) Evaluate the scalar product (¢ | ).
(c) Examine why the products | w) | ¢) and (¢ | (w | do not make sense.

Solution
(@) As will be explained later when we introduce the Hermitian adjoint of kets and bras, we
want to mention that the bra (¢ | can be obtained by simply taking the complex conjugate of
the transpose of the ket | ¢):
Ppl=2 i 2+3i). (2.39)

(b) The scalar product (¢ | w) can be calculated as follows:

—3i
(Ply) = @ i 2+3i)<2+i)
4
2(=3i) +i(2+1i) + 42+ 3i)
7+8i. (2.40)

(c) First, the product | y) | ¢) cannot be performed because, from linear algebra, the
product of two column matrices cannot be performed. Similarly, since two row matrices cannot
be multiplied, the product (¢ | (y | is meaningless.
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Physical meaning of the scalar product

The scalar product can be interpreted in two ways. First, by analogy with the scalar product
of ordinary vectors in the Euclidean space, where A - B represents the projection of B on A,
the product (¢ | w) also represents the projection of | y) onto | ¢). Second, in the case of
normalized states and according to Born’s probabilistic interpretation, the quantity (¢ | w)
represents the probability amplitude that the system’s state | ) will, after a measurement is
performed on the system, be found to be in another state | ¢).

Example 2.4 (Bra-ket algebra)
Consider the states | w) = 3i | ¢1) — 7i | ¢2) and | y) = — | 1) + 2i | ¢2), where | ¢1) and
| ¢2) are orthonormal.

(a) Calculate | w + y) and (w + x |.

(b) Calculate the scalar products (y | x) and (x | w). Are they equal?

(c) Show that the states | w) and | y) satisfy the Schwarz inequality.

(d) Show that the states | y) and | y) satisfy the triangle inequality.

Solution
(a) The calculation of | w + y) is straightforward:
lw+x) = v+ 1x)=Q@il¢1) —7i|¢2)+ (—|1) + 2i | ¢2))
= (=143i)|¢1) — 5i | ¢2). (2.41)
This leads at once to the expression of (y + x |:
(y +x 1= (=1+30)" g1 | +(=51)"(¢p2 | = (=1 = 3i) {1 | +5i(¢2 | . (242)
(b) Since (¢1 | ¢1) = (2 | #2) = 1, (d1 | ¢2) = ($2 | ¢1) = 0, and since the bras
corresponding to the kets | w) = 3i | ¢1) — 7i | ¢p2) and | x) = — | ¢1) + 2i | ¢o) are given by
(| = =3i{p1 | +T7i{¢p2 | and (y | = —(¢1 | —2i{¢2 |, the scalar products are

(wly) = (=3i(g|+Ti{go ) (=] 1) +2i | $2)
= (=3D)(=D{g1 | ¢1) + (7)) {2 | $2)
= -14+43i, (2.43)
(=(1 | =2i{p2 |) @i | 1) =7 | $2))
= (=D@i)(¢1 | p1) + (=2i)(=Ti) (g2 | $2)
= —14-3i (2.44)

x 1w

We see that (y | x) is equal to the complex conjugate of (x | v).
(c) Let us first calculate (v | w)and (y | x):

(w | y) = (=8 | +7i{p2 ) Bi | p1) —Ti | $2)) = (=31)(3i) + (7i)(—7i) = 58, (2.45)

(x 1 x)=(={pr | =212 ) (= | 1) + 2 | ¢2)) = (=D(=1) + (=2i)(2i) = 5.  (2.46)

Since (v | y) = —14 + 3i we have | (y | x) |°= 14 4+ 32 = 205. Combining the values of
| (w | x) |5 (w|w),and (y | x), we see that the Schwarz inequality (2.34) is satisfied:

205 < 58)5) = | {yw | ) 1< (wlw)x|x). (2.47)
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(d) First, let us use (2.41) and (2.42) to calculate (v + y | w + x):

wH+xlyv+yx) = [(=1=3i)¢1|+5i(p2 [[[(=1+3i) | 1) —5i | ¢2)]
(—1 = 3i)(=1+ 3i) + (5i)(=5i)
— 35 (2.48)

Since (v | w) =58and (y | x) = 5, we infer that the triangle inequality (2.36) is satisfied:

V35 < VBB +VE= Jly+x v+ < Vwlv)+Vx 1. (2.49)
Example 2.5

Consider two states | y1) = 2i|¢1)+|p2) —alps) +4|¢a) and |y2) = 3|p1) —ild2)+5|¢3) —|Pa),
where |¢1), |#2), |¢3), and |p4) are orthonormal kets, and where a is a constant. Find the value
of a so that |w1) and |y2) are orthogonal.

Solution
For the states |y1) and |w>) to be orthogonal, the scalar product (> | w1) must be zero. Using
the relation (wo | = 3(¢1| + i {¢2| + 5(¢3| — (4|, we can easily find the scalar product

(valy1) = Glprl +i{p2| +5(¢3] — (Pal) 2ilp1) + |p2) — algz) + 4|pa))
= 7i—5a—4. (2.50)

Since (y2 | w1) =7i —5a —4 =0, the value of aisa = (7i — 4)/5.

2.4 Operators

2.4.1 General Definitions

Definition of an operator: An operator! A is a mathematical rule that when applied to a ket
| w) transforms it into another ket | y’) of the same space and when it acts on a bra (¢ |
transforms it into another bra (¢’ |:

Aly) =1v'),  (plA=1. (2.51)
A similar definition applies to wave functions:
Ap() = y'(),  $OA = ¢'(). (2.52)

Examples of operators
Here are some of the operators that we will use in this text:

e Unity operator: it leaves any ket unchanged, [ | w) =] ).

e The gradient operator: Vi (F) = (8 (F)/0X)i + (0w (F)/dy) | + (@ (F)/oz)k.

1The hat on A will be used throughout this text to distinguish an operator A from a complex number or a matrix A.
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e The linear momentum operator: Py (F) = —ihV y (F).
e The Laplacian operator: V2y (F) = 62y (F)/ox2 + 0%y (F)/oy? + 0%y (F)/oz°.
e The parity operator: Py (F) = y (—r).

Products of operators
The product of two operators is generally not commutative:

AB # BA. (2.53)
The product of operators is, however, associative:
ABC = A(BC) = (AB)C. (2.54)
We may also write ATAT — A . When the product AB operates on a ket | ) (the order
of application is important), the operator B acts first on | w) and then A acts on the new ket
(B | y)): o o
AB | y) = AB | y)). (2.55)
Similarly, when ABC D operates on a ket | y), D acts first, then C, then B, and then A
When an operator A ig sandwiched between a bra (¢ | and a ket | q;),Ait yields in general
a complex number: (¢ | A | y) = complex number. The quantity (¢ | A | y) canalso be a
purely real or a purely imaginary number. Note: In evaluating (¢ | A | w) it does not matter if

one first applies A to the ket and then takes the bra-ket or one first applies A to the bra and then
takes the bra-ket; thatis ((¢ | A) | w) = (¢ | (A | y)).

Linear operators

An operator A is said to be linear if it obeys the distributive law and, like all operators, it
commutes with constants. That is, an operator A is linear if, for any vectors | y1) and | y2) and
any complex numbers a; and az, we have

A | y1) + a2 | y2) =a1A | y1) + @A | ya2), (2.56)
and . A .
(y1lar + (y2 lag)A=arlyr | A + ax(y2 | A (2.57)
Remarks
e The expectation or mean value (A) of an operator A with respect to a state | ) is defined
by
N A
(A) = (v [ Aly) (2.58)
(v ly)

e The quantity | ¢)(yw | (i.e., the product of a ket with a bra) is a linear operator in Dirac’s
notation. To see this, when | ¢)(y | is applied to a ket | ), we obtain another ket:

| o) Ly =(w )¢, (2.59)
since (y | w’) is a complex number.

e Products of the type | W)A and A(w | (i.e., when an operator stands on the right of a ket
or on the left of a bra) are forbidden. They are not operators, or kets, or bras; they have
no mathematical or physical meanings (see equation (2.219) for an illustration).
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2.4.2 Hermitian Adjoint

The Hermitian adjoint or conjugate?, aT, of a complex number o is the complex conjugate of

this number: af = a*. The Hermitian adjoint, or simply the adjoint, A', of an operator A is
defined by this relation:
T

(wIA g =] Al p)" (2.60)

Properties of the Hermitian conjugate rule
To obtain the Hermitian adjoint of any expression, we must cyclically reverse the order of the
factors and make three replacements:

e Replace constants by their complex conjugates: at = a*.

e Replace kets (bras) by the corresponding bras (kets): (| gu))T = (y |and ((w |)T = ).
o Replace operators by their adjoints.

Following these rules, we can write

Aht = A, (2.61)

@A) = a*Al, (2.62)

At = @A, (2.63)
A+B+C¢+0) = Al 48f4ef 4ot (2.64)
(ABED)T = BicTarAl, (2.65)
(ABCD |y = (y | DfcTBTAT (2.66)

The Hermitian adjoint of the operator | v)(¢ | is given by

)@ DT =1 )y | (2.67)
Operators act inside kets and bras, respectively, as follows:
| aAy) =ah | y), (a/iwlza*WIAT' (2.68)

Note also that <aATz,y |=a*(y | (AT)WL = a*(y | A. Hence, we can also write:
wiAlg = Ay ¢ = (w1 Ag). (2.69)

Hermitian and skew-Hermitian operators

TZ

An operator A is said to be Hermitian if it is equal to its adjoint A

A=Al or (W Alp) = (I Aly)" (2.70)

2The terms “adjoint” and “conjugate” are used indiscriminately.
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On the other hand, an operator B is said to be skew-Hermitian or anti-Hermitian if

B =—B  or (y|Blg)=—(p|B|y) 2.72)

Remark

The Hermitian adjoint of an operator is not, in general, equal to its complex conjugate: A
Ak
A

T2

Example 2.6

(a) Discuss the hermiticity of the operators (A + AT), i(A+ AT), and i (A — AT).

(b) Find the Hermitian adjoint of f(A) = (1 +iA + 3A°)(1 — 2i A — 9A7)/(5 + TA).

(c) Show that the expectation value of a Hermitian operator is real and that of an anti-
Hermitian operator is imaginary.
Solution

(a) The operator B = A+ A' is Hermitian regardless of whether or not A is Hermitian,
since

= A+ AhT = AT 4 A= 8. 2.72)

T) is also Hermitian; but i (A + AT

Similarly, the operator i (A — A
i(A+ AN = —i(A+ AD.

(b) Since the Hermitian adjoint of an operator function f (A) is given by fT(A) = f*(A
we can write

) is anti-Hermitian, since

.

((1 FiA+3A 1 —2iA— 9/i2))T Ca+2idl - o) - 1A' +341) (2.73)

5+7A 54 7Al
(c) From (2.70) we immediately infer that the expectation value of a Hermitian operator is

real, for it satisfies the following property:
wiAlw) = wIAly (2.74)

that is, if AT — Athen (w | A| ) isreal. Similarly, for an anti-Hermitian operator, B = —B,
we have X R
(w IBly)=—(yI|Blw), (2.79)

which means that (y | B w) is a purely imaginary number.

2.4.3 Projection Operators

An operator P is said to be a projection operator if it is Hermitian and equal to its own square:
pi=p, P2=p. (2.76)

The unit operator | is a simple example of a projection operator, since [T = [, 2 =T.
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Properties of projection operators

e The product of two commuting projection operators, P; and Py, is also a projection
operator, since

(2.77)
e The sum of two projection operators is generally not a projection operator.
e Two projection operators are said to be orthogonal if their product is zero.

e For a sum of projection operators Py + P, + P3 + - - - to be a projection operator, it is
necessary and sufficient that these projection operators be mutually orthogonal (i.e., the
cross-product terms must vanish).

Example 2.7
Show that the operator | w)(y | is a projection operator only when | ) is normalized.

Solution
It is easy to ascertain that the operator | v )(y | is Hermitian, since (] w){w |)T =| w){y |. As
for the square of this operator, it is given by

Ay D2 = Ay DAy D=1w)y | w)iy]. (2.78)

Thus, if | w) is normalized, we have (| y){w N? =| wi{w |. Insum, if the state | ) is
normalized, the product of the ket | w) with the bra (y | is a projection operator.

2.4.4 Commutator Algebra

The commutator of two operators A and B, denoted by [A, B], is defined by

[A, B] = AB — BA, (2.79)
and the anticommutator {A, B} is defined by
(A, B} = AB + BA. (2.80)

Two operators are said to commute if their commutator is equal to zero and hence AB = BA.
Any operator commutes with itself: o
[A, A]=0. (2.81)

Note that if two operators are Hermitian and their product is also Hermitian, these operators
commute:
\

and since (AB)T = AB we have AB = BA.

BTAT Z A, (2.82)

>

(A
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As an example, we may mention the commutators involving the x-position operator, X,
and the x-component of the momentum operator, Py = —iho/ox, as well as the y and the z

components

[X, P]=ihT, [Y, Pyl =ihl, [Z, B,] =ihl,

where [ is the unit operator.

Properties of commutators

Using the commutator relation (2.79), we can establish the following properties:

o Antisymmetry: A P
[A, B]=—[B, A]

e Linearity:

[A, B+C+D+--]1=[A B]+[A, C1+[A, D]+

e Hermitian conjugate of a commutator:

o Distributivity:

e Jacobi identity:

[A.[B, CI1+I[B, [C, All+[C, [A, B]]=0

By repeated applications of (2.87), we can show that

n-1

[A, B" = BI[A, BB 11
=0

. n—1 il A A A

A", B1=> A"7A, BIA
j=0

e Operators commute with scalars: an operator A commutes with any scalar b:

[A, b]=0

(2.83)

(2.84)

(2.85)

(2.86)

(2.87)
(2.88)

(2.89)

(2.90)

(2.91)

(2.92)

Example 2.8

(a) Show that the commutator of two Hermitian operators is anti-Hermitian.

(b) Evaluate the commutator [A, [B, C]D].
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Solution A
(@) If A and B are Hermitian, we can write

>

(A, B]T = (AB — BA = BTAT — ATBT = BA— AB = —[A, B]; (2.93)

that is, the commutator of A and B is anti-Hermitian: [A, B]T = —[A, B].
(b) Using the distributivity relation (2.87), we have

[A, [B, CID]

2.4.5 Uncertainty Relation between Two Operators

An interesting application of the commutator algebra is to derive a general relation giving the
uncertainties product of two operators, A and B. In particular, we want to give a formal deriva-
tion of Heisenberg’s uncertainty relations.

Let (A) and (B) denote the expectation values of two Hermltlan operators A and B with
respect to a normalized state vector | y): <A> (v | A | w)yand (B) = (y | B | w).
Introducing the operators AA and AB,

o>

AA=A — (A), AB =B — (B), (2.95)

we have (AA)2 = A° — 2A(A) + (A)2 and (AB)? = B2 — 2B(B) + (B)2, and hence
w1 (ARZ | y) = (ARR) = (R — (A2, ((ABY) = (B — (B)2,  (2.96)

where (A%) = (v | A | w) and (B2) = (y | B2 | ). The uncertainties AA and AB are
defined by

= Jiahy =AY — (A2, aB=J(aB? =By — B2 (297)

Let us write the action of the operators (2.95) on any state | ) as follows:

1) = AALy) = (A= (A) 1w 16) =281y = (B - B)1v. @9
The Schwarz inequality for the states | y) and | ¢) is given by
G la)g 1) = 1 I $)F. (2.99)
if \

Since A and B are Hermitian, AA and AB must also be Hermitian: AA' = A' — (A) =
A— (A= AAand ABT = B — (B) = AB. Thus, we can show the following three relations:

a0 = AR y), @1é)=(w | (AB2|w), (x|14)=(y|AAAB|y).
(2.100)
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For instance, since AAT = AA we have bl x)=(w|AA

((AA)2). Hence, the Schwarz inequality (2.99) becomes

TAR v = (| (AR | y) =

2

(AAR(AB)) = [(AAAB) (2.101)
Notice that the last term A AA B of this equation can be written as
P A A 1 - A 1 . 4 1 . A
AAAB = E[AA, AB]+ S(AA, AB} = 5[A, B] + S(AA, AB), (2.102)

where we have used the fact that [AA, AB] = [A, B]. Since [A, B] is anti-Hermitian and
{AA, AB} is Hermitian and since the expectation value of a Hermitian operator is real and
that the expectation value of an anti-Hermitian operator is imaginary (see Example 2.6), the
expectation value (A AAB) of (2.102) becomes equal to the sum of a real part ({AA, AB})/2
and an imaginary part ([A, B])/2; hence

a2 1. a2 1 N a2
‘(AAAB)‘ =Z‘([A, B])‘ +Z(<{AA, AB})‘ . (2.103)
Since the last term is a positive real number, we can infer the following relation:
a2 1)~ A2
‘(AAAB)‘ > Z‘([A, B])’ . (2.104)
Comparing equations (2.101) and (2.104), we conclude that
.2 5 o 2
((AA)((AB)T) = - (2.109)
which (by taking its square root) can be reduced to
AAAB > _‘ [A, B]) ‘ (2.106)

This uncertainty relation plays an important role in the formalism of quantum mechanics. Its
application to position and momentum operators leads to the Heisenberg uncertainty relations,
which represent one of the cornerstones of quantum mechanics; see the next example.

Example 2.9 (Heisenberg uncertainty relations)
Find the uncertainty relations between the components of the position and the momentum op-
erators.

Solution
By applying (2.106) to the x- components of the position operator X, and the momentum op-
erator Py, we obtain AXApx > [X PX] |. But since [X PX] = ihl, we have

AXApy > h/2; the uncertainty reIatlons for the y— and z— components follow immediately:

h h h
AXApx = > AyApy > > AzAp; > > (2.107)

These are the Heisenberg uncertainty relations.
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2.4.6 Functions of Operators

Let F(A) be a function of an operator A. If A i a linear operator, we can Taylor expand F (A)
in a power series of A:

[o/e]
F(A) =D aA, (2.108)
n=0

where ap is just an expansion coefficient. As an illustration of an operator function, consider
e@A, where a is a scalar which can be complex or real. We can expand it as follows:

Xa" . . . aZ.o ad.3
A= A =Tt+ah+ A+ A+ (2.109)

=
o

Commutators involving function operators
If A commutes with another operator B, then B commutes with any operator function that
depends on A:

[A, B]=0 = [B, F(A)]=0; (2.110)

in particular, F(A) commutes with A and with any other function, G(A), of A:

[A, F(A)]=0, [A", F(A]=0, [F(A), G(A)]=0. (2.111)

Hermitian adjoint of function operators
The adjoint of F(A) is given by
AT = £ (AD). (2.112)
Note that if A is Hermitian, F(A) is not necessarily Hermitian; F (A) will be Hermitian only if
F is a real function and A is Hermitian. An example is
(eA)T —eA' (elA)T — e—lAT’ (euaA)T — pia AT’ (2.113)

where « is a complex number. So if A is Hermitian, an operator function which can be ex-
o~ ~Nn . . . . ..

panded as F(A) = > 2 ,an A will be Hermitian only if the expansion coefficients a, are real

numbers. But in general, F(A) is not Hermitian even if A is Hermitian, since

F*(AT) = iag(AT)”. (2.114)
n=0

Relations involving function operators
Note that o . A
[A, B]#0 = [B, F(A)]#0; (2.115)

in particular, eheB #* eA+B, Using (2.109) we can ascertain that
eAeé — eA+ée[A, é]/Z’ (2116)

[A, [A, [A, Bl +---. (2.117)
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2.4.7 Inverse and Unitary Operators

S . a—1 . - .
Inverse of an operator: Assuming it exists® the inverse A~ of a linear operator A is defined
by the relation

ATTA=AAT =1, (2.118)
where [ is the unit operator, the operator that leaves any state | w) unchanged.

Quotient of two operators: Dividing an operator A by another operator B (provided that the
inverse B~ exists) is equivalent to multiplying A by B~

=AB™L (2.119)

=AB™! and —A=B"lA (2.120)

In general, we have AB—1 £ B—1A. For an illustration of these ideas, see Problem 2.12. We
may mention here the following properties about the inverse of operators:

(As¢ 5)‘1 _ D114 (A“)‘l - (A" (2.121)

Unitary operators: A linear operator U is said to be unitary if its inverse U~ is equal to its
adjoint UT:
0f=g-t or Out =00 = 1. (2.122)

The product of two unitary operators is also unitary, since
GVHUWT = G TeTy = 6uvHot =00t =1, (2.123)

or (UV)T = (GV)~L. This result can be generalized to any number of operators; the product
of a number of unitary operators is also unitary, since

(ABED - )(ABCD..T = ABED(.)bIcTBTAT = ABCODBNHETBTAT
_ ABCEHBTAT = ABBHAT
= RAI =T, (2.124)
or (ABED .. )T = (ABED .. )L,

Example 2.10 (Unitary operator)

What conditions must the parameter ¢ and the operator G satisfy so that the operator U = gi¢G
is unitary?

3Not every operator has an inverse, just as in the case of matrices. The inverse of a matrix exists only when its
determinant is nonzero.
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Solution
Clearly, if ¢ is real and G is Hermitian, the operator e'¢¢ would be unitary. Using the property

[FA)T = F*(AT), we see that
(eieé)T — e—iaé — (eieé)—l’ (2.125)

thatis, UT = 01,

2.4.8 Eigenvalues and Eigenvectors of an Operator

Having studied the properties of operators and states, we are now ready to discuss how to find
the eigenvalues and eigenvectors of an operator.

A state vector | ) is said to be an eigenvector (also called an eigenket or eigenstate) of an
operator A if the application of A to | y) gives

Aly) =aly), (2.126)

where a is a complex number, called an eigenvalue of A. This equation is known as the eigen-
value equation, or eigenvalue problem, of the operator A. Its solutions yield the eigenvalues
and eigenvectors of A. In Section 2.5.3 we will see how to solve the eigenvalue problem in a
discrete basis.

A simple example is the eigenvalue problem for the unity operator I

Fly)=1w). (2.127)
This means that all vectors are eigenvectors of I with one eigenvalue, 1. Note that
Aly)=aly) = A"|y)=a"|y) and F(A)|y)=F@ly). (2128
For instance, we have
1A 2 ). (2129)

Alyy=aly) = ey =e

Example 2.11 (Eigenvalues of the inverse of an operator)
Show that if A exists, the eigenvalues of A are just the inverses of those of A.

SolutioAn_ o
Since A A = | we have on the one hand

ATALy) = w), (2.130)
and on the other hand
A7 ALy) = A7 ALy = ah |y, (2.131)
Combining the previous two equations, we obtain

aA |y) =lw), (2.132)
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hence 1
a1
Ay = 3 [ w). (2.133)

. . . a1l R
This means that | y) is also an eigenvector of A = with eigenvalue 1/a. That is, if A ~ exists,
then

. 1
Aly)=aly) = A Il//>=5I1//>- (2.134)

Some useful theorems pertaining to the eigenvalue problem

Theorem 2.1 For a Hermitian operator, all of its eigenvalues are real and the eigenvectors
corresponding to different eigenvalues are orthogonal.

if Al = A, Al¢gn) =anlén) = ay=real number,and (¢m | ¢n) = omn.

(2.135)
Proof of Theorem 2.1
Note that A A
Aldn) =anl¢dn) = (Im|Aldn) = an{dm | ¢n), (2.136)
and
(¢m | Al = an(dm | = (ém | Af [ én) = an(dm | ¢n). (2.137)

Subtracting (2.137) from (2.136) and using the fact that A is Hermitian, A = A", we have

(@ —ap){¢m | ¢n) = 0. (2.138)
Two cases must be considered separately:

e Case m = n: since (¢n | ¢n) > 0, we must have a, = a;; hence the eigenvalues a, must
be real.

e Case m # n: since in general ap # ag,, we must have (¢m | ¢n) = 0; that is, | ¢m) and
| ¢n) must be orthogonal.

Theorem 2.2 The eigenstates of a Hermitian operator define a complete set of mutually or-
thonormal basis states. The operator is diagonal in this eigenbasis with its diagonal elements
equal to the eigenvalues. This basis set is unique if the operator has no degenerate eigenvalues
and not unique (in fact it is infinite) if there is any degeneracy.

Theorem 2.3 If two Hermitian operators, A and B, commute and if A has no degenerate eigen-
value, then each eigenvector of A is also an eigenvector of B. In addition, we can construct a
common orthonormal basis that is made of the joint eigenvectors of A and B.

Proof of Theorem 2.3 A
Since A is Hermitian with no degenerate eigenvalue, to each eigenvalue of A there corresponds
only one eigenvector. Consider the equation

Al én) = an | ¢n). (2.139)
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Since A commutes with B we can write

BA|¢n) = AB |¢n) or AB|¢n)=an(B|én); (2.140)

that is, (B | ¢n)) is an eigenvector of A with eigenvalue a,. But since this eigenvector is unique
(apart from an arbitrary phase constant), the ket | ¢,) must also be an eigenvector of B:

B | ¢n) = bn | ¢n). (2.141)

Since each eigenvector of Alisalso an eigenvector of B (and vice versa), both of these operators
must have a common basis. This basis is unique; it is made of the joint eigenvectors of A and
B. This theorem also holds for any number of mutually commuting Hermitian operators.

Now, if a, is a degenerate eigenvalue, we can only say that B | ¢n) is an eigenvector of
A with eigenvalue an; | ¢n) is not necessarily an eigenvector of B. If one of the operators is
degenerate, there exist an infinite number of orthonormal basis sets that are common to these
two operators; that is, the joint basis does exist and it is not unique.

Theorem 2.4 The eigenvalues of an anti-Hermitian operator are either purely imaginary or
equal to zero.

Theorem 2.5 The eigenvalues of a unitary operator are complex numbers of moduli equal to
one; the eigenvectors of a unitary operator that has no degenerate eigenvalues are mutually
orthogonal.

Proof of Theorem 2.5
Let | ¢n) and | ¢m) be eigenvectors to the unitary operator U with eigenvalues a, and an,
respectively. We can write

(m 10D | ¢n)) = aan(gm | n). (2.142)
Since UTU = T this equation can be rewritten as
(@nan — 1 {ém | ¢n) =0, (2.143)

which in turn leads to the following two cases:
e Casen =m: since (¢n | ¢n) > Othenayan =| an |2= 1, and hence | a, |= 1.

e Case n # m: the only possibility for this case is that | ¢n) and | ¢,) are orthogonal,
<¢m |¢n> = 0.

2.4.9 Infinitesimal and Finite Unitary Transformations

We want to study here how quantities such as kets, bras, operators, and scalars transform under
unitary transformations. A unitary transformation is the application of a unitary operator U to
one of these quantities.
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2.4.9.1 Unitary Transformations

Kets | y) and bras (y | transform as follows:

vy =01y), (v |=(y|UT.

(2.144)

Let us now find out how operators transform under unitary transformations. Since the transform
of Al y) =Ig)isA | ) =|¢), wecanrewrite A | y') =|¢)as AU | y)=U | §) =
UA | w) which, in turn, leads to A'U = U A. Multiplying both sides of AU = UA by UT and

sinceUUT = UTU = T, we have
A =0 AUT, A=UTAU.

The results reached in (2.144) and (2.145) may be summarized as follows:

vy =01y, (1= w|Uf, A =U0A0T,

A

ly) =0T 1), wi=w 10, A=

FA'G.

G

Properties of unitary transformations

o . . oo . .
e Ifan operator A is Hermitian, its transformed A is also Hermitian, since

A~ A~/

AT = A0t =0ATGT = gAOT = &'
e The eigenvalues of A and those of its transformed A’ are the same:
Alyn) =anlvn) = Ayl =anly),
since
Ay = GAOHU | yn) = UAUTO) | i)
= UA|yn) = anU | yn) =an | w)).

(2.145)

(2.146)

(2.147)

(2.148)

(2.149)

(2.150)

o Commutators that are equal to (complex) numbers remain unchanged under unitary trans-
formations, since the transformation of [A, B] = a, where a is a complex number, is

given by
[A,8] = [UAGT,0BUTI=UAGTUBUT) - UBUTYUAUT)
— U[A, BlUT =UalT =al0T =a
[A, B]

o \We can also verify the following general relations:

~/

A=pB+yC = A =pB +,C,

A=aBCD = A =aBCD,

where A', B’, ¢/, and D’ are the transforms of A, B, €, and D, respectively.

(2.151)

(2.152)

(2.153)
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e Since the result (2.151) is valid for any complex number, we can state that complex
numbers, such as (y | A | y), remain unchanged under unitary transformations, since

W 1A 7y =y 1OHCAIHA | x) = (v | QTOAGTUY | ) = (w1 Al ).

o (2.154)
Taking A = | we see that scalar products of the type
Wiy =l (2.155)
are invariant under unitary transformations; notably, the norm of a state vector is con-
served:
W'y = (yly. (2.156)

e We can also verify that ( ) — UA"UT since

(UAUT)n

( 1) (GAo) - (0A0T) = GAGT0IAGTD) - G T0HAUH
— UA"OT. (2.157)
e We can generalize the previous result to obtain the transformation of any operator func-

tion f(A):
UfAUT = f(UAUT) = (A, (2.158)

or more generally
Uf(A B,¢,..90t = f(GAGT,0BOT,0E0T,.. ) = 1 (A, B, ¢, ... (2.159)

A unitary transformation does not change the physics of a system; it merely transforms one
description of the system to another physically equivalent description.

In what follows we want to consider two types of unitary transformations: infinitesimal
transformations and finite transformations.
2.4.9.2 Infinitesimal Unitary Transformations

Consider an operator U which depends on an infinitesimally small real parameter ¢ and which
varies only slightly from the unity operator I:

Us(G) =1 +ieG, (2.160)

where G is called the generator of the infinitesimal transformation. Clearly, U, is a unitary
transformation only when the parameter ¢ is real and G is Hermitian, since

0,00 = (F+i6)(f —ie6T) ~ T +ie@ 6Ty =T, (2.161)

where we have neglected the quadratic terms in &.
The transformation of a state vector | ) is

ly) = (I +ieC) [ y) = y)+3 | w), (2.162)
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where
Sly) =ieG | y). (2.163)

The transformation of an operator A is given by

A = +ie8)A —ie6) ~ A+ie[6, Al (2.164)

If G commutes with A, the unitary transformation will leave A unchanged, A" = A:

[6,Al=0 = A ={+i:§)Al -i:6) = A (2.165)

2.4.9.3 Finite Unitary Transformations

We can construct a finite unitary transformation from (2.160) by performing a succession of
infinitesimal transformations in steps of ¢; the application of a series of successive unitary
transformations is equivalent to the application of a single unitary transformation. Denoting
& = a/N, where N is an integer and « is a finite parameter, we can apply the same unitary
transformation N times; in the limit N — +o0o we obtain

N
~ ~ o A o A N . oA
U,(G) = lim (1 '—G) = lim (1 '—G) = ¢leG, 2.166
«(G) NLook:Hl G N I (2.166)
where G is now the generator of the finite transformation and « is its parameter.

As shown in (2.125), U is unitary only when the parameter « is real and G is Hermitian,
since

(@l“6)T = g=iaG _ (giaGy-1 (2.167)

Using the commutation relation (2.117), we can write the transformation A of an operator A
as follows:

G- e
¢ Ae 6 = A vial6, A1+ U (6, 16, A1)+ 126, 16,16, An] 4
2.168)
If & commutes with A, the unitary transformation will leave A unchanged, A = A:
[6, Al = 0= A =¢leCRe 146 _ A (2.169)

In Chapter 3, we will consider some important applications of infinitesimal unitary transfor-
mations to study time translations, space translations, space rotations, and conservation laws.

2.5 Representation in Discrete Bases
By analogy with the expansion of Euclidean space vectors in terms of the basis vectors, we need

to express any ket | ) of the Hilbert space in terms of a complete set of mutually orthonormal
base kets. State vectors are then represented by their components in this basis.
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2.5.1 Matrix Representation of Kets, Bras, and Operators

Consider a discrete, complete, and orthonormal basis which is made of an infinite* set of kets
| $1), | d2), | #3), ..., | &n) and denote it by {| ¢n)}. Note that the basis {| ¢n)} is discrete, yet
it has an infinite number of unit vectors. In the limitn — oo, the ordering index n of the unit
vectors | ¢n) is discrete or countable; that is, the sequence | ¢1), | ¢2), | ¢3), ... is countably
infinite. As an illustration, consider the special functions, such as the Hermite, Legendre, or
Laguerre polynomials, Hy (X), Py (X), and L, (x). These polynomials are identified by a discrete
index n and by a continuous variable x; although n varies discretely, it can be infinite.

In Section 2.6, we will consider bases that have a continuous and infinite number of base
vectors; in these bases the index n increases continuously. Thus, each basis has a continuum of
base vectors.

In this section the notation {| ¢n)} will be used to abbreviate an infinitely countable set of
vectors (i.e., | ¢1), | ¢2), | ¢3), ...) of the Hilbert space 7. The orthonormality condition of
the base kets is expressed by

(¢n | pm) = Jnm, (2.170)
where dnm is the Kronecker delta symbol defined by
1, n=m,
Onm = [ 0 nem (2.171)

The completeness, or closure, relation for this basis is given by
0 A
D gn)ign =1, (2.172)
n=1

where I is the unit operator; when the unit operator acts on any ket, it leaves the ket unchanged.

2.5.1.1 Matrix Representation of Kets and Bras

Let us now examine how to represent the vector | ) within the context of the basis {| ¢n)}.
The completeness property of this basis enables us to expand any state vector | ) in terms of
the base kets | ¢n):

ly) =11y = (Z | én){gn |)| p) = > an | ¢n). (2.173)
n=1 n=1

where the coefficient ay, which is equal to (¢, | v ), represents the projection of | w) onto | ¢n);
an is the component of | y) along the vector | ¢,). Recall that the coefficients a,, are complex
numbers. So, within the basis {| ¢n)}, the ket | ) is represented by the set of its components,

aj, az, az, ... along | ¢1), | #2), | #3), ..., respectively. Hence | y) can be represented by a
column vector which has a countably infinite number of components:
(P11 y) a
(P2 | w) az
| ) — : =1 : | (2.174)
(én | w) an

4Kets are elements of the Hilbert space, and the dimension of a Hilbert space is infinite.
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The bra (y | can be represented by a row vector:

(v 1— (wldr) (wld2) - (wlén) ")
= (P ly)" (P2lw)* - {fnlw)" --)
= (ai" a’z" a:]‘ <o), (2.175)

Using this representation, we see that a bra-ket (y | ¢) is a complex number equal to the matrix
product of the row matrix corresponding to the bra (y | with the column matrix corresponding
to the ket | ¢):

b2

wlg)=@ras--- a9 :Za;bn, (2.176)
by n

where by, = (¢n | ¢). We see that, within this representation, the matrices representing | )
and ( | are Hermitian adjoints of each other.

Remark

A ket |y) is normalized if (y | ) = >, lan|? = 1. If |y) is not normalized and we want
to normalized it, we need simply to multiply it by a constant o so that (ay | ay) = |a|*(y |

w)=1,andhence a = 1//{y | v).

Example 2.12
Consider the following two kets:

() (i)

(@) Find | w)* and (y |.
(b) Is | w) normalized? If not, normalize it.
(c) Are | w) and | ¢) orthogonal?

Solution
(a) The expressions of | w)* and (y | are given by

—5i
ly)* = 2 |, (| = (=51 2 1), (2.177)
i
where we have used the fact that (y | is equal to the complex conjugate of the transpose of the
ket | w). Hence, we should reiterate the important fact that | w)* £ (v |.
(b) The norm of | w) is given by

5i
(v ly)=(=5i 2 i)( 2 )=(—5i><5i>+(2>(2)+(i)(—i)=30. (2.178)
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Thus, | ) is not normalized. By multiplying it with 1/4/30, it becomes normalized:

Si
1 1
g =—1 2 =1. 2.179
| x) mlw) m(_i) = 1 x (2.179)
(c) The kets | y) and | ¢) are not orthogonal since their scalar product is not zero:

3

(| @) =(=bi 2 i) 8i =(=5D)B)+ (2)@8i)+ (I)(—9%)=9+i. (2.180)
—9i

2.5.1.2 Matrix Representation of Operators

For each linear operator A, we can write

A=TAl = (Z | $n)(n |)A(Z | fm){m |) =D Al ndigm |, (2181)
n=1 m=1 nm

where Apn is the nm matrix element of the operator A

Anm = (¢n | A| pm). (2.182)

We see that the operator A is represented, within the basis {| ¢n)}, by a square matrix A (A
without a hat designates a matrix), which has a countably infinite number of columns and a
countably infinite number of rows:

Aun A A
A A A

A= A3 Ay Az - |> (2.183)

For instance, the unit operator I is represented by the unit matrix; when the unit matrix is
multiplied with another matrix, it leaves that unchanged:

100
010
=10 0 1 (2.184)

In summary, kets are represented by column vectors, bras by row vectors, and operators by
square matrices.
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2.5.1.3 Matrix Representation of Some Other Operators

(a) Hermitian adjoint operation

Let us now look at the matrix representation of the Hermitian adjoint operation of an operator.
First, recall that the transpose of a matrix A, denoted by AT, is obtained by interchanging the
rows with the columns:

.
Aun A A .- A Axn Az
A Ap Ay - A Axn Axp

(AT)anAmn or A3z1 Az Azz .- =1 Az Axz As3

(2.185)
Similarly, the transpose of a column matrix is a row matrix, and the transpose of a row matrix
is a column matrix:

a ai
az az
: :(al a --- ap ) and (al a - ap ...)T: :
an an
(2.186)
So a square matrix A is symmetric if it is equal to its transpose, AT = A. A skew-symmetric
matrix is a square matrix whose transpose equals the negative of the matrix, AT = —A.

The complex conjugate of a matrix is obtained by simply taking the complex conjugate of
all its elements: (A*)nm = (Anm)™.
f

The matrix which represents the operator A
of the matrix transpose of A:

is obtained by taking the complex conjugate

t t

AT = (AT or (ADm = (g | AT [ gm) = (dm | A1 dn)" = A (2.187)
that is,
A A A - f Ay AN Ay
Axn A Ap - Ar, A5, AL, -
A1 Az Az - =1 AL A AL - | (2.188)

If an operator A is Hermitian, its matrix satisfies this condition:

(ATY*=A or A = Anm. (2.189)
The diagonal elements of a Hermitian matrix therefore must be real numbers. Note that a
Hermitian matrix must be square.

(b) Inverse and unitary operators
A matrix has an inverse only if it is square and its determinant is nonzero; a matrix that has
an inverse is called a nonsingular matrix and a matrix that has no inverse is called a singular
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. . . . ~—1 .
matrix. The elements An—n% of the inverse matrix A~1, representing an operator A, are given
by the relation

T

~1 _ cofactgr of Amn —1_ _B ’ (2.190)
determinant of A determinant of A

where B is the matrix of cofactors (also called the minor); the cofactor of element Ay, is equal

to (—=1)™*" times the determinant of the submatrix obtained from A by removing the mth row

and the nth column. Note that when the matrix, representing an operator, has a determinant

equal to zero, this operator does not possess an inverse. Note that A=A = AA~1 = | where |

is the unit matrix.

The inverse of a product of matrices is obtained as follows:

(ABC---PQ)t=qQ7tpt...c7iB1AL (2.191)

The inverse of the inverse of a matrix is equal to the matrix itself, (A—l)_1 = A

A unitary operator U is represented by a unitary matrix. A matrix U is said to be unitary if
its inverse is equal to its adjoint:

ul=uf o Ufu=1, (2.192)

where | is the unit matrix.

Example 2.13 (Inverse of a matrix)

2 i 0
Calculate the inverse of the matrix A= | 3 1 5 |]. Isthis matrix unitary?
0 —-i -2

Solution

Since the determinant of A is det(A) = —4 + 16i, we have A~1 = BT /(—4 + 16i), where the
elements of the cofactor matrix B are given by By = (—1)"*™ times the determinant of the
submatrix obtained from A by removing the nth row and the mth column. In this way, we have

Az A

B = (D" )7 a =V ‘:—2+5i, (2.193)
Bz = (~1)? ﬁzi ﬁgi =(-1)° 8 _52 ‘:6, (2.194)
Bis = (-1i*3 2:-2;1 ﬁii = (-1* 8 _1i '=—3i, (2.195)
Bo1 = (—1)3 _ii _02 '=2i, B = (-1)* (2) _02 ‘:—4, (2.196)
B = (-1)° S _ii =2i, Ba1 = (1) '1 g‘=5i, (2.197)
Bs, = (—1)° g g‘z—lo, Bss = (—1)° g i1‘=2—3i, (2.198)
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and hence
—2 + 5i 6 =3i
B = 2i —4 2i . (2.199)
5i —-10 2 -3i

Taking the transpose of B, we obtain

1 . —1—4i —24+5i 2 Si

Al = BT = 6 —4  -10
—4 + 16i 68 _ai i 93
1 243 8-—2i 20-5i
= — | —6—24i 4+16i 10+40i |. (2.200)

8\ _1243 8-2i -14—5i
Clearly, this matrix is not unitary since its inverse is not equal to its Hermitian adjoint:
A1 2 Al

(c) Matrix representation of | y)(y |
It is now easy to see that the product | y)(y | is indeed an operator, since its representation
within {| ¢n)} is a square matrix:

a aja} aja; aaj
a . aa; aa; aaz; -
—_— * * DY —_—
lyXy =] a; |@] a; a3 ) = aza; aga; asa; --- |- (2.201)

(d) Trace of an operator R
The trace Tr(A) of an operator A is given, within an orthonormal basis {| ¢n)}, by the expression

Tr(A) =D (gn | Al dn) = D Amn; (2.202)

we will see later that the trace of an operator does not depend on the basis. The trace of a matrix
is equal to the sum of its diagonal elements:

A A Agg
A Axp Ax -
Tl Ay A Agg - | =Au+An+Ap+--. (2.203)

Properties of the trace
We can ascertain that

Tr(AT) = (Tr(A))*, (2.204)

Tr@A+pB+yC+--) =aTr(A) + ATr(B) + y Tr(C) + - - -, (2.205)

and the trace of a product of operators is invariant under the cyclic permutations of these oper-
ators:

Tr(ABCDE) = Tr(EABCD) = T(DEABC) = T(CDEAB) = - -. (2.206)
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Example 2.14
(a) Show that Tr(AB) = Tr(BA).
(b) Show that the trace of a commutator is always zero.
(c) Mlustrate the results shown in (a) and (b) on the following matrices:

8—2i 4i 0 —i 2 1—i
A= 1 0o 1-i |, B = 6 1+i 3i )
-8 i 6i 1 547i 0
Solution
(@) Using the definition of the trace,

Tr(AB) =D (¢n | AB | $n), (2.207)

and inserting the unit operator between A and B we have

Tr(AB) = D (4n| A(Z | fm) (m |)é | $n) =D (dn | Al dm)idm | B | ¢n)

= z Anm Bmn. (2.208)
On the other hand, since Tr(AB) = 37, (¢n | AB | ¢n), we have
Tr(BA) = ( )A|¢m =;<¢m | B I ¢n)(gn | Al gm)
= Z BmnAnm. (2.209)
o

Comparing (2.208) and (2.209), we see that Tr(AB) = Tr(BA).
(b) Since Tr(AB) = Tr(B A) we can infer at once that the trace of any commutator is always
zero:

Tr([A, B]) = Tr(AB) — Tr(BA) = 0. (2.210)
(c) Let us verify that the traces of the products AB and B A are equal. Since
—2 4+ 16i 12 —6 — 10i -8 54+i 8 +4i
AB = 1-2i 14 + 2i 1—i , BA= 49 — 351 -3+ 24i —-16
20i —59 +31i —11 + 8i 13 + 5i 4i 12 4 2i
(2.211)
we have
2+ 16i 12 —6 — 10i
Tr(AB) =Tr 1-2i 14 4+ 2i 1—i =1+ 26i, (2.212)
20i —594+31i —-11+8i
-8 54i 8+ 4i
Tr(BA)=Tr| 49—35i —3+ 24i —-16 =1+ 26i =Tr(AB). (2.213)
13 + 5i 4i 12 4+ 2i

This leads to Tr(AB) — Tr(BA) = (1 + 26i) — (1 + 26i) = 0or Tr([A, B]) =0.
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2.5.1.4 Matrix Representation of Several Other Quantities

(a) Matrix represen;ation of | ) = Al W) A L
The relation | ¢) = A | w) can be cast into the algebraic form | | ¢) = I Al | y) or

(Z | ¢n) (e |) | 4) =(Z | $n){hn |)A(Z | $m) (B |)| w), (2.214)

which in turn can be written as

D balgn) = am¢n)(dn | Aldm) =D amAnm | ¢n), (2.215)
n nm nm

where by = (fn | @), Anm = (¢n | Al ém), and am = (¢m | w). Itjs easy to see that (2.215)
yields bn = >, Anmam; hence the matrix representation of | ¢) = A | w) is given by

b1 At Ap A - ag
b, Ay Axp Axp - az

by | = | Asr Az Az - az |- (2.216)

(b) Matrix representation of (¢ | Al W)
As for (¢ | A| w) we have

@l1Aly) = <¢|fAf|w>=<¢|(Z|¢n><¢n|)A(Z|¢m><¢m|)|vx>
n=1 m=1

= D (@1 ¢n)ign | Algm)idm | p)

nm

nm
This is a complex number; its matrix representation goes as follows:
Ann A Az - ai
Axn Axn Axs - az

@IALy)— 0F b3 b )| Ay Am Ags .- a |- (2219

Remark

It is now easy to see explicitly why products of the type | ) | @), (w | (& |, A(w |, 0r | w)A
are forbidden. They cannot have matrix representations; they are nonsensical. For instance,
| w) | ¢) is represented by the product of two column matrices:

(P11 ) (P11 @)
L) | ¢) — | (P21w) (p21) |. (2.219)

This product is clearly not possible to perform, for the product of two matrices is possible only
when the number of columns of the first is equal to the number of rows of the second; in (2.219)
the first matrix has one single column and the second an infinite number of rows.
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2.5.1.5 Properties of a Matrix A
e Realif A= A*or Amn = Ap,

Imaginary if A= —A*or Amn = —Aj,

Symmetric if A= AT or Ann = Anm

e Antisymmetric if A= —AT or Apn = —Anm With Agm =0

Hermitian if A = AT or Amn = Al

e Anti-Hermitian if A= —AT or Amn = —Ann

Orthogonal if AT = AL or AAT = I or (AAT)mn = 6mn

e Unitary if AT = A=Lor AAT =1 or (AAT)mn = Jmn

Example 2.15 .
Consider a matrix A (which represents an operator A), aket| y), and a bra (¢ |:

5 342 3i ~1+4i
A= —i 3 8], lyw=( 3 ), @wI=(6 i 5).
1-i 1 4 2+ 3i

(a) Calculate the quantities A | w), (¢ | A, (¢ | A| w),and | w) (¢ |.

(b) Find the complex conjugate, the transpose, and the Hermitian conjugate of A, | ), and
(@ 1.

(c) Calculate (¢ | ) and (w | ¢); are they equal? Comment on the differences between the
complex conjugate, Hermitian conjugate, and transpose of kets and bras.

Solution
(a) The calculations are straightforward:
5 342 3i —1+i =5+ 17i
Aly)= —i 3i 8 3 = 17+34i |, (2.220)
1—i 1 4 2+3i 11 + 14i
5 342 3i
@lA=(6 —i 5)( —i 3i 8):(34—5i 26+12i 20+410i ),
1—i 1 4
(2.221)
5 342 3i —1+i
@IAly)=(6 —i 5)( —i 3i 8)( 3 )=59+155i, (2.222)
1—i 1 4 2+3i

—1+i —6+6i 1+i —5+5i
| w)ig|= 3 (6 —i 5)= 18 —3i 15 . (2.223)
2+ 3i 12418 3—2i 10+ 15i
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(b) To obtain the complex conjugate of A, | ), and (¢ |, we need simply to take the
complex conjugate of their elements:

5 3-2i -3i —1—i
A= i =3 8 |, |wr= 3 , BI'=(6 i 5).
1+i 1 4 2 - 3i

(2.224)
For the transpose of A, | w), and (¢ |, we simply interchange columns with rows:

5 - 1-—i 6
Al = 3+2 3 1 |, |w=(-1+i 3 243i), @I'=| i |.

3i 8 4 5
(2.225)
The Hermitian conjugate can be obtained by taking the complex conjugates of the transpose

expressions calculated above: AT = (AT)*, | )T = (1)) = (w (@ IT= (¢ IT)" =1 ¢):

5 i 14 6
Af=(3-2i -3 1 |, (wi=(-1-i 3 2-3i), |¢=[i

—3i 8 4 5
(2.226)
(c) Using the kets and bras above, we can easily calculate the needed scalar products:
—1+i
@ly)=(6 —i 5) 3 = 6(—1+4+i)+(—-i)(3)+5(2+3i) = 4+18i, (2.227)
2+ 3i
6
(wlg)y=(-1—i 3 2=3i )| i | =6(=1-i)+()(3)+5(2—3i) = 4—18i. (2.228)
5
We see that (¢ | w) and (w | ¢) are not equal; they are complex conjugates of each other:
(W)= (p|y)" =4-18i (2.229)

Remark

We should underscore the importance of the differences between | w)*, | )T, and | I//)T. Most
notably, we should note (from equations (2.224)—(2.226)) that | y)* is a ket, while | )T and
| t//)T are bras. Additionally, we should note that (¢ |* is a bra, while (¢ |7 and (¢ |1L are kets.

2.5.2 Change of Bases and Unitary Transformations

In a Euclidean space, a vector A may be represented by its components in different coordinate
systems or in different bases. The transformation from one basis to the other is called a change
of basis. The components of Aina given basis can be expressed in terms of the components of
A in another basis by means of a transformation matrix.

Similarly, state vectors and operators of quantum mechanics may also be represented in
different bases. In this section we are going to study how to transform from one basis to
another. That is, knowing the components of kets, bras, and operators in a basis {| ¢n)}, how
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does one determine the corresponding components in a different basis {| ¢;,)}? Assuming that
{l ¢n)} and {| ¢p)} are two different bases, we can expand each ket | ¢n) of the old basis in
terms of the new basis {| ¢,)} as follows:

| ¢n) = (Z | 1) |) | #n) = D Umn | #fn), (2.230)

where
Unn = (¢ | én). (2.231)

The matrix U, providing the transformation from the old basis {| ¢n)} to the new basis {| ¢;)},
is given by
( (1 1 1) (&1 | d2) (91| 3) )
U=

(@51 d1) (51 ¢2) ()] ¢3)
(51 ¢1) (51¢2) (¢5]¢3)

(2.232)

Example 2.16 (Unitarity of the transformation matrix)
Let U be a transformation matrix which connects two complete and orthonormal bases {| ¢n)}
and {| ¢;,)}. Show that U is unitary.

Solution
For this we need to prove that UUT = T, which reduces to showing that (¢m | UUT | ¢n) =
dmn. This goes as follows:

(¢m 00T | 4n) = (g | U(Z|¢|><¢| |)0T|¢n> = > UnU3 (2.233)
| |

where Umi = (¢m | O [ ) and U = (4 | UT | ¢n) = (¢n | U | ¢1)*. According to
(2.231), Umi = (¢p, | A1) and Uy = (1 | ¢p); we can thus rewrite (2.233) as

nl —

S UmiUy =D 80 1 o) L dn) = (b | dn) = Omn. (2.234)
| |

Combining (2.233) and (2.234), we infer (¢m | UUT | ¢n) = dmn, or UUT = 1.

2.5.2.1 Transformations of Kets, Bras, and Operators

The components (¢, | ) of a state vector | ) in a new basis {| ¢/,)} can be expressed in terms
of the components (¢, | w) of | ) in an old basis {| ¢n)} as follows:

(b 1 y) = (P | T 1) = (B |(Z | én)(gn |) ly) =D Umnign | y). (2.235)
n n
This relation, along with its complex conjugate, can be generalized into

| wnew) = U | woid)s  (Wnew | = (woig | 0T (2.236)
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Let us now examine how operators transform when we change from one basis to another. The
matrix elements Ay, = (¢r, | A | ¢p) of an operator A in the new basis can be expressed in

terms of the old matrix elements, Aj| = (¢j | A | #1), as follows:

Amn = (¢ I(Z | §j) (P I)A(Z | ¢} |) | ép) = ZumjA,-.U,:]; (2.237)
i I jl

that is,
Anew =U AoIdUT or Aold = LAJTAnemLAJ- (2.238)

We may summarize the results of the change of basis in the following relations:

| Wnew) = lj | wold), (Wnew | = (wold |UT, Anew = l-AJAoldljJr, (2.239)

or

| wold) = OT | Wnew), (wold | = (¥new | Un Aold = LAJJ[Anele (2.240)

These relations are similar to the ones we derived when we studied unitary transformations; see
(2.146) and (2.147).

Example 2.17 .
Show that the operator U = >, | ¢/,) (¢n | satisfies all the properties discussed above.

Solution
First, note that U is unitary:

00T =" 1 ¢nion | ) 1= D10l 1o =D 1 gpign 1= 1. (2.241)
nl nl n

Second, the action of U on a ket of the old basis gives the corresponding ket from the new basis:

Ulgm) =D 1dnidn | dm) = D 1 #1)0hm = ¢fy). (2:242)

We can also verify that the action UT on a ket of the new basis gives the corresponding ket from
the old basis:

OF 100 =S 180 1 d) =D 1 d1)im =1 ¢m). (2.243)
| |

How does a trace transform under unitary transformations? Using the cyclic property of the
trace, Tr(ABC) = Tr(CAB) = Tr(BC A), we can ascertain that

Tr(A) = Tr(0AUTY = Tr(UTU A) = Tr(A), (2.244)
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D it L)l | 1) =D (¢ | P1)(hr | én)

(m | (Z | 1) (h |) | ) = (pm | n) =Jmn,  (2.245)
|

Tr (| én){dm |)

Tr (I gm)(dn 1) = (dn | ). (2.246)

Example 2.18 (The trace is base independent)
Show that the trace of an operator does not depend on the basis in which it is expressed.

Solution
Let us show that the trace of an operator Ainabasis {| ¢n)} is equal to its trace in another basis
{I #f)}. First, the trace of A in the basis {| ¢n)} is given by

Tr(A) =D ign | Al n) (2.247)
and in {| ¢} by
Tr(A) =D (¢ | Al ¢p). (2.248)

n

Starting from (2.247) and using the completeness of the other basis, {| ¢;,)}, we have

D ign L ATgn) = D ign |(Z | i) |)A | ¢n)

Tr(A)

n

D i | g (b | Al o). (2.249)

nm

All we need to do now is simply to interchange the positions of the numbers (scalars) (¢n | ¢p)
and (¢p | Al ¢n):

Tr(A) =D (dh | A(Z | n){(hn |) | ) = D (B | Al ). (2.250)

m m

From (2.249) and (2.250) we see that

Tr(A) =D ign | Al dn) = D ign | Al ). (2.251)

n n

2.5.3 Matrix Representation of the Eigenvalue Problem

At issue here is to work out the matrix representation of the eigenvalue problem (2.126) and
then solve it. That is, we want to find the eigenvalues a and the eigenvectors | ) of an operator
A such that R

Aly) =aly), (2.252)
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where a is a complex number. Inserting the unit operator between Aand | w) and multiplying
by (ém |, we can cast the eigenvalue equation in the form

(¢m | A(Z | $n) (¢hn |)| y) = algm |(Z | #n)(¢n |)| v, (2.253)

or

D Amnldn | y) =a> (gl y)dm, (2.254)
n n

which can be rewritten as
Z [Amn — adnm] (¢n | w) =0, (2.255)

n

With Amn = (¢m | A | ¢n).

This equation represents an infinite, homogeneous system of equations for the coefficients
{(¢n | w), since the basis {| ¢n)} is made of an infinite number of base kets. This system of
equations can have nonzero solutions only if its determinant vanishes:

det (Amn - aénm) - 0 (2256)

The problem that arises here is that this determinant corresponds to a matrix with an infinite
number of columns and rows. To solve (2.256) we need to truncate the basis {| ¢,)} and assume
that it contains only N terms, where N must be large enough to guarantee convergence. In this
case we can reduce (2.256) to the following Nth degree determinant;

Ann—a A A3 e Ain
A Ap —a Az3 e Aon
Az Az Agz—a -+ Ay =0. (2.257)
AN1 An2 ANz - Ann —a

This is known as the secular or characteristic equation. The solutions of this equation yield
the N eigenvalues a1, a2, as, ..., an, since it is an Nth order equation in a. The set of these
N eigenvalues is called the spectrum of A. Knowing the set of eigenvalues a1, a2, as, . . ., an,
we can easily determine the corresponding set of eigenvectors | ¢1), | ¢2), ..., | ¢n). For
each eigenvalue ay, of A, we can obtain from the “secular” equation (2.257) the N components
(1| w), (b2 | y), (B3] W), ..., (én | y) of the corresponding eigenvector | ¢m).

If a number of different eigenvectors (two or more) have the same eigenvalue, this eigen-
value is said to be degenerate. The order of degeneracy is determined by the number of linearly
independent eigenvectors that have the same eigenvalue. For instance, if an eigenvalue has five
different eigenvectors, it is said to be fivefold degenerate.

In the case where the set of eigenvectors | ¢) of A is complete and orthonormal, this set
can be used as a basis. In this basis the matrix representing the operator A is diagonal,

ap O 0
0 a O
A=l o o a .| (2.258)
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the diagonal elements being the eigenvalues a;,, of A, since

(m | Algn) = an(dm | ¢n) = andmn. (2.259)

Note that the trace and determinant of a matrix are given, respectively, by the sum and product
of the eigenvalues:

Tr(A) = D an=ar+ay+az+- -, (2.260)
n

det(A) = [Jan=aiaa---. (2.261)
n

Properties of determinants
Let us mention several useful properties that pertain to determinants. The determinant of a
product of matrices is equal to the product of their determinants:

det(ABCD - --) = det(A) - det(B) - det(C) - det(D) - - -, (2.262)
det(A*) = (det (A))*, det(AT) = (det (A))*, (2.263)
det(AT) = det (A), det (A) = e TTINA), (2.264)

Some theorems pertaining to the eigenvalue problem
Here is a list of useful theorems (the proofs are left as exercises):

The eigenvalues of a symmetric matrix are real; the eigenvectors form an orthonormal
basis.

The eigenvalues of an antisymmetric matrix are purely imaginary or zero.

The eigenvalues of a Hermitian matrix are real; the eigenvectors form an orthonormal
basis.

The eigenvalues of a skew-Hermitian matrix are purely imaginary or zero.
The eigenvalues of a unitary matrix have absolute value equal to one.

If the eigenvalues of a square matrix are not degenerate (distinct), the corresponding
eigenvectors form a basis (i.e., they form a linearly independent set).

Example 2.19 (Eigenvalues and eigenvectors of a matrix)
Find the eigenvalues and the normalized eigenvectors of the matrix

0
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Solution
To find the eigenvalues of A, we simply need to solve the secular equation det(A —al) = 0:
7—-a 0 0
0=| 0 1-a —i =(7—a)[—(l—a)(1+a)+i2]=(7—a)(a2—2).
0 i —-1-a

(2.265)
The eigenvalues of A are thus given by

=7 a=+2 a=-v2 (2.266)

Let us now calculate the eigenvectors of A. To find the eigenvector corresponding to the first
eigenvalue, a; = 7, we need to solve the matrix equation

7 0 O X X X = 7X
0 1 —i y | =71y |= y—iz = Ty; (2.267)
0 i -1 z z iy—z = 7z

this yields x = 1 (because the eigenvector is normalized) and y = z = 0. So the eigenvector
corresponding to a; = 7 is given by the column matrix

1
lag) = [ 0 ). (2.268)
0

This eigenvector is normalized since (a; | a;) = 1.
The eigenvector corresponding to the second eigenvalue, ay = /2, can be obtained from
the matrix equation

70 0 X X 7-vV2)x = 0
0 1 —i y |=v2|y |= a-v2)y—-iz = 0; (2.269)
0 i -1 z z iy—1++v2z = 0

this yields x = 0 and z = i(+/2 — 1)y. So the eigenvector corresponding to a, = +/2 is given
by the column matrix

0
| az) = ( y ) : (2.270)
i(v2-1)y
The value of the variable y can be obtained from the normalization condition of | az):
0
1=(xla) = (0 y* —i(v2-Dy* )( y ) =22-V2) |y .
i(vV2-1)y
(2.271)

Taking only the positive value of y (a similar calculation can be performed easily if one is

interested in the negative value of y), we have y = 1/,/2(2 — +/2); hence the eigenvector
(2.270) becomes

0
1

|ag) = 22-v2) |- (2.272)
i(+v2-1)
22-v2)
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Following the same procedure that led to (2.272), we can show that the third eigenvector is

given by
0
|ag) = ( y ) ; (2.273)
—i(1++2)y

its normalization leads to y = 1/,/2(2 + +/2) (we have considered only the positive value of
y); hence

0
1

| ag) = Ve |- (2.274)
__i(+V?)
2(2++/2)

2.6 Representation in Continuous Bases

In this section we are going to consider the representation of state vectors, bras, and operators
in continuous bases. After presenting the general formalism, we will consider two important
applications: representations in the position and momentum spaces.

In the previous section we saw that the representations of kets, bras, and operators in a
discrete basis are given by discrete matrices. We will show here that these quantities are repre-
sented in a continuous basis by continuous matrices, that is, by noncountable infinite matrices.

2.6.1 General Treatment

The orthonormality condition of the base kets of the continuous basis | yk) is expressed not by
the usual discrete Kronecker delta as in (2.170) but by Dirac’s continuous delta function:

(e | ) = oK' =k, (2.279)
where k and k’ are continuous parameters and where d(k’ — k) is the Dirac delta function (see

Appendix A), which is defined by

5(x) = 1 / e e'*Xdk. (2.276)

27 J_co

As for the completeness condition of this continuous basis, it is not given by a discrete sum as
in (2.172), but by an integral over the continuous variable

“+o00 R
/ dk | 0 (e 1= T (2.277)

where [ is the unit operator.
Every state vector | y) can be expanded in terms of the complete set of basis kets | yk):

—0oQ —00

+00 +oo
) = 1) = (/ dk | 0 (e I)Iw> =/ dkbk) | s (2278)
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where b(k), which is equal to (yx | w), represents the projection of | ) on | yk).
The norm of the discrete base kets is finite ({(¢n | $n) = 1), but the norm of the continuous
base kets is infinite; a combination of (2.275) and (2.276) leads to

1 +00

el =00 =5 [ Tk — . (2:279)
T J-co

This implies that the kets | yk) are not square integrable and hence are not elements of the

Hilbert space; recall that the space spanned by square-integrable functions is a Hilbert space.

Despite the divergence of the norm of | y), the set | yk) does constitute a valid basis of vectors

that span the Hilbert space, since for any state vector | ), the scalar product (yk | v) is finite.

The Dirac delta function

Before dealing with the representation of kets, bras, and operators, let us make a short detour
to list some of the most important properties of the Dirac delta function (for a more detailed
presentation, see Appendix A):

o(x) =0, for X #0, (2.280)
b .
f(xo) iIf a<xg<b,
f(X)o(x —xp)dx = [ 2.281
/a ) 0) 0 elsewhere, ( )
o0 d"o(x —a) p d"f(x)
/_oo f(x)T dx = (-1) I L (2.282)

OF—F)=0(x —x")o(y —y)oz—1") = S(r =130 — 0)d(p — ¢'). (2.283)

r2sing
Representation of kets, bras, and operators

The representation of kets, bras, and operators can be easily inferred from the study that was
carried out in the previous section, for the case of a discrete basis. For instance, the ket | )
is represented by a single column matrix which has a continuous (noncountable) and infinite
number of components (rows) b(k):

ly) — {xx .I y) |- (2.284)

The bra (y | is represented by a single row matrix which has a continuous (noncountable)
and infinite number of components (columns):

(W |— (oeee (Wl gk) oeeee ). (2.285)

Operators are represented by square continuous matrices whose rows and columns have
continuous and infinite numbers of components:

(2.286)

A “ e . ,
i, A(k.,k)

As an application, we are going to consider the representations in the position and momentum
bases.
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2.6.2 Position Representation

In the position representation, the basis consists of an infinite set of vectors {| r)} which are
eigenkets to the position operator R:

o

Ir)y =r]r), (2.287)

where I (without a hat), the position vector, is the eigenvalue of the operator R. The orthonor-
mality and completeness conditions are respectively given by

F|iry=o6c—-r") = o6(x—=x"No(y—-y)o@z—-1), (2.288)
/d3r|F)<F| = I, (2.289)
since, as discussed in Appendix A, the three-dimensional delta function is given by
F_E — 3y @ik-(F—T )
- = k . 2.2
or—r’ PISE /d e (2.290)

So every state vector | ) can be expanded as follows:

(v = [@rinEiv = [drvn . (2.291)
where  (F') denotes the components of | ) in the {| F)} basis:

(rly) = w). (2.292)

This is known as the wave function for the state vector | y). Recall that, according to the
probabilistic interpretation of Born, the quantity | (F | ) |2 d3r represents the probability of
finding the system in the volume element d®r.

The scalar product between two state vectors, | w) and | ¢), can be expressed in this form:

@ly) = @] (/dsr |7 |) )= [Erewe. (2.293)
Since R | F)y =1 |F)we have
FIRM|F) =F"6(F ' =) (2.294)

Note that the operator R is Hermitian, since

GIRy) = /d3rr¢|r (1w [/d3rrw|r r|¢}

= (y| R ). (2.295)
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2.6.3 Momentum Representation

The basis {| p)} of the momentum representation is obtained from the eigenkets of the momen-
tum operator P:
PIP) =plp). (2.296)

where p is the momentum vector. The algebra relevant to this representation can be easily
inferred from the position representation. The orthonormality and completeness conditions of
the momentum space basis | p) are given by

(1B = oG- and /d3p|f)><ﬁ|=i. (2.207)

Expanding | ) in this basis, we obtain

I'//>=/d3p |ﬁ><6|w>=/d3p‘1‘(ﬁ) B, (2.208)

where the expansion coefficient W (p) represents the momentum space wave function. The
quantity | ¥(p) |2 dp is the probability of finding the system’s momentum in the volume
element d2p located between p and p + d p.

By analogy with (2.293) the scalar product between two states is given in the momentum
space by

b1 = (@] (/d3p | B)(p |) | v) =/d3p<b*(ﬁ)\P(ﬁ). (2.299)
Since P | p) = p| p) we have

(B’ IP"|p)=p"s(p’ - p). (2.300)

2.6.4 Connecting the Position and Momentum Representations

Let us now study how to establish a connection between the position and the momentum rep-
resentations. By analogy with the foregoing study, when changing from the {| )} basis to the
{| p)} basis, we encounter the transformation function (r | p).

To find the expression for the transformation function (r | p), let us establish a connection
between the position and momentum representations of the state vector | w):

(Fly) = (T (/dBp | B)(P |) | y) = /d3p (F | )P (P); (2.301)

that is,
w () = / d%p (7 | B)¥(P). (2.302)

Similarly, we can write

Y(P) = (Ply) = <ﬁ|/d3r | PP | y) = /d3r<ﬁ | Py (F). (2.303)
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The last two relations imply that y (r) and ¥ (p) are to be viewed as Fourier transforms of each
other. In quantum mechanics the Fourier transform of a function f () is given by

2 34 aipr/h
() = G | PP g (2.304
notice the presence of Planck’s constant. Hence the function (r | p) is given by
(F1p) = _L1 _giprm (2.305)
(2zh)3/2 ' '

This function transforms from the momentum to the position representation. The function
corresponding to the inverse transformation, (p | r), is given by

1

—ip-r/h
= We pr/n, (2.306)

(BIF) = (F 1P

The quantity |(r | ﬁ>|2 represents the probability density of finding the particle in a region
around r where its momentum is equal to p.

Remark
If the position wave function

V0 = G [ P M) (2.307)

is normalized (i.e., fd3r w(F)w*(F) = 1), its Fourier transform

o 1 ZiBih e
Y(p) = W/d3r e 'p‘r/h(//(r) (2.308)

must also be normalized, since

L } 1 I
/d3p‘P*(p)‘P(p) = /d3p‘1‘*(p) [W/d% 'p”“w(r)}
N .
= /dBf w(r) [W/dsp‘y (pe'"” }
= /d3r () y*(F)
- 1 (2.309)

This result is known as Parseval’s theorem.

2.6.4.1 Momentum Operator in the Position Representation

To determine the form of the momentum operator P in the position representation, let us cal-
culate (F | P | w):

FIPly) = /<F |3|ﬁ><ﬁ|w>d3p=/ﬁ<? | BB | )

G | peP s, (2:310
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where we have used the relation [ | p)(p | d3p = i along with Eq. (2.305). Now, since
pelPT/N — _jhvel PT/N and using Eq. (2.305) again, we can rewrite (2.310) as
FIPly) = —ihv ;/eiﬁ'm‘{’(ﬁ)d%
2z h)3/2

I
L
-
<t
\
=
o
o
<
o
w
o°
N

= —ihV(f | p). (2.311)

Thus, P is given in the position representation by

P — —ihV. (2.312)
Its Cartesian components are
. .0 . .0 . 0
Py = —ih—, Py = —ih—, P, = —ih—. (2.313)
ox 2y oz

Note that the form of the momentum operator (2.312) can be derived by simply applying the
gradient operator V on a plane wave function y (f, t) = Ael(PT—ED/h.

_ihVy (F,t) = py(F,t) = Py(F, ). (2.314)

It is easy to verlfy that P is Hermitian (see equation (2.378)).

Now, since P = —ihV, we can write the Hamiltonian operator H= P 2/(2m) + V in the
position representation as follows:

N h? h? ( o2 2 2 -
H=—— V24Vl =—— [ — +— + — )+ V(F 2.315
2m )= 2m (6x2 oy? 622) ©, ( )

where V2 is the Laplacian operator; it is given in Cartesian coordinates by V2 = 62/6x? +
02 /0y? + 02 /072,

2.6.4.2 Position Operator in the Momentum Representation

The form of the position operator R in the momentum representation can be easily inferred

from the representation of P in the position space. In momentum space the position operator
can be written as follows:

A 0
Rj =ih— (j=x,%,2) (2.316)
j ap]
or
X =i i, Y =i i, 7 —ih". (2.317)
OPx opy opz
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2.6.4.3 Important Commutation Relations

Let us now calculate the commutator [R i Pc] in the position representation. As the separate
actions of X Py and Py X on the wave function y (f) are given by

A ow(r
KBy (F) = —inx 0. (2.318)
oX
f 0 R 4 (9
Py X = —ih— = —ih —ih 2.319
x Xy () = —ih— (xy () = —ihy () — ihx——, (2.319)
we have
N sa s o ow() L ol
X, Blu®) = Py —PXy@) = —inx 22D Liny @) +inx ‘gi)
= ihy() (2.320)
or o
[X, Py] = ih. (2.321)
Similar relations can be derived at once for the y and the z components:
[X,B]=ih, [V,P]=ih, [Z,P;]=ih. (2.322)
We can verify that
[X, Pyl =[X,P]=[Y,P]=1[V,P] =[Z,P] =1[Z, P] =0, (2.323)

since the X, y, z degrees of freedom are independent; the previous two relations can be grouped
into

[Rj, Pl = ihdjk, [Rj, Rl =0, [Pi,Pl=0 (j, k=x,y,2).| (2324)

These relations are often called the canonical commutation relations.
Now, from (2.321) we can show that (for the proof see Problem 2.8 on page 139)

[X", Px] = ihnX"L, [X,P]=ihnPPL. (2.325)

Following the same procedure that led to (2.320), we can obtain a more general commutation
relation of Py with an arbitrary function f (X):

df (X)

f)A( F/;X:h ~
[FX), R =i %

[B, F(EE)] — —ihVF(R)). (2.326)

where F is a function of the operator R.

The explicit form of operators thus depends on the representation adopted. We have seen,
however, that the commutation relations for operators are representation independent. In par-
ticular, the commutator [IQ,-, P¢] is given by ihdjk in the position and the momentum represen-
tations; see the next example.
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Example 2.20 (Commutators are representation independent)
Calculate the commutator [X, P] in the momentum representation and verify that it is equal to
ih.

Solution A A
As the operator X is given in the momentum representation by X = iho/ép, we have
A o A Ay .0 . oy(
X Plu(e) = XPu(p)—PRy(p) =inS (py(p) —inp =P
. .0 .0 .
— iy +inp 22 _inp2Y® b (o). (2.327)
op op
Thus, the commutator [X, P] is given in the momentum representation by
[X,P]= ih". B|=in (2.328)
b - ap’ - . .

The commutator [X, P] was also shown to be equal to ih in the position representation (see
equation (2.321):

PN ~ 0
X,P]=—1|X, ih— | =ih. 2.329
%, B] [ apx] (2.329)

2.6.5 Parity Operator

The space reflection about the origin of the coordinate system is called an inversion or a parity
operation. This transformation is discrete. The parity operator P is defined by its action on the
kets | I') of the position space:

PIE) =|-1), (F|PT = (=], (2.330)

such that R
Py(r) = y(=r). (2.331)

The parity operator is Hermitian, PT = 7, since
[EreoPve] = [Eewen= [ e
/ d3r [75¢(F)]* v (F). (2.332)

From the definition (2.331), we have
PPy (r) = Py (=1) = y (r); (2.333)
hence P2 is equal to the unity operator:

P2 o P=pL (2.334)
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The parity operator is therefore unitary, since its Hermitian adjoint is equal to its inverse:

Pt = p-1, (2.335)
Now, since P2 = [, the eigenvalues of P are +1 or —1 with the corresponding eigenstates
Pyr(@) =y (=) = py (), Py-() =y (1) = —y_ (D). (2:336)

The eigenstate | w) is said to be even and | w_) is odd. Therefore, the eigenfunctions of the
parity operator have definite parity: they are either even or odd.

Since | w4 ) and | yw_) are joint eigenstates of the same Hermitian operator P but with
different eigenvalues, these eigenstates must be orthogonal:

(yr ly-) = /dsr yi(=Ny-_(-r) = —/dSr yiOw-() = —(wy | w-); (2.337)

hence (w4 | w—) is zero. The states | w.) and | w_) form a complete set since any function
can be written as y () = w. () + w—(r), which leads to

[w(®) —w(=D)]. (2.338)

NI =

. 1 . S S
() =3 [w() + w(-1)], y_(F) =

Since P2 = | we have

N _ 7? when n !s odd, (2.339)
I when n is even.
Even and odg operators
An operator A is said to be even if it obeys the condition
PAP = A (2.340)
and an operator B is odd if
PBP = —B. (2.3412)

We can easily verify that even operators commute with the parity operator P and that odd
operators anticommute with P:

AP = (PAPYP =PAP? = PA, (2.342)
BP = —(PBP)P =-PBP?=—7PB. (2.343)

The fact that even operators commute with the parity operator has very useful consequences.
Let us examine the following two important cases depending on whether an even operator has
nondegenerate or degenerate eigenvalues:

o If an even operator is Hermitian and none of its eigenvalues is degenerate, then this oper-
ator has the same eigenvectors as those of the parity operator. And since the eigenvectors
of the parity operator are either even or odd, the eigenvectors of an even, Hermitian, and
nondegenerate operator must also be either even or odd; they are said to have a defi-
nite parity. This property will have useful applications when we solve the Schrédinger
equation for even Hamiltonians.
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o If the even operator has a degenerate spectrum, its eigenvectors do not necessarily have a
definite parity.

What about the parity of the position and momentum operators, R and P? We can easily show
that both of them are odd, since they anticommute with the parity operator:

P; (2.344)

v
o

ol
P I

PR=— = -

hence

A
A S A A

PRAT = _R, pPPT = P, (2.345)

since PPT = 1. For instance, to show that R anticommutes with 7, we need simply to look at
the following relations:

PRIT) = FPIF) =1 | —F), (2.346)
RPIF) = R|—F) = —F | —F). (2.347)

If the operators A and B are even and odd, respectively, we can verify that
PA"P = A", PB"P = (—1)"B". (2.348)
These relations can be shown as follows:

(
(

I
>

(2.349)
(2.350)
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2.7 Matrix and Wave Mechanics

In this chapter we have so far worked out the mathematics pertaining to quantum mechanics in
two different representations: discrete basis systems and continuous basis systems. The theory
of guantum mechanics deals in essence with solving the following eigenvalue problem:

Hly) =E|y), (2.351)

where H is the Hamiltonian of the system. This equation is general and does not depend on
any coordinate system or representation. But to solve it, we need to represent it in a given basis
system. The complexity associated with solving this eigenvalue equation will then vary from
one basis to another.

In what follows we are going to examine the representation of this eigenvalue equation in a
discrete basis and then in a continuous basis.

2.7.1 Matrix Mechanics

The representation of quantum mechanics in a discrete basis yields a matrix eigenvalue prob-
lem. That is, the representation of (2.351) in a discrete basis {| ¢n)} yields the following matrix
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eigenvalue equation (see (2.257)):

Hiy — E Hi2 His Hin
Ha1 Hyp — E Has Han
Ha1 Hsz Hg—E - Hsn =0. (2.352)
Hn1 Hn2 Hns -+ Hnn —E
This is an Nth order equation in E; its solutions yield the energy spectrum of the system: Ej,
E», E3, ..., En. Knowing the set of eigenvalues Eq, E», Eg3, ..., En, we can easily determine
the corresponding set of eigenvectors | ¢1), | ¢2), ..., | én).

The diagonalization of the Hamiltonian matrix (2.352) of a system yields the energy spec-
trum as well as the state vectors of the system. This procedure, which was worked out by
Heisenberg, involves only matrix quantities and matrix eigenvalue equations. This formulation
of quantum mechanics is known as matrix mechanics.

The starting point of Heisenberg, in his attempt to find a theoretical foundation to Bohr’s
ideas, was the atomic transition relation, vmn = (Em — Ej)/h, which gives the frequencies of
the radiation associated with the electron’s transition from orbit m to orbit n. The frequencies
vmn €an be arranged in a square matrix, where the mn element corresponds to the transition
from the mth to the nth quantum state.

We can also construct matrices for other dynamical quantities related to the transition
m — n. In this way, every physical quantity is represented by a matrix. For instance, we
represent the energy levels by an energy matrix, the position by a position matrix, the momen-
tum by a momentum matrix, the angular momentum by an angular momentum matrix, and so
on. In calculating the various physical magnitudes, one has thus to deal with the algebra of
matrix quantities. So, within the context of matrix mechanics, one deals with nhoncommuting
guantities, for the product of matrices does not commute. This is an essential feature that dis-
tinguishes matrix mechanics from classical mechanics, where all the quantities commute. Take,
for instance, the position and momentum quantities. While commuting in classical mechanics,
px = xp, they do not commute within the context of matrix mechanics; they are related by
the commutation relation [)2, FSX] = ih. The same thing applies for the components of an-
gular momentum. We should note that the role played by the commutation relations within
the context of matrix mechanics is similar to the role played by Bohr’s quantization condition
in atomic theory. Heisenberg’s matrix mechanics therefore requires the introduction of some
mathematical machinery—Iinear vector spaces, Hilbert space, commutator algebra, and matrix
algebra—that is entirely different from the mathematical machinery of classical mechanics.
Here lies the justification for having devoted a somewhat lengthy section, Section 2.5, to study
the matrix representation of quantum mechanics.

2.7.2 \Wave Mechanics

Representing the formalism of quantum mechanics in a continuous basis yields an eigenvalue
problem not in the form of a matrix equation, as in Heisenberg’s formulation, but in the form
of a differential equation. The representation of the eigenvalue equation (2.351) in the position
space yields

(FIH | y) = EF | y). (2.353)
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As shown in (2.315), the Hamiltonian is given in the position representation by —h?v2/(2m) +
V (), so we can rewrite (2.353) in a more familiar form:

h2 R, .
—%Vzw(r) +V(N)y () = Ey(), (2.354)

where (f | ) = w(F) is the wave function of the system. This differential equation is known
as the Schrodinger equation (its origin will be discussed in Chapter 3). Its solutions yield
the energy spectrum of the system as well as its wave function. This formulation of quantum
mechanics in the position representation is called wave mechanics.

Unlike Heisenberg, Schédinger took an entirely different starting point in his quest to find
a theoretical justification for Bohr’s ideas. He started from the de Broglie particle—~wave hy-
pothesis and extended it to the electrons orbiting around the nucleus. Schrddinger aimed at
finding an equation that describes the motion of the electron within an atom. Here the focus
is on the wave aspect of the electron. We can show, as we did in Chapter 1, that the Bohr
guantization condition, L = nh, is equivalent to the de Broglie relation, A = 2zh/p. To es-
tablish this connection, we need simply to make three assumptions: (a) the wavelength of the
wave associated with the orbiting electron is connected to the electron’s linear momentum p
by 2 = 2zh/p, (b) the electron’s orbit is circular, and (c) the circumference of the electron’s
orbit is an integer multiple of the electron’s wavelength, i.e., 2zr = nJ. This leads at once
to2zr = n x (2zh/p) or nh = rp = L. This means that, for every orbit, there is only one
wavelength (or one wave) associated with the electron while revolving in that orbit. This wave
can be described by means of a wave function. So Bohr’s quantization condition implies, in
essence, a uniqueness of the wave function for each orbit of the electron. In Chapter 3 we will
show how Schrddinger obtained his differential equation (2.354) to describe the motion of an
electron in an atom.

2.8 Concluding Remarks

Historically, the matrix formulation of quantum mechanics was worked out by Heisenberg
shortly before Schrédinger introduced his wave theory. The equivalence between the matrix
and wave formulations was proved a few years later by using the theory of unitary transfor-
mations. Different in form, yet identical in contents, wave mechanics and matrix mechanics
achieve the same goal: finding the energy spectrum and the states of quantum systems.

The matrix formulation has the advantage of greater (formal) generality, yet it suffers from
a number of disadvantages. On the conceptual side, it offers no visual idea about the structure
of the atom; it is less intuitive than wave mechanics. On the technical side, it is difficult to
use in some problems of relative ease such as finding the stationary states of atoms. Matrix
mechanics, however, becomes powerful and practical in solving problems such as the harmonic
oscillator or in treating the formalism of angular momentum.

But most of the efforts of quantum mechanics focus on solving the Schrédinger equation,
not the Heisenberg matrix eigenvalue problem. So in the rest of this text we deal mostly with
wave mechanics. Matrix mechanics is used only in a few problems, such as the harmonic
oscillator, where it is more suitable than Schrdédinger’s wave mechanics.

In wave mechanics we need only to specify the potential in which the particle moves; the
Schrodinger equation takes care of the rest. That is, knowing V (F), we can in principle solve
equation (2.354) to obtain the various energy levels of the particle and their corresponding wave
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functions. The complexity we encounter in solving the differential equation depends entirely on
the form of the potential; the simpler the potential the easier the solution. Exact solutions of the
Schrodinger equation are possible only for a few idealized systems; we deal with such systems
in Chapters 4 and 6. However, exact solutions are generally not possible, for real systems do not
yield themselves to exact solutions. In such cases one has to resort to approximate solutions.
We deal with such approximate treatments in Chapters 9 and 10; Chapter 9 deals with time-
independent potentials and Chapter 10 with time-dependent potentials.

Before embarking on the applications of the Schrodinger equation, we need first to lay down
the theoretical foundations of quantum mechanics. We take up this task in Chapter 3, where
we deal with the postulates of the theory as well as their implications; the postulates are the
bedrock on which the theory is built.

2.9 Solved Problems

Problem 2.1 _
Consider the states | ) = 9i | ¢1) +2 | ¢2) and | y) = —ﬁ | $1) + % | ¢2), where the two
vectors | ¢1) and | ¢) form a complete and orthonormal basis.

(a) Calculate the operators | y){(y | and | x){w |. Are they equal?

(b) Find the Hermitian conjugates of | w), | x), | w){x |,and | x){w |.

(c) Calculate Tr(| yw){x |) and Tr(| x)(w |). Are they equal?

(d) Calculate | w)(w | and | y){(x | and the traces Tr(] w){w |) and Tr(| x){x |). Are they
projection operators?

Solution

(a) The bras corresponding to | ) = 9i | ¢1)+2 | g2y and | x) = —i | $1)/~2+ | ¢2)/+/2
are given by (y | = —9i{¢1 | +2{¢p2 | and (y |= ¢|—§<¢l | +%(¢2 |, respectively. Hence we
have

1
x| = ﬁ(9i | p1) +2 | ¢p2)) (i{p1 | +(b2 )
1
= 7 (=9 1)1 | 491 | p1) (P2 | +2i | p2) (b1 | +2 | p2) {2 1),

(2.355)

1 . .
| )y |= Wi (=91 gr)l1 | =21 | pr)igp2 | =91 | 2){n | +2 | g2did2 ). (2.356)
As expected, | w){y | and | y){w | are not equal; they would be equal only if the states | y)
and | y) were proportional and the proportionality constant real.

(b) To find the Hermitian conjugates of | w), | x), | w){x |, and | y){w |, we need simply
to replace the factors with their respective complex conjugates, the bras with kets, and the kets
with bras:

_ 1

L)t = (1= =9i(ga | +2(¢2 I, I){)T:(xl—ﬁ(i<¢1l+<¢zl), (2.357)
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G D =l w1 = %(—9 | 1) (e | =20 | bu) (2 |

=90 [ @2)(d1 | +2 | p2)(g2 ]), (2.358)
Aow D =1l = %(—9 | 1)y | 490 | d) (2 |

+2i | 2) (b1 | +2 | g2) (2 ]) - (2.359)

(c) Using the property Tr(AB) = Tr(BA) and since (¢1 | ¢1) = (¢2 | ¢2) = 1 and
(¢1 | ¢2) = (¢2 | ¢1) = 0, we obtain

Tr(y)Yx D = Tr{x lw) = (x| y)
i 1 . 7
- (ﬁwﬁl |+ |) O 14 +21da) == (2360
Tr(lxXw ) = Trw 1 x) = (vl x)

— (S9i(ds | +2(d2 ) (—% | 1) + % | ¢2>) _ —%2

= Tr(l y){x D- (2.361)
The traces Tr(| w){x |) and Tr(| x){w |) are equal only because the scalar product of | ) and
| x) is a real number. Were this product a complex number, the traces would be different; in

fact, they would be the complex conjugate of one another.
(d) The expressions | w)(w |and | y){x | are

Ly w | = 9i]¢1)+2]¢2) (=9i(d1 | +2(¢2 ])
= 81| ¢1){(p1 | +18i | 1) {2 | =181 | ) (1 | +4 | p2) (2 |,
(2.362)

[0 x D %(I G (P | =i | p1) (2 | +i | d2){p1 | + | p2) {2 |)

= S 1guigo | +i 142l D). (2.363)

In deriving (2.363) we have used the fact that the basis is complete, | ¢1)(p1 | + | P2) (P2 | = 1.
The traces Tr(] w){w |) and Tr(| x)(x |) can then be calculated immediately:

Tr(w)w ) = (wlw)=(=9i(p1|+2(d2]) 9 | p1) + 2| $2)) =85, (2.364)
1 . .
Trdxyx ) = xlx)= > (i1 | H(2 ) (=1 | 1)+ | ¢2)) = 1. (2.365)

So | y) is normalized but | w) is not. Since | y) is normalized, we can easily ascertain that

| x){x | is a projection operator, because it is Hermitian, (| y){x |)Jr =| x){x |, and equal to
its own square:

A0 D> =100 00 = lan oG l=ln ! (2.366)

As for | w){w |, although it is Hermitian, it cannot be a projection operator since | ) is not
normalized. That is, | w){w | is not equal to its own square:

A D> =1w)w lw)Xw 1=y ) | w)y =85 w)y|. (2.367)
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Problem 2.2

(a) Find a complete and orthonormal basis for a space of the trigonometric functions of the
form y(0) = S\, an cos(nd).

(b) Hlustrate the results derived in (a) for the case N = 5; find the basis vectors.

Solution _ _
(a) Since cos(nd) = 3 (" + e~"?), we can write 3"\, an cos(nd) as

N
ZZa ('“9 ""9) [Za el 4 Z a_ e'”9:| = > Cnel™,  (2.368)

n=—N n=—N

where C, = ap/2 forn > 0, Cy, = a_p/2 forn < 0, and Cyp = ag. Since any trigonometric
function of the form yw(x) = Zr’]\‘:() an cos(nd) can be expressed in terms of the functions
én(0) = el / /27, we can try to take the set ¢n(0) as a basis. As this set is complete, let us
see if it is orthonormal. The various functions ¢n(6) are indeed orthonormal, since their scalar
products are given by

T 1 T

(m I dn) = | In(@)n(©)d0 = — e' =M% 46 = Sy (2.369)

In deriving this result, we have considered two cases: n = m and n # m. First, the casen =m
is obvious, since (¢n | ¢n) = 27r f dé = 1. On the other hand, when n % m we have

-0,

(2.370)
since sin((n —m)x) = 0. So the functions ¢, (9) = €™ /v/2x form a complete and orthonor-
mal basis. From (2.368) we see that the basis has 2N + 1 functions ¢, (9); hence the dimension
of this space of functions is equal to 2N + 1.

(b) In the case where N = 5, the dimension of the space is equal to 11, for the basis
has 11 vectors: ¢_5(0) = e 50/ 2x, ¢p_4(0) = e 49/2x, ..., ¢o(0) = 1/ 2z, ...,
$a(0) = 4% /2, p5(0) =5 //2x.

(¢m | ¢n) =

i/” el (=M _ 1 el(-mz _ g=i(n—m)z _ 2isin((n—m)x)
21 J_, 2 i(n—m) 2iz(n —m)

Problem 2.3

(a) Show that the sum of two projection operators cannot be a projection operator unless
their product is zero.

(b) Show that the product of two projection operators cannot be a projection operator unless
they commute.

Solution
Recall that an operator P is a projection operator if it satisfies PT — P and P2 = P.

(a) If two operators A and B are projection operators and if AB = BA, we want to show
that (A + B)]L — A + B and that (A + B)2 A + B. First, the hermiticity is easy to ascertain
since A and B are both Hermitian: (A + B)WL = A + B. Let us now look at the square of
(A + B); since A% — Aand B2 = B, we can write

(A+B)2=A 1824 (AB+BA) = A+ B+ (AB + BA). (2.371)
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Clearly, only when the product of A and B is zero will their sum be a projection operator.
(b) At issue here is to show that if two operators A and B are projection operators and if
they commute, [A, B] = 0, their product is a projection operator. That is, we need to show that

(AB)f = AB and (AB)2 = AB. Again, since A and B are Hermitian and since they commute,
we see that (AB)T = BA = AB. As for the square of AB, we have

A A

(AB)2 = (AB)(AB) = A(BA)B = A(AB)B = A’B2 = AB, (2.372)
hence the product AB is a projection operator.

Problem 2.4
Consider a state |y) = \/AE 1)+ % |$2) +\/% |#3) which is given in terms of three orthonormal

eigenstatqs |$1), |¢2) and |p3) of an operator B such that I§|¢n) = n?|¢n). Find the expectation
value of B for the state |w).

Solution
Using Eq (2.58), we can write the expectation value of B for the state |y) as (B) = (y | B |

w)/{w | y) where

1 1 1
(wly) = ([ @1 +\/_ (¢2 | +\/_ ¢3|)(ﬁ|¢1>+£|¢2>+\/_1—0|¢3>)
8

= (2.373)
and
A 1 1 1
(wIBly) = ([ é1 | +\/_ (P2 | +J_ ¢3|) ($|¢l>+\/_§|¢2>+J_1_0|¢3>)
_ E+§+3_2
= T (2.374)

Hence, the expectation value of B is given by

. (y|Bly) 22/10 11
B) = = = 2.375
e (wlw) 8/10 4 ( )

Problem 2.5

(a) Study the hermiticity of these operators: X, d/dx, and id/dx. What about the complex
conjugate of these operators? Are the Hermitian conjugates of the position and momentum
operators equal to their complex conjugates?

(b) Use the results of (a) to discuss the hermiticity of the operators X, ed/d% and eld/dx,

(c) Find the Hermitian conjugate of the operator Xd /dx.

(d) Use the results of (a) to discuss the hermiticity of the components of the angular mo-

mentum operator (Chapter 5): Ly = —ih (\?a/az - 2a/ay), Ly = —ih (2a/ax - Xa/az),

[, = —ih (Xa/ay - \?a/ax).
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Solution
(a) Using (2.69) and (2.70), and using the fact that the eigenvalues of X are real (i.e., X* =

X or x* = x), we can verify that X is Hermitian (i.e., XT = X) since
~ +oo too
Wik = [ oo ewen dx= [ xue") peodx
—00 —0o0

400 R
_ / Xy (X)) w(X) dx = (Xy | ). (2.376)

—00

Now, since w (x) vanishes as x — oo, an integration by parts leads to

d +00 d X=400 00 sy
wiggwr = [ oo (S52) ax= wrcawoo T [ (HEE ) weoax

_ dx —0  Jose U dx
oo dq/(x))* d
=— X)dXx = —(—w | w). 2.377
/_OO ( Ix w(X) oV (2.377)
So, d/dx is anti-Hermitian: (d/dx)T = —d/dx. Since d/dx is anti-Hermitian, id /dx must be
Hermitian, since (id/dx)Jr = —i (—d/dx) = id/dx. The results derived above are
g d\f . d
it = % )y 4 (L) L
X X, ix X’ Idx Idx' (2.378)
From this relation we see that the momentum operator P = —ihd /dx is Hermitian: pT = P.

We can also infer that, although the momentum operator is Hermitian, its complex conjugate is
not equal to P, since P* = (—ihd/dx)* = ihd/dx = —P. We may group these results into
the following relation:

A

t=x%, X*=X, PI=p, pP*=-p. (2.379)

(b) Using the relations (eA)Jr = eA]L and (eiA)T = e—iAT derived in (2.113), we infer

(ef()T _ ef(, (ed/dx)T _ e—d/dx, (eid/dx)T _ pid/dx (2.380)

(c) Since X is Hermitian and d/dx is anti-Hermitian, we have

~ d 1 d LA + d .
(+2)' = (&) i =2k -
where d X /dx is given by
d /. d
o (Xl//(x)) - (1 + Xd_x) w(X); (2.382)

hence

—+
>
o

. d
(x d—x) =-X— —1. (2.383)
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(d) From the results derived in (a), we infer that the operators Y, Z, i0/0x, and i9/dy are
Hermitian. We can verify that Ly is also Hermitian:

A . 0 » 0 4 . ~ 0 5 0 .

LI:—lh(—Y——Z):—lh(Y——Z—)=Lx; (2.384)
0z oy

in deriving this relation, we used the fact that the y and z degrees of freedom commute (i.e.,

oY /01 =Y9o/oz and 0Z /0y = Z8/dy), for they are independent. Similarly, the hermiticity of

[, =—ih (2a/ax - Xa/az) and [, = —ih (Xa/ay - \?a/ax) is obvious.

Problem 2.6

(a) Show that the operator A = i (X2 + 1)d/dx + i X is Hermitian.

(b) Find the state  (x) for which Ay (x) = 0 and normalize it.

(c) Calculate the probability of finding the particle (represented by y (x)) in the region:
-l<x<1.

Solution

(a) From the previous problem we know that Xt = X and (d /dx)Jr = —d/dx. We can thus
infer the Hermitian conjugate of A:

) - P i i
Al = —(;—X) (xz)T—i(;—X) —iXT:i(;—X)(X2)+i(;—X)—iX

i>221+i[d X2}+ii—i$<. (2.385)

dx dx’ dx

Using the relation [B, C2] = C[B, C]1+ [B, CIC along with [d/dx, X] = 1, we can easily
evaluate the commutator [d/dx, X?]:

d o,] o[d o d 2le .o
1250 [ 1]+ [& ] =% o0

A combination of (2.385) and (2.386) shows that A is Hermitian:
4 d o
Al=iP 4D +iX = A (2.387)

(b) The state w (x) for which Ay (x) =0, i.e.,

i(22+1)%+i2y/(x) —0, (2.388)
corresponds to
dw(x) X
=— . 2.389
dx x2+1 v ( )

The solution to this equation is given by

y(x) = (2.390)

B
X241
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Since [*°dx/(x? + 1) = = we have

+00 ) d 5 +oo dx ) » 39

1 = X X = B = B . . 1
| wool J e (2.301)

; _ _ 1
which leads to B = 1/.,/z and hence y (x) = T
(c) Using the integral ffll dx/(x2 + 1) = 7 /2, we can obtain the probability immediately:
+1 1 +1 dx 1

P = 2d = —/ S = 5 2.392

[ woorac== [ e 2 (2:392)

Problem 2.7 . A
Discuss the conditions for these operators to be unitary: (a) (1 +iA)/(1 —iA),

() (A+iB)/\/A® +B2.

Solution
An operator U is unitary ifOUT =070 = | (see (2.122)).
(a) Since
SN N
1+iA 1-iA
( a ) e (2:393)
1-1A 1+iA

we see that if A is Hermitian, the expression (1 + i A)/(1 — i A) is unitary:

T A A A
1+1A 1+i1A 1—-1A1+1A N
HIA) 2HIA _ZZIAZHIA (2.394)
1—-1A 1—-1A 1+1A1—-1A

(b) Similarly, if A and B are Hermitian and commute, the expression (A + i B)// A” + B2
is unitary:

T A A 2 A
(A+iB) A+iB A-iB A+iB A 4+B2+i(AB-BA)
A, A A, A - A A A, /\_ A2 5
JAy2) A 482 JA 182 R 482 A"+ B2

A2 A
A"+B2 .
ST (2.395)
A" + B2
Problem 2.8

(a) Using the commutator [X, p] = ih, show that [X™, P] = imhX™~1 withm > 1. Can
you think of a direct way to get to the same result?

(b) Use the result of (a) to show the general relation [F(X), P] = ihdF(X)/dX, where
F(X) is a differentiable operator function of X.
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Solution
(a) Let us attempt a proof by induction. Assuming that [X™, P] = imhX™~1 is valid for
m = k (note that it holds for n = 1; i.e., [X, P] =1ih),

[XX, P]=ikhX*"1, (2.396)
let us show that it holds for m = k + 1:

[XK1 P] = [RKX, P]=XK[X, P]+[XK, PIX, (2:397)

where we have used the relation [AB, C] = A[B, C]+ [A, C]B. Now, since [X, P] = ih
and [X¥, P]=ikhX*=1, we rewrite (2.397) as

[XKHL Pl =ih XX + (ikh XK1 X =ih(k + 1)Xk. (2.398)

So this relation is valid for any value of k, notably fork =m — 1:

[X™, P]=imhX™1. (2.399)
In fact, itis easy to arrive at this result directly through brute force as follows. Using the relation
[A", B] = A" [A, B] +[A" ", B]A along with [X, B,] = ih, we can obtain
[X2, P] = X[X, P+ [X, Px]X = 2ihX, (2.400)
which leads to o o o .
[X3, B = X2[X, B] + [X2, B]X = 3i X?h; (2.401)
this in turn leads to
[X4, Pyl = X3[X, Pl +[X3, X = 4i X3h. (2.402)

Continuing in this way, we can get to any power of X: [X™, P] =imhX™~1,
A more direct and simpler method is to apply the commutator [X™, P] on some wave
function y (x):

K™ By o) = (KB = BX™) w0
of odwo) Lo d o
= X (—Ih ZX )+|hd—x(x (X))
= xM (—ihd"’(x)) +imhx™ 1y (x) — x™ (—ihd‘”(x))

dx dx
= imhx™ 1y (x). (2.403)

Since [X™, Px]y (x) = imhx™ =1y (x) we see that [X™, P]=imhX™~1,
(b) Let us Taylor expand F(X) in powers of X, F(X) = >k ax XX, and insert this expres-
sion into [F(X), P:

[ F(X) ﬁ] [Zakxk A}:Zak[f(k, P1, (2.404)
k
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where the commutator [X¥, P] is given by (2.396). Thus, we have

[F0, #]=in S kasit = indCak

dF()Z)
dX dxX -

(2.405)

A much simpler method again consists in applying the commutator [F()?), |5] on some
wave function y (x). Since F(X)y (X) = F(X)w (X), we have

foA foa . d
[FCR), Plwoo = F(X)Pw(X)Jrlh&(F(X)w(X))

A . dw(X) dF()
dF(x)
dx

w (X)

F(X)Py(x) — F(X)Py(x) +ih

= dF(X)w( X). (2.406)

Since [F(X), F3] w(x) = ih 258y (x) we see that [F()A(), F3] = ih%l.

Problem 2.9

70 0 1 0 3
Consider the matrices A= 0 1 —-i Jand B={ 0 2i O :
0 i -1 i 0 -=5i

(@) Are A and B Hermitian? Calculate AB and B A and verify that Tr(AB) = Tr(B A); then
calculate [A, B]and verify that Tr([A, B]) =0.

(b) Find the eigenvalues and the normalized eigenvectors of A. Verify that the sum of the
eigenvalues of A is equal to the value of Tr(A) calculated in (a) and that the three eigenvectors
form a basis.

(c) Verify that UTAU is diagonal and that U —1 UT where U is the matrix formed by the
normalized eigenvectors of A.

(d) Calculate the inverse of A’ = uTAU and verify that A lisa diagonal matrix whose
eigenvalues are the inverse of those of A’.

Solution
(a) Taking the Hermitian adjoints of the matrices A and B (see (2.188))

70 0 1 0 —i
Af=(0 1 -i ), Bf=[0 -2 0], (2.407)
0 i -1 3 0 5

we see that A is Hermitian and B is not. Using the products

7 0 21 7 3 -3
AB=[ 1 2i -5),Ba=[10 21 2 ], (2.408)
i -2 5 7i 5 b5
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we can obtain the commutator

0 -3i 24
[A,B] = 1 0o -7 1. (2.409)
-8 -7 0
From (2.408) we see that
Tr(AB) =7 +2i +5i =7+ 7i = Tr(BA). (2.410)

That is, the cyclic permutation of matrices leaves the trace unchanged; see (2.206). On the other
hand, (2.409) shows that the trace of the commutator [A, B]is zero: Tr([A, B]) =0+0+0=
0.

(b) The eigenvalues and eigenvectors of A were calculated in Example 2.19 (see (2.266),
(2.268), (2.272), (2.274)). We have a; = 7, a2 = +/2, and az = —+/2:

0 0
1 1 1
lan)=1 0 |, la)= 22—v2) |, lag) = 22+v2) | - (2.411)
0 i(v2-1) __i(14+v2)
22—/2) A22+v2)

One can easily verify that the eigenvectors | ai), | az2), and | as) are mutually orthogonal:
(@i | aj) = ojj where i, j = 1,2,3. Since the set of | a), | ap), and | ag) satisfy the
completeness condition

3 1 00
> lap@jl=(0 1 0], (2.412)
j=1 0 0 1

and since they are orthonormal, they form a complete and orthonormal basis.
(c) The columns of the matrix U are given by the eigenvectors (2.411):

1 0 0
0 1 1
U= V2@2-v2) A 202+2) . (2.413)
iv2-1)  __i(d+v2)

V22-v2)  V202+2)

We can show that the product U TAU is diagonal where the diagonal elements are the eigenval-
ues of the matrix A, uTAu is given by

1 0 0 1 0 0

1 /2= 70 0 1 1
V22—V V202 0 1 —i V@2  V20+v2)

1 i(1++/2) 0 i -1 i(V2-1) _ i(1+v2)
V22+V2) N 202+V2) V22-v2)  W202+v2)

7 0 0
_ <o N ) (2.414)
0 0 —2
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We can also show that UTU = 1:

1 0 0 1 0 0
1 _i(/2-1 0 1 1 1 00
V2@—v2) 222 V@2  Nee+v2 |=|1 0 1 0.
1 i(1++/2) 0 2D o _id+V2) 00 1
V22+v2) V2012 V20—V V20242

(2.415)
This implies that the matrix U is unitary: Ul = U-L. Note that, from (2.413), we have
| det(U) |=| —i | = 1.
(d) Using (2.414) we can verify that the inverse of A’ = U tAU isa diagonal matrix whose
elements are given by the inverse of the diagonal elements of A’

7 0 0 I o o
A=[0 v2 o0 — AT'=|0 5 O (2.416)
1
0 0 -2 o 0 -%
Problem 2.10
2 i 0
Consider a particle whose Hamiltonian matrixisH = —i 1 1
0 10
i
@lIs|Ay=1{ T7i an eigenstate of H? Is H Hermitian?

-2
(b) Find the energy eigenvalues, aj, a2, and ag, and the normalized energy eigenvectors,
| a1), | a2), and | as), of H.
(c) Find the matrix corresponding to the operator obtained from the ket-bra product of the
first eigenvector P =| ag)(a; |. Is P a projection operator? Calculate the commutator [P, H]
firstly by using commutator algebra and then by using matrix products.

Solution
(@) The ket | 2) is an eigenstate of H only if the action of the Hamiltonian on | 1) is of the
form H | A) = b | 1), where b is constant. This is not the case here:

2 i 0 i —7+2i
Hio=( -i 11 i = -1+7 ). (2.417)
0 10 -2 7i

Using the definition of the Hermitian adjoint of matrices (2.188), it is easy to ascertain that H

is Hermitian:
2 i 0
Hf=( - 1 1 ]=H. (2.418)
0 10
(b) The energy eigenvalues can be obtained by solving the secular equation
2—a i 0
0 = —i 1-a 1 |=2-a)[l-a)(—a)—1]—-i(-i)(-a)
0 1 —a

= —(a-D@-1-v3)@—-1++3), (2.419)



144 CHAPTER 2. MATHEMATICAL TOOLS OF QUANTUM MECHANICS
which leads to

ar=1 a=1-+3, a=1++3. (2.420)
To find the eigenvector corresponding to the first eigenvalue, a; = 1, we need to solve the

matrix equation
2 i 0 X X X+iy =
- 1 1 y =y |= —-ix+z =
0 10 z z y—z =

whichyields x = 1, y = z = i. So the eigenvector correspondingtoa; = 1is

1
|ay) = ( i ) (2.422)
i

This eigenvector is not normalized since (a; | a1) = 1+ (i*)(i) + (i*)(i) = 3. The normalized

| a1) is therefore
1 1
| a1) = ﬁ | . (2.423)
i

Solving (2.421) for the other two energy eigenvalues, a, = 1 — /3, a3 = 1 + +/3, and
normalizing, we end up with

1 i2-+3) 1 i(2++/3)
la) = ——=—=| 1-V3 |. |&@)=—=| 1+/3 |.
6(2 — /3) 1 6(2 + /3) 1

(2.424)

(2.421)

o O o

(c) The operator P is given by

L/ A
P=lan(@l=3( i |(1 - -i)=z(i 1 1 ). (2.425)
i i1 1

Since this matrix is Hermitian and since the square of P is equal to P,

/1 -0 1 —i —i R
P2==[1i 1 1 i 1 1 |J==(i 1 1 |=P, (2.426)
O\ 1 1 i 11 S\i 1 1

so P is a projection operator. Using the relations H | a;) =] a;) and (a1 | H = (a1 | (because
H is Hermitian), and since P =| aj){(a; |, we can evaluate algebraically the commutator
[P, H]as follows:

[P, H]=PH -HP =Jai)(a1 | H — H |ai)(a1 |=]ai)(a1 | — |a1)(a1 |=0. (2.427)
We can reach the same result by using the matrices of H and P:
0 1 —i —i
1 i 1 1
0 i 1 1

(TG

1
1
0
0 (2.428)
0

[P, HI

wl| k-

o O o

Il
N wl
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Problem 2.11
0 0 i 2 i 0
Consider the matrices A = 0 1 0 JandB=| 3 1 5 .

—-i 0 0 0 —-i =2

(@) Check if A and B are Hermitian and find the eigenvalues and eigenvectors of A. Any
degeneracies?

(b) Verify that Tr(AB) = Tr(BA), det(AB) = det(A)det(B), and det(BT) = (det(B))*.

(c) Calculate the commutator [A, B] and the anticommutator {A, B}.

(d) Calculate the inverses A=1, B~1, and (AB)~L. Verify that (AB)~1 = B~1A~L,

(e) Calculate A2 and infer the expressions of A2" and A2"*+1. Use these results to calculate
the matrix of XA,

Solution
(a) The matrix A is Hermitian but B is not. The eigenvalues of Aarea; = —landa; =
az = 1 and its normalized eigenvectors are

1 1 1 1 0
|al)=ﬁ<(i)), |a2>=ﬁ<_0i>’ |a3)=<é>. (2.429)

Note that the eigenvalue 1 is doubly degenerate, since the two eigenvectors | a) and | as)
correspond to the same eigenvalue a; = az = 1.
(b) A calculation of the products (AB) and (B A) reveals that the traces Tr(AB) and Tr(B A)

are equal:
0 1 -2i
Tr(AB) = Tr 3 1 5 =1,
-2i 1 O
0 i 2
Tr(BA) = Tr{ =5i 1 3i |=1=Tr(AB). (2.430)
2i —i 0

From the matrices A and B, we have det(A) = i(i) = —1, det(B) = —4 + 16i. We can thus
write

0 1 -2i
det(AB) = det < 3 1 5 ) = 4—16i = (—1)(—4 + 16i) = det(A)det(B). (2.431)
-2 1 0

On the other hand, since det(B) = —4 + 16i and det(BT) = —4 — 16i, we see that det(BT) =
—4 — 161 = (—4 + 16i)* = (det(B))*.
(c) The commutator [A, B] is given by

0 1 -2i 0 i 2i 0 1—i -4
AB-BA= 3 1 5 —| -5 1 3i | =] 3+5i 0 5-3i
-2i 1 0 2t —i 0 —4i  1+i 0

(2.432)
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and the anticommutator {A, B} by

0 1 -2i 0 i 2i 0 1+i 0
AB+ BA= 3 1 5 +| -5 1 3i |=| 3-5i 2 543 |.
-2i 1 0 2i —i 0 0 1—i 0

(2.433)
(d) A calculation similar to (2.200) leads to the inverses of A, B, and AB:
0 0 i 1 22 + 3i 8 —2i 20 —5i
Al=( 0 1 0], B™l=_—| —6—-24i 4+16i 10+40i |, (2434)
i 00 8\ _1243i 8-2i -14-5i
1 —-5—-20i 8-2i -—-3+22i
(AB)™ = = 40—10i 4+16i 24—6i |. (2.435)
—5+14i 8-2i -3-12i
From (2.434) it is now easy to verify that the product B~*A~1 is equal to (AB)~L:
1 —-5-20i 8-2i —-3+22i
B™A™l=_—_|[ 40-10i 4+16i 24—6i |=(AB)™L (2.436)
—54+14i 8-2i -3-12i
(e) Since
0 0 i 0 0 i 1 00
A2=| 0 1 0 0 10|=({010]|=1, (2.437)
—-i 0 0 —-i 0 0 0 01
we can write A3 = A, A% = |, A> = A, and so on. We can generalize these relations to any
value of n: A2" = | and AZ"+1 = A:
1 00 0 0 i
A"=(0 1 0 |=1I, ALt 0 1 0 |=A (2.438)
0 0 1 —-i 0 0
Since A" = | and A2+ = A, we can write
Xy AN 00 X2n AZn 00 X2n+1A2n+l o0 X2n 00 X2n+1
; n! ngs (2n)! ; @n + 1! é(Zn)! §(2n+1)!
(2.439)
The relations
3 < h > A i (2.440)
= coshx, ————— =ssinhx, :
= 2! = @2n+ 1!
lead to
1 00 0 0 i
e¥A = lcoshx +Asinhx=| 0 1 0 |coshx+| O 1 0 |sinhx
0 0 1 —-i 0 0

cosh x 0 i sinh x
0 coshx + sinh x 0 . (2.441)
—i sinh x 0 cosh x



2.9. SOLVED PROBLEMS 147

2 2 i 0
0 JandB=| 3 1 5 |. Calculate A”1B
0 0 —-i =2

Solution

As mentioned above, a calculation similar to (2.200) leads to the inverse of A:

0 0 i
Al=1( o0 1 0. (2.442)
1/2 —i/2 0

The products A=1 B and B A~ are given by

0 0 i 2 i 0 0 1 -2
AlB=[ o0 1 0 3 1 5 |= 3 1 5 , (2.443)
1/2 —i/2 0 0 —i -2 1-3i/2 0 —5i/2

2 i 0 0 0 i 0 i 2i
BAl=[3 1 5 0 1 0 |=(5/2 1-5i/2 3i |. (4a44)
0 —i -2 12 —i/2 0 -1 0 0

We see that A~ B and B A~1 are not equal.

Remark

We should note that the quotient B/A of two matrices A and B is equal to the product B A1
and not A=1B; that is:

Problem 2.12
0

Consider two matrices: A = < 0
—i

o R —

and B A~L. Are they equal?

0 i 2i
= =| 5/2 1-5i/2 3i |. (2.445)
0 10
—-i 0 0
Problem 2.13
010 1 0 O
Consider the matricesA=| 1 0 1 JandB={| 0 0 O .
010 0 0 -1

(a) Find the eigenvalues and normalized eigenvectors of A and B. Denote the eigenvectors
of A by | a1), | a2), | as) and those of B by | by), | b2), | bs). Are there any degenerate
eigenvalues?

(b) Show that each of the sets | a1), | a2), | az) and | by), | b2), | b3) forms an orthonormal
and complete basis, i.e., show that (aj | ax) = Jjk and Z?zl | aj){aj |= 1, where I is the
3 x 3 unit matrix; then show that the same holds for | by), | b2), | b3).

(c) Find the matrix U of the transformation from the basis {| a)} to {| b)}. Show that
u-l = uft. Verify that ufu = 1. Calculate how the matrix A transforms under U, ie.,

calculate A’ = U AU T,
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Solution
(a) It is easy to verify that the eigenvalues of A are a; = 0, ap = +/2, a3 = —+/2 and their
corresponding normalized eigenvectors are

1 [ -t a 1 1
|a1>=\—f2 C1> , laz) =5 «{E , |ag) =3 —1/2 . (2.446)

The eigenvalues of B are by = 1, bp = 0, b3 = —1 and their corresponding normalized

eigenvectors are
1 0 0
[bi)=1 0|, [b)=1{ 1], [bs)=|{ 0 |]. (2.447)
0 0 1

None of the eigenvalues of A and B are degenerate.
(b) The set | a1), | a2), | as) is indeed complete because the sum of | a1)(a1 |, | a2)(az |,
and | ag)(az | as given by

1/ -t L/ 1 0 -1
lag)(ar | = 5(0)(—1 0 1)=§<0 0 o), (2.448)
1 -1 0 1
la2lfaz |l = V2 (1 V2 1)=Z V2 2 V2|, (2449
1 1 V2 1

[ 1 1 V2 1
|a3><a3|=z<—ﬁ>(1—ﬁ 1)=Z<_ f/_—ﬁ), (2.450)
1 2

is equal to unity:

3 /1 0 -1 1/ 1L N/
Dlapfajl = s 0 0 0 J+>(v2 2 V2
j=1 2 -1 0 1 4 1 V2 1
1 1 =2 1
(5 )
_ﬁ 1

1
100
010 |. (2.451)
001

The states | a1), | a2), | ag) are orthonormal, since (a; | a2) = (a1 | a3) = (a3 | a2) = 0 and
(a1 | a1) = (az | a2) = (a3 | ag) = 1. Following the same procedure, we can ascertain that

) . (2.452)

= O O

1 0
| b1)(by | 4+ | b2) (b2 | + | b3)(b3 |= ( 01
00
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We can verify that the states | b1), | by), | bs) are orthonormal, since (by | by) = (by | b3) =
(b3 | bz) = 0and (by | b1) = (b2 | b2) = (b3 | b3) = 1.

(c) The elements of the matrix U, corresponding to the transformation from the basis {| a)}
to {| b)}, are given by Ujx = (bj | ax) where j, k =1,2,3:

(b1 a1y (byax) (by|as)
U= (b2lai) (b2laz) (b2las) |, (2.453)
(b3 |a1) (bz|az) (bs3]|as)

where the elements (bj | ax) can be calculated from (2.446) and (2.447).

-1 3
Un =<bl|al>=%(1 0 0)( (1) ) == (2.454)
L 1
Us =(bila)=3(1 0 0)<ﬁ> =3 (2.455)
1
! 1
Us =(bilag)=3(1 0 0)<—ﬁ> =3 (2.456)
1
-1
U = (bzla1) = %( 010)f o =0, (2.457)
1
s ; V2
Uz =(bla)=5(0 1 0)( +v2 == (2.458)
1
s - Vz
Ups =(blag)=5(0 1 0)| —v2 =7 (2.459)
1
A . V2
U =(bsla)=-(0 0 1) (1) == (2.460)
L 1
Up =(bsla)=3(0 0 1) v2 | =23 (2.461)
1
1 1
U =(bslag)=3(0 0 1) —v2 | =23 (2.462)
1

/Y2 L 1
U== ( 0 V2 V2 ) . (2.463)
2 1 1
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Calculating the inverse of U as we did in (2.200), we see that it is equal to its Hermitian adjoint:

L[ —V2 0 2
u—1=E 1 Jj_ 1 | =uf. (2.464)
1 2 1

This implies that the matrix U is unitary. The matrix A transforms as follows:

[/ -V2 L1 01 0 V2 0 V2
A’:UAUT=Z< 0 ﬁ-ﬁ)(lOl)( 1 V2 1)
V21 010 1 =2 1
1-42 -1 1
= = -1 =2 1 . (2.465)
1 1 1442
Problem 2.14

Calculate the following expressions involving Dirac’s delta function:
() f_55 cos(3x)d(x — m /3) dx

(0) f2° [e27 + 4] 5(x + 3) dx
(©) [2cos?(3x) — sin(x/2)] o(x + )
(d) Jo cos(30)5” (6 — m/2)d6
©) [ (x2 = 5x + 2) 5[2(x — 4)] dx.

Solution
(a) Since x = x/3 lies within the interval (-5, 5), equation (2.281) yields

5 T
/ cos(3X)5(x — 7 /3) dx = cos (3—) -1 (2.466)
s 3

(b) Since x = —3 lies outside the interval (0, 10), Eq (2.281) yields at once

10
e " +4|d(x +3)dx =0. (2.467)
/0 [ %7 ]

(c) Using the relation f(x)d(x —a) = f(a)d(x — a) which is listed in Appendix A, we
have

[2 cos?(3x) — sin(x/z)] S(x +7) = [2 cos?(3(—7)) — sin((—n)/Z)] S(X + 1)
— 35(x + 7). (2.468)

(d) Inserting n = 3 into Eq (2.282) and since cos” (36) = 27 sin(30), we obtain

/ " 0831670 —1/2)d0 = (—1)*cos”(3n/2) = (—1)° 27sin(37/2)
0
- 27 (2.469)
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(e) Since o[2(x — 4)] = (1/2)o(x — 4), we have

/29(x2—5x+2)5(x—4)dx

(42 —5x 44 2) -1 (2.470)

/29 (x2 _Bx 4+ 2) S[2(x — #)], dx

Nl N -

Problem 2.15
Consider a system whose Hamiltonian is given by H = o (| ¢1) (¢ | + | ¢2) (1 |), Where a is
a real number having the dimensions of energy and | ¢1), | ¢2) are normalized eigenstates of a
Hermitian operator A that has no degenerate eigenvalues.

(a) Is H a projection operator? What about o ~2H2?

(b) Show that | ¢1) and | ¢) are not eigenstates of H.

(c) Calculate the commutators [H, | ¢1)(¢1 [] and [H, | ¢2)(¢2 |] then find the relation
that may exist between them.

(d) Find the normalized eigenstates of H and their corresponding energy eigenvalues.

(e) Assuming that | ¢1) and | ¢») form a complete and orthonormal basis, find the matrix
representing H in the basis. Find the eigenvalues and eigenvectors of the matrix and compare
the results with those derived in (d).

Solution

(a) Since | ¢1) and | ¢») are eigenstates of A and since A is Hermitian, they must be
orthogonal, (¢1 | ¢2) = O (instance of Theorem 2.1). Now, since | ¢1) and | ¢2) are both
normalized and since (¢1 | ¢2) = 0, we can reduce H? to

H2 = a® ()b |+ | d2)(dh1 1) (| a)icbn | + | d2) (2 ])
= a® (1) (2 |+ | 2 D), (2.471)

which is different from H; hence H is not a projection operator. The operator a2H%isa
projection operator since it is both Hermitian and equal to its own square. Using (2.471) we
can write

@2H%2 = (I p0ida |+ 1)1 1) (| pr)idh2 | + | d2)(ghn )

= 101+ g2)ig2 | = a 2R (2.472)
(b) Since | ¢1) and | ¢2) are both normalized, and since (¢1 | ¢2) = 0, we have
Hlg1) =alg)da | d1)+ald2)igr|dr) =ald), (2.473)
H | g2) =a | d1); (2.474)
hence | ¢1) and | ¢2) are not eigenstates of H. In addition, we have
(11 H [ g1) = (g2 | H | ¢2) =0. (2.475)

(c) Using the relations derived above, H | ¢1) = a | ¢2) and H | ¢2) = a | ¢1), we can
write

[H, [ d1)idr 1= a (|l ¢2) (1 | — | p1) (2 1), (2.476)
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[H, 1 ¢2) (2 11 = a (| p1) (2 | — | d2) (b1 I); (2.477)

hence

[H, 1 ¢1)(gr 1= —[H. | g2){g2 II. (2.478)
(d) Consider a general state | ) = 41 | ¢1) + 42 | ¢2). Applying H to this state, we get

Hly) = a(éidal+1d2)d1 D) Gl + 72| 42)
= a(l2]@1)+ 1] ¢2). (2.479)

Now, since | ) is normalized, we have
(wly)=1A P+ P=1 (2.480)

The previous two equations show that | 11 |=| 42 |= 1/+/2 and that A1 = 41,. Hence the
eigenstates of the system are:

|l y+) = —= (Il d1)E | ¢2)). (2.481)
f
The corresponding eigenvalues are +a:
H | ye) = +a | ys). (2.482)
(e) Since (#1 | ¢2) = (d2 | ¢1) = 0and (g1 | ¢1) = (¢2 | $2) = yve can verlfy
thatHn—gﬁIH|¢1—Osz—A<¢2|HI¢2>—0H12—¢1 H | ¢2)
Ho1 = (¢2 | H | ¢1) = a. The matrix of H is thus given by

Hza(gé). (2.483)

The eigenvalues of this matrix are equal to +« and the corresponding eigenvectors are —= f ( ill

These results are indeed similar to those derived in (d).

Problem 2.16
1 0 O 0 —i 3i
Consider the matrices A=| 0 7 -=3i JandB=| —i 0 i |.
0 3 5 3 i 0
(@) Check the hermiticity of A and B.
(b) Find the eigenvalues of A and B; denote the eigenvalues of A by az, az, and az. Explain

why the eigenvalues of A are real and those of B are imaginary.
(c) Calculate Tr(A) and det(A). Verify Tr(A) = a; + az + ag, det(A) = ajaras.

Solution
() Matrix A is Hermitian but B is anti-Hermitian:

10 0 0 i -3i
Af=(0 7 -3 |=A, B'=([ i o0 -i |=-8. (2.484)
03 5 3 —i 0
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(b) The eigenvalues of A are a; = 6 — +/10, a» = 1, and a3 = 6 + +/10 and those of B
are by = —i (3 + \/ﬁ) /2, by = 3i,and bs =i (—3 + \/ﬁ) /2. The eigenvalues of A are
real and those of B are imaginary. This is expected since, as shown in (2.74) and (2.75), the
expectation values of Hermitian operators are real and those of anti-Hermitian operators are
imaginary.

(c) A direct calculation of the trace and the determinant of A yields Tr(A) = 1+7+5 =13
and det(A) = (7)(5)— (3i)(—=3i) = 26. Adding and multiplying the eigenvalues a; = 6—+/10,
ap =1, a3 = 6+ /10, we havea; +ay + a3 = 6 — /10 + 1 + 6 + +/10 = 13 and
ajazaz = (6 — +/10)(1)(6 + +/10) = 26. This confirms the results (2.260) and (2.261):

Tr(A) = a; +ax +az = 13, det(A) = ajapaz = 26. (2.485)

Problem 2.17
Consider a one-dimensional particle which moves along the x-axis and whose Hamiltonian is
H = —£d2?/dx2 + 16 X2, where £ is a real constant having the dimensions of energy.

@ Iswx) = Ae—z"z, where A is a normalization constant that needs to be found, an
eigenfunction of H? If yes, find the energy eigenvalue.

(b) Calculate the probability of finding the particle anywhere along the negative x-axis.

(c) Find the energy eigenvalue corresponding to the wave function ¢ (x) = 2xy (X).

(d) Specify the parities of ¢(x) and w(x). Are ¢(x) and y (x) orthogonal?

Solution
(@) The integral ffof e~%dx = /7 /2 allows us to find the normalization constant:

+0oo +00
1= [Twrac= [ ettox= YT (2.486)
—0oQ —00 2

this leads to A = /2//m and hence w(X) = \/Z/ﬁe‘zxz. Since the first and second
derivatives of y(x) are given by

d d?
o= o a0,y = T ael w48

we see that y (x) is an eigenfunction of H with an energy eigenvalue equal to 4&:

d2y (x)

e +16EX2p (X) = —E(16X2—4)y (X)+16EXyw (X) = 4Ey (X). (2.488)

H w(x) ==&

(b) Since ffoo e~dx = /7 /4, the probability of finding the particle anywhere along the
negative x-axis is equal to 3:

/O 02 dx = —2 /O e~y = 1 (2.489)
o T VT s T2 '

This is expected, since this probability is half the total probability, which in turn is equal to one.
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(c) Since the second derivative of ¢(x) = 2xw(x) is ¢"(X) = 4y'(X) + 2Xy"(X) =
8X (=3 + 4x2)w (x) = 4(—3 + 4x?)p(x), we see that ¢ (x) is an eigenfunction of H with an
energy eigenvalue equal to 12

- d2
Hp(x) = — ¢( ) + 16EX2p(X) = —4E(=3 + 4x2)p(X) + 16EX2H(X) = 12E4(X).
(2.490)
(d) The wave functions w (x) and ¢ (x) are even and odd, respectively, since w (—X) = w(X)
and ¢ (—x) = —¢(x); hence their product is an odd function. Therefore, they are orthogonal,
since the symmetric integration of an odd function is zero:
400 400 —00
@Ply) = " (X (x)dx = Py (x)dx = ¢ (=x)y (=x)(=dx)
—00 —00 400
+00
= - (X)) (x)dx =0. (2.491)
—0Q
Problem 2.18

(a) Find the eigenvalues and the eigenfunctions of the operator A = —d?/dx?; restrict the
search for the eigenfunctions to those complex functions that vanish everywhere except in the
region0 < x < a.

(b) Normalize the eigenfunction and find the probability in the region 0 < x < a/2.

Solution
(a) The eigenvalue problem for —d?/dx? consists of solving the differential equation
d2y (x)
T ay(X) (2.492)

and finding the eigenvalues a and the eigenfunction y (x). The most general solution to this
equation is

w(X) = Ae'™ 4 Be™'PX, (2.493)

with & = b?. Using the boundary conditions of y(x) at x = 0 and x = a, we have
w0 =A+B=0= B=—-A, y() =AeP +Be =0, (2.494)
A substitution of B = —A into the second equation leads to A (e'®® —e~103) = 0 or e!b? =

e~1ba which leads to 21" = 1. Thus, we have sin 2ba = 0 and cos 2ba = 1, s0 ba = nz. The
eigenvalues are then given by a, = n?z2/a2 and the corresponding eigenvectors by yn(x) =
A (einnx/a _ e—innx/a); that is,

2.2

D ya(X) = Cpsin (%) . (2.495)

on =
a2

So the eigenvalue spectrum of the operator A = —d?2/dx? is discrete, because the eigenvalues

and eigenfunctions depend on a discrete number n.
(b) The normalization of yy, (x),

a 2 ra 2
_ 2 . 2 nm X _ Cn _ 2n7TX _ C
1_cn/0 sin (—a )dx_—2 i [1 cos( =) |ax = Za, (2.496)
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yields C, = 4/2/a and hence y, (x) = +/2/asin (nz x/a). The probability in the region
0 < x < a/2isgiven by

2 a/2 1 a/2 2 1
—/ sin? (m) dx = —/ [1 - cos( nnx)] dx = =. (2.497)
a Jo a a Jo a 2

This is expected since the total probability is 1: foa | wn(x) |2 dx = 1.

2.10 Exercises

Exercise 2.1
Consider the two states | y) =i | ¢1) +3i | g2)— | g3) and | x) =1 ¢1) — i | ¢2) +5i | ¢3),
where | ¢1), | ¢2) and | ¢3) are orthonormal.

(@) Calculate (w | w), (x | ) (w | x), {x | w),and infer (w + x | v + x). Are the scalar
products (w | x)and (y | v) equal?

(b) Calculate | w){y | and | y)(w |. Are they equal? Calculate their traces and compare
them.

(c) Find the Hermitian conjugates of | w), | x), | w){(x I, and | x){w |.

Exercise 2.2

Consider two states [y1) = |¢1) + 4i|¢2) + 5l¢3) and |w2) = blg) + 4|¢po) — 3i|¢b), where
|$1), |¢p2), and|¢3) are orthonormal kets, and where b is a constant. Find the value of b so that
|w1) and |y>) are orthogonal.

Exercise 2.3
If| $1), | ¢2), and | ¢3) are orthonormal, show that the states | w) =i | ¢1) + 3i | d2)— | ¢3)
and | y) =| ¢1) — i | ¢2) +5i | 3) satisty

(a) the triangle inequality and

(b) the Schwarz inequality.

Exercise 2.4
Find the constant o so that the states | w) = a | ¢1) +5 | ¢2)and | y) = 3a | ¢1) — 4 | ¢2)
are orthogonal; consider | ¢1) and | ¢2) to be orthonormal.

Exercise 2.5
If| w)=|¢1)+ | d2)and | y) =| $1) — | ¢2), prove the following relations (note that | ¢1)
and | ¢) are not orthonormal):

@ (wlv)+ (x| x)=21| 1)+ 22 | ¢2),

) (w | w) = (x| x)=2(¢1 | $2) +2(¢2 | P1).

Exercise 2.6
Consider a state which is given in terms of three orthonormal vectors |¢1), |¢2), and |¢3) as
follows:
) = —= 1) + —= 1) + —
V)= \/E 1 «/§ 2 \/5

where |¢n) are eigenstates to an operator B such that: B|¢n) = (3n2 — 1)|¢n) withn = 1, 2, 3.
(a) Find the norm of the state | ).
(b) Find the expectation value of B for the state [w).
(c) Find the expectation value of B2 for the state [w).

|#3),
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Exercise 2.7

Avre the following sets of functions linearly independent or dependent?
(a) 4e*, e, 5e*
(b) cos x, e'X, 3sin x
(€) 7, x%, 9x*, e~

Exercise 2.8
Avre the following sets of functions linearly independent or dependent on the positive x-axis?
@x,x+2,x+5
(b) cos x, cos 2x, cos 3x
(c) sin?x, cos? x, sin 2x
(d) X, (X - 1)2! (X + 1)2
(e) sinh? x, cosh? x, 1

Exercise 2.9

Avre the following sets of vectors linearly independent or dependent over the complex field?
(@ (2,-3,0), (0,0,1), (2i,i,—i)
(b) (0,4,0), (i, =3i,i), (2,0,1)
(¢) (G,1,2), 3,i, 1), (—i, 3i, 51)

Exercise 2.10
Avre the following sets of vectors (in the three-dimensional Euclidean space) linearly indepen-
dent or dependent?

(@) (4,5,6), (1,2,3), (7,8,9)

(b) (1,0,0), (0, =5,0), (0,0, V/7)

(©) 5,4,1), (2,0,-2), (0,6, -1)

Exercise 2.11 .
Show that if A is a projection operator, the operator 1 — A is also a projection operator.

Exercise 2.12
Show that | w)(w | /{w | w) is a projection operator, regardless of whether | ) is normalized
or not.

Exercise 2.13
In the following expressions, where A is an operator, specify the nature of each expression (i.e.,
specify whether it is an operator, a bra, or a ket); then find its Hermitian conjugate.

@ @1 Alw)y |

(0) Al )| )
© @1 ALw) v A

@ (v | A1) @) +iA| >

© (1061 A) =i (Al 1)

Exercise 2.14
Consider a two-dimensional space where a Hermitian operator A is defined by A | P1) =\ P1)
and A | $2) = — | P2); | 1) and | ¢2) are orthonormal.

(a) Do the states | ¢1) and | ¢2) y form a baS|s’7

(b) Consider the operator B = | P1)(P2 |. Is B Hermitian? Show that B2 = 0.
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(c) Show that the products BB T and BTB are projection operators.
(d) Show that the operator BBT — BT B is unitary.
(e) Consider ¢ = BBT + BTB. Show that € | ¢1) =| ¢1) and C | 42) =1 ).

Exercise 2.15
Prove the following two relations:
@) eAeB — eA+|§e[A,é]/2,
(b) eABe™" = B +[A, B+ 4[A, [A, BIl + %[A, [A, [A, BIll + -
Hint: To prove the first relation, you may consider defining an operatorfunctlon F(t) = eAteBt

where t is a parameter, Aand B aret- -independent operators, and then make use of [A G (B)] =
[A, B]JdG(B)/dB, where G(B) is a function depending on the operator B.

Exercise 2.16
(@) Verify that the matrix

cosd sind
—sin@ cosé
is unitary.

(b) Find its eigenvalues and the corresponding normalized eigenvectors.

Exercise 2.17
Consider the following three matrices:

010 0 —-i 0 1 0 O
A=(101]), B=(i 0 —-i}, C=(00 0 .
010 0 i 0 0 0 -1

(a) Calculate the commutators [A, B], [B, C],and [C, A].
(b) Show that A2 4+ B2 4+ 2C2 = 41, where | is the unity matrix.
(c) Verify that Tr(ABC) = Tr(BC A) = Tr(CAB).

Exercise 2.18
Consider the following two matrices:

3 i 1 2i 5 -3
A= -1 —-i 2}, B=| -i 3 0 .
4 3 1 i1 i

Verify the following relations:
(a) det(AB) = det(A)det(B),
(b) det(AT) = det(A),

(© det(AT) = (det(A))*, and
(d) det(A*) = (det(A))*.

Exercise 2.19
Consider the matrix

(5 1)

(a) Find the eigenvalues and the normalized eigenvectors for the matrix A.
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(b) Do these eigenvectors form a basis (i.e., is this basis complete and orthonormal)?
(c) Consider the matrix U which is formed from the normalized eigenvectors of A. Verify
that U is unitary and that it satisfies

1— _ ll 0
UTAU = 0 )
where A1 and 1, are the eigenvalues of A.
(d) Show that e*”A = cosh x + Asinh x.
Exercise 2.20 o o o o
Using the bra-ket algebra, show that Tr(ABC) = Tr(CAB) = Tr(BCA) where A, B, C are
operators.

Exercise 2.21
For any two kets | w) and | ¢) that have finite norm, show that Tr (| w){(¢ |) = (¢ | w).

Exercise 2.22

0 0 —-1+i
Consider the matrix A = 0 3 0
-1—-i O 0

(a) Find the eigenvalues and normalized eigenvectors of A. Denote the eigenvectors of A
by | a1), | a2), | as). Any degenerate eigenvalues?

(b) Show that the eigenvectors | a1), | a2), | as) form an orthonormal and complete basis,
i.e., show that Z?:l | aj){aj | =1, where I is the 3 x 3 unit matrix, and that (aj | ax) = Jjk.

(c) Find the matrix corresponding to the operator obtained from the ket-bra product of the
first eigenvector P =| aj)(a1 |. Is P a projection operator?

Exercise 2.23
In a three-dimensional vector space, consider the operator whose matrix, in an orthonormal
basis {| 1), | 2), | 3)}, s

0 0 1
A= 0 -1 0
1 0 O

(@) Is A Hermitian? Calculate its eigenvalues and the corresponding normalized eigen-
vectors. Verify that the eigenvectors corresponding to the two nondegenerate eigenvalues are
orthonormal.

(b) Calculate the matrices representing the projection operators for the two nondegenerate
eigenvectors found in part (a).

Exercise 2.24
Consider two operators A and B whose matrices are

1 3 0 1 0 -2
0 -1 1 -2 0 4

(a) Are Aand B Hermitian?
(b) Do A and B commute?
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(c) Find the eigenvalues and eigenvectors of A and B.
(d) Are the eigenvectors of each operator orthonormal?

(e) Verify that UTBU is diagonal, U being the matrix of the normalized eigenvectors of B.
() Verify that U~ = U .

Exercise 2.25
Consider an operator A so that [A, AT] =1

(a) Evaluate the commutators [ATA, A] and [AT A, AT].
(b) If the actions of A and AT on the states {| a)}aregivenby A | a) = ,/a | a — 1) and
Al la)=+a+1|a+1)andif (@' |a) = dxa, calculate (@ | Aja+1), (@a+1| Al | a)

and (a | ATA |a)and (a | AAT | a).
f

(c) Calculate (a | (A + AT)Z la)and (a | (A—A")?|a).
Exercise 2.26
Consider a 4 x 4 matrix
0J1 0 0
A_| 0 0 V2 0
o o o 3
0 O 0 0

(a) Find the matrices of AT, N = ATA, H=N+ %I (where 1 is the unit matrix), B =
A+ AT and C =i(A — AT).

(b) Find the matrices corresponding to the commutators [AT, A], [B, C], [N, B], and
[N, C].

(c) Find the matrices corresponding to B2, C2, [N, B2 + C2], [H, Af], [H, A], and
[H, N].

(d) Verify that det(ABC) = det(A)det(B)det(C) and det(CT) = (det(C))*.

Exercise 2.27
If Aand B commute, and if | w1) and | w2) are two eigenvectors of A with different eigenvalues
(A is Hermitian), show that

(@) (w1 | B | wo) is zero and

(b) B | y1) is also an eigenvector to A with the same eigenvalue as | y1); i.e., if A | y1) =
a1 | y1), show that A(B | w1)) =a1B | y1).

Exercise 2.28
Let A and B be two n x n matrices. Assuming that B~ exists, show that [A, B~1] =
—-B~1[A, B]B~L.

Exercise 2.29
Consider a physical system whose Hamiltonian H and an operator A are given, in a three-
dimensional space, by the matrices

1 0 O 1 00
H=ho|{ O -1 O , A=al 0 0 1 ].
0 0 -1 010
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(a) Are H and A Hermitian?
(b) Show that H and A commute. Give a basis of eigenvectors common to H and A.

Exercise 2.30
(a) Using [X, P] =ih, show that [X?, P] =2ihX and [X, P?] =2ihP.
(b) Show that [X2, P2] = 2ih(ih + 2P X).
(c) Calculate the commutator [X2, P3].

Exercise 2.31 o o
Discuss the hermiticity of the commutators [X, P], [X2, P]and [X, P2].

Exercise 2.32

(a) Evaluate the commutator [X2, d/dx] by operating it on a wave function.

(b) Using [X P] ih, evaluate the commutator [X P2, P X?] in terms of a linear combi-
nation of X2P2 and X P.

Exercise 2.33 L
Show that [X, P"] = ihX P"—1,
Exercise 2.34 o r o
Evaluate the commutators [e' X, P], [e'X", P], and [e'X, P?].
Exercise 2.35
Consider the matrix

0 0 -1

A= 0 1 0
-1 0 O

(a) Find the eigenvalues and the normalized eigenvectors of A.

(b) Do these eigenvectors form a basis (i.e., is this basis complete and orthonormal)?

(c) Consider the matrix U which is formed from the normalized eigenvectors of A. Verify
that U is unitary and that it satisfies the relation

i 0 0
vfau=( 0o 1 o |,
0 0 Js

where 11, 12, and A3 are the eigenvalues of A.
(d) Show that XA = cosh x 4+ Asinhx.
Hint: coshx = 320 1 x21/(2n)! and sinh x = 3702 0 x2"+1/(2n 4 D).

Exercise 2.36 o
(a) If [A, B] = ¢, where ¢ is a number, prove the following two relations: eABe~" = B +c¢
and eA+B — gAgBe—c/2,
(b) Now if [A, B] = cB, where ¢ is again a number, show that eABe~* = e°B.

Exercise 2.37
Consider the matrix
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(a) Find the eigenvalues of A and their corresponding eigenvectors.
(b) Consider the basis which is constructed from the three eigenvectors of A. Using matrix
algebra, verify that this basis is both orthonormal and complete.

Exercise 2.38

(a) Specify the condition that must be satisfied by a matrix A so that it is both unitary and
Hermitian.

(b) Consider the three matrices

01 0 —i 1 0
m=(Vo) (V) (o L)
Calculate the inverse of each matrix. Do they satisfy the condition derived in (a)?

Exercise 2.39
Consider the two matrices

1 (1 i 1141 1-i
A—ﬁ(i 1)’ B_§<l—i 1+i)'

(a) Are these matrices Hermitian?

(b) Calculate the inverses of these matrices.

(c) Are these matrices unitary?

(d) Verify that the determinants of A and B are of the form e'?. Find the corresponding
values of 6.

Exercise 2.40
Show that the transformation matrix representing a 90° counterclockwise rotation about the
z-axis of the basis vectors (i, j, k) is given by

0 -1 0
u=({1 0 0
0 0 1

Exercise 2.41
Show that the transformation matrix representing a 90° clockwise rotation about the y-axis of
the basis vectors (i, j, k) is given by

0 0 -1
U= 0 1 O
1 0 O
Exercise 2.42 L . .
Show that the operator (X P + P X)? is equal to (X2P2 + P2X2) plus a term of the order of h?.
Exercise 2.43
4 7 1 11
Consider the two matrices A = 1 0 1 and B = 0 i 0 |]. Calculate the
0 1 —i —i 0 i

products B~1 A and A B~1. Are they equal? What is the significance of this result?
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Exercise 2.44
Use the relations listed in Appendix A to evaluate the following integrals involving Dirac’s
delta function:

@) fy sin(3x) cos?(4x)d(x — x/2) dx.

(b) S, e™+25(5x) dx.

©) [ sin0/2)6" (0 + x) do.

(d) JZ" cos265[(0 — x)/41d6.

Exercise 2.45
Use the relations listed in Appendix A to evaluate the following expressions:

@) [2(3x2 +2)5(x — 1) dx.
(b) (2x5 — 4x3 + 1)d(x + 2).
©) fo(Bx3 = 7x2 — 3)6 (x? — 4) dx.

Exercise 2.46
Use the relations listed in Appendix A to evaluate the following expressions:

@) f4 e ~25(—4x) dx.
(b) cos(20) sin(0)d(02 — x2/4).
(©) J2, €167 (x) dx.

Exercise 2.47

If the position and ‘momentum operators are denoted by R and P respectively, show that
PTR P = (- 1)”R N and PTP np o= (- 1)“P " where P is the parity operator and n is
an integer.

Exercise 2.48
Consider an operator

A = )|+ 1 d2)ida | + 1 da)gs| —i | d1)id2 |
— | )3 | +i | pa)(d1 | — | P3) (o1 |,

where | ¢1), | ¢2), and | ¢3) form a complete and orthonormal basis.

@ls A Hermitian? Calculate AZ; is it a projection operator?
(b) Find the 3 x 3 matrix representing A in the | ¢1), | ¢2), | ¢3) basis.
(c) Find the eigenvalues and the eigenvectors of the matrix.

Exercise 2.49
The Hamiltonian of a two-state system is given by

H=E(¢)(d1]|— ¢l —ild)dal+ilda)idrl),

where | ¢1), | ¢2) form a complete and orthonormal basis; E is a real constant having the
dimensions of energy.

(a) Is H Hermitian? Calculate the trace of H.

(b) Find the matrix representing H in the | ¢1), | ¢2) basis and calculate the eigenvalues
and the eigenvectors of the matrix. Calculate the trace of the matrix and compare it with the
result you obtained in (a).

(c) Calculate [H, | ¢1)(¢1 11, [H, | #2)(¢p2 11, and [H, | ¢1) (2 I]-
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Exercise 2.50
Consider a particle which is confined to move along the positive x-axis and whose Hamiltonian
is H = £d?/dx2, where £ is a positive real constant having the dimensions of energy.

(a) Find the wave function that corresponds to an energy eigenvalue of 9€ (make sure that
the function you find is finite everywhere along the positive x-axis and is square integrable).
Normalize this wave function.

(b) Calculate the probability of finding the particle in the region 0 < x < 15.

(c) Is the wave function derived in (a) an eigenfunction of the operator A = d /dx — 7?

(d) Calculate the commutator [H, Al.

Exercise 2.51
Consider the wave functions:

p(x,y) =sin2x cos 5,  p(x,y) =e 2T y(x,y) = e I *H),

(a) Verify if any of the wave functions is an eigenfunction of A =0/0X +0/0y.
(b) Find out if any of the wave functions is an eigenfunction of B = 62/6x? + % /ay? + 1.
(c) Calculate the actions of AB and B A on each one of the wave functions and infer [A, B].

Exercise 2.52 ' A A
(a) Is the state y (0, ¢) = e %1% cos @ an eigenfunction of Ay = 9/0¢ or of By = 6/90?
(b) Are Ay and By Hermitian?
(c) Evaluate the expressions (y | Ayl w)and (y | By | ).
(d) Find the commutator [A4, Bg].

Exercise 2.53 R A
Consider an operator A = (Xd/dx + 2).

(a) Find the eigenfunction of A corresponding to a zero eigenvalue. Is this function normal-
izable?

(b) Is the operator A Hermitian? o )

(c) Calculate [A, X], [A, d/dx], [A, d?/dx?], [X, [A, X]],and [d/dx, [A, d/dx]].

Exercise 2.54 )
If Aand B are two Hermitian operators, find their respective eigenvalues such that A° = 21
and B* = I, where I is the unit operator.

Exercise 2.55
Consider the Hilbert space of two-variable complex functions w (x, y). A permutation operator
is defined by its action on w(x, y) as follows: 7y (X, y) = w(y, X).

(a) Verify that the operator 7z is linear and Hermitian.

(b) Show that #2 = I. Find the eigenvalues and show that the eigenfunctions of 7 are given

by

1 1
l//+(Xs y) = E[W(Xﬁ y)+ l//(y,X)] and V/—(Xs y) = E[W(Xa y)_ W(ys X)]
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Chapter 3

Postulates of Quantum Mechanics

3.1 Introduction

The formalism of quantum mechanics is based on a number of postulates. These postulates are
in turn based on a wide range of experimental observations; the underlying physical ideas of
these experimental observations have been briefly mentioned in Chapter 1. In this chapter we
present a formal discussion of these postulates, and how they can be used to extract quantitative
information about microphysical systems.

These postulates cannot be derived; they result from experiment. They represent the mini-
mal set of assumptions needed to develop the theory of quantum mechanics. But how does one
find out about the validity of these postulates? Their validity cannot be determined directly;
only an indirect inferential statement is possible. For this, one has to turn to the theory built
upon these postulates: if the theory works, the postulates will be valid; otherwise they will
make no sense. Quantum theory not only works, but works extremely well, and this represents
its experimental justification. It has a very penetrating qualitative as well as quantitative pre-
diction power; this prediction power has been verified by a rich collection of experiments. So
the accurate prediction power of quantum theory gives irrefutable evidence to the validity of
the postulates upon which the theory is built.

3.2 The Basic Postulates of Quantum Mechanics

According to classical mechanics, the state of a particle is specified, at any time t, by two fun-
damental dynamical variables: the position r(t) and the momentum p(t). Any other physical
quantity, relevant to the system, can be calculated in terms of these two dynamical variables.
In addition, knowing these variables at a time t, we can predict, using for instance Hamilton’s
equations dx/dt = oH/op and dp/dt = —&H /ox, the values of these variables at any later
time t’.

The quantum mechanical counterparts to these ideas are specified by postulates, which
enable us to understand:

e how a quantum state is described mathematically at a given time t,

o how to calculate the various physical quantities from this quantum state, and

165
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e knowing the system’s state at a time t, how to find the state at any later time t’; that is,
how to describe the time evolution of a system.

The answers to these questions are provided by the following set of five postulates.

Postulate 1: State of a system

The state of any physical system is specified, at each time t, by a state vector |y (t)) in a Hilbert
space H; |y (t)) contains (and serves as the basis to extract) all the needed information about
the system. Any superposition of state vectors is also a state vector.

Postulate 2: Observables and operators
To every physically measurable quantity A, called an observable or dynamical variable, there
corresponds a linear Hermitian operator A whose eigenvectors form a complete basis.

Postulate 3: Measurements and eigenvalues of operators

The measurement of an observable A may be represented formally by the action of A on a state
vector |w(t)). The only possible result of such a measurement is one of the eigenvalues an
(which are real) of the operator A. If the result of a measurement of A on a state | (t)) is an,
the state of the system immediately after the measurement changes to |y ):

Aly (1)) = anlyn), 3.1)

where an = (ywn|w(t)). Note: a, is the component of | (t)) when projected® onto the eigen-
vector |yy).

Postulate 4: Probabilistic outcome of measurements

e Discrete spectra: When measuring an observable A of a system in a state |y ), the proba-
bility of obtaining one of the nondegenerate eigenvalues a, of the corresponding operator
A is given by
(ynly)1? lanl®
(wly) — (yly)’

where |y,) is the eigenstate of A with eigenvalue a,. If the eigenvalue a, is m-degenerate,
P, becomes

Pn(an) =

(3.2)

STl X 1t
Pn(an) = = .

(wlw) (wlw)
The act of measurement changes the state of the system from |y) to |yn). If the sys-
tem is already in an eigenstate |yn) of A, a measurement of A yields with certainty the
corresponding eigenvalue an: Alyn) = an|wn).

(3.3)

e Continuous spectra: The relation (3.2), which is valid for discrete spectra, can be ex-
tended to determine the probability density that a measurement of A yields a value be-
tween a and a + da on a system which is initially in a state |y ):

dP@ ly@P ly@P

da wly) — [Ty @)Pda’

(3.4)

for instance, the probability density for finding a particle between x and x + dx is given
by dP (x)/dx = [y ()1?/{wlw).

170 see this, we need only to expand | (t)) in terms of the eigenvectors of Awhich forma complete basis: |y (t)) =
2onlen) (unly (©) = >on anlyn).
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Postulate 5: Time evolution of a system

The time evolution of the state vector |y (t)) of a system is governed by the time-dependent

Schradinger equation

oly ()
ot

ih

Hlw (1)), (3.5)

where H is the Hamiltonian operator corresponding to the total energy of the system.

Remark
These postulates fall into two categories:

o The first four describe the system at a given time.
o The fifth shows how this description evolves in time.

In the rest of this chapter we are going to consider the physical implications of each one of the
four postulates. Namely, we shall look at the state of a quantum system and its interpretation,
the physical observables, measurements in quantum mechanics, and finally the time evolution
of quantum systems.

3.3 The State of a System

To describe a system in quantum mechanics, we use a mathematical entity (a complex function)
belonging to a Hilbert space, the state vector |y (t)), which contains all the information we need
to know about the system and from which all needed physical quantities can be computed. As
discussed in Chapter 2, the state vector | (t)) may be represented in two ways:

o A wave function w (r, t) in the position space:  w(F,t) = (Flw(1)).
o A momentum wave function W (p, t) in the momentum space: W (p,t) = (p|w(t)).

So, for instance, to describe the state of a one-dimensional particle in quantum mechanics we
use a complex function w (x, t) instead of two real real numbers (x, p) in classical physics.

The wave functions to be used are only those that correspond to physical systems. What
are the mathematical requirements that a wave function must satisfy to represent a physical
system? Wave functions y (x) that are physically acceptable must, along with their first deriv-
atives d y (x)/dx, be finite, continuous, and single-valued everywhere. As will be discussed in
Chapter 4, we will examine the underlying physics behind the continuity conditions of w(x)
and dy (x)/dx (we will see that y (x) and d w (x)/dx must be be continuous because the prob-
ability density and the linear momentum are continuous functions of x).

3.3.1 Probability Density

What about the physical meaning of a wave function? Only the square of its norm, |y (F, t)|2,
has meaning. According to Born’s probabilistic interpretation, the square of the norm of

w(r, 1),
P, 1) =y, 0 (3.6)
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represents a position probability density; that is, the quantity |y (F, t)|2d®r represents the prob-
ability of finding the particle at time t in a volume element d3r located between F and f + dF.
Therefore, the total probability of finding the system somewhere in space is equal to 1:

+o0 400 +o0
/|W(F,t)|2d3r =/ dx/ dy/ ly (F,t)%dz = 1. (3.7)
—0o0 —0oQ —0o0

A wave function (', t) satisfying this relation is said to be normalized. We may mention
that y () has the physical dimensions of 1/«/?, where L is a length. Hence, the physical
dimensions of |y (r)[? is 1/L3: [|y()?] = 1/L3.

Note that the wave functions y (F, t) and e'* y (¥, t), where « is a real number, represent the
same state.

Example 3.1 (Physical and unphysical wave functions)
Which among the following functions represent physically acceptable wave functions: f (x) =
3sin zx, g(x) =4 — |x|, h?(x) = 5x, and e(x) = x2.

Solution

Among these functions only f (x) = 3sin zx represents a physically acceptable wave function,

since f(x) and its derivative are finite, continuous, single-valued everywhere, and integrable.
The other functions cannot be wave functions, since g(x) = 4 — |x| is not continuous,

not finite, and not square integrable; h2(x) = 5x is neither finite nor square integrable; and

e(x) = x? is neither finite nor square integrable.

3.3.2 The Superposition Principle

The state of a system does not have to be represented by a single wave function; it can be rep-
resented by a superposition of two or more wave functions. An example from the macroscopic
world is a vibrating string; its state can be represented by a single wave or by the superposition
(linear combination) of many waves.

If w1(r,t) and w2 (r, t) separately satisfy the Schrodinger equation, then the wave function
w(r,t) = a1w1(r,t) + a2w2(r, t) also satisfies the Schrodinger equation, where a1 and o are
complex numbers. The Schrédinger equation is a linear equation. So in general, according to
the superposition principle, the linear superposition of many wave functions (which describe
the various permissible physical states of a system) gives a new wave function which represents
a possible physical state of the system:

lv) =D ailyi), (3.8)

where the a; are complex numbers. The quantity

2
, (3.9)

P=‘zai|1//i>
i
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represents the probability for this superposition. If the states |w;) are mutually orthonormal,
the probability will be equal to the sum of the individual probabilities:

P= ‘Zalh//l

where P; = |aj|?; P; is the probability of finding the system in the state |y;).

Zla.l =P+ P+ P+ (3.10)

Example 3.2
Consider a system whose state is given in terms of an orthonormal set of three vectors: |¢1),

|2), l¢3) as i Y
3 2 2
W) = ?|¢1> + §|¢2> + ?|¢3>-

(a) Verify that |y) is normalized. Then, calculate the probability of finding the system in
any one of the states |¢#1), |¢2), and |¢3). Verify that the total probability is equal to one.

(b) Consider now an ensemble of 810 identical systems, each one of them in the state |).
If measurements are done on all of them, how many systems will be found in each of the states

|1), |p2), and |¢p3)?

Solution
(a) Using the orthonormality condition (¢j|¢x) = Jjk where j, k = 1, 2, 3, we can verify
that |w) is normalized:

2

1 4
(yly) = ¢1|¢1 <¢2|¢2> ¢3|¢3 3TgTg= =1 (3.11)

Since |y ) is normalized, the probability of finding the system in |¢1) is given by

2

1
= [pulw)? = =3 (3.12)

3 2 2
§<¢1|¢1) +3(b1lg2) + %—<¢1|¢3>

since (¢1]¢1) = 1and (¢1l¢2) = (P1l¢3) = 0.
Similarly, from the relations (¢2|¢2) = 1 and (¢2|¢1) = (P2|¢p3) = 0, we obtain the
probability of finding the system in |¢2):

2

4
=3 (3.13)

2
Py = (g2l y)I? = ‘§<¢2|¢2>

As for (¢3l¢3) = 1 and (p3|p1) = (P3ld2) = 0, they lead to the probability of finding the

system in |¢3):
2

_2 (3.14)

= lgsly)I? = 5

2
\/T_<¢3I¢3>

As expected, the total probability is equal to one:

I

1 2
P=P1+P2+P3=§+—+§:l- (3.15)

[{e]
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(b) The number of systems that will be found in the state |¢1) is

810
Np =810 x P = == = 270. (3.16)

Likewise, the number of systems that will be found in states |¢2) and |¢3) are given, respec-
tively, by

810 x 4 810 x 2
X7 _360, N3=810xP3=—"27

N, = 810 x P, = =180.  (3.17)

3.4 Observables and Operators

An observable is a dynamical variable that can be measured; the dynamical variables encoun-
tered most in classical mechanics are the position, linear momentum, angular momentum, and
energy. How do we mathematically represent these and other variables in quantum mechanics?

According to the second postulate, a Hermitian operator is associated with every physical
observable. In the preceding chapter, we have seen that the position representation of the
linear momentum operator is given in one-dimensional space by P = —iha/ax and in three-
dimensional space by P =—ihV.

In general, any function, f (F, p), which depends on the position and momentum variables,
r and p, can be "quantized" or made into a function of operators by replacing r and p with their
corresponding operators:

f(F, ) —> F(R,P)=f(R,—ihv), (3.18)

or f(x,p)— F(X, —iho/ox). For instance, the operator corresponding to the Hamiltonian
H= B2+ V(1) (3.19)
- 2m p > .

is given in the position representation by

~ h2 2,
H=—-——V24+V(R,t 3.20
SVt (R, 1), (3.20)

where V2 is the Laplacian operator; it is given in Cartesian coordinates by: V2 = 62/ox2 +
o2 /0y? + 02 /012 A )

Since the momentum operator P is Hermitian, and if the potential V (R, t) is areal function,
the Hamiltonian (3.19) is Hermitian. We saw in Chapter 2 that the eigenvalues of Hermitian
operators are real. Hence, the spectrum of the Hamiltonian, which consists of the entire set
of its eigenvalues, is real. This spectrum can be discrete, continuous, or a mixture of both. In
the case of bound states, the Hamiltonian has a discrete spectrum of values and a continuous
spectrum for unbound states. In general, an operator will have bound o