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Dedication

To all students of quantum mechanics past, present, and future, but especially to the first students
who will learn quantum mechanics not as a mystery which cannot be understood, but as reality
which must be experienced, explored, and harnessed.
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Preface

The aim of this book is to enable students to solve problems in their first course in quantum
mechanics. Student understanding of modern notation, appropriate application of the postulates
of quantum mechanics, and appreciation of fundamental quantum mechanical concepts, all as a
consequence of solving problems, are also goals. The emphasis on the student solving problems,
with theory and rationale embedded in and around this focus on detailed solved problems, has led
to this concept of a “problem text.”

It is the outgrowth of a project started in 1997 to present material from the perspective of
guided problem solving. It is largely the material presented by Larry Sorensen in a one-quarter,
400-level physics course as part of an evening Master of Science program at the University of
Washington. The project originally intended only to typeset problems, posed both traditionally and
then with guidance that Professor Sorensen dubbed his “garden path” version, and solutions. The
stroll along the “garden path” was intended to make the homework sets accessible and an efficient
use of the student’s time. The population of his quantum mechanics courses was educationally
diverse. Occasional doctoral candidates occupied the seats in his auditorium, as did occasional
undergraduates. Most students were first time graduate students, many of whom had backgrounds
in various fields of engineering. A majority of the clientele held professional positions. Some had
limited preparation in physics and mathematics. Everyone appreciated Larry’s orientation toward
student learning, regardless of any person’s starting point, and insistence on efficient use of the
student’s time and energy, particularly those with day jobs and families. The original concept
seemed successful and was subsequently amplified and augmented.

Quantum Mechanics I may be used as a primary text, a supplementary text used with a
standard textbook, or a self-study guide. Rudimentary knowledge of differential and integral
calculus and differential equations is required. Comprehensive knowledge of these subjects is not
required, rather, this volume may assist building competency within these areas. Prior knowledge
of linear algebra is unnecessary, and again, use of this book will build competency within this
area. Low-dimensional vectors and matrix operators are completely developed and extended to
larger dimensions and functions. Indeed, the complete exposure to the appropriate arguments of
linear algebra within the context of a first course in quantum mechanics may be responsible for its
degree of student accessibility. Solutions immediately follow each prescript. Theory and rationale
are addressed both in prescript and postscript narratives, and occasionally within the solutions
themselves. The location of solutions immediately following each prescript, complete treatment of
theory and rationale, unsolved exercises, and a higher degree of detail than is normally seen in the
solutions distinguish Quantum Mechanics I from problem books intended solely as supplementary
texts. Advantages of treating the theory within the focus of solved problems are repeated exposure
to the notation and the mathematical techniques.

The student should attempt to solve each problem that offers challenge after reading the
prescript. Solutions should be reviewed only after a problem has been completed, or in the event
of an impasse. The prescripts provide varying amounts of information and explanation depending
on the degree of complexity, the specific skills and techniques required, and the material previously
encountered. Each prescript is intended to provide enough guidance to allow the student to obtain
his/her own result. The solutions should be reviewed only after a result is obtained and for the
purposes of verification, and learning new perspectives, skills, techniques, notation, and how the
notation is used. Should the student’s answer not be in agreement with that in the book, the
conveniently located detailed solution presents the opportunity for immediate corrective learning.
Of course, reading a portion of a solution to get “unstuck” may be an efficient use of the student’s
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time and energy. Postscripts offer amplification, additional explanation, and alternate perspectives.
All should be examined. Unsolved exercises generally parallel the solved problems and are intended
as a second opportunity at a particular skill, technique, or concept; and are provided to be used
in conjunction with the student’s classwork.

Quantum Mechanics I deliberately emphasizes fundamental skills and techniques for a variety
of reasons. Dirac notation, to cite one example among many possibilities, may be best learned in
the context of something the student already knows. Fundamental and non-intuitive concepts seem
best presented without the complexity that can serve to mask them. The educationally diverse
clientele for whom this material was initially prepared often required significant review or were
encountering it for the first time. The emphasis on fundamentals means that each student will not
be challenged by every problem posed.

The postulates of quantum mechanics are beyond important. One view is that the entirety of
quantum mechanics is the postulates. They are presented on the first page of chapter 1 to direct
what is initially appropriately addressed. They are repeated on the first page of chapter 2 for
emphasis and amplification. They are frequently explicitly revisited throughout the book. The
postulates are realistically part of every problem. One mechanism for coping with the discomfiture
of some of the counter-intuitive issues often met in the study of quantum mechanics is reconciliation
with the postulates. If things are consistent with the postulates, then there is no actual issue. This
is the mechanism I use to not be too bothered by quantum mechanics, and to support my standards
of understanding and describing truth. I recommend it to you.

Dave DeBruyne

ii

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Prologue

The only way to learn physics is to do physics. However, almost all physics textbooks leave
a huge gap between the level of the problems that they solve as examples, and the level of the
problems that they assign to the students to do as homework and to thereby learn the physics.
This book attempts to fill this gap for the first quantum mechanics course which our students find
particularly difficult.

The level of our solved problems is the same as that of the solutions that we expect from our
students. We try very hard not to leave out any of the “unnecessary” or “obvious” steps until the
concepts are well rooted. Clearly no book can show you how to solve every problem. Our goal
was to help you learn how to solve a representative subset of all beginning quantum mechanics
problems.

We tried to select a minimum number of core concepts that all physicists would agree are
essential for beginning quantum mechanics. We hope that you will find it possible to bridge the
gap between these problems and the other problems that you want to solve. Most of our students
have been able to make the necessary quantum leap.

There is a physics joke about the stages of learning quantum mechanics:

(1) You don’t know what it means, you don’t know how to calculate anything, and it
doesn’t bother you.

(2) You don’t know what it means, you don’t know how to calculate anything, and it
bothers you.

(3) You don’t know what it means, you know how to calculate things, and it bothers you.

(4) You don’t know what it means, you know how to calculate things, and it doesn’t
bother you.

This book has been designed to help you learn to calculate. Our goal is to get you to stage (4).

We show you how to calculate by example: first we provide a set of paradigmatic problems and
their complete solutions. By studying these detailed solutions, and by then using them to solve the
additional practice problems we provide, our students have been able to master the fundamentals
of quantum calculations. We consider these fundamentals to include the Dirac, Schrodinger, and
Heisenberg formulations, which we treat with equal footing throughout the text.

Learning how to calculate is essential because the only language in which we can express,
analyze, and discuss quantum mechanics is mathematics. As Willis Lamb put it in 1969:

“I have taught graduate courses in quantum mechanics at Columbia, Stanford, Oxford,
and Yale, and for almost all of them have dealt with measurement in the following manner.
On beginning the lectures I told the students, “You must first learn the rules of calculation
in quantum mechanics, and then I will discuss the theory of measurement and discuss
the meaning of the subject.” Almost invariably, the time allotted to the course ran out
before I had to fulfill my promise.”

As Weinberg put it

“There is a good deal of confusion about this, because quantum mechanics can seem eerie
if described in ordinary language.”

According to Mermin, most physicists are at stage (3) or (4):

iii
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“...contemporary physicists come in two varieties. Type 1 physicists are bothered by
EPR and Bell’s Theorem. Type (2) (the majority) are not, but one has to distinguish two
sub-varieties. Type 2a physicists explain why they are not bothered. Their explanations
tend either to miss the point entirely (like Born’s to Einstein) or to contain physical
assertions that can be shown to be false. Type 2b are not bothered and refuse to explain
why.”

Of course the goal of physics is to reach stage (5): to know what it means to be able to
calculate everything and not to be bothered by the way the universe works. Unfortunately, it
has become traditional to teach quantum mechanics as a subject of great mystery that no one
understands:

“If quantum mechanics hasn’t profoundly shocked you, you cannot have understood it
yet.” (Bohr)

There is no reality in the absence of observation. (The Copenhagen Interpretation)
“Shut up and calculate.” (Mermin’s operational version of the Copenhagen Interpretation)

It seems crazy to us to continue to teach generation after generation of our students that
they will not be able to understand quantum mechanics. All physicists eventually understand
quantum mechanics to some extent. Of course, there are still open questions about the meaning of
quantum mechanics; for example, Einstein’s reservations about the meaning of quantum mechanics
are legendary:

“I recall that during one walk Einstein suddenly stopped, turned to me and asked whether
I really believed that the moon exists only when I look at it. The rest of this walk was
devoted to a discussion of what a physicist should mean by the term to exist.” (Pais)

“Quantum mechanics is very impressive. But an inner voice tells me that it is not yet
the real thing. The theory yields a lot, but it hardly brings us any closer to the secret of
the Old One. In any case I am convinced that He doesn’t play dice.” (Einstein)

“What nature demands from us is not a quantum theory or a wave theory; rather, nature
demands from us a synthesis of these two views which thus far has exceeded the mental
powers of physicists. I cannot seriously believe in the quantum theory because the theory
is incompatible with the principle that physics is to represent reality in space and time,
without spooky actions at a distance.” (Einstein)

Even today, the “mysteries” of quantum mechanics continue to echo and to morph:

“No theory of reality compatible with quantum theory can require spatially separate
events to be independent.” (Bell)

“...experiments have now shown that what bothered Einstein is not a debatable point
but the observed behavior of the real world.” (Mermin)

“Anybody who’s not bothered by Bell’s theorem has to have rocks in his head.”
(Wightman)

“Evidently, God not only plays dice but plays blind-folded, and, at times, throws them
where you can’t see them.” (Hawking)

“And let no one use the Einstein-Podolsky-Rosen experiment to claim that information

iv
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can be transmitted faster than light, or to postulate any ‘quantum interconnectedness’
between separate consciousnesses. Both are baseless. Both are mysticism. Both are
moonshine.” (Wheeler)

“Niels Bohr brainwashed a whole generation of theorists into thinking that the job
(interpreting quantum mechanics) was done 50 years ago.” (Gell-Mann)

The formalism of quantum theory leads to results that agree with experiment with great
accuracy and covers an extremely wide range of phenomena. As yet there are no experimental
indications of any domain in which it might break down. Nevertheless, there still remain a number
of basic questions concerning its fundamental significance which are obscure and confused.

“Quantum mechanics, that mysterious, confusing discipline, which none of us really
understands but which we know how to use.” (Bohm and Hiley, quoting Gell-Mann)

“Einstein said that if quantum mechanics is right, the world is crazy... Well, Einstein
was right. The world is crazy.” (Greenberger)

“Most physicists are very naive; most still believe in real waves or real particles.”
(Zeilinger)

So, is there a problem, or isn’t there? Note Feynman’s changing perspective on this question:

“...T think T can safely say that nobody understands quantum mechanics. So do not

take the lecture too seriously, feeling that you have to understand in terms of some model
what I am going to describe, but just relax and enjoy it. I am going to tell you what
nature behaves like. If you will simply admit that she maybe does behave like this, you
will find her a delightful, entrancing thing. Do not keep saying to yourself, if you can
possibly avoid it ‘But how can it be like that?’ because you will get ‘down the drain’
into a blind alley from which nobody has yet escaped. Nobody knows how it can be like
that.” (1964)

“We have always had a great deal of difficulty understanding the world view that quan-
tum mechanics represents. At least I do, because I'm an old enough man that I haven’t
got to the point that this stuff is obvious to me. Okay, I still get nervous about it. ..
You know how it always is, every new idea, it takes a generation or two until it is
obvious that there’s no real problem. I cannot define the real problem, therefore I
suspect there’s no real problem, but I’'m not sure there’s no real problem.” (1982)

Quantum mechanics demands the most extraordinary change in our scientific world view of
any physical theory. As a boy, Feynman studied Calculus Made Easy by S. P. Thompson that
begins ”What one fool can do, another can.” He dedicated his book QED: The Strange Theory
of Light and Matter to his readers with similar words: “What one fool can understand, another
can.” In a similar spirit, we hope that this book will help you start on your own journey towards
understanding quantum mechanics.

As Feynman concludes his Lectures on Physics:

“The quantum mechanics which was discovered in 1926 has had nearly 40 years of
development, and rather suddenly it has begun to be exploited in many practical and
real ways. I am sorry to say, gentlemen, that to participate in this adventure it is
absolutely imperative that you learn quantum mechanics as soon as possible. I wanted
most to give you some appreciation of the wonderful world and the physicist’s way of
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looking at it, which, I believe, is a major part of the true culture of our times. Perhaps
you will not only have some appreciation of this culture; it is even possible that you may
want to join in the greatest adventure that the human mind has ever begun.”

Perhaps it is only a matter of time:

“A new scientific truth does not triumph by convincing its opponents and making them
see the light, but rather because its opponents eventually die, and a new generation grows
up that is familiar with it.” (Planck)

But surely, inevitably, the present drive for quantum computation and quantum cryptography
will continue to force us towards a more realistic experimental practical understanding of quantum
mechanics. You are the new generation—you are in the best of company—welcome to the inquiry!

Larry Sorensen

vi
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Chapter 1

Discrete Systems I The Postulates and Initial Essentials

One view is that the entirety of quantum mechanics is the postulates. The postulates expose
symbology, terminology, and vocabulary for which familiarity is necessary. The discussion following
the postulates identifies additional concepts, conditions, and implications. The essential goal of
the first five chapters is an initial quantitative interpretation of the postulates.

1-1. What are the postulates of quantum mechanics?

The postulates direct what is initially appropriately addressed.

1. The state of a system is represented by a vector |1 > in Hilbert space.
2. Every observable quantity is represented by a Hermitian operator.

3. A measurement of an observable quantity represented by the operator A can yield
only the eigenvalues of A.

4. If a system is in state |1 >, a measurement of the observable quantity represented
by the operator A that yields the eigenvalue a does so with the probability

P(a) « ‘<a|¢>‘2,

where | a> is the eigenstate corresponding to the eigenvalue .

5. A measurement of the observable quantity represented by the operator A with the
result « changes the state of the system to the eigenstate |a>.

6. The state vector obeys the time dependent Schrodinger equation
Hlyp > ih d | >
= 1N — s
dt

where H is the quantum mechanical Hamiltonian operator.

Though there is rationale to the order of presentation, there is no actual rank among the
postulates so the numbering is largely cosmetic. The terms state vector, observable, eigenvalue,
probability, eigenvector, and Schrodinger postulates are used for reference rather than a numbering
system. Where do the postulates initially point?

The state vector postulate: The state vector encodes all information that can be known
about the system. A state vector is also called a state function or wave function (or wavefunction),
though those terms are generally reserved for continuous systems, and the term state vector also
applies to continuous systems. Concepts such as eigenvalues, eigenvectors, probability, and expec-
tation value are more straight forward in discrete systems, thus discrete systems are emphasized

1
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initially while building toward continuous systems. Also where practical, continuous systems are
treated as generalizations of discrete systems to infinite dimensions. The symbol for the state
vector, |1 >, is written in Dirac notation. Familiarity with Dirac notation is a practical necessity
for any modern investigation of quantum mechanical phenomena. This postulate indicates the
necessity of understanding the concepts of a space in general and Hilbert space in particular. The
spaces of interest to quantum mechanics are complex linear vector spaces. The field of complex
numbers requires abstraction beyond classical mechanics and beyond the field of real numbers.

The observables postulate: An observable quantity is anything that can be measured. Posi-
tion, momentum, energy, and angular momentum are the primary observable quantities addressed
in this text. The outcome of a physical measurement is necessarily a real number. The objects of
quantum mechanics possess intrinsically complex components and elements, thus, a challenge is
presented in predicting outcomes with real number results. Operators may be expressed as matrix
operators for discrete systems and differential operators for continuous systems, though an infinite
by infinite matrix operator can contain the same information as a differential operator. Hermitian
operators have four extraordinary and advantageous properties. It is beneficial to appreciate that
(1) all Hermitian operators can be diagonalized, (2) the eigenvalues of Hermitian operators are real
numbers, (3) the eigenvectors of all Hermitian operators are orthogonal, and (4) the eigenvectors
of all Hermitian operators form a basis for the space in which they exist.

The eigenvalue postulate: An observable quantity is represented by an operator. Each
operator has exactly one set of eigenvalues which are characteristics of the operator. Eigenvalues
are comparable to normal modes in a mechanical system. For example, plucking an individual
guitar string can initially set it vibrating unpredictably, however, it will quickly settle into a linear
combination of the fundamental mode, the first overtone, the second overtone, and other overtones.
Each possible mode of vibration is an eigenvalue of that guitar string. Obtaining eigenvalues is a
dominant activity in quantum mechanics, because they are the only thing that can be measured.
Eigenvalues of an observable quantity must be real. Imaginary or complex energy, for instance, are
senseless concepts; a measured energy must be a real quantity. Eigenvalues, even for continuous
systems, are discrete, limiting the possible values of any quantum mechanical measurement.

The probability postulate: The probability postulate features more Dirac notation and the
interpretation of a state vector containing information about the probability of a measurement. A
probability of zero means that an outcome cannot occur. A probability of one means an outcome is
certain. Since only eigenvalues are possible results of a measurement, a calculation of the probabil-
ities of all possibilities must sum to one. Notice that the probability is written as a proportionality.
Normalization is the mathematical process of ensuring that the probabilities of all possibilities is
one in order to obtain equalities instead of proportionalities. Notice also that the interpretation of
state vector containing information about the probability of a measurement indicates a form of a
product squared. The product is known as an inner product. The square of the norm is necessary
because the objects of quantum mechanics possess intrinsically complex components and elements,
and a probability is necessarily a real number. The probabilistic interpretation of quantum me-
chanics can be unsettling because it also limits what can be known and dictates that some things
that can be known classically must remain unknown quantum mechanically.

The eigenvector postulate: An eigenstate is an eigenvector for a discrete system, and
can be called an eigenvector even for a continuous system. The eigenvalues of an operator are
properties of that operator. Each eigenvalue will have a corresponding eigenvector in a given basis.
Should the basis change, the appearance of the operator changes, the eigenvectors change, but the
eigenvalues of the operator remain the same. Ideally, each eigenvalue has a distinct eigenvector.
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Some operators, however, have two or more eigenvalues that correspond to the same eigenvector in
which case a complete set of commuting observables is required to remove or lift the degeneracy,
which is to say uniquely identify the eigenstate. The eigenvector postulate embeds the mystery of
the collapse of the wave function. Again, consider a guitar string. Hit an individual guitar string
and it will settle into a combination of its normal modes quickly, but in a finite amount of time
that could be measured. In non-relativistic quantum mechanics, the system settles into the state
corresponding to the eigenvalue measured in the limit of zero time.

The Schrodinger postulate: Dirac notation is used to express the Schrodinger postulate
in a differential equation. The Hamiltonian is the energy operator of classical mechanics, and
the quantum mechanical Hamiltonian operator is the energy operator of quantum mechanics. It
is surprising to some that the Schrodinger equation is a postulate. The Schrodinger equation is
written in many forms and the foorm H|E> = E,|E> is one of the most useful. Notice that
the derivative is a time derivative. Thus, the Schrodinger equation governs the time evolution of
a system. Notice also that time as a variable is limited to the Schrodinger postulate alone.

Postscript: The intent of introducing the postulates first is to motivate what follows in this
chapter in particular, and in the rest of the text in general. The postulates seem to require knowl-
edge of Dirac notation, a generalized concept of vectors, an appreciation of operators, Hermiticity,
eigenvalues, eigenvectors, probability, and many other ingredients. These and other aspects of
terminology, vocabulary, and mathematical technique are addressed in the problems that follow.
Like problem 1-1, a few problems seek only to guide though most problems will have a prescript
discussion with subsequent calculations intended to provide insight into the symbology and how it
is used, and expose appropriate mathematical mechanics. Some problems have postscripts, like this
one, intended to amplify, or further explain, and/or highlight particular portions of the problem.

Appendix A is the arithmetic of imaginary and complex numbers. Quantum mechanics is
addressed in a complex linear vector space. The numbers, components, and elements of the scalars,
vectors, and operators of quantum mechanics are intrinsically complex. Competency in quantum
mechanical calculation requires mastery of complex arithmetic. Those desiring an introduction or
some review should complete Appendix A before proceeding.

Linear independence is necessary to the general field of linear algebra to found the concept of
a set of basis vectors. The observables postulate guarantees that anything that could be physically
measured will be represented by a Hermitian operator. Hermitian operators have four advantageous
properties. (1) All Hermitian operators can be diagonalized, (2) the eigenvalues of Hermitian
operators are real numbers, (3) the eigenvectors of all Hermitian operators are orthogonal, and (4)
the eigenvectors of all Hermitian operators form a basis for the space in which they exist. Property
(4) states that the eigenvectors of a Hermitian operator necessarily form an appropriate basis, and
are thus guaranteed to have the property of linear independence. Traditionally presented material
on linear independence is included in appendix B for completeness.

Chapter 1 occasionally relies on results that are stated without proof, for instance, the four
advantageous properties of Hermitian operators listed in the above paragraph. All claims will be
supported as familiarity, technique, and background develop and evolve.

Again, one view is that the entirety of quantum mechanics is the postulates.
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1-2. What is a ket?

A ket is a column vector written in Dirac notation. Dirac’s ket is more general that the “mag-
nitude and direction” concept of classical mechanics. A vector is simply a quantity requiring more
than one number to describe. A force may be described as 10 Newtons at 30° to the horizontal,
which is two numbers. Another description of the same force is 5v/3 Z+ 57 Newtons, again two
numbers are required to express a vector quantity in two dimensions. In three dimensions, three
numbers are required. In four dimensions, four numbers are required. Four dimensions become
difficult to imagine, though there are some routine uses for four dimensions. Five dimensions, how-
ever, requires five numbers, six dimensions requires six numbers and infinite dimensions requires
infinite numbers. A vector is simply a quantity requiring more than one number to describe.

Dirac notation uses some symbol that uniquely identifies the ket, often the corresponding

eigenvalue for an eigenvector, between the symbols “|” and “>", for instance, |[¢¥ >, |a>,
|1>, |h>, and |i> are examples of how kets are written. Specific examples are seen below.
|b> — <3—i>’ |—1>— [ icos(p) |, |a>— et s A=2>— 1
1452 2—5¢ 0
-8 .

Postscript: A ket is a column vector in Dirac notation. The symbol |b> is a column vector in
two dimensions, |— 1> is three dimensions, |« > is five dimensions, and |\ = 2> indicates
infinite dimensions. A vector is simply a quantity requiring more than one number to describe.
The number of numbers required is not limited. The symbols between the “|” and “>” are not
explained at this point, other than they must uniquely identify the ket from others in their system.

Notice that three of the four examples given have components with complex values. The last
example is a unit vector. Whether of finite or infinite dimensions, unit vectors play a significant
role in quantum mechanics.

There are an infinite number of ways to describe a force depending on the coordinate system
chosen and the frame of reference. Similarly, there are an infinite number of ways to describe any
vector. The symbol |b> is a ket vector, but without reference to any coordinate system or frame

of reference. The set of symbols < 32_Z z) is a representation of that ket vector for which a

specific coordinate system and frame of reference are implied.

Notice that the symbol “— " is used to specify the initial representation of |b>. Specifying
a vector with a single arrow upon its initial representation denotes that |b > is abstract and
expressible in an infinite number of forms. The act of representing |b> as a column vector with
specific components fixes the coordinate system and frame of reference after which “=" symbols
are appropriate for subsequent calculations. Many texts do not try to make this distinction, and
use an equality symbol to denote their representations.
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1-3. Form bras corresponding to the kets of problem 1-2.

A bra is a row vector that is the complex conjugate analogy of a ket. Make the column vector
into a row vector and complex conjugate all of the components. The symbol identifying the ket is
retained, but in a bra goes between a “<” and a “|.”

<b| = (-2, 3+1i) <-1| = (-4, —icos(¢), 1-5i)
<al| = (=V3i, sin(9), e, 2+5i, —8) <A=2| = (0, 0, 1, 0, 0,---)

Postscript: There is no rank between bras an kets. Bras can be formed from kets, or kets can be
formed from bras. A state vector, per the state vector postulate, in normally a ket. An eigenvector
of an operator will be a ket in our development. Normally kets are encountered initially, then
corresponding bras are formed as seen in this problem.

Terminology for making the column vector into a row vector and complex conjugating compo-
nents is to form a transpose conjugate or adjoint. A bra is a transpose conjugate, or adjoint,
of the corresponding ket, and a ket is a transpose conjugate, or adjoint, of the corresponding bra.

The origin of the terms “bra” and “ket” is Dirac’s efficient manner of forming inner products,
which look like < «| 8>, and which is called a bracket, or braket, or bra-ket. The separated
parts, “bras” and “kets,” are identifiable vector entities. Inner products will be addressed directly.

1-4. Add the following ket vectors where possible.

9 1 641 4—51

— 4i — 5i et o

3_4 3_5 61 2431

la> — 6 |5> — 4 |h> — | 5+4i le> — 9—4i
. . 3—2i 0

2471 —8% 3 7

Kets and bras add just like vectors from introductory physics, simply add like component. Two
kets must have the same number of components to be added, thus, |a> and |5> can be added,
|h> and |e> can be added, but no other additions are possible among the four kets given.

2i 1 2i+1 1424
3—4 3— 54 3—4i+3—5¢ 6—9¢
la> 4+ [5> = 6 + 4 = 6+ 4 = _9
247 —8i 247 — 8 2—14
6+1 4 —5i 64+74+4—51 10 — 44
—61 -2+ 30 —61— 2+ 3¢ —2—-3i
|h> + |e> = | 5+4i | + 9—4i = | 5+4+9—-4i | = 14
3—2i 0 3—-2i40 3—2i
3 —7i 3-Ti 3-Ti
Postscript: There is no significance to the symbols between the “|” and “>" at this point other

than to uniquely identify the ket. The symbols between the “|” and “>" will often be eigenvalues.
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1-5. Form bras from the kets given in problem 1-4 and add the resulting bras where possible.

Form row vectors from the column vectors given remembering to conjugate the components, then
add like components. Again, two bras must have the same number of components to be added,
thus, <a| and <5| can be added, <h| and <e| can be added, but no other additions are
possible among the four bras formed.

<al|l+ <5 = (-2, 3+4i, =6, 2—7i) + (1, 3+5i, 4, 8i)
= (—2i+1, 3+4i+3+4+5i, —6+4, 2—Ti+8i)
= (1-2i, 649, -2, 2+1)
<h| + <e| = (6—i, 6i, 5—4i, 3+2i, 3) + (44+5i, —2—-3i, 9+4i, 0, 7i)
= (6—i+4+5i, 6i—2-3i, 5—4i+9+4i, 3+2+0, 3470
= (10+4i, —2+3i, 14, 3+2i, 3+7i)

Postscript: Notice that <a| + <5| isthe bra (transpose conjugate or adjoint) corresponding
to the ket |[a> 4+ |5>, and that <R |+ <e| and |h> + |e> also correspond.

1-6. Use the vectors of problems 1-4 and 1-5 to do these subtractions where possible.

(a) <a| — <5] (b) |A> — |e>
(c) |e> — |hA> (d) <5| — <e|
(e) |e> — |a> (f) |h> — <e|

Again, like introductory physics, subtract like components. The vectors must have the same
number of components to be added or subtracted. Additionally, they must be of the same type;
bras cannot be added/subtracted to/from kets, and kets cannot be added/subtracted to/from bras.
Only the subtractions in parts (a), (b), and (c) are possible.

(a) <a| - <5 = (-2, 3+4i, =6, 2—7i) — (1, 3+5i, 4, 8i)
= (-2i—-1, 3+4i—-3-5i, —6-—4, 2—7i—8i)
= (-1-2i, —i, —10, 2—157)

6+i 4 5 6+i—4+5i 2+ 6i
—6i —243i —6i+2—3i 29
(b)  |h> —Je> = |5+4i| — | 9-4i | = | 5+4i-9+4i | = | —4+38i
3—2i 0 3-2—0 32
3 —7i 3+7i 347

(¢c) <e| — <h| = (445i, —2—-3i, 9+4i, 0, 7)) — (6—4, 6i, 5—4i, 3+2i, 3)
= (4+5i—6+i, —2—-3i—6i, 9+4i—5+4i, 0—-3—2i, 7i—3)
= (—2+6i, —2—9i, 4+8i, —3—-2i, —3+7i)

6
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(d) Similar types, but dissimilar number of components so not possible.
(e) Similar types, but dissimilar number of components so not possible.

(f) Similar number of components, but dissimilar types so not possible.

Postscript: A more general manner of stating the subtractions in parts (d), (e), and (f) are not
possible is that the two objects are not in the same space.

. 4+ 31
1-7. (a) Multiply | x> — (23; Z) , [ W>— -5 and corresponding bras by § = 3—2i.
61
(b) Find <xd| and <W 4| .

Scalar multiplication means to multiply each component by the scalar. The designation “scalar”
is well conceived because scalar multiplication “scales” the vector, for instance

2 x> = 2(2;‘) _ (2%2(3;;)) _ (4&%)

thus, the vector is scaled up by a factor of 2. The “scaling” is more difficult to see for complex
scalars, though the process is the same.

_ L (2—-i\  [((B3—=2)2—4)\ _ [(6-3i—4i—-2\  [4-Ti
OIx> = (3_21)< 3 ) - ( (3 — 2i)(31) ) - ( 9 + 6 ) - <6+9i>
<W|§ = (4—3i, =5, —6i)(3—2i) = ((4—3i)(3—2i), —5(3—2i), (—6i)(3—21))

= (12—-8i—9 —6, —15+10i, —18i —12) = (6 —17i, —15+10i, —12—18i).

The meaning of <W | is different than <W |J. Given a scalar like ¢, if it is outside of the bra,
it means multiply by the given 6. However, if it is inside of the bra, <W | means <W |§*, or

<Wé| = (4-3i, =5, —6i)(3+2i) = ((4—3i)(3+2i), —5(3+2i), (—6i)(3+2i))
= (124+8i—9i+6, —15—10i, —18i+12) = (18 —i, —15— 10, 12— 18i).

Just as the components of a ket are conjugated to form the corresponding bra, a scalar between
the “<” and the “|” in a bra is implied to be conjugated.

<x|6 = (241, =3i)(3—2i) =

6—-4t+3t+2, —99—6

—

(2+4)(3—2i), (—3i)(3—20))
= (8—i, —6—9i).

(
=

A~~~ ~—

<x6| = (2+1i, =3))(3+2i) =

6+4i+31—2, —914+6

(2+14)(3+2i), (=3i)(3+20))
= (4+7i, 6—9i).

(
(

~—
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Notice that the components of <y d| are complex conjugates to those of 6 |x> = |dx>, but
<x |6 is unrelated to & | x> .

44 3 (3 — 20)(4 + 34) 12+49i—8i+6 18+
S|\W>=@3=20 -5 | = B-20)(-5 | = —15+10i = | —15+10i
6i (3 — 2i)6i 18i + 12 12 4 18i

Notice that this ket has components that are complex conjugates of the bra < W |, but is
unrelated to <W |§.

Postscript: <W §| means <W |6*, though |§W > and §| W > have the same meaning.

1-8. What is a space, a subspace, a dual space, and what is the Hilbert space?

A space is a collection of all possible objects having the same number of components over
a known field. The field is complex numbers in quantum mechanics. The number of components
determine the dimension of the space. The ket vectors |a> and |5> each have four components,
those components are complex numbers, so they belong to the space C*. The vectors |h> and
| e> each have five complex components so belong to C5. The symbology

la>, |5> € C*  and |h>, |e> € C°

7

denotes these facts, where the symbol “€” is read “is an element of.” Quantum mechanics is most
generally done in C* which is to indicate infinite dimensions of complex components.

Introductory physics is often addressed in R?, meaning three dimensions over the field of real
numbers. Adding 27 + 57 to 47 + 3y + 7Z to obtain 67 + 87 + 7Z is not mixing R? and R3,
rather this addition is done in R? where the z component of the first vector is zero.

Real numbers are a subset of complex numbers. Every real number can be written a = a+0i.
Introductory physics could be done in the larger space C? by designating an imaginary component
of zero for each real number, which is an unnecessary complication, and thus, introductory physics
is generally addressed in the subspace of C? denoted R®. A subspace is a subset of a larger
space. Much of the remainder of chapter 1 is done in C? or C? which are subspaces of C> .

The bra vectors <a| and <5] also belong to C*, but it is a different C* than for |a>
and |5>. The bra vectors <«| and <5| belong to the C* that is the dual space of the C*
containing the vectors |a> and |5>. A dual space is a transpose conjugate space in quantum
mechanics. The bras <h| and <e| are in the dual space of |h> and |e>. Similarly, the kets
|h> and |e> are in the dual space of the C° containing <h| and <e| .

The Hilbert space is that space comprised by the sum of all C", for all n. The Hilbert
space contains all objects in C', C2, C3,..., to C* including all dual spaces.

Postscript: The Hilbert space contains not only all possible vectors, kets and bras, but also all
possible operators, all possible functions, all possible spaces, or said more generally, all possibilities.
A mathematician will address a Hilbert space as defined by a specific set of properties. A physicist
includes all possibilities into one and speaks of the Hilbert space.
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1 ;
9 9_; 4+ 3i
1-9. Find the norms of |[G> — E x> — < 3Z,Z>, |W> — -5 |, and <h]|.
1—6¢
4

There are many concepts in R?® which simply do not translate completely to a space of any
dimension over a complex field, and/or any dimension larger than 3. In fact, that is one reason

4
to write, for example, |v> = 3 instead of ¥ = 47+ 3y + 7z. The difference in
7
44 37
notation in R3 is cosmetic. Should the space be C*, |W > = -5 is clear, but
1—63

W = (443i)T—57+ (1 —6i)Z may not be so clear. For instance, what is the length of W ?

The length of the real valued ¥ = 4Z+3y+ 7z is the square root of the dot product,
7] = V6 = VAxd +3x3 + 7x7 = VI6+9+49 = V74

in whatever units are given. How can a “length” be obtained when the vector has complex
components or is in four or more dimensions; does the term “length” even have meaning?

The concept of a length generalizes to the concept of a norm for a vector with complex
components and/or more than three components. A norm is the generalization of the square root
of a dot product, for instance,

‘5‘ :\/5‘5=¢1x1+2x2+3x3+4x4: 1+4+9+16 = V30,

so the norm of |G> is v/ 30, denoted ‘|ﬁ>‘ = v 30.

It is helpful to see that ﬁ and | B> are just two different ways to express the same thing.
Forming the bra of |3>, we write

1
<B|p> = (1, 2, 3, 4) g
4

and imagine rotating the column vector counter clockwise over the row vector and multiplying the
corresponding components, and adding the products to obtain 30. Then the norm of | /3> is the
square root, or ‘ | B> ‘ = +/ 30 . This is often done in two steps, a typical calculation is

1
18> = <BlB> = (1, 2, 3, 4) g = 1+4+9+16 = 30 = [[B>] = V30.
4

Remember that the product of any complex number and its complex conjugate is the sum of
the square of the real part and the square of the imaginary part,

(a—i—bi)(a—bi) = a® —abi +abi+b> = a®>+b>. Thus

9
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x> = <x|x> = (2+1, —32')(2;) = 44149 =14 = ||x>] = V14

The products < 3|8 > and < x|x > are known as inner products. These are also known
as brakets when using Dirac notation, but inner product is the more general term. An inner
product is a generalization of a dot product to more than three dimensions and/or to a field
allowing complex components. A norm is a generalization of length to more than three dimensions
and/or to a field allowing complex components.

Notice that the probability postulate contains the inner product <a |1 >. Calculating inner
products should become routine. Notice also that < a1 > is between two “|” symbols with a
power of 2 in the probability postulate, meaning a norm squared.

Probability is a real number between 0 and 1. A complex number times its conjugate is a real
number. Thus any component of a bra multiplied by its corresponding ket is a real number, and
the sum of real numbers is a real number. A vector times its transpose conjugate is a real number.

Probabilities must be real numbers. The outcome of a measurement of an observable quantity
such as position, momentum, energy, or angular momentum also must be a real number. The inner
product, a vector times its transpose conjugate, illustrates one manner in which a real number is
extracted from objects with complex components.

44 3i
<WI|W> = (4-3i, =5, 146i) | —5 | = 16+9+25+1+36 = 87 = |[|W>]| = V87
1—6i
64
—6i
<h|h> = (6—i, 6i, 5—4i, 3+2i, 3) | 5+4i
3-2i
3

=36+1+36+25+16+9+4+9 = 136 = |[|h>] = V136

; 9 _ i 4+ 3i
1-10. Normalize |B> — E x> — < 3Z.Z>, |W> — -5 |, and <h]|.
4 1—6¢

Normalization is the process of adjusting the “length,” or length analog, of a vector to 1.

The state vector contains all the information that can be known about a system. The direction,
or direction analog, of the state vector is what contains this information. Any vector of any length
(length analog) in the same direction (direction analog) contains the same information. The

probability postulate uses a proportionality, P («a) o ‘ <al|yp> ‘2, which may be written as
an equality with a proportionality constant. The probability of certainty must be 1, a condition
which may be addressed

1

Py) =1 = K(\<¢|¢>\2):1 K:W

10
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thus the proportionality constant is the inverse of the norm squared. The usual procedure is to
symmetrize by placing a factor of + K with both the bra and the ket, for example

1

7> = 75

= <p| =(1, 2, 3, 4)\/%

= W N

are the normalized vectors |#> and <3| . Notice that

1
1 1 2 1 30
< > = (1, 2, 3, 4) —= — = —(14449416) = — = 1.
16 ( )\/30 v30 | 3 30( ) 30
4
The normalization condition is that < |¢¥ > = 1, and simply means that the probability

of certainty is 1. Having found the norms of the last three vectors in the previous problem, the
conclusion to this problem is simply writing the answers.

e <z—¢> e~ L 4f53i
! Vig \ s )o V8T \1-6i)

Postscript: Notice that the ket/bra notation does not change when the vector is normalized
1

> = —
| x aT

quantum mechanically. Only the direction (direction analog) contains information. The length
(length analog), if not 1 initially, must be adjusted to be consistent with the probability postulate.

. 2—1 2—1i
because, for instance, |x > = < 3 Z) and < 3 Z) are the same vector

1
The factor v K = W is called a normalization constant. It is conventionally
placed to the left of a ket and to the right of a bra.
The probability postulate is occasionally written as an equality,
2
| <alyp> |
<ala><yp|yp>’

P(a) =

though it is more generally stated as a proportionality. Division of each vector |i> by <i|i>
once, whether in the normalization process or the probability calculation, is necessary to obtain
consistent probabilities.

It is not mandatory to normalize a state vector, however, doing so as a first step has the
advantages of clarity, organizational consistency, and more accessible probability calculations. We
will generally normalize a state vector as the first step in all calculations.

11
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The time evolution of a state vector is governed solely by the Schrodinger postulate. Given a
normalized state vector, that is a length analog or norm of 1, the only possible evolution over time
is analogous to changing direction. The Schrodinger equation changes only the direction (direction
analog) of the state vector.

3+ 2i -5
1-11. Given |v> — 4 and lw> — i ,
—1 -4 - 37

(a) normalize each vector,
(b) obtain the inner products <~v|w> and <w|~vy> using your normalized vectors,

(c) and compare <vy|w> with <w|y>.

Part (a) is a straightforward application of the normalization process. Of course, <~vy|v> = 1
and <w|w> = 1 following normalization. Part (c) asks does <v|w> = <w]|y>7?
3+ 2 , ,
(a)  <yly> = (3—2, 4, i)N*N|[ 4 = |[N[7(9+4+16+1) = [N|730 = 1
—1
1 3+ 2
= N=— = > = — 4 where N is a normalization constant.
Vv 30 7 Vv 30 i
-5 ,
<wl|lw> = (=5, —i, —4+3i{)N*N i = ‘N‘(25+1+16+9)
—4 — 31
-5
1 1
—|INPsl=1 = N=-——= = |o>= — :

1
VoL \ _y_ 3
11 =5
—_— i
NERVETI W
1

T V532173 ((8=20)(=5) +4(i) +i(~4-30))

1 o B .

(b) <ylw> = (3-2i, 4, i)

L 1 [3+2
Vv |
— 117 ((—5)(3+2¢)—¢(4)+(—4+3i)(—i))

= (—15—-10i —4i+4i+3) =
17

<wl|y> = (—5, -1, —4+3i)

w
(e}

—_

1
1 (1210
3\/170( i)

3
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(¢) <v|lw> # <w|y> but <v|w> = <w|y>*; these are complex conjugates.

Postscript: Notice that an inner product is a scalar. A scalar is a tensor of zero rank, but a
simpler explanation is that a scalar is an individual number that scales. Normalization constants

. 2—1 . 1 2—3\ .
are good examples. Given |y> = < 3 ), the normalized |x> = ﬁ < 3 ) is scaled

smaller than an original component, or each component

down by ——. Each component is

V14

is scaled to

1
Vv 14

of its original magnitude.

]| =
W

Recognizing that an inner product is a scalar also means that all properties of scalars, whether
real or complex, apply. For instance, scalars commute so inner products commute, scalars can be
removed from integrals, so inner products can be removed from integrals, etc.

In general, <~vy|w> = <w|y>*, where the superscript “*” indicates a complex
conjugate. A proof in three dimensions is left as an exercise.
2 3 —4i 2t 5 144
1-12. For 8 = 243, H— | =3 0 5 , and K — 0 3 -8 |,
4i 5 6 1 -8 =51
find (a) BH, (b) BIK, (c) H+ K, and d H-K.

This problem introduces matrix operators, demonstrates scalar multiplication of operators, and
matrix operator addition and subtraction. The concepts conveyed in the subspaces of C? and
C? can be extended to larger spaces including C*. Many topics, for instance orbital angular
momentum and spin, can be addressed in C? and C3.

A matrix operator is an array, known simply as a matrix in the language of linear algebra,
but known as an operator in quantum mechanics. An operator may be a matrix operator or a
differential operator. The postulates are most readily explained using matrix operators in C?
and C? and then extended to C*, where all differential operators exist. Notice that four of
the six postulates address operators. Operators represent physically measurable quantities, for
instance energy, position, momentum, or angular momentum. All of the information of the system
is contained in the state vector |1 >. All of the information about the measurable quantity is
contained in the operator representing that measurable quantity.

Scalar multiplication of operators is comparable to scalar multiplication of vectors, multiply
each of the elements by the scalar, for instance

2 3 —di 2.2 2.3 2(—4i) 4 6i —8i
2H =2 -3 0 5 | = [2-3i) 220 25 | =|—-6i 0 10
4 5 6 2.4i 2.5 2.6 & 10 12

thus, each of the elements is scaled larger by a factor of 2. Scaling by a factor of 3 = 2+ 3¢ is
more difficult to imagine, though the process is the same.

13
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Addition and subtraction is accomplished by adding/subtracting like elements, for instance

3 43I L (20 -T) _ ( 342 4+3i-7\ _ (3+2 -3+3i
4-3i 5 7 —2i) ~ \4-3i-7 5-2 )~ \-3-3i 5-2i )"

3 4+3c\ (20 =T\ _ 3—21 4+30+7\ 3—21 114 3¢
4 -3 ) -7 =2i)  \4-3i+7 5+ 24 o \11-3i 5+2 )°

2 3 —4i (243)2  (2+3i)3i (2+ 3i)(—44)
(a) (243i)| =3i 0 5 | = | (2+3i)(=3i) (2+30)0  (2+3i)5
4 5 6 (243i)4i  (243i)5  (2+30)6

4+ 61 —9+6¢ 12-—28¢
= 9 —6¢ 0 10+ 151
—12+8 10+ 157 12+ 18

2 5 1+4i (243i)2i (2435 (24 3i)(1+1)
() (2+3)[ 0 3 -8 | = (2+3)0 (2+3i)3i  (2+3i)(-8)
1 -8 —5i (2431 (243i)(—8) (2 + 3i)(—5i)
—6+4i 10+15i 2+2i+3i—3 —6+4i  10+15i  —1+5i
= 0 —9+6i  —16—24i = 0 —9+6i —16—24i
243 —16—24i 15— 10i 243 —16—24i 15— 10i
2 3 —4i 2 5 1+i 242 3i+5 —di+1+i
@ (-3 0o 5 |+ 0o 3 -8 |=/[-3+0 043 5-38
4 5 6 1 -8 —5i 4i+1 5-8  6-—5i

2+21 5431 1-3i
= —37 31 -3
1+4: -3 6-—5¢

2 3 —4i 2 5 1+4i 22 3i-5 —di—1—i
@ (-3 o 5 | -(0o 3 —8|=/[-3-00-3 5+8
4 5 6 1 -8 —5i 4i—1 548  6+5i

2—2t —5+3i —1-5¢
= —37 —37 13
-1+ 4 13 6 + 51

Postscript: Linear algebra addresses matrices of unequal dimensions, for instance, 2 X 3 or
5 X 4. Square matrix operators, for instance, 2 X 2, 3 X 3, 4 X 4,... dominate quantum mechanics.
Hermitian operators in matrix form are necessarily square.

Operators must be of the same dimension to be added/subtracted, for instance a 2 X 2 matrix
cannot be added/subtracted to/from a 3 X 3 matrix. Said another way, operators must be of the
same space/subspace to be added/subtracted.

14
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4 2 3 —4 20 5 1+
1-13. For |v> — 3i , H — | =3i 0 5 , and K — 0 3i -8 |,
1-—5: 41 5 6 1 -8 =5

find each operator/vector or vector/operator product possible.

First, notice the product H | > in the Schrodinger postulate. This is an operator/vector product.

Operator /vector products or vector/operator products are possible only when the two objects
are of the same space/subspace. A two dimensional vector cannot be multiplied by a three dimen-
sional operator, nor can a two dimensional operator be multiplied by a three dimensional vector.
A vector and an operator must have the same number of dimensions to be multiplied in any sense.

Operator/vector or vector/operator products are extensions of an inner product. A 2 X 2
example of an operator/vector product is

3 4 64
—4i 5 2 )
Again, imagine rotating the column vector counter clockwise over the matrix operator and forming
an inner product with each row. That would look like

3 44 67\ 3-61+47-2 (18148 [ 268
—4i 5 2 )  \—-4i-6i+5-2) \244+10) \ 34 )"
An inner product is a scalar, but there is one scalar for each row, thus, an operator/vector product

is a vector. Should this represent a Hamiltonian acting on a state vector per the product H | >
in the Schrodinger postulate, a changed state vector is the result.

(6;) (_34i zg) or (_34i iz')(_&’ 2)

do not make sense under an extension of an inner product, however,

(—6i, 2) (_ii ‘?)

does make sense within the inner product analogy, thus

The expressions

. 3 4 o )
(—6i, 2)(_42, ;) = (—18i—8i, 24+10) = (—26i, 34)

is an example of a vector/operator product.

There are four possible products between the vector and the two operators given. They are
Hlv>, Klv>, <v|H, and <v|K.

15
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2 3 —4i 4 2(4)  + 3i(3i) + —4i(1—5i)
Hiv> = | =3 0 5 3 | = | =3i4) + 0@3i) + 5(1-5)
4 5 6 1— 5 4i(4) + 5(3) + 6(1—5i)
8 —9 — 4i — 20 91 — 4
— | —12i+0+5-25 | = | 5-37
16i + 15i + 6 — 30i 6+i
2% 5 14i 4 2i(4) + 5(3) + (1+4)(1—5)
Klv> = [0 3 -8 3i | = [0 + 3i3) + (=8)(1-5)
1 -8 —5i ) \1-5i 14) + —8(30) + —5i(1—50)
8 +15i+1—5i+i+5 6+ 19i
- 0—9— 8+ 40i — | 17+ 40i
4—24i —5i—25 —91 —29;
2 30 —4i
<v|H = (4, ~3i, 1+5i) 3 0 5
4 5 6

- (4(2) +—30(=3) + (1+5i)(4i),
43i)) + —3i(0) + (1+5)(5),
A(—4i) + -3i(5) + (1+5¢)(6))
- (8—9+4i—20, 12i + 0+ 5 + 25i | —16i—15z’+6+30i)

- (—21+4i, 5+ 370, 6—i)

% 5 1+i
<v|K = (4, ~3i, 1+5i) 0 3 -8
1 -8 -5

= (420) + =3i0) + (1+50)(1),
A(G) + —3i(3i) + (1+5i)(=8),
A(1+1i) + —3i(-8) + (1—1—52')(—5@'))
= (804145, 2049-8-40i, 4-+4i+24i—5i+25)

- (1—1—13@', 21 — 40i, 29+23i)

Postscript: Notice that H |v> and <v|H are corresponding ket and bra, but that K |v> and
<v| K appear unrelated.

The terms operator/vector and vector/operator product are rarely encountered. Conventional
terminology is that an operator operates to the right on a ket and to the left on a bra.
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1-14. Find all possible operator/operator products for C — (_i Z?) and D — <§z _Zz> ,

and for the H and K given in the previous problem, ignoring powers.

Operators must have the same dimensions to be multiplied. C and D can be multiplied, H and
KC can be multiplied, but the 2 X 2 matrices cannot be multiplied the 3 X 3 matrices or vice versa.

Matrix multiplication, or an operator/operator product, is our final generalization of an inner
product. A 2 X 2 example of an operator/operator product is

3 4 4 =5
o= (5 9T

First, imagine each column of the right operator as an individual ket. Then imagine rotating each
individual column vector counter clockwise over the first operator and forming an inner product
with each row for all columns. That is

cD — 3 4 4 =51\ _ 3(4)  + 4i(5i) 3(—=bi) 4+ 4i(4)
-\ -4 3 5. 4 o\ —4i(4) +  3(59) —4i(=b5i) + 3(4)
_ 12-20 —15:+16:\ (-8 ¢
 \—16i+ 150 —20+ 12 - -8
which is the operator/operator product. An inner product is a scalar, an operator/vector product

is a vector, and an operator/operator product is an operator.

There are two operator/operator products possible for any two operators in the same space.
The order in which the two operators are multiplied matters. In the other order, the product is

pe = (Ei _f Z) (—34i Z?) - (si((%)) j: _f(i:;l)i) ;((i)) j: _45(Z§$)>

(12-20 16i—15i\ _ (-8 i
— \1si-16i —20+12) ~ \—i -8/

This operator/operator product is the same in both orders in this case, which is unusual.

2 3 -4 2t 5 144

HK = [-3i 0 5 0 3 -8
41 5 6 1 -8 =5

2(2i) + 3i(0) —4i(1)  2(5) + 3i(3i) — 4i(—8)  2(1+1) + 3i(—8) — 4i(—5i)

= | =3i(20)+0(0) +5(1)  —3i(5)+ 0(3i) + 5(—8)  —3i(1+ i) +0(—8) + 5(—5)

4i(2i)+5(0)+6(1)  4i(5) +5(3i) +6(—8)  4i(1+ i)+ 5(—8) + 6(—5i)

4i+0—-4: 10—-9+432¢ 2+ 20— 247 —20
= 6+0+5 —15¢4+0—-40 —3¢+3+0—25¢
—84+0+4+6 20:4 157 —48 47 —4—40— 307
0 1+32; —18—-122;
= 11 —40—-15¢ 3 —28:
-2 —48+ 35t —44 — 261
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1+i 2 3 —di
KH = 32 -8 -3 0 5
—8 —5i 4 5 6
+(1414)(4d)  2i(30) +5(0)+ (1+i)(5) 2i(—4i)+5(5) + (1 +i)(6)
- + 32 31) 8(4i) 0(31) + 3i(0) — 8(5) 0(—4i) + 3i(5) — 8(6)
—34) — 5i(44) 1(3i) — 8(0) — 5i(5) 1(—4i) — 8(5) — 5i(6)
4 —15i+4i—4 —6+0+5+5i 8+25+6+G6i
0+9—32i 0-+0—40 0+ 15i — 48
2+ 24i + 20 3i—0—25i  —4i— 40 — 30
—4—7Ti —145i 3946i
= | 9-32i —40 —48+15i

22 +247 =227 —40 — 344
Notice that none of the elements of the two product matrices are the same, and thus HX # KH.

Postscript: If the product of two objects is the same regardless of the order of the multiplication,
the two objects are said to commute. All scalars, including complex scalars, commute with all
other scalars. Problem 1-11 demonstrates that vectors do not commute with other vectors in
general. Though CD = DC, thefact that HK # KH, demonstrates that operators do
not commute with other operators in general.

1-15. Show by explicit multiplication in C? that an identity operator multiplying
(a) a ket,

(b) a bra,

(c) a matrix operator from the left, and

(

d) a matrix operator from the right results in the original ket, bra, or matrix operator.

The identity operator is the analogy of “1” in the real number system. One times a number is
the original number. This problem introduces the identity operator but also intends to persuade
that any legitimate multiplication by the identity operator results in the original object.

Lo 1 0 0
I:(O 1) in C? and Z = [0 1 0 in C3.
0 0 1

An identity operator is a matrix with 1’s on the principal diagonal and zeros elsewhere. Assume

b1 ailp ai2 a3
’ v> — b and A — a1 Q22 A23
bs as1 asy as3

Of course Z|v> = |v>, <v|ZI = <v|, TA = A, and AT = A.

18
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1 00 by b1 +0+0 by
(a) I|U>: 0 1 0 b = 0+by+0 = by = ’U>.
0 0 1 b3 040+ b3 bs
1 0 0
(b) <v|Z = (b1, ba, b3) [ 0 1 0] = (b1+0+0, 04+bo+0, 0+0+b3) = (b1, bo, b3) = <v].
0 0 1
1 0 0 ail a2 ai1s
(C) IA == 0 1 0 a21 Q22 0423
0 0 1 asz1 ag2 ass
a11+0+0 a12+0+0 a13+0+0 a1 a1 ais
= 0—|—a21+0 0—|—a22+0 0—|—a23+0 = a21 Q22 04923 :.A
0+0+a31 0+0+a32 0+0+a33 az1 az2 ass
ailp aiz2 a3 100
(d) AI = a1 aoo as3 01 0
azr azz ass 0 0 1
a11+0+0 0—|—a12+0 0+0+a13 a1 a1z ais
= a21+0+0 0+a22+0 0+0+a23 = a21 Q22 Q23 :.A
a31+0+0 0+a32+0 0+0+a33 a31 a3z ass

Postscript: A scalar times an operator, from either side, is another operator. The meaning of

1 0 0 a 0 0
aZ is al0 1 0] =10 a 0] in C3,
0 0 1 0 0 «

which is an operator with the scalar on the principal diagonal and zeros elsewhere. Operating on
a vector or operator with this yields the same result as multiplication of the vector or operator by
the scalar. The scalar times the identity operator is what is intended when an author sets a scalar
equal to an operator. For instance,

AB = o means AB = aoT.

The concept of a diagonal operator is also introduced. The identity operator is diagonal. A
diagonal operator is an operator with any non-zero elements on the principal diagonal and all

2 00

-5 0 0 3
0 0

. 3
0 3 in C-°.

off-diagonal elements of zero, like < ) in C?, and

0
4

19

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



1-16. Given L* = L2 + £ + L2 and

1 01 0 1 0 —i 0 1 0 0
L, - — |1 0 1]h, Ly —- —= |+ 0 —i]|h, L, — [0 0 0 |h,
V2 01 0 V2 0 72 0 0 0 —1

show that £2 = 2hK%7.

Powers are the operator multiplied by itself, for instance H? = HH or C> = CCC, or

L (01 0\ /0 10 p2 (10 1 p2 (101
Liz—lOlh—lOlh:?OlJrlO = 5|0 20
v2\o 1 0/ v2\o 1 o0 1 0 1 101

where elements that are all 1’s or 0’s make the matrix arithmetic particularly straightforward. The
given matrices, £, , £,, and L, are the component orbital angular momentum operators. They
offer a convenient platform to consolidate operator arithmetic having realism, introduce operator
powers, and employ an identity operator Z .

L2 = L2+ L)+ L2

L (0 10 L (0 10 L (0 —i o0 L (0 —i o0
—- —(1 0 1)]A—)|1 O 1 |A+ —1|7 O —t2)lh—\|7i O —i]h
v2lo 10/ V2\o 1 0 V2 i 0 2 o i o

10 0 1 0 0
+(0 0o o |nlo o o |n
0 0 -1 0 0 —1
Lf(1 0 1 L[ 0 -1 1 0 0
:§01+10hQ+5 0 141 0 |rR2+ 10 0 0]n?
1 0 1 -1 0 1 0 0 1
1/2 0 1/2 1/2 0 —1/2 1 0 0
=10 1 o0 |#r + 0 1 0 |+ 110 0 0]n?
1/2 0 1/2 -1/2 0 1/2 0 0 1
1 0 0 1 0 0 2 0 0 1 0 0
=10 2 0|2+ 100 0|r2=1{(02 0K =220 1 0| = 2r%7T.
0 0 1 0 0 1 00 2 0 0 1
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1-17. Use C, D, 'H,and K from problems 1-13 and 1-14 to find [C,D] and [H,IC].

The objects [C , D] and [H, IC] are called commutators. In general, a commutator is defined
[A, B] = AB — BA

thus, if [A,B ] = 0, the operators A and B commute. The required product operators were
calculated in problem 1-14.

o e (=8 PN (=8 i\ (0 0\ _ . . o
el —ep-pe = (% L) - (2 ) < (0 0) <0 me

0 1+32 —18-22i —4—7Ti —145i 3946i
[H,K] = HK-KH = | 11 —40—-15 3-28i | — | 9-32i  —40 —48+15i
—2 —48+35i —44 — 26i 224 24i  —22i —40—34i

4+ 70 2427 =57 —1281
= 2+ 32 —157 01 — 431
—24 —24i —48+5Tt -4+ &

Postscript: The meaning of zero in the equation [A, B] = 0 is a zero matrix, a matrix with
0

0 0
operators commute. The calculation for [H, IC] is unlikely because it can be seen by inspection
that the product matrices do not commute.

all elements 0, such as < ) in C?>. One purpose of the commutator is to show that two

A commutator is an operator. The product of two operators is an operator, and the difference
of two operators is an operator. It is important to understand that a commutator is an operator.

The operators for the observable quantities position and momentum are denoted X and P
respectively. A significant statement of the relation between these two observable quantities is

[X,P] = ih

where th means ihZ for the appropriate space. This is known as the fundamental canonical
commutator when expressed for position and momentum. It is known as a canonical commu-
tator when expressed for other observable quantities. The Heisenberg uncertainty relation applies
to all observable quantities having a canonical commutation relation.

The identity operator Z commutes with all other operators in the same space. Thus, a scalar
multiple of an identity operator, like £?, commutes with all other operators in the same space.
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1-18. Which of the following operators are Hermitian?

3 4 i _s; 2 3 —4 2t 5 144
C—><_4Z. 3>, D—><5Z. 4>, H— | -3 0 5 , K — 0 3 -8
4 5 6 1 -8 -5

Every observable quantity is represented by a Hermitian operator. The property of Hermiticity

is defined A = AT where the superscript dagger indicates an adjoint which means a transpose
conjugate. Transpose means make all the rows columns, or make all the columns rows. Then
complex conjugate each element to obtain the adjoint operator. For instance

3 4i (3 —4i re_ ot (3 4\ _
C_><—4i 3) ~ C‘<4¢ 3) - ¢ _C_<—4i 3)‘6

and since CT=C = C= CT, C is Hermitian. Another example is

1 2+ T 12— - 1 244
Q_><2—i 3@') - 9 _><2+i 3@') - 9 _><2—i —3¢>#Q

because though the other three elements are identical, the element in the second row and second
column is not the same, therefore © is not Hermitian.

4 —5i v (4 5i re oot (4 =5\ _
D_><5i 4) ~ D_<—5i 4) - P _D_<5i 4>_D

so D is Hermitian.

2 3 —di 2 _3i 4i 2 3 —di
Ho| =3 0 5| = H'=|3 0 5] =Hr=n=[=3 0 5]|=n
4 5 6 4 5 6 4 5 6

thus H is Hermitian.

2 5 141 2 0 1 -2 0 1
K— |0 3 -8 = KT = 5 3 -8 | = KI*= 5 -3 —8| #K
1 -8 —5i 1+i —8 —5i 1—i —8 5

because seven of the nine elements differ, so K is not Hermitian.

Postscript: Observable quantities must be real numbers. The methods of calculating results that
are real numbers from a space with intrinsically complex numbers, components, and elements are
built into the postulates. A measurement of an observable quantity represented by an operator
must be one of the eigenvalues of that operator. One of the advantageous properties of Hermitian
operators is that their eigenvalues are real numbers !

A number times its complex conjugate is a real number. An inner product of a bra times its
corresponding ket is a real number. Forming a bra from its corresponding ket is a multicomponent
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generalization of conjugating a complex number, and is in fact, transpose conjugation. Calling a
bra the adjoint of its corresponding ket is entirely correct. The process of transpose conjugating
an operator, forming an adjoint operator, is simply a further generalization.

Examine the main diagonal of all five examples. The process of transposing elements, making
all rows columns or all columns rows, does not affect elements on the main diagonal. An operator
with an imaginary or complex number on the main diagonal cannot be Hermitian because that
element will remain in the same position during the process of transposition and then be changed by
the process of conjugation. Hermitian operators must have real numbers on the principal diagonal.

Some of the most favorable Hermitian operators are diagonal operators, like

O O =

2 00
0 3 0 |, with real numbers on the main diagonal and zeros elsewhere.
0 0 4

Remember that real numbers are a subset of complex numbers that do not have an imaginary
part, or have an imaginary part that is zero. One way to demonstrate that a number is real is to
show that it is the same as its complex conjugate. That a = «a* means « is a real number.

Hermitian operators are also known as self adjoint operators.

1-19. Calculate the determinants of

. . o 3 —4i

o (Po2Ey e (3 MY ad m— -3 0 5
2—1 31 —47 3 .

47 5 6

A measurement can only yield an eigenvalue and the measurement of any eigenvalue collapses the
system to the eigenvector corresponding to that eigenvalue. Evaluating determinants is a skill that
is central to the manual method of solving the eigenvalue/eigenvector problem.

An integral with limits is a scalar, (though it may take considerable effort to evaluate). Sim-
ilarly, a determinant is a scalar. det A is a scalar associated with a square matrix operator.

A determinant is a function of a square matrix that is the alternating sum of the products of
the elements of any row or column and the respective cofactors.

. a a a a
Symbolically, A — 12 = detA = |"" 2| = 11499 — asjae, and
az1 a22 az1 a22
ailp aiz2 a3 ailp aiz2 a3
A — ag1 QG929 Q93 = det A = ag1 Q929 Q93
asy as2 ass asy as2 ass
az2 G23 ai2 a3 ai2 a3
= a1 — a21 + as1
a3z a33 a3z Aas3 G2 A23
= a11(a22a33 - a32a23) — @21 (a12a33 - a32a13) + a3 (a12a23 - a22a13)
23
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= (11022033 — (11032023 + (21032013 — (21012033 + 431012023 — (31022013.

This can be extended to arbitrary or infinite dimension. For evaluation of determinants beyond
dimension 3, refer to Arfken!, Boas?, or a favorite linear algebra text.

det Q = ‘2; 2;7' = (1)3i) — (2-0)(2+44) = 3i—-4—1 = —5+3i.
detC = ‘_iz ‘? — (3)(3) — (—4i)(4) = 916 = —T.
2 30 —4i
detH = |-3i 0 5
4 5 6
= (2)(0)(6) — (2)(5)(5) + (=3i)(5)(—4i) — (=31)(3¢)(6) + (44)(31)(5) — (44)(0)(—41)
— 0506054600 = —224.

Postscript: Notice that the determinant of the non-Hermitian operator is a complex number,
but that the determinants of the two Hermitian operators are real numbers. The determinant of
a Hermitian operator must be a real number.

If det A = 0, A issingular. The inverse of a singular operator does not exist.

1-20. Given the matrix operator <_; i) ,

(a) show that [2> = <i> is an eigenvector with eigenvalue 2,

(b) and that [3> = <;> is an eigenvector with eigenvalue 3.

(c) Interpret these facts geometrically.

This problem is a numerical introduction to the eigenvalue/eigenvector equation. Both eigenvalues
and eigenvectors are central to interpreting the postulates.

The product of an operator and a vector is another vector, A|v> = |w> . For some
matrices and all Hermitian operators, there are products of the operator and special vectors such
that the new vector is a product of a scalar and the original vector, i.e.,

A’Ui> = Oéi’Ui> .

L Arfken Mathematical Methods for Physicists, Academic Press, 1970, chap 4.
2 Boas Mathematical Methods in the Physical Sciences, John Wiley & Sons, 1983, pp. 87-94.
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This eigenvalue/eigenvector equation actually describes a family of equations, thus subscripts
are sometimes used, though A|v> = «|v> has the same meaning as the above equation.
There are as many matching scalars and vectors as the dimension of the space for operators having
an eigenvalue/eigenvector relation. The scalars are known as eigenvalues and the vectors are
known as eigenvectors. It is popular to place the eigenvalue between the | and > that indicate
the ket to identify the corresponding eigenvector. Thus, demonstrate that

(= 1)) =20)

for part (a), for instance. This is simply a numerical statement of the eigenvalue/eigenvector
equation. Consider “length” and “direction” of the vectors for part (c).

(a) (_12 i) (i) = (_;ii) = (g) = 2(1) so for the operator A = (_12 i)

2 is an eigenvalue, and |2> = <i> is the corresponding eigenvector.
1 1 1y 142\  [(3\ _ 1 _ 1 1
(b) <_2 4> <2> = (—2+8> = <6> =3 <2> ,  so for the operator A = <_2 4> ,
3 is an eigenvalue, and |3> = <;> is the corresponding eigenvector.

In a 2 dimensional space, we expect exactly two eigenvalues and two eigenvectors.

(c) In part (a), the effect of the operator on its eigenvector is a vector twice as long and in exactly
the same direction as the original vector. In part (b), the effect of the operator on its eigenvector is
a vector three times as long as the original vector and in exactly the same direction. An operator
acting on an eigenvector results in changing the “length” of the vector without rotating it. The
length of the eigenvector is changed by a factor equal to its eigenvalue.

Postscript: The eigenvalue/eigenvector equation is some form of A|v> = a|v>. An
operator acting on an eigenvector returns the same vector scaled.

The eigenvectors in this problem were deliberately not normalized to allow integer arithmetic.

1 1 1 1
12> = — and |3> = — when normalized.
v2 \1 V5 \ 2

Physicists use various methods to denote eigenvectors other than by placing the eigenvalue
between the | and > that indicate the eigenvector or eigenket. For instance, |v; > or |1>
might identify the first eigenvector and | ve > or |2> might denote the second eigenvector. Indices
known as quantum numbers are often placed between the | and > that indicate the eigenket.

Again, the eigenvalue/eigenvector equation always denotes a family of equations. Subscripts
are not always used. A|v> = «|v> has the same meaning as A|v;> = «;|v;> . There
are as many eigenvalues and eigenvectors as the dimension of the operator under consideration.

The prefix “eigen” on the words “value” and “vector” is from German and translates roughly
to the word “characteristic” in English. Thus, an eigenvalue is a characteristic value of the operator,
and an eigenvector is a characteristic vector of the operator.
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1-21. Find the eigenvalues and normalized eigenvectors of

| 10 -2
]—“—><_12 1) CH(—?:M' ‘?), and  H— [0 1 0
2% 0 4

Here is a roadmap to solve an eigenvalue/eigenvector problem manually.
1) Set det (A A ) = 0. This is known as the characteristic equation.

2) Solve the characteristic equation. The solutions are the eigenvalues.

(
(
(
(4

)
3) Use the eigenvalue/eigenvector equation to solve for the eigenvectors.
)

Normalize the eigenvectors.

There are some conventions associated with the eigenvalue/eigenvector problem. We will work
from the eigenvalue of least magnitude to the eigenvalue of greatest magnitude. If the simultaneous
equations that result from the eigenvalue/eigenvector equation are indeterminate, choose values
that allow integer arithmetic, usually meaning choose the first non-zero element of the eigenket to
be positive and real, most often 1. This is a convention that is popular but not universal®. The
operator ‘H in this problem can be addressed with integers if the last non-zero element of the
eigenvector is chosen to be 1.

det (F—aT) = det K_; i) - (g‘ 2)] — det ( e 4ia> — (1—a)(d—a)—(1)(=2)

= 4—-5a+4+0a®>+2 = o® —5a+6. The characteristic equation is o —5a+6 = 0

= (a—2)(a—3) =0 = «a=2, a=3, arethe eigenvalues. A|v> = a|v> for

_ . 11 a\ a a + b = 2a b = a
@ =2 (—2 4><b> _2<b> T 20 4+ 4 = 2 T -2 = -2
solet a =1 = b=1 = [2> = N(i), and normalizing

(1, 1)]\7*]\7(1) = |[N|*(141) = |[N|*(2) =1 = N = %

1 1
= 2> = — is the normalized eigenvector. A|v> = al|v> for « = 3 is
2> = (4 : | |
11 al _ 4fa N a + b = 3a N b = 2a
-2 4 b) b —2a + 4b = 3b —2a = -b

3 Shankar, Principles of Quantum Mechanics (Plenum Press, New York, 1994), 2nd ed., p. 34.
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then a =1 = b =2 = 13> = N(;), and normalizing

(1, z)N*NG) — IN|?(1+4) = [N|?G) =1 = N

1
= 13> = —

L
NG

<;> is the normalized eigenvector.

5
det (C—aZ) = det [(_iz ‘g) - (g‘ 2)] — det (3_‘41,0‘ 3fia> — (3—)(3—a)— (4i)(—4i)

= 9—-6a+a®—-16 = a?> —6a—7. The characteristic equation is o? —6a -7 = 0

= (a+1)(a=7)=0 = a=-1, a=T7, arethe eigenvalues. C|v> = a|v> for a=-1,
3 4 a) _ _4(@ N 3a  + 4ib —a N b = —a
—4i 3 b) b —4ia + 3b —b —ia = —b
thus a =1 = b =1 = |—1> = N(;), and normalizing
(1, —i)N*N<1.> = |N|?(1+1) = |[N|?(2) =1 = N = L
(] V2
1 1 . . . .
= |—1> = — | is the normalized eigenvector. Clv> = a|v> for « 7 is
vz i
3 4 a) _ -(a N 3a + 4ib = Ta N b = a
—4i 3 b) b —4ia + 3b = Tb —ia = b
so a 1 = b = —i = | 7> = N<—1i>’ and normalizing
(1, i)N*N( 1.) = |[N|?(1+1) = |[N|*(2) =1 = N = L
i V2
1 1 . . .
= | 7> — < ) is the second normalized eigenvector. Then for H,
vz \~i
11—« 0 —24
det 0 l—a 0 = (1-a)?*(4—a)—(2))(1—a)(~2i) = (1-2a+a?)(4—a)—4(1—a)
21 0 4—a

= 4-—9a+6a®—a’—4+4a=—a®+60%—ba

= a®>—6a®2+5a = 0 is the characteristic
equation and can be factored a(a—1)(a—5) = 0 = «a = 0, 1, and 5 are the eigenvalues.
1 0 -2 a a a + —2ic = 0 a = 2ic
Hlv>=0]|v> = 0O 1 0 bl=01]5b = b = 0 = b=0
2t 0 4 c c 2ta + 4c 0 ia = —2c¢
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so b=0 and pick ¢ =1 so that integers may beused = a=2i = |0> = N| 0

2i ) L (%
(=2i,0, 1)N*N | 0 | = |N|*(4+0+1)=|N|*(55)=1 = N =

— = |0>=—| 0
1 4 V5 o\ 1

1 0 —2¢ a a a + —2ic = a c=
Hlv>=1|v> = 0O 1 0 bl =11%b = b = b = b=b
20 0 4 c c 2ta + 4c = ¢ 2ia = —3c
0
so ¢c=0 = a=0 andlet b =1 = |1> = N|1
0
0 0
(0, 1, O)N*N | 1] = [N[?(0+140) = [N|*(1) =1 = N=1 = |[1>= |1
0 0
1 0 —22 a a a + —2ic = ba —ic = 2a
Hlv> = 5|v> = 0O 1 0 bl =515 = b = 5 = b=0
20 0 4 2ta + 4c = bc 2ia = c
1
so b =0 thenlet a = 1 = c =2 = |5> = N | 0
21
1 1

1 1
1,0, -2))N*N|[ 0 | = |N|?(1+04+4)= [N|*(5) =1 = N=—= = 1o
( ) 2i V5 V5 \ o

|5>=

Postscript: The characteristic equation arises from the eigenvalue/eigenvector equation,
Ala> = ala> = Ala>—ala> = 0 = (A-aZ)|a> =0
and |a> # 0 for a real system, so the only non-trivial solution is when det (A —aZ ) = 0.

The primary difficulty using this “manual” method is that the characteristic equation can be
difficult to solve. The matrix operators in this text either represent physical systems or are designed
to communicate concepts for which convenient eigenvalues are generally designed into the problems
and exercises presented. Numerous computer applications are available to find eigenvalues and
eigenvectors. A computer application may be a practical necessity to obtain eigenvalues and
eigenvectors for an arbitrary matrix operator.

The method of obtaining eigenvalues and eigenvectors known as diagonalization will be devel-
oped using the manual method introduced in this problem. The method of diagonalization extends
to C* in which the manual method does not apply. The intent is to first expose diagonalization
in C2 and C?. The genuine power of the method of obtaining eigenvalues and eigenvectors using
diagonalization is its existence.
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1-22. What are the eigenvalues and eigenvectors for L, — 1 0 —i |7

Obtaining eigenvalues and eigenvectors in a realistic application such as a component orbital angu-
lar momentum operator (less scalar factors) seems appropriate before addressing diagonalization.

—a  —t 0
det (L, —aZ) = det (Z] —a —i | = (=)= (=a)(i)(—=i)—(=i) (i) (~a) = —a®*+a+a =0

= -20=0 = a®-2) =ala-V2)(a+V2) =0 = ao=-V2,0 V2

are the eigenvalues. Starting with the smallest eigenvalue to obtain eigenvectors,

0 —2 0 a a —bi = —v2a
i0 =il {b] = (-v2)[o = ai - ci = —V2b
0 /) 0 c c bi = —v2¢
Adding the top and bottom equations, —v2a—+v2¢ = 0 = a = —c. Using this in
9ai
the middle equation, we get ai+ai = —V/2b = —% =b = b= —V2ai.If we choose
a =1, then b = —/2i, and ¢ = —1, so the eigenket is

1 1
—V2> = A V2 = <V2|-V2> = (1, V2i, -1)A"A | —V2i
-1 -1

1
= ‘A‘2(1+2+1) = 4‘A‘2 =1 = |-V2>= % —V/2i for the eigenvalue —v/2 .
-1

To find the eigenvector corresponding to the next smallest eigenvalue 0,

0 — O a a —bi = 0
) 0 —2 b =0|25b = at — ¢ = 0
0 1 0 c c b = 0
The top and bottom equations say b = 0, and the middle equation says a = ¢, so by
convention, ¢« = 1 = ¢ = 1, and the eigenket is
1 1 ) )
0> = A0 = <0]0> = (1,0, 1)A"A|0 | = [A]"(1+0+1)=2|A| =1
1 1
1

= |0 > = 0 | for the eigenvalue 0.

1
V2
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For the eigenvector corresponding to the largest eigenvalue,

0 —2 0 a a —bi = V2a

i 0 —i bl = V2o = ai — ci = 2b

0 1 0 c c bi = V2¢
Adding the top and bottom equations, we get +/2a+4++v2c = 0 = a = —c. Using this
in the middle equation, we get

S 2ai .
aitai = V2b = —=b = b=+V2au.
V2

If we choose a = 1, then b = v/2i, and ¢ = —1, the eigenket is

1 1
V2> = A V2i = <V2|V2> = (1, V2i, -1)A"A| V2i

-1 -1
1
= ‘A‘2(1+2+1) = 4‘A‘2:1 = |V2> = % V/2i for the eigenvalue /2 .
-1

1-23. Find the normal modes of
oscillation for a frictionless system
of two identical masses connected
to each other and outside walls by
ideal springs with the same spring
constant.

Figure 1-1. Two identical masses, three identical springs.

A brief excursion to classical mechanics is appropriate to explain the general meaning of an eigen-
value, and also to generally expose how the eigenvalue/eigenvector problem arises naturally from
physical systems, including quantum mechanical systems.

Normal modes of oscillation are also known as natural frequencies, characteristic modes, and
characteristic frequencies. Imagine displacing one or both masses. The masses may oscillate
unpredictably at first, but given some time for the energy to be distributed throughout the system,
this system will oscillate in one of two modes at one of two frequencies. These are the normal modes
of oscillation, or just normal modes. Calculating eigenvalues in a quantum mechanical system is
comparable to finding the normal modes in a classical mechanical system.

The ideal springs provide restoring forces F = —kx. Let the displacement of the mass on
the left be x; and the mass on the right be x5 . The restoring force on the masses are

Fy, = —kxi+k(xo —x7) = ma; = —2kx1 + kxo = may + 2kxy — kzos = 0
Fy, = —kIQ —k (l‘g — l‘l) = mag = kIl — 2]€I2 = mag — kIl + 2]€I2 =0
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where the two equations on the right can be expressed as the matrix equation

() - (% ) (5) -

1
which when multiplied by ( m 2 ) is

0
1 0 aj % _% T o
o () () (3) -
and since a; = —w?x;, thisis
0 Y (m), (% <A (n o ok (n
(0 —w2><x2 + —% % T =0 = _% %_wz 0 =0

which will have a non-trivial solution when the determinant of the matrix is zero, so

Qk 2 _k 2k 2 kQ

= m m2
4k 4k k2 4k k2
- __ 2 4 —_ = 0 = CU4 _ (,(}2 3 == 0
m2 m m2 m m2
(wz—%><w2—£>:0 = w = 3k, w= E
m m m m

are the normal modes of oscillation.

At A

Figure 1-2. Normal mode for w =

m

Figure 1-3. Normal mode for w = 3k

m

Postscript: Notice that det (A —wl ) = (0 simply emerges. Its solutions are called normal
modes, characteristics of the system, that are readily interpreted as eigenvalues. An analogy is

that a quantum mechanical system exists only in a linear combination of states comparable to
normal modes/eigenvalues, thus, only one of the “normal modes/eigenvalues” can be measured.

This system with only two normal modes lends itself directly to exposing how an eigen-
value/eigenvector problem naturally describes a physical system. The problem is more complicated
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for an individual guitar string. Plucking a guitar string can initially set it vibrating unpredictably,
however, it will quickly settle into a linear combination of the fundamental mode, the first over-
tone, the second overtone, and other overtones. Each possible mode of vibration is a normal
mode/eigenvalue of that guitar string. There are an infinite number of modes of vibration for an
“ideal” guitar string. The eigenvalues of this two mass system exist in R?. The eigenvalues of
an ideal guitar string exist in R*. The eigenvalues of a quantum mechanical system also exist
in R* | though a subspace may be used for some systems. The components and elements of the
vectors and operators from which the quantum mechanical eigenvalues are extracted exist in C*,
though the eigenvalues exist in R*°. The normal modes of a guitar string are likely a better over-
all analogy to the eigenvalues of a realistic quantum mechanical system than the two mass/three
spring system because of the infinity of eigenvalues intrinsic.

Calculating eigenvalues in a quantum mechanical system is comparable to finding the normal
modes in a classical mechanical system.

@
1-24. What are the eigenvalues and eigenvectors for D — 0
0

o o
=2 O O
~

The given D is a diagonal operator. This means that all non-zero elements are on the main
diagonal, and all elements not on the main diagonal are zero. Notice that the non-zero elements
are arbitrary. This problem provides a convenient and useful result.

det 0 g—X 0 = (a—=A)(B—=A)(y—A) where the only non-zero contribution

to the determinant is from the main diagonal, so the characteristic equation can be written
(a=N(B-=-AN(ry=N) =0 = A= oa, X =04, and A = 7.

This is a significant finding. The eigenvalues in a diagonal matrix are the elements on the main
diagonal. The eigenvalues in a diagonal matrix are found by inspection. Eigenvectors are found

a 0 0 a a aa = aa
0 8 O bl=albd = 6b = ab
0 0 ~ ye = ac
where the top equation says a = a, solet a = 1. The second and third equations say that
b = ¢ = 0 in general. The middle equation can be written (6 —a)b = 0, and in general
8 # «, thus b = 0. The same argument applies to the bottom equation which can be written
1
(y—a)c = 0, and in general v # «, thus ¢ = 0 and the eigenvectoris |a> = | 0 |,
0
which is already normalized. For the eigenvalue (3,
a 0 0 a a aa = [a
0 8 O bl =p8(0b = b = (b
0 0 ~ c c ye = fc
32
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where the middle equation says b = b, solet b = 1. Since a« # § and v # 3 in

0
general, a = ¢ = 0 and |f> = | 1], which again is already normalized. For =,
0
a 0 0 a a aa = ~a
0 8 O bl =~10 = 08b = ~b
0 0 ~ c c ye = ~c

= ¢c =c¢, solet ¢ =1 and a = b = 0 because a # v and [ # 7 in general,

0
so |y> = | 0], which is also conveniently already normalized.
1
1 0 0
Postscript: The vectors | 0 | , 1], and | O are the unit vectors in C3. The vectors
0 0 1
1 0 0 0
<(1]> , <(1]> are the unit vectors in C?. The vectors 8 , (1] , (1] , and 8
0 0 0 1
1 0 0
1 0
are the unit vectors in C*, and K E and 1 are the unit vectors in C>.

The eigenvalues of a diagonal operator are the elements on the principal diagonal, and the
eigenvectors are the unit vectors with the 1 in the position corresponding to the position of the

2 00
eigenvalue in the operator. So, what are the eigenvalues and eigenvectorsof [ 0 3 0 |7
0 0 4
1 0 0 V3 0 0
|12> = [0}, [3>= 1], and |4> = | 0| by inspection. For 0O 0 0],
0 0 1 0 0 59
1 0 0 Ry
V3> =10], [0>= 1], and [59> = | 0| by inspection. For 2 nl
0 0 1 0 5

h 1 h . . . o
‘— 5 > = < ) , ‘ 5 > = <(1]> , by inspection. Read the eigenvalue off of the main diagonal
and its eigenvector is the corresponding unit vector. The last is a spin 3 operator, by the way.
This problem is in C?, but could have been done in C*, with a few more steps, or even C*
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with a bit more writing. The Hamiltonian for a quantum mechanical simple harmonic oscillator is

he 0 0 0
0 3hw 0 0
0 0 0 ITh
1 0 0 0
1 0 3 ! ) 0 7 0
= |—hw> = |0, |Shw> = |0, |Zhw> = [ 1|, |zhw> = [0],
2 0 2 0 0 2 1

are the eigenvalues and corresponding eigenvectors.

Working with diagonal operators is particularly convenient. The intent is to develop a method
of diagonalizing as many operators as possible. The method of diagonalizing operators is broad and
quite useful, but it cannot be applied universally. Not all matrices can be diagonalized, however,
all Hermitian operators can be diagonalized !

3 4 1 0 —-2¢
1-25. Diagonalize C — < . Z) and H— {0 1 0
—47 3 .
2t 0 4

Some matrices, and all Hermitian operators, can be diagonalized by a unitary transformation.
A unitary operator is an operator whose product with its adjoint is the identity,

uut = utu = 1.

Multiplication of a vector by a unitary operator preserves the norm of a vector. A unitary operation
is analogous to an identity operation with a rotation.

All Hermitian matrices can be diagonalized* using a unitary transformation
UTAU = A

where the operator A’ is diagonal. The appropriate unitary operator to diagonalize A is con-
structed from its eigenvectors. Our convention is to form U keeping the eigenvectors in columns,
place them in a matrix from left to right in the order of the eigenvector corresponding to the
lowest eigenvalue to the eigenvector corresponding to the highest eigenvalue. In problem 1-21, the
eigenvectors of C were found

1 1 1 1

1 1 L L L -
y—1>:—<1.>, y7>:—<_1.> = u:(@ ﬁ) = uT:<VF ﬁ)
V2! V2 I vE E V3

4 Byron and Fuller, Mathematics of Classical and Quantum Physics (Dover Publications, Inc.,
New York, 1969), p. 165-168.
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_l’_

(7 7)) -ui(
VI VT vzt
(Sarus warms) = (3 9)

—1/241/2
0 . .
) and |7> = < 1) by inspection.

W~

=
w

=5

3
m@\%

V2

1

from which |—1> = (0

From problem 1-21,

. 2i 1
L[ 0 1 (1 v
1 0 2 o= 0 2
2 9 L 1 0 —2 2 g L
V5 V5 V5 V5
= uT<10 1 02) = uTHuuT<01 0)(5} 1 g)
o= 0 R 2i 0 4 7= 0 E

21 23 0 L_i_i 24 0 _1 0 0 _5

uT(“goﬁ IR T I 01“03)

4 4 21 81 1 21 10¢

0 0 —14 1 000 1 0

=(o0 1 0 ={0o 10| = jo>=(0], [1>=[1], [5>= [0
00 2+2 005 0 0 1

by inspection.

Postscript: A primary advantage of the method of diagonalization is that it exists. Obtaining
eigenvalues from which to get eigenvectors by the manual method, and then using those eigenvectors
to build unitary operators to diagonalize the original operator to get eigenvalues which are already
known is circular, at best. Other than to understand a process and expose the symbology, the
intent is to exploit the fact that diagonalization applies to any Hermitian operator rather than
participate in circular mathematical mechanics. Diagonalizing an operator to obtain eigenvectors
which are unit vectors is a non-circular mathematical advantage of the process, nevertheless.

The operator and eigenvectors were transformed, but the eigenvalues were not. The eigenval-
ues of an operator are invariant under a unitary transformation. A unitary transformation built
from the eigenvectors of a Hermitian operator “rotates,” or re-orients, the eigenvectors of that
operator to align with the unit vectors in the appropriate space without affecting the eigenvalues.
Proof of the invariance of eigenvalues under a unitary transformation is problem 3-13.

All Hermitian operators can be diagonalized. Not all non-Hermitian operators can be diago-

: 70

nalized. Doubters should attempt to diagonalize F — <_ 9 i) for which |2> =

1
— <;> were found to be the normalized eigenvectors.

V5

13> =
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1-26. Show that (B¢) = cf 5t

The adjoint of a product of two operators is the product of the adjoints in reverse order.

This problem develops a useful fact and also exposes the convention of Dirac notation that
anything between the “<” and a“|” in a bra are considered conjugated in the case of scalars or
transpose conjugated in the case of vectors and operators. It also demonstrates the concepts that
if removed from a bra, the object removed must be explicitly denoted as a conjugate/adjoint, and
that the object removed is located at the far right.

<vBC| = <v| (BC)T, but removing C and B individually, <vBC| = <UZS’|CJr = <11]CTZS’Jr

where B is located to the far right, thus <wv| (ZS’C)]L = <v[CTlS’Jr = (ZS’C)]L = ciBt.

Postscript: That an operator removed from a bra must be located at the far right is the property

of commutivity. Two more proofs that (BC )Jr = cTB  are provided in chapter 3.

1-27. Use a unitary transformation to show that the eigenvalues of a Hermitian operator are real.

The previous problem developed a useful fact that is used in this problem demonstrating the utility
of the method of diagonalization. The symbolic use of an appropriate unitary transformation,
known to exist for every Hermitian operator per the previously cited work of Byron and Fuller, is
illustrated in this problem. This problem shows some of the power of method of diagonalization.

This is a two part proof. First, the elements on the main diagonal of a Hermitian operator
are demonstrated to be real. That a scalar is equal to its conjugate means that it is a real number.
The second part of the proof relies on the fact that all Hermitian operators can be diagonalized.

* * *
ailr a2 aiz - aj; Qg1 Az

* * *
ag1 Q22 Q23 AT Q12 Qg2 A32
as; asz2 @33 - -

Hermitian means — Al SO = * * *
A A A Q13 Qg3 a3z

*
1 ?

for Hermitian A, from which we can conclude a;; = a so that the elements on the main

diagonal are necessarily real.

Consider the unitary transformation U fAu diagonalizing A, where U is constructed from
the eigenvectors of A. The adjoint of a product is the product of the adjoints in reverse order,

whau) = @) @h = ufafu = utau
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thus, the diagonal operator U T AU is Hermitian. The eigenvalues of the diagonal operator U TAU
are on the principal diagonal, and the elements on the principal diagonal of any Hermitian operator

where just shown to be real, therefore the eigenvalues of U T AU are real. Because the unitary
transformation does not affect the eigenvalues, the eigenvalues of A are identical to those of

ut Au , So the eigenvalues of any Hermitian operator A must be real.

Postscript: Notice that it is not necessary to identify the eigenvectors/basis vectors of A.

Again, problem 3-13 shows that unitary transformation does not affect eigenvalues. Eigen-

values are properties of the operator, regardless of its form. A and U TAU are actually the same
operator represented in different bases. Eigenvectors differ, but eigenvalues do not.

1-28. What is a basis?

A basis is a set of vectors such that every vector in the space can be uniquely expressed as a linear
combination of the basis vectors. A basis is a generalization of a choice of coordinate system and
frame of reference to C™, where 1 < n < o0.

All vectors in R? can be expressed as a linear combination of the unit vectors Z, 7 in Carte-
sian coordinates, so these unit vectors form a basis in R2. The unit vectors in polar coordinates,
7 and @, is also a basis in R?. Any vector quantity in R? _can be uniquely expressed as the sum
of multiples of  and ¥, or different multiples of 7 and . The Cartesian unit vectors z, ¥,
and Z form a basis in R3, as do the spherical polar unit vectors 7, 6, and ¢.

The same vector will have different components in different bases. For instance, a force of

10 N at 45° to the horizontal can be described <g\/\/g> in Cartesian coordinates, but the same

vector is described when the basis is changed to polar coordinates. The components of a

10
/4
fixed vector are different in different bases.

The definition of a basis is the same for spaces over a complex field. For instance, in C?, any
two vectors from which every other vector in the space can be constructed constitute a basis in
C?. C? requires a minimum of three vectors to construct every other vector in the space. C™
requires a minimum of n vectors to form a basis.

The eigenvalues of a Hermitian operator are real numbers. All Hermitian operators can be
diagonalized. A third advantage of Hermitian operators is their eigenvectors constitute a basis in
the appropriate C™. The eigenvectors of a Hermitian operator constitute a basis for the space in
which they exist!

That any vector in C? can be constructed from <(1]> and <(1]

k> = (gfii) - (2+3¢)<(1]> + (5—4¢)<(1’>.

These unit vectors were obtained in the last problem by diagonalizing C — <_

) should be straightforward.

For instance
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1 1
eigenvectors were found to be —— 1 and —— 1. , or just 1 and 1. in unnor-
v \i v\ —i i —1i

malized form. That any vector in C? can be constructed from 1 and 1. is more difficult

to picture, nevertheless, these eigenvectors of a Hermitian operator are guaranteed to form a basis.
Just like the vector force 10 N at 45° to the horizontal has different components in different bases,

the elements of the operator C are <_01 2) using the basis vectors <(1]> and <(1]> , though

3
—43

require different elements to convey the same information.

o 43 . . 1 1 . .
it is represented 3Z> using the basis vectors <z> and <—z> ; different basis vectors

All the information that can be known about a system is encoded in its state vector, | >.

Just as a force of 10 N at 45° to the horizontal can be described <gg> in the Cartesian basis

or <7r1/04> in the polar basis, the state vector | > has different components in different bases,

which means only that the appearance of the information it contains will vary depending on the
basis used, the actual information it contains is invariant.

The preferred strategy is to diagonalize a Hermitian operator, which frequently can be done
symbolically, and use the unit vectors appropriate to the space as the basis.

Postscript: A set of vectors such that every vector in the space can be uniquely expressed as a
linear combination is said to span the space, or is complete. That a set of vectors span a space
or is complete are equivalent to stating that the set of vectors constitute a basis.

Another description of the unitary transformations U T AU where U is unitary, is a change
of basis. A unitary transformation changes the vectors used to span the space.

The vectors in a complex vector space are abstract objects. Accept them as the abstractions
that they are. At least a portion of the difficulty with the concept of a basis in a complex vector
space seems to be “picturing” the vectors as is common in R? or R?®. An Argand diagram is a
two dimensional diagram using the x axis to plot the real part of a complex number and the y axis
to plot the imaginary part. Argand diagrams for 2+ 5i and 3 + 44 are seen in figure 1-4. Notice
that it takes two dimensions to picture a complex scalar. Now try to picture |c¢> = (g i Z) .

Imaginary
4

Imaginary
A

5i 2451

4 edi

» Real
Real 3

Figure 1-4. Argand diagrams for 2 4+ 5¢ and 3 + 4i.
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Imagine rotating one or both of the Argand diagrams in space so that the two origins coincide
and all four axes are mutually exclusive, that is, at right angles or equivalent. Four mutually
perpendicular (or equivalent) axes seem possible only as an abstraction. A vector in C™ requires
n real dimensions and n imaginary dimensions for a total of 2n dimensions. Pictures in R™ for
n > 3 are problematic. Pictures in C" for n > 1 are also problematic and complicated by the
fact each component effectively requires two dimensions.

The concept of a basis spanning a space is essential, however, it is rare that basis vectors are
identified, other than the unit vectors, just as it was unnecessary to identify eigenvectors/basis
vectors of the original A in the previous problem. The unit vectors are particularly convenient
bases for their spaces. An example for C? was given above.

« 1 0 0
lv>=[B] =al0] +8[1] +~]0 in C?, and in C*,
¥ 0 0 1
a 1 0 0 0
8] 0 1 0 0
lv> = o =af, + 0 0 + 1 + 4 ol
) 0 0 0 1

which is a process that can be imagined in C™ or even C* . The unit vectors are the basis vectors
of a diagonal matrix. That any Hermitian operator can be diagonalized is assurance that the unit
vectors appropriate to the space is one possible basis.

The Hilbert space is basis independent. The Hilbert space contains all bases. The three
most frequent references to bases will be to the position basis, the momentum basis, and the
energy basis. That sets of vectors exist that span position, momentum, and energy spaces is a
key concept. The state vector describing the system and the operators describing the observables
will have different components and elements in different bases.

1-29. What are the properties of orthogonality and orthonormality?

Orthogonality is a generalization of mutual right angles to more than three dimensions and to C”".

The unit vectors Z, § in Cartesian coordinates in R? are at right angles. Calculate the dot
product (4% 4 57) - (22 — 3y) . That is the # component times the 2 component added to the
y component times the y component or 8 — 15 = —7 is the dot product of these two vectors. A
picture is the right angle projection of one vector onto the other. What is (2% + 57) - (5 — 27) ?
Well, it’s 10 — 10 = 0, and this means the right angle projection of one vector onto another
is zero, or in R?, these two vectors are perpendicular. The property of perpendicularity is more
difficult to picture in three dimensions, but the dot product (4Z+57+1%)-(22—-37+7%) =0
so these two vectors are perpendicular in R?.

An inner product is a generalization of dot product to more than three dimensions and to

1 1 1 1
C™. What is the inner product of —-1> = —| . and T> = — . ], the
b | NE (Z) | NE (—z)

eigenvectors of C from problem 1-217

<=1|7> = (1, —z)%%<_11> = %(1—1) =0
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which is the analogy of perpendicular, or at “right angles” in C?. The terminology is that these
two eigenvectors are orthogonal. It does not lend itself to a picture, as with many concepts in a

2i 0
complex vector space. What are the inner products of |[0> = — | 0 |, |[1> = |1
V51 0
1 1
and |[5> = — | 0 |, the eigenvectors of H from problem 1-217

V5 \ 2

<0|1> = (-2, 0, 1)L

04+040) = 0,
75 )

O = O

iy
2=

0 =
21

(—2i4+0+2i) =0,

o] =

<0|5> = (=2, 0 )T

T
<1]5> = (0, 1 ( (0+0+0) = 0.

Each eigenvector is orthogonal to the others. These examples in C? and C? cannot be translated
to an R? equivalent where pictures are formed. However, the extension of a dot product in R? or
R3 to C™ seems straightforward given that the inherent abstractions are accepted. Orthogonality
of vectors allows for infinite mutually exclusive direction analogs in a complex vector space.

If <i|j> =0, the vectors |i> and |j> are said to be orthogonal.

Orthonormal means orthogonal and normalized. If <i|j> = 0, the vectors |i> and
| 7 > are orthogonal, but if also < i|i> = 1 for all i, the vectors are orthonormal. Any
orthogonal set can be made orthonormal by the process of normalization. In fact, because these
two sets of vectors in C? and C? were normalized in problem 1-21, they are already orthonormal.

<-1|-1> = (1, —i)——(i) = %(1+1) =1,
<7|7> = (1, i)i ! <1> = %(1+1) = 1.

<0|0> = (—2i, 0, 1)

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



EBSCChost -

Postscript: <i|j> = §;; is a concise statement of orthonormality. The Kronecker delta is

Sii — 1 ifi=j,
YL 0 ifi# g,
Thus, the statement <i|j> = §;; says that if the inner product of like vectors is one, and the
inner product of unlike vectors is zero, the vectors are orthonormal.

Notice that C and H from problem 1-21 are Hermitian. A fourth advantage of Hermiticity
is that the eigenvectors of a Hermitian operator are orthogonal! That Hermitian operators have
eigenvectors that are intrinsically orthogonal and can be made orthonormal by the process of
normalization is a significant factor in quantum mechanical calculation.

Orthogonality presents an intrinsically abstract concept. There are a variety of coordinate
systems in R® with mutually exclusive basis vectors. Cartesian coordinates, spherical polar co-
ordinates, and circular cylindrical coordinates are three commonly encountered examples. Right
angles, however, in R* or R™ for n > 3 are difficult, or impossible, to picture. That right angle
analogies exist for C" for 1 < n < oo is acceptable only as the abstract concept that it is.

Notice that though analogies may be made to various features and properties in R? and R?,
the vocabulary appropriate to a complex vector space is more general. The concept of length
generalizes to that of a norm, the dot or scalar product generalizes to an inner product, a coor-
dinate system generalizes to a basis, and mutual perpendicularity generalizes to orthogonality.
The terminology of R? is inadequate for C", suggesting that abstraction is required.

1-30. Show that the eigenvectors of a Hermitian operator with distinct eigenvalues are orthogonal.

This problem uses the eigenvalue/eigenvector equation, the fact <v|w> = <w|v>* in general,
the fact eigenvalues of a Hermitian operator are real, and the fact that <b|a> = 0 means the
two vectors are orthogonal.

Let Ala> = ala> and A|b> = [(|b> represent two eigenvalue/eigenvector
equations for the Hermitian operator .A. Forming an inner product with opposing eigenvectors,

<b|Ala> = <blala> and <al|A|b> = <a|f|b>
and since <v|w> = <w|v>* in general,
<b|Ala> = <alA|b>" = <blajla> = <al|f|b>"
= a<bla> = [*<alb>*= p*<bla> = f<bla>
because the eigenvalues of a Hermitian operator are real, so
a<bla>— f<bla> =0 = (a—p)<bla> = <bla> =0

meaning the eigenvectors are orthogonal given that « # [, meaning distinct eigenvalues, for
all |a> and |b> that are eigenvectors of a Hermitian A.

Postscript: Notice that « # (3, distinct eigenvalues, is a necessary condition for this reduction.
Chapter 3 discusses the eigenvectors of a Hermitian operator with non-distinct eigenvalues.
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1 1 1 0
1-31. (a) Show that W = — | i —i 0 is unitary.

v2\ly o vz

1 0 —2¢
(b) Perform the unitary transformation WIHW where H = [0 1 0
22 0 4

(c) Find the eigenvalues and eigenvectors of wixw.

(d) Compare the results of part (c) with the results of previous problems for the given H.

This problem attempts to further clarify the meaning of a basis and additionally illustrate the utility
of diagonalization. The given W is unitary meaning wiw = 7 , the unitary transformation
winw provides an apparently unrelated matrix operator (though it actually contains the same
information as the given H ), and this apparently unrelated matrix will have the same eigenvalues
but different eigenvectors than the given H. After completing part (c), there are three versions
of H available. Each of the three apparently different matrices factually has the same eigenvalues
but different eigenvectors; these are the same operator expressed in different bases.

A unitary transformation rotates (re-orients) the eigenvectors while preserving all lengths
(length analogs). A unitary transformation constructed from the eigenvectors of the operator
being transformed rotates (re-orients) the eigenvectors to align with unit vectors. The given W
is constructed from the eigenvectors of an operator other than the given H, thus the unitary

transformation WIHW rotates (re-orients) H to an arbitrary orientation.

L (110 L (1 =i 0
) W= —1i —i 0 = wh=——1[(1 i o
2\o0 0o V2 vV2ilg o v2
(1 0\, (11 0 Lf1+1 1=1 0 10 0
= wiw=_—"2"oA1 i 0 |—1[i = o |=2(1=1 141 0)=[01 0
2\0 0o v2/V2\0 0 v2 0 0 2 00 1
(b) Wirw
10 -2\ | (1 1 0 . (1 —i 0 1 11 —2V2i
=wilo 1 o)—=[i- o0]=—|1i o|—=|i-i o
% 0 4 ) V2Z\o 0 v2 2\0 0 v2 /) V2 \9% 2% 42
141 1—-1 —2v2i 2 0 —2v2i

1
=-[1-1 141 —2v2i =3
220 221 8 220 2¢/2i 8 V2i V2i 4

l—-a 0 —V2i
(c) det 0 1-a —V2i|=(1-a)2l—-a)-(1-a)2—(1-a)2 =4—-9a+6a%—a>—4+4a
V2i V2i 4-a
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= a*—6a?+5a0 =0 = ala—1)(a=5) =0 = 0,1,5 arethe eigenvalues.
Notice that these are the same as the eigenvalues of H . The eigenvectors, however, will differ.

1 0 —v2i a a a—+2ic
0 1 —V2i bl =0|0b = b—+/2ic
V2i V2i 4 c c V2ia++vV2ib+4c = 0

V' 2i
= c¢c=1 = a=b=+vV2i = |0>=—=|+V2i
1

=0
=0

a—ﬁic = a
= b—+2ic = b
V2ia++V2ib+4c = ¢

O =
]
|
£
N DN
&0 .
N~
IS
Il
[a—
> Q

= c¢=0ad a =1 = b= —1 where the bottom equation reduces to a+b = 0
1 1
requiring b = —1 for a =1 = 1> = — | -1

V2 o

1 0 —v2i a a a—+/2ic = ba —V/2ic = 4a
0 1 —V2i bl =5(bv] = b—+2ic = 5b =  —/2ic = 4b
V2i V2i 4 c c V2ia+V2ib+4c = be V2ia++V2ib = ¢

1
let a =1 = c¢c=2v2: = b=1 = 5> = —
V10 \ 9/2;

(d) Three versions of H are now available,

1 0 —v2i 1 V2i 1 1 1 1
0 1 —V2i|=|0>=—|V2i]|, |[I>=—|-1], |5>=— 1 ,
VZi Vi 4 Ve V2 iy V10 \ 9 /35

1 0 -2 L [2 0 1 1
0 1 0 = 10> = — (0], [1>= (1], |6>=—[0],
2% 0 4 V5 0 V5 g

0 0 0 1 0 0

01 0 = 0> = (0], [1>= (1], |5> = {0

0 0 5 0 0 1

Each operator contains the same information. The operator originally presented is the second.
The first and third operators have been rotated (re-oriented) to two different orientations. The
diagonal form has been re-oriented so that its eigenvectors align with the unit vectors. Each has
the same eigenvalues. Each operator has eigenvectors guaranteed to span C? (notice that all three
versions are Hermitian) so each set of eigenvectors constitute a basis. The diagonal form, where
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eigenvalues and eigenvectors are available by inspection and the unit vectors are comparable to
the Z, 7, z of introductory physics for the appropriate space, offers distinct advantages.

Each set of eigenvectors for all three versions of H form a basis in C? in the same sense the
Cartesian unit vectors ¥, y, and Zz or the spherical polar unit vectors 7, #, and ¢ span the
space of R?. That every vector in C? can be uniquely expressed using the unit vectors should be
straight forward. It is more difficult to imagine constructing every possible vector of C® from

V2i 1 1

1 1
V2i|, |1>= —|[-1], [56> = — 1
1 V2 i V10 \ 9,/

0> = , or

5

2i 0 1
! 0 1> = [ 1 |5> = ! 0
V51 0 V5 o\ 2i
Further, it is completely unnecessary to resolve such constructions. These eigenvectors originate
from Hermitian operators, and the property of Hermiticity ensures that these two sets of eigen-
vectors form a basis from which any vector in C3 can be uniquely expressed using an appropriate
linear combination. Doing so with either of the above set of vectors seems quite inefficient when it
can be done with the unit vectors guaranteed to be available using a unitary transformation built
from the eigenvectors of their Hermitian operator.

0> =

Postscript: The unitary operators and transformations introduced here are used in chapter 2
and discussed in depth in chapter 3. That a unitary transformation is appropriately used to
rotate/reorient vectors as well as operators is addressed in both chapters 2 and 3.
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Exercises

1-32. Find (a) o>+ |w> and (b) |v> — |w> given that
o —21 -3+
lv> — [ =3-Ti and |lw> — 6 — 5i
—4+ 3 -2+ 5

Exercising vector addition. Add/subtract like components to obtain the sum/difference ket vectors.
See problem 1-4.

1-33. What are (a) <wv],
(b) <wl,

(c) <v| + <w|, and

(d) <wv| — <w|, using the ket vectors of the previous exercise.
(

e) Compare parts (c) and (d) with parts (a) and (b) of the previous exercise.

Exercising both forming a bra given a ket, and vector addition of bras. A bra is the complex
conjugate analogy to a ket, and a ket is the complex conjugate analogy to a bra in the complex
vector space appropriate to quantum mechanics. Part (e) intends you to see that the sums and
differences are corresponding bras and kets. See problems 1-3, 1-5, and 1-6.

1-34. (a) Find <i|i> for each |i> from the previous two exercises.

(b) Identify the smallest space of which each inner product is a member.

The expression <i|i> means to calculate the inner product of all corresponding bras and kets,
or explicitly, the four products <v|v>, <w|w>, <v+w|v+w>, and <v—w|v—w> for
the previous two exercises. Of course, all of the inner products exist in C*°, but that is certainly
not the smallest space because an inner product is a scalar. So, the likeliest candidate may be C!.
However, you should see that each possible inner product is a real number, thus <i|i> € R!.

Probabilities must be real numbers. A member of C! times its complex conjugate is a real
number. That the inner product of corresponding bras and kets is the sum of complex conjugate
products so must be a real number, or stated symbolically <i|i> € R!, is not a coincidence.
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1-35. Find each ket sum and bra sum possible given

. 1 49
le> — (23142') | > — 0 k> — (2—53i> |12> — | —6
-2+ 9

Two vectors must be in the same space to be added. Two of these kets are in C?, and two are in
C3. There are two ket sums and two bra sums possible. Notice that the sums are corresponding
bras and kets in their respective spaces.

1-36. (a) Multiply the above |¢>, |5>, |k>, and |2> and corresponding bras by v = 1+42i.
(b) Find <ecv|, <Bv|, <kvy|, and <27v]|.

(c) Identify the results from parts (a) and (b) with conjugate components.

See problem 1-7. Exercising different forms of scalar multiplication.

vle> = (Hzi)(zig) - ((1(41—52')2(2(3%31@')) - (2—2@'Z;f@'+8> - <_61463$>
<Bly = (=i, 0, =2—i)(1+2i) = (—i(1+2i), 0(1+2i), (—2—14)(1+2i))
= (-i+2, 0, —2—4i—i+2) = (2—4, 0, —5i).
There are six more scalar products possible for part (a).
Any scalar within the delimiters of a bra is conjugated, for instance, <c~y| = <ec|v*, or
<cy| = (=3i, 2+4i)(1-2i) = (-3i—6, 2+4i—4i+8) = (—6-3i, 10).

You should see <jv| and ~|j> are corresponding bras and kets for part (c).

1-37. Normalize each of the vectors given in exercise 1-35.

See problems 1-9 and 1-10. The normalized vector is the scalar product of the normalization
constant times the original vector, for example

<¢|N*Nle> =1 = |N|*(-3i, 2+4¢)<23i4i> =1 = |N[’(9+4+16) =1

2 1 1 3i )
= |NI'(29) =1 = N=— = c> = — -
|V 7(29) V29 | V29 (2—42
The length analog of a state vector is determined by the probability postulate. The probability of all
possibilities must be 1. The direction analog contains all the information that can differentiate one
state vector from another. The Schrodinger postulate, governing time evolution, simply changes

. . 37 1 37
the direction analog of the state vector. Thus, |c¢> — (2 N 4@') and |c¢> = NGr) (2 B 4@')

contain the same information quantum mechanically so renaming the vector is unnecessary.
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1-38. Form all possible dissimilar inner products from the vectors given in exercise 1-35.

There are four dissimilar inner products possible, namely <c|k>, <k|ec>, <f[2>, and
<2|B>. The inner product <c|2>, for instance, is not possible because |c> € C?
and |2> € C3. An inner product is a scalar. An inner product of unrelated bras and kets will
generally be a complex scalar. You should notice that reversing the order of the inner products
results in the complex conjugate, or symbolically, <v|w> = <w|v>*.

1-39. Show that <v|w> = <wl|v>* in C3.

This problem is a limited proof that complex conjugate of an inner product is the same as the
inner product in inverse order. If true in C?, it should be straight forward to see that the process
can be extended to larger dimension. Form two general vectors in C3, such as

a; + bli c1 + dli
’U> = as + bot and ]w> = co + dsi
as + bsi c3 + dsi

Form the inner products <v|w> and <w]|v>*. Compare them. They will be identical.

. 1 21 14 3¢ —1
1-40. For v =142, A — (—Zi 4>, B — ( ; 1—32’)’ find
(a) vA, (b) vB, (¢) yA+~EB, (d) A+ B, and (e) ’y(A—i—B).

Operator arithmetic parallels vector arithmetic. Scalar multiplication of operators is a general-
ization of scalar multiplication of vectors; multiply each element of the operator by the scalar.
Operator addition/subtraction is a generalization of vector addition/subtraction, add/subtract
similarly located elements. Compare the results of parts (c) and (e) which provide a numerical
example that scalars distribute over operators. See problem 1-12.

1422 2t —31 6 1—32
1-41. For M>—>< 5 ), C—><3Z, 5), D_><1+3i 3 ),

(a) find each operator/vector or vector/operator product possible,

(b) and find each operator/operator product possible.

(c¢) Do these operators commute?

There are four operator/vector or vector/operator products possible, and two operator/operator
products possible. In general, vectors do not commute with vectors and operators do not commute
with operators. Operator/vector and vector/operator products exist in dual spaces so cannot
commute. See problems 1-13, 1-14, and 1-17.

47

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



EBSCChost -

241 3 1 -2 5 2t 1
1-42. For lv> — 3i , E—- | -1 0 0 , F — | -2 1 0],
5 20 0 4 1 0 1

(a) find each operator/vector or vector/operator product possible,
(b) and find each operator/operator product possible.

(c¢) Do these operators commute?

Similar to the previous exercise except in C3.

1-43. Which of the six operators A, B, C, D, £, and F given in the last three exercises could
potentially represent an observable quantity?

An observable quantity is represented by a Hermitian operator. Which of the six operators is
Hermitian? Said another way, which of the six operators is equal to its transpose conjugate? If an
operator is not Hermitian, it cannot represent an observable quantity. Three are Hermitian, and
three are not Hermitian. See problem 1-18.

1-44. Find the eigenvalues and normalized eigenvectors of

1 9 5 27 1
A — ) and F — | —2¢ 0
-2t 4 1

See problems 1-21 and 1-22. The only possible result of a measurement is an eigenvalue. Given
that an eigenvalue is measured, the state vector collapses to the corresponding eigenvector. There
are realistic physical problems solved in the subspaces of C? and C?, for instance those relating to
orbital angular momentum and spin. The broader intent is to convey the concepts and calculations
in C? and C? where they seem accessible, then to generalize to larger spaces including C>. The
eigenvalue/eigenvector equation, H|a> = a|a>, is frequently revisited.

Both A and F are Hermitian, therefore, have eigenvalues that are real numbers. The primary
difficulty with solving the eigenvalue/eigenvector problem manually is solving the characteristic
equation, though these two operators have been created explicitly to enable solutions accessible
through polynomial factoring.

1-45. Show that your eigenvectors for A and F from the previous exercise are orthonormal.

See problem 1-29. Orthonormality means <i|j> = d;;, stating the inner product of different
vectors is zero and the inner product of like vectors is one. This also is revisited frequently.

Since both A and F are Hermitian, their eigenvectors are guaranteed to be orthogonal.
Any vectors that are orthogonal can be made orthonormal through the process of normalization.
Should your eigenvectors be properly normalized from exercise 1-44, there are three inner products
to show the eigenvectors of A are orthonormal and six inner products to the same end for F .
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The property of Hermiticity guarantees the eigenvectors of an operator are orthogonal. The
property of Hermiticity also guarantees the eigenvectors span the space, or said another way, form
a basis for the space. Every vector in the complex vector space C? can be uniquely expressed using
the eigenvectors of A. Every vector in the complex vector space C® can be uniquely expressed
using the eigenvectors of F. This may be difficult to imagine because it does not lend itself to
any sort of a picture. Pictures are formed in R? and R?, but even C? requires the equivalent of
R* which is an abstraction. Abstraction is inherent to a complex vector space.

The mathematical concept of a basis in a complex linear vector space is coupled to linear
independence (appendix B) from which orthogonality follows. The probability postulate dictates
the concept of a basis is coupled to orthonormality as a practical matter for quantum mechanics.

1-46. Use your eigenvectors for A and F to diagonalize these operators.

See problems 1-25. All Hermitian matrices can be diagonalized using a unitary transformation
ulBu = B

where the operator B’ is diagonal. The appropriate unitary operator to diagonalize B is con-
structed from its eigenvectors. Form U keeping the eigenvectors in columns, place them in a
matrix from left to right in the order of the vector corresponding to the lowest eigenvalue to the
vector corresponding to the highest eigenvalue. There other mathematical options to form a proper
unitary matrix for a unitary transformation. A convention is necessary and dictates how bras and
kets transform consistently with the same change of basis (addressed in chapter 3).

The unitary transformation constructed from the eigenvectors of an operator “rotates,” or
re-orients, the eigenvectors to align with the unit vectors. There are numerous advantages to this
concept. The transformed operator is diagonal with eigenvalues on the diagonal, and the basis
vectors are unit vectors. The eigenvalues, the only possibilities of any measurement, are obtained
by inspection. The eigenvectors of any diagonal matrix are the unit vectors also by inspection. It
is straight forward to imagine unit vectors forming a basis that spans the appropriate space.

The eigenvectors of a Hermitian operator form a basis that spans the space. An argument is
provided in chapter 3. Some evidence for the moment is imagine a diagonal operator that is now
known to have unit vectors as a basis. Then imagine a unitary transformation to an arbitrary
basis, per problem 1-31, in other words, instead of using a unitary transformation to diagonalize
the operator, use a unitary transformation to un-diagonalize the operator. If the eigenvectors of
the diagonal operator which are unit vectors span the space, must the eigenvectors transformed
to a non-diagonal basis also span the space? That a unitary transformation does not affect the
information that is contained by an operator or a vector will be demonstrated in chapter 3. The
eigenvectors of a Hermitian operator form a basis that spans the space.

49

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

1-47. Show that the eigenvectors of

0> =

1 1
VB vz \ g V10 \ 9y/3i

are orthonormal.

The arbitrary unitary transformation completed in problem 1-31 is a Hermitian operator. The
unitary transformation of a Hermitian operator must also be Hermitian. A Hermitian operator
has orthogonal eigenvectors, which once normalized, form an orthonormal basis. Starting with

000 1 0 0
010 = Jo>= (0], J|1>= (1], |5>=1]0],
005 0 0 1

it should seem straight forward to imagine recovering either of the other H’ operators expressed
in problem 1-31 by using an appropriate unitary transformation.

Reasons to manually diagonalize an operator constructed from its eigenvectors are rare, though
the concept is essential. The concept is the foundation for a complete set of commuting ob-
servables necessary to address degenerate systems, which are central topics of chapter 3. The
preferred method to obtain a complete set of commuting observables is simultaneous diago-
nalization, meaning diagonalizing two or more operators with the same unitary transformation.
Diagonalization of one operator seems a logical step before diagonalizing two or more operators.

1-48. Find the eigenvalues and normalized eigenvectors of T —

O OO =
O O > O
oOrT OO
R OO O

Do this by inspection! This should be among the shortest solutions to any quantum mechanics
problem ever posed! This exercise is intended to cement the facts that the eigenvalues of a diagonal
operator are the elements on the main diagonal, and that eigenvectors of a diagonal operator are
the unit vectors where the 1 is in the position corresponding to the vertical location of that
eigenvalue. Diagonal operators have many advantageous properties.
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Chapter 2

Probability, Statistics, and Stationary States

The two central questions that can be asked of any quantum mechanical measurement are
what are the possibilities and what is the probability of each possibility? The possibilities are the
eigenvalues. This chapter features the probability calculations, the associated statistical measures
of central tendency; expectation value and uncertainty, as well as stationary states. The solu-
tions to the spatial portion of the time-independent Schrodinger equation are known as stationary
states. The state vector is a linear combination of the eigenvectors, each with its own probability
amplitude. Each eigenvector evolves individually as governed by the time-dependent Schrodinger
equation, and the state vector is a linear combination of the time evolving eigenstates.

2-1. Compare and contrast each of the postulates to analogous statements from classical mechanics
where a comparison is possible.

1. The state of a system is represented by a vector | > in Hilbert space.
2. Every observable quantity is represented by a Hermitian operator.

3. A measurement of an observable quantity represented by the operator A can yield
only the eigenvalues of A.

4. If a system is in state |1 >, a measurement of the observable quantity represented
by the operator A that yields the eigenvalue a does so with the probability

P(a) x ‘<oz]¢> ‘2,

where |a> is the eigenstate corresponding to the eigenvalue «.

5. A measurement of the observable quantity represented by the operator A with the
result « changes the state of the system to the eigenstate |a>.

6. The state vector obeys the time dependent Schrodinger equation

. d
HIp> = ihe >,

where H is the quantum mechanical Hamiltonian operator.

The state vector postulate. The state vector | > replaces the positions and momentums (or
velocities) of classical mechanics.

The observables postulate. That observable quantities are described by operators is funda-
mentally different than the classical description that every dynamical variable is described by a
function of position and momentum, for instance.

o1

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



EBSCChost -

The eigenvalue postulate. Any real value is a possible result of a classical measurement. The
only possible result of a quantum mechanical measurement is an eigenvalue of the operator repre-
senting the quantity being measured.

The probability postulate. There is no classical analogy. The interpretation of the square of an
inner product as a probability is unique to quantum mechanics.

The eigenvector postulate. There is also no classical analogy for the eigenvector postulate.
Classically, measurement of a system does not affect the system.

The Schrodinger postulate. The time rate of change of the state variables of a classical system
are governed by Hamilton’s equations
dx OH dp OH

R e

The time evolution of a quantum mechanical system is governed by Schrodinger’s equation.

Postscript: The state vector postulate includes the principle of superposition. Given |7 > and
|19 > are possible states, then the linear combination, [¢> = ¢;|¥1> + co|2>, is also
a possible state of the system. The |1; > are the eigenvectors/eigenstates of the system. The
general state vector is the superposition or linear combination of all eigenstates, i.e.,

[ee]

|¢> = Cl|¢1> + CQ|¢2> + 63|¢3> + e = Zci|¢i>
i=1

in the case of an infinity of eigenstates. Each of the coefficients ¢; are scalars that indicate the
relative “amount” of eigenstate |1;> in the superposition that and are often called probability
amplitudes because the probability of measuring the corresponding eigenvalue is often |c¢;|2. A
coefficient can be zero meaning that the corresponding eigenstate is absent from that state vector.

Observable quantities are those that can be physically measured. That all Hermitian operators
can be diagonalized was employed in the first chapter to show that the eigenvalues of Hermitian
operators are real numbers. Numbers used to describe physical quantities are necessarily real
numbers. This fact is essential to the observables postulate. Also, the eigenvectors of Hermitian
operators are orthogonal, therefore, the eigenvectors can be made orthonormal. Further, the
eigenvectors of Hermitian operators form a basis appropriate to the space. These four properties
of Hermitian operators will be further supported in chapter 3 following additional development of
unitary transformations. The observable quantities of position, momentum, energy, and angular
momentum are focal.

Though entwined within many of the postulates, quantum mechanics requires the field of
complex numbers. The observables postulate specifically denotes Hermitian operators. Hermitian
means A = Al The dagger means adjoint or transpose conjugate, thus the elements are implied
to be from the field of complex numbers.

The eigenvalue postulate is definitely non-classical. The only possible result of a measure-
ment is an eigenvalue of the operator representing the physical quantity being measured. The
familiar continuous ranges of positions, momenta, energies, and angular momenta are not possible
quantum mechanically. A system, for instance a hydrogen atom, may have an infinite number of
eigenenergies, but they are quantized energy eigenvalues instead of being a continuous range.
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A proportionality is used in probability postulate. The proportionality is replaced by an
equality by dividing by the inner product of unnormalized vectors,
| <aly>]?
<ala><yli >’

Pla) x |<alp>" = P

or equivalently, by normalizing vectors before calculating the inner product. The probability
postulate is the reason for the process of normalization, and it is also the reason that two state
vectors that are proportional represent the same physical state. A probability of 1 means certainty.
Thus, the sum of the probabilities of a measurement of all possibilities must be 1.

The probabilistic interpretation of quantum mechanics defies classical explanation and has
perplexed some of the greatest minds of the 20th century who have sought alternatives.

The eigenvector postulate describes what is often called the “collapse of the wave function.”
It is the statement that the observer interacts with the system; that the observer is part of the
system. Regardless of how carefully a measurement is made, the process of measurement changes
the system being measured. Further, the measurement changes the system in a specific way, the
measurement forces the system into one of its eigenstates. Finally, once in that eigenstate, it
remains in that eigenstate until it undergoes its next interaction which is its next “measurement.”

The Schrodinger equation is not derived from the postulates of quantum mechanics, rather,
the Schrodinger equation is one of the postulates of quantum mechanics.

The Schrodinger postulate requires the quantum mechanical Hamiltonian operator, H. The
classical Hamiltonian operator is the total energy operator, H = T + V , where T is kinetic
energy and V is potential energy. Each of the dynamical variables of classical mechanics is replaced
by an operator for the transition to the quantum mechanical formulation, + — X and p — P
in Hilbert space. The classical Hamiltonian then goes to the quantum mechanical Hamiltonian,
H — 'H for energy, and for angular momentum I — £ in Hilbert space.

The meaning of the word “postulate” is that the stated tenet is not derived. The postulates
include numerous mysteries and provide some unexpected results. The postulates also indicate
that there are things that cannot be known. Return to the postulates as the foundation that they
are as necessary. One view is that the entirety of quantum mechanics is the postulates.

2-2. The “A-ness” of a particle or system in the state

1 3 00
> = | 2 where A= 10 40 is measured.
3 0 0 o

a) Normalize |1 >.

)
)

b) What are the possible outcomes of a measurement of the “A-ness” of [¢¥>7

d) Show that the sum of the probabilities is 1.

e) A measurement of the “A-ness” of |1 > yields the value 4. A second measurement of the
‘A-ness” of |1 > is then made. What are the possibilities and probabilities of the outcomes of
this second measurement?

(
(
(c) Calculate the probability of each possibility.
(
E
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Doing the normalization of part (a) prior to any calculations avoids numerous potential difficulties.
The only possible results of a measurement are the eigenvalues of A per the eigenvalue postulate.
There are three possibilities. The eigenvalues and eigenvectors of a diagonal operator are obtained
by inspection. The eigenvectors are needed to calculate probabilities. The three probabilities must
sum to 1. The eigenvector postulate indicates how to approach part (e).

(a) The normalized state vector is found

1 1 1 1

1=(1,2,3)4%A( 2| = [4]1?°(04+449) =1 == A= — = > = —
( ) ; | A= ( ) it K

(b) The possible results of a measurement are the eigenvalues 3, 4, and 5. The elements on the
principal diagonal of a diagonal matrix operator are the eigenvalues.

1 0 0
(¢c) The eigenvectors are [3> = (0|, [4> = [1], [6> =10 by inspection.
0 0 1
2
All |a> and the |t > are normalized so P (o) = ‘ <al|®>|, which means

2

O
Il

P(ev=3) = |(1, 0, 0) (1+0+0) ‘

—_ =
e~
w
—_
e~
—_
e~

P(ev=4) = |(0, 1, 0)

—_l
e~
w
—_l
e~
=] N
e~
—_
e~

P(ev=5) = |(0, 0, 1) (0+0+3)| =

]| &
S
—_
S

(é = (0+2+0) i = i _ 4

w
—_l
>~

3
1 4 9 4
d P= —4—+4— = — =1,
(d) 21: atutu T i

(e) The eigenvector postulate says that the state vector of the system is the eigenstate of ev =4
0

following the first measurement, so the state vector is |¢' > = 1 |. The probability of
0

| S
— e~

obtaining ev =4 as a result of the second measurement is 1.

The probability of measuring either of the other two eigenvalues is zero. The probability of
measuring ev =3 or ev=2>5 is

0 2 0 2
(Lo, o)1) = (o, 1)[1]|] =[(O0+0+0)]" =|0]> = 0.
0 0
54
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Postscript: Notice that A is a Hermitian operator that satisfies the observables postulate.

Notice also that the state vector is not pertinent to the possible results of a measurement.
Possibilities are determined solely by the operator. The state vector is pertinent only to the
probabilities of the possible results of a measurement.

2-3. What are the possible results and the probability of obtaining each possible result of a
measurement of the “B-ness” of a system where

2 00 1
B=10 21 and the state is | > = [ 2
01 2 3

The question asks only for possibilities and probabilities. The possibilities are the eigenvalues, and
the probabilities follow from the inner product of the eigenvector and the state vector. Solve the
eigenvalue/eigenvector problem for B to find

1 1 (Y 1

0
12> = [ 0], 13> = — | 1], 1> = — | 1
0 V2 \1 V2 \ 1

This state vector is normalized in the previous problem. Probabilities must sum to 1.

Using the normalized state vector, the probabilities of each possibility are

2

1 (1 1 2 12 1
(ev ) ( ) 14 3 ‘ v 14 ( ) ‘ V14 14
2
1 2 2
1 1 1 5 25
P = = | — 1, 1) — | 2 = | — 2 = | = - =
2
1 2 2
1 1 1 -1 1
P =1) = |— (0, 1 1) — [ 2 = |——(0+2-3 - | — -
=1 \/5( L )\/14 3 ‘\/28 (0+2-3) ‘\/28 28’
2 25 1 28 .
and — =4+ = = = =1, as it must.
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2—4. Use operator A and operator B from the previous two problems. The state vector of the
1

system is |¢> = | 2 | also used in the previous two problems for the following questions.
3

(a) If we measure a value of 3 for A, what are the possible values of successive measurements of
B, A, B, etc., and their respective probabilities?

(b) If we measure A and get 4, what are the possible values of a subsequent measurement of B
and the probabilities of each possibility?

(c) Having measured a value of 4 for A, and then measured a value of 3 for B, what are the
possible values of another measurement of A and their respective probabilities?

(d) Having measured a value of 4 for A, and then measured a value of 1 for B, what are the
possible values of a measurement of A and their respective probabilities?

(e) If we measure 5 for A, what are the possible values of subsequent measurements of B and
their respective probabilities?

The eigenvector postulate indicates that the state vector following a measurement is the eigenstate
corresponding to the eigenvalue measured. Use the subsequent state vector determined by the
measurement in probability calculations to answer all five questions.

(a) If we measure A and get ev = 3, the state vector of the system is now in the eigenstate of

1
A corresponding to this eigenvalue, i.e., |[¢p'> = | 0 |. This is identical to the eigenstate of
0
B corresponding to ev = 2. The eigenvectors of B corresponding to ev = 3 or ev = 1 both have
zero as their first component, so <evg = 3|¢'> = <evg = 1|¢'> = 0. We will measure

ev = 2 for B with probability of | <evg = 2|+’'>|*> = 1. Subsequent measurements of A,
B, A, etc., yield evgy =3, evg =2, evyqy =3, etc. The probability of each measurement is 1.

0
(b) From the given measurement of A, the state vector of the system is |[¢’'> = | 1 |. The

0
eigenvector corresponding to the eigenvalue measured is now the state vector of the system. Both of
the eigenvectors | evg = 3> and |evp = 1> of operator B are non-zero in the same component
that |’ > is non-zero so will have non-zero probabilities. The corresponding component of
|evg = 2 > is zero from which we can conclude that P (evy = 2) = 0 without calculation.
Nevertheless, the probabilities of all possibilities are

2

0
Plevg=2) = |(1,0,0) (1 :\(0+0+0)‘2210F:0,
0
2
0 2 2
1 1 1 1
Plevg=3) = | — (0, 1,1) [ 1 — | —(04140)| = |—| = =,
(evp =3) = ) ! \/5( +1+0) ‘ - 5

o6
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2

P( 1) ! (0, 1, —1) (1] ! (0+1+0)2 ‘ L]
e = = = y Ly T - = == —— = —.
vz . vz vz
A
(¢c) If 3 was found for the measurement of B, the new state vector is |¢' > = 7 1
1

Then the probabilities for a subsequent measurement of A follow from the probability postulate,

2

0 2
1 1 2
Pleva=3) = [(1,0,0)—=[1]] = |—=(0+0+0)| =[0? =0
(eva =3) (,,)f21 = (0+0+0) 0] ,
2
0 2 2
1 1 1 1
P =4) = ((0,1,0)— | 1 = |—=(04+140)| =|—| = =,
(eva=4) = (0 1,0) 71 7z 0+ 1+0) 7| T3

[an}

P(evy =5) = (0, 0, 1)%

—_
I

(0+0+1)] =

—_
—_
S

V2

calculation that is similar to part (c), we find for a measurement of A, P (evq =3
P(evg=4) = 1/2,and P(evqa =5) = 1/2.

0

(e) The state vector of the systemis | 0 | after the given measurement. Again, both |evg = 3>
1

and |evg = 1> of the operator B have corresponding components that are non-zero but

|ev = 2> does not. The probabilities are P (ev =2) = 0, P(evg =3) = 1/2, and

P(evg =1) = 1/2 for a subsequent measurement of B.

0
1
(d) If we found 1 for the measurement of B, the state vector is [¢'> = — ( 1]. Ina
-1
) =0,

2-5. Find the possibilities and probabilities of a measurement of £, for a system in the state

1 0 —i 0
lp> = | 2 where Ly, =71 0 —i
3 0 7 0

The probability calculations for this problem require the use of complex numbers. The eigenvalues
and normalized eigenvectors from problem 1-22 of chapter 1 are

1 1 1 (1 1 1
-V2 > = - | -Vv2i |, 0> = — 0], and [|V2>=-[ V2i
2\ V2 |4 2\ 1

o7

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



The possibilities are the eigenvalues. Using the normalized state vector from previous problems,

/3 o1 (N 1 /3 2
1, vV2i, 1) = — | 2 | (14+2v2i-3
( ! )2\/14 3 2\/14( +2v2i-3)

_ 1 | —24+2v2i|* = i(—2—2\/§i)(—2+2\/§i)

g
)
I
|
S
I

414 56
1 12 3
“wUTY =% - w
P(ev=0) = (101)LL é 2—‘L(1+0+3)2—‘i2_ﬁ_§
IR 2 V14 \ 5 V28 Ve’ 28 147
2
Plev=v2) = [(1, —V2i —1)1L ; = ‘L(l—zx/ﬁz’—za) 2
B Y ’ 2 V14 \ 5 T | 2Vi14
1 12 1 . .
1 12 6 3
A v

14 .
= = 1, asis necessary.

3 _u
VR VRV

Postscript: Remember that for any scalar o, |«a|? = a* «, the product of conjugate quantities,
so |a]? is the sum of the squares of the real and imaginary parts of a complex scalar.

1 3 44 1 0 —2¢
2-6. For |v> = 2], C — <—4i 3> , and H— (|0 1 0 ,  what
3 20 0 4

measurements can be made, and what are the probabilities of each possible result?

The given |1 > and C are not in the same space, thus a measurement of “C—ness” is not possible.
|1 > and H are in the same space, so measuring “H-ness” is possible.

The normalized eigenvectors and eigenvalues of H from problem 1-21 of chapter 1 are
1 2i 0 1 1

0> = — | 0 ], 1> = (1], |5> = — | 0

o8
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1 2
1 1 1 1 9+4 13
PO)=|—=(-2i,0,1)— [ 2 =|—(—2i+3)| = —=3-21)(34+2i) = — = —.
(0) = |75 (=20, 0, 1) 3 ‘\/70( i+3)| = (206420 = == = 75
2
1 2
1 1 4 20
P(1) = |(0,1,0)—1 2 = |—(2 = — = —.
m=|o Loz (2] = |ge) < 5-%
1\ |? 2
1 1 1 1436 37
P()=|—(1,0, 2i 2 = |—(14+6i)| = —(14+6¢)(1 —6i) = = —.
5) \/5( )\/14 3 ‘\/70( ) 70( ) ) 70 70
Postscript: Notice that the sum of the probabilities is 1.
. . 1 0 -2
27 For o> = (), e (3 ) ad -0 1 0 |, what
2 —d3 2 0 4

measurements can be made, and what are the probabilities of each possible result?

The given |1 > and H are not in the same space, thus a measurement of “H-ness” is not
possible. |1 > and C are in the same space, so measuring “C—ness” is possible.

The normalized eigenvectors and eigenvalues of C from problem 1-21 of chapter 1 are

(D) ()

This is a different state vector than used in the previous five problems and is not yet normalized.
Per the probability postulate, the state vector need not be normalized. This problem is completed
without normalization of the state vector for demonstration purposes.

. _)(32)\ 31210 ey 1

ren s (—3i, 2)(32z'> - 9+4 26 26
) NN
’ 2

Postscript: Using unnormalized eigenvectors with an unnormalized state vector, division by both
<YPlyY> and <a|a> isrequired.
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2-8. Find the expectation values of A, B, £,, C, and H using the eigenvalues and probabilities
of problems 2-2 through 2-7.

An expectation value is the anticipated average of many measurements made on an ensemble of
identical systems. An expectation value is defined

<A>y =) Pl

It is the sum of the products of the eigenvalue and the probability of measuring that eigenvalue.
An expectation value is simply a weighted average.

SA>y = ) Plai)ai = %(3) + 11‘4(4) + %(5) - 1_i+1_2+§ _ % _ 43.
<B>y = Zp(ﬁi)ﬁi = 238(2) + ;—2(3) + 2%(1) = %+;_Z+2i8 — % — 2?
CLyve = 2T+ 20) + 2 (vE) = 0.

14 14 14
<C>y = 2%(—1) + ;—2(7) = —2—16+12—? = 12—7(;1 = 619—3,
<H>y = ;—3(0) + %(1) + %(5) = o+%+% — % — 25

Postscript: Probabilities are dependent upon the state vector, therefore, expectation values that
are computed using probabilities are also dependent upon the state vector. The expectation value
symbols have been subscripted with 1 to emphasize this dependence.

The field of statistics uses the terminology “expected value” while physics generally uses the
term “expectation value.” They are mathematically identical. An expected value or expectation
value is the prediction of an overall weighted average taken on a statistical sample.

2-9. Show that < |D |y > yields the five expectation values calculated previously.

The expression < |D |1 > is an alternate method of calculating an expectation value having
the advantage that eigenvalues and probabilities are not required. It can thus be applied without
having to solve the eigenvalue/eigenvector problem or calculating probabilities.

Remember that an expectation value is dependent upon the state vector. Use the state vector

1
1 1 3t
”lp> = — 2 for A,B,Ey, and 'H,and ”lp> = \/—1_3<2> for C

V14 | 5
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300 . 1
<A>, = <yYlAlY> = —(1, 2,3)10 4 0| —|2
Vi 00 5) Vi3
1 64 4
= — (1, 2, 3) = 3+16+45) = — = 4—.
14(, , (+ +45) o -
1 2 0 0
<B>, = <¢|Bly> = —(1,2,3)|0 2 1
vid 01 2) VA 3
=ﬁ(1,2,3) 4i3 = (1, 2, 3) 3 = 14(2+14+24):§:2%
246 8
1 0 1
<Ly, >y = <yl|L > = —(1, 2,3 j 0—'—2
vy = <UL lY> = (L2300 0 i e
0 i 0 3
1 —21 1 —21 1
= 7z (1, 2,3) 2531 = (L 2.3) | =20 | = (-20—4i+6i) = 0.
') 21
1 , 34 1 (3) 1 . 9 + 8i
<C> = —13(—3z, 2)(_42. 3>—_13 <2> = 1—3(—32, 2)<12+6>
1 174 1 87 9
1 10 =2\ 1
<H> = —(1,2,3)l 0 1 0 | —
i | ) 20 0 4 ) VI4\3
1—6i
1 1 41 13
= —(1, 2,3 2 = —(1-6i+4+36+6i) = — = 2.

Postscript: The expectation value of A4 conventionally appears as < 4 >, without a sub-
script 1 as illustrated in the last two examples. Further, < A > is seen more frequently than
< | Al >, also per the last two calculations. Remember, nevertheless, that an expectation value
is dependent upon a state vector.

That Z Py(a;)a; = <ip|Alv> is addressed in problem 2-25 and exercise 2-37.

3 00 1

1
2-10. Find the uncertainty of A = | 0 4 0 given |¢Y> = — [ 2
00 5 V43

Two measures of central tendency are frequently encountered in quantum mechanics. The first is
the previously discussed expectation value. The other is uncertainty or standard deviation.

61
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Uncertainty, or standard deviation, is defined in terms of the expectation value,
2 1/2
AAy, = <t (A— <A>I) |p>12,

where the uncertainty on the left is subscripted because it is dependent on the state vector | > .
A state vector is needed to calculate the expectation value, therefore, a state vector is needed to
calculate the uncertainty. The expectation value times the identity operator means

432 0
0 0
0

4
47

10 0
<A>T = 4% 0 1 4% for the operator A, for example.
0 0 0

1 300 440 0\]® , /1
= — (1, 2,3) [0 4 o[ 0 42 o0 — (2
14 00 5 0 o0 4t)| V143
o ,
1 -1z 0 0 ] 1
o0 2)] s
1 -7 0 0\ /=% 0 0) /1
14 T 7
o 0 2 0o 0 2/)1\3
1 -7 00\ /=117 ) 121/49
= 23 0 2 o 87 | = (12 3) | 32/49
o o0 2 9/7 27/49
1 1266 2-7-19 19
= — (121/49+64/49 + 81/49) = — =2 = 2L 2% — = o .
o (121/49 +64/49 + 81/49) = - 9 53 5~ 03

= A.Aw =

Postscript: The term “uncertainty” has the same meaning in quantum mechanics as the term
“standard deviation” does in statistics for discrete systems. The two terms are closely related for
continuous systems. Two uncertainties are multiplied in the Heisenberg uncertainty principle.

The conventional way to write the definition of uncertainty is A A = < (A —<A> )2 >1/2)
where the state vector and identity operator are implicit.

2
Variance is the square of standard deviation, or (A Aw)z = <] (A -—<A> I) | >.

Variance is often a convenient intermediate result in a calculation of uncertainty or standard
deviation having the advantage that it avoids the square root.
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2-11. Show that A A, = <9 | A% — < A>2T |y >Y2.

This alternative is often the most direct way to calculate an uncertainty. A useful theorem from
probability and statistics is that < A+ B > = < A >+ < B > . See Meyer! or another
reference for depth concerning this theorem.

Work with variance and take a square root as the last step to obtain uncertainty. That
<A+ B>=<A>+ < B> isused twice. That <¢|A<A>T|¢p> = <p| <A>2 T|y>
is not obvious, however,

<Y|A<A>ST|Yp> = <Yp|A<A> |Yp> = <A>S<Y|AlY> = <A><A>
= <A>? = <A><y|Y> = <Y < A>T P> = <Y <A T|Y>

where <1 |1 > is multiplication by a convenient form of one given a normalized | > .

2 2
(AAw) - <¢](A—<A>I) >
= <¢](A—<A>I)(A—<A>I)]¢>

= <Y|A? — A< A>T — <A>TA + <A>?T|¢y> (1)
= <P| A - 2A< A>T + <A>*T|¢> (2)
= <y A% |Y> — <Y |2A<AST|Y> + <y¥| <A>?T|yv> (3)
= <y|AY> — 2<| <ASETT|> + <Y < A>AT|¢Y> (4)

= <yp|AY> — <Y| <ASTT|yp>
= <Y| A2 — <A T|¢> (5)
= AA, = <A - <A T|y>Y2.

Line (1) uses the fact that Z? = Z. An operator A commutes with the scalar < A > and
the identity operator in line (2). Line (3) uses < A+B> = < A >+ <B>. Equation (4)
depends on the fact that < | A< A>TZ|Yp> = <p| < A>2T|¥>. Line (5) uses the
identity < A>+<B> =< A+B> again.

Postscript: Uncertainty is often written A A = (A2 - < A>? )1/2 ,  where the state vector
and the identity operator are both implied.

2-12. Calculate the uncertainty of A from problem 2-10 using the result of problem 2—-11.

The state vector |1 > must be the same used in problem 2-10 to obtain the same result.

L Meyer Introductory Probability and Statistical Applications (Addison-Wesley Publishing Co.,
Reading, Massachusetts, 1970), pp.123-136.
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300 gon2 (1 00
A2— < A>2T =10 4 0 —<7> 0 1 0
005 0 0 1
300 300 1 00
1024
=10 4 0 0 4 0) - =={0 10
005 00 5 0 0 1
9 0 0 1024/49 0 0
=10 16 0] — 0 1024/49 0
0 0 25 0 0 1024/49
441/49 0 0 1024/49 0 0
= 0 784/49 0 — 0 1024/49 0
0 0 1225/49 0 0 1024/49
—583/49 0 0
= 0 —240/49 0
0 0 201/49
= AA, = <p|A2— < ASTT|y >
. —583/49 0 0 LN\
= |—(1, 2, 3) 0 —240/49 0 — | 2
vid 0 0 201/49) V14 \3
. —583/49\ 1"/* . 12
= |— (1, 2, 3) | —480/49 = [——————(-— 583-—»960-+—1809)]
14 603 /49 14 - 49
B \/ 266 V/2.7.19 19 V19
V2. 2.73 49 7

2-13. Find the uncertainty for [¢> = <

37

3 4i
2)’ C__<—M 3

) using both formulations.

This example features a non-diagonal operator with imaginary components. The normalized state

1

V13

vector is

> =

31
2

87
) and the expectation value is 3 Obtain uncertainty as a last

step by taking the square root of variance.

(ac)’
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B L(_?ﬂ. 52i 52i
- 133 ’ 521 —48 521 —48
B L(_3~ 52i —144i + 1044
DA 522 —48 156 — 96
1 . 52i —40i\ . 19207 + 3120i
= (=3 2 ( 52i —48)( ) - _3(_3“ 2)<—2080—2880>
1 . 5040¢ 5200 400 20
1 / 8T 0\ 1 (3
= gtn 3l 8~ )]
(20 = 75 ) [( 4 0 %) vz \2
_ i 3 42 3 4i) (% 0\ (/% o0 3i
73 —4i —4i 3 o 3/\0 2 2
_ i 25 24@ o (E® 0 3i
- 3 — 24 0 1309 2
B L 4225 4056i) (7569 O 3i
- 133 —4056i 4225 0 7569 2
1 —3344 40561 \ (31 _ 1 (—3i, 2) —10032i + 8112i
- 133 —4056i —3344 )\ 2 ) — 133 ’ 12168 — 6688
—1920i 1 5200 400 20
= = 5760 + 10960 o= = AC=
133 ( 5480 ) 133~ 5760 +10960) = Fo = 555 = 13
1
2-14. Given that |[v> — | 2 and <w| — (3, 4, 5), find |v><w].
3
U1
V2
|v><w| is an outer product. If |v> — | . and <w| — (wi, wa, ws, -+),
(%] : V1w V1w V1W3
V2 VoW1 V2Wo V2W3
then |v><w| = Vs (wl, Wo, W3, ) = | vswy wvswy wvsws

is the outer product, sometimes called a dyad. The outer product of two vectors is an operator.

1 1-3 1-4 1-5 3 4 5
lo><w| = | 2](3, 4,5) =[23 2.4 2.5|] =6 8 10
3 3-3 3-4 35 9 12 15

Postscript: Outer products will be used to form projection operators and to express com-
pleteness relations.
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2-15. (a) Find the projection operator for the ket |2 > in the basis of unit vectors where |1 >
is the first unit vector.

(b) Apply this projection operator to an arbitrary ket.

(c) Apply this projection operator to an arbitrary bra.

The projection operator is defined P; = |i><i| for the ket |i>, where |i> and <i| are
0 U1
v
corresponding unit vectors. Here, [2> = [ o [. Use [v> = Ui as the arbitrary ket.
0 0 0 O
1 0 1 0
0 0 O (1 0
0 1 0 Uy Vg
0 0 O
0 1 0
(c) <v|2><2| = (v1, va, v3, ---) 00 0 = (0, v2, 0, -+).

Postscript: The projection operator |2 ><2| selects the second component from any ket or
bra. It “projects” the second component from the original vector. The result of operation with the
projection operator |2 ><2| is a vector of the original type with the original second component
and all other components zero. Similarly, P, will project the fourth component from any vector,
and P; will project the i*" component from any vector.

2-16. What is the meaning of the consecutive projection operators P; P; 7

Let the operator P; P; act on a ket to the right, for instance, P; P;|v> . Then P; selects the

4" component, and all other components are zero. So P; operates on a vector with one non-zero

component. If the non-zero component is in the " place in the vector, the operation with P;
will return the same ket with one non-zero component. If the non-zero component is in other than
the i*® place in the vector, the operation with P; will return the zero vector. This reduction

illustrates the use of Dirac notation and the Kronecker delta, and assumes orthonormality.

PiP; = |i><i|j><j| = [i> 05 <j| = |i><j|éd; = |i><i| = P;.
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Postscript: < i|j > = 0;; is the assumption of orthonormality. The eigenvectors of any
Hermitian operator are orthogonal, so can be made orthonormal through a normalization process.
Orthonormality is essentially a necessary condition for many quantum mechanical calculations.

Notice that <j|d;; = <i|. It says that the only condition under which this product is
non-zero is when ¢ = j. Should i # j, the result is zero. A state vector that is zero indicates the
absence of a system which is generally not of interest so cases that are zero are usually ignored.

The problem could be finished |i> §;; <j| = |j><j| = P; because i=j & j=i.

2-17. Express the completeness relation in three dimensions.

In any given space, there are as many projection operators as the dimension of the space. Add
them all to obtain an identity operator, that is

Yop= > liz<i| =T

which is the completeness relation. It is a resolution of the identity, or another form of an
identity operator. The completeness relation can be expressed in arbitrary or infinite dimensions.

3 3 1 0 0
=) li><i| = [0](1,0,0) + [1](0,1,0) + (0](0, 0, 1)
i=1 i=1 0 0 1
100 000 00 0 100
=loo0oo0o]+(fo1o)]+[0o00|=1]010]=1
00 0 00 0 00 1 00 1

Postscript: An identity operator is the analogy of the real number “1” in its space. Just as
multiplying by any form of 1 does not change the magnitude of a quantity, operating with Z does
not change an object in a vector space. The identity operator can be inserted in any expression in
any place in any form including the completeness relation without affecting the meaning of other
objects in the expression. Then as some portions operate to the left and other portions operate to
the right, forms may emerge that may be illuminating.

1 3 00
1
2-18. Expand |9 > = — | 2 in the eigenbases of (a) A = [0 4 0| and
V14
3 0 0 5
0 — 0
(by £, = ¢ 0 —i
0 ¢+ O

(c) Check your expansions by calculating the probabilities of measuring each eigenvalue using the
expansion coefficients.
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A vector may be expressed in any eigenbasis that spans the appropriate space. The eigenvectors
of Hermitian operators can therefore be used to represent any vector of the same dimension.

The first step is to obtain the eigenvectors by solving the eigenvalue/eigenvector problem, and
that has been previously completed for both of the given operators. Next, consider

n

lp> = T[> = <Z|ai><ai|) > = > o> (<aly>) =) ala>,

i=1 i=1 i=1
where the ¢; are complex numbers that are the inner product of each < ;|1 >. The process

described by this equation is known as expansion in an eigenbasis and the ¢; are called both
expansion coefficients and probability amplitudes.

Per the eigenvalue and probability postulates, eigenvalues are measured with the probabilities
2
P(Oéi): ‘<OZZ’¢>‘ = ‘Ci

given that the eigenvectors and the state vector are normalized. The eigenvectors of A are unit
vectors that are inherently of unit length. The eigenvectors of £, , however, contain normalization
constants of 1/2 and 1/4/2 that cannot be absorbed into the expansion coefficients in part (b).

2

)

(a) The expansion can be done by inspection when the eigenvectors are unit vectors, nevertheless,

3
’¢> = Z|O&i><04i|1p>
1=1
1 L1 0 L (! 0 L (!
(oo o)——{2)|+(1] 1,00— 2] +{0], 0 1)— (2
1 (1 1 (Y 1 (Y
~ — Jolaato+0) + — (1) (0+2+0) + — (0| (0+0+3
J14 0( ) /14 0( ) /14 1( )
(o) 2 (1) L (o
vyt P\ )

where the last expression is the expansion of the state vector in the eigenbasis of A.

(b) The expansion of the state vector in the eigenbasis of L, is

3
Y lai><ai|y>

!¢>='_
1 L\ |1 , 1 (1 1 [N\ 1 1 (L
{2 _:/151 }2(1,\/52,1)\/ﬁ g +{\/§ (1l }\/5(1,0,1)\/ﬁ g
1\ ] 1
+ = \_/?_z _%(1, —V21, —1)\/% g
1 1

Il
|
|
\]
.

(1+2v2i-3) + 0

1 1
75 1 \/—2_8(1+0+3)
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+ (1-2v2i-3)

1 .
2 ] 20v/14
a1 ] +4{1(

v L
B EA R | e }+{ )]

a P\

(c¢) The six probabilities are

[\

= % for A, and

-5 P = |

4
2
[ -1=V2\ (14 V2 142 3
B V14 V14 VI Vi
16 _ 8
28 147
2
(=1 V2i| 1= V2i 1+2
N V14 V14 N N

Postscript: Combining all the constants in the last line of part (b) yields a simpler expression,
but the simpler expression hides the expansion coefficients ¢; = <a;|1 >, and the capability
to calculate probabilities from the simpler expression is compromised.

Using expansion coefficients to calculate probabilities is dominantly the most efficient method
for some of the problems that will be encountered. The other reason to introduce the technique of
expansion in an eigenbasis is that it is essential to the time evolution of the stationary states
that are the solutions to the time-dependent Schrodinger equation.

2-19. (a) Write the basis-independent Hamiltonian for a free particle.

b) Write the basis-independent Hamiltonian for a simple harmonic oscillator (SHO).
c) Write the Hamiltonian for a free particle in position space.

d) Write the Hamiltonian for a simple harmonic oscillator in position space.

e) Write the Hamiltonian for an unknown potential in position space.
f) Write the Hamiltonian for a free particle in momentum space.

g) Write the Hamiltonian for a simple harmonic oscillator in momentum space.

The Hamiltonian operator is intrinsic to the Schrodinger postulate. This problem is an intermediate
step to writing the Schrodinger equation for systems under the influence of various potentials.

The classical Hamiltonian is H = T + V. The non-relativistic kinetic energy term is
T = p*/2m. The free particle is not influenced by any potential so the potential energy term for
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a free particleis V (z) = 0. The potential energy function for a simple harmonic oscillator is
V () = kz?/2. The dynamic variables of classical mechanics become quantum mechanical oper-
ators, t — X and p — P as H — H, allin Hilbert space. A quantum mechanical Hamiltonian
‘H expressed in terms of the basis-independent operators X' and P is basis-independent.

Transitioning from Hilbert space is the act of representation. In the position basis in one
spatial dimension, X — z and P — —ih e In the momentum basis, P — p, X — ih e
£ p

Substitute these differential operators in the basis-independent Hamiltonian operators of parts (a)
and (b) to obtain the basis-dependent Hamiltonian operators for parts (c) through (g).

2
(a) H = ;D— for a free particle in Hilbert space.
m
P21, -
(b)) H = — + - kX* for an SHO in Hilbert space.
2m 2
2 RZ 2
(c) H = ;)_m — 53 for a free particle in position space.
P2 1, h? d? 1, , .
d H = o + 5](3.)( — 573 + §]€I for an SHO in position space.
(e) H 7DerV(A.’) n + V(z) f k tential i iti
= — - —— — .
e o 577 07 x) for an unknown potential in position space
2 2
f) H = i — —— for a free particle in momentum space.
2m m

2 1 2 hQ d2
(g) H = ;D— + 5]41.)(2 — ;; - ?kﬁ for an SHO in momentum space.
m m D

d
Postscript: Explanations for X — x and P — —ih T in position space are provided in chapter
x

5. Accept that these and the momentum based representations are correct and use them. These
representations are much more useful than the details that are necessary to derive them.

Notice that each potential is, or is assumed to be in part (e), a function of position only; that
‘H # H(t). This leads to the time-independent Schrodinger equation.

2-20. Discuss how the time-independent Schrodinger equation, H|E; > = E;|E; >, follows
from the time-dependent Schrodinger equation stated in the Schrodinger postulate.

A time-dependent quantum mechanical Hamiltonian, H = H (¢), has matrix elements that are
functions of time. A Schrodinger equation in which the Hamiltonian is independent of time is known
as a time-independent Schrodinger equation. When H # H(t), the time-dependence
becomes simple and probabilities, expectation values, and uncertainties are time-independent.

d
Total energy is represented & — ih e The differential operator form is seen in the time-

dependent Schrodinger equation.
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The Hamiltonian is the total energy operator. Energy is an observable quantity so the Hamil-
tonian is necessarily a Hermitian operator per the observables postulate. Any state vector can
be expanded in terms of the eigenvectors of the Hermitian Hamiltonian. The eigenvectors of the
Hamiltonian are the energy eigenvectors, represented | F; >, and the eigenvalues of the Hamilto-
nian are the energy eigenvalues, denoted FE;. Thus,

Hl|yp> = ih%|¢> — HlY> = €E|Yv> — H|E>= E|E;>,

and assuming that H # H(t), the last equation is simply an eigenvalue/eigenvector equation
so that € can be nothing other than the energy eigenvalues, or H|E;> = E;| E;>.

Postscript: The time-dependent Schrodinger equation must be used when H = H(¢), and it
is often difficult or impossible to solve analytically. The usual approach to a Schrodinger equation
with a weakly time-dependent Hamiltonian is to find a time-independent solution and then model
the time dependence as a perturbation. A numerical solution is often the only recourse if the
Hamiltonian is strongly time dependent.

The representations for position and momentum presented in problem 2-19 will be supported
while developing continuous systems in chapter 5. Time is a parameter with which no quantum
mechanical operator is associated?, and other than to point to the Schrodinger postulate, the

d
representation £ — ih T is beyond our scope. Time is a scalar quantity in this text.

2-21. Show that | E; (t)> = e *Fit/" | E;> for a system having a time-independent Hamiltonian.

This problem is an introduction to time evolution. It is concurrently an introduction to station-
ary states. Stationary states are the energy eigenstates | E; > of a time-independent Hamiltonian
and the solutions to the time-independent Schrodinger equation. The stationary states evolve in
time proportionally to the exponential of the energy eigenvalue.

Use the condition of time-independence of the Hamiltonian in the time-dependent Schrodinger
equation to reason that
d
for individual eigenstates of H . This is a variables separable differential equation, so separate the

variables and integrate both sides from 0 to t. The last step is to substitute the conventional
notation | E;> for | E; (0)>.

d
The time-dependent Schrodinger equation is Zh% |y (t) > = H|¥(t) >, where the time-

dependence of the state vector is indicated explicitly. The state vector can be expanded into a linear
combination of the eigenvectors (state vector postulate) of the total energy operator H . Denote
the energy eigenstates for the total energy operator | E; (t) >. The eigenstates must be functions

2 Cohen-Tannoudji, Diu, & Laloe, Quantum Mechanics (John Wiley & Sons, New York, 1977),
4th ed., pp. 252.
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of time if the state vector is a function of time. A state vector can be an individual eigenstate,
therefore the time-dependent Schrodinger equation applies to each eigenstate individually. If the
Hamiltonian is time-independent, the eigenvalues are time-independent (eigenvalues are determined
solely by the operator), and H|E;> = E;|E;> from the last problem. Therefore,

d
where the eigenvalues are constants and not functions of time, again, because the Hamiltonian is
independent of time. This is a variables separable differential equation that can be arranged

= 2 dt = dt’

d|E; (t)> E; /td|E,-(t’)> _E (!
| E; () > ih o | Ei(t)> b ),

where the independent variable is primed to differentiate it from the upper limit of integration.
Multiplying numerator and denominator of the right side by 7, the last equation implies

t

L i
1n(|Ez(t)>)0 =l
| E; (1) > :
1 —iEt/h
- “<|Ei<o>> Bt/
B> ipn
| E;

— e—iEit/h|Ei (0)> — e—iEit/h|Ei>

after substituting | E;> for | E; (0)> as is conventional.

Postscript: The time evolution of an energy eigenstate is described by the product of e~ *Fit/h

and that energy eigenstate. The state vector is a superposition of all the eigenstates, so

> = Zci|Ei> = |y()> = Zci|Ei>€_iEit/h

(2 (2

where ‘H # H (t). The energy eigenstates | E; > are known as stationary states. The probability
of a measurement for a state vector which is a function of time is unaffected when H # H(t);
the probabilities are the same as the time-independent case. The probabilities are “stationary” as
time advances, and probability density is independent of time. Stationary states are the result of
time being separable from other observable quantities. The prerequisite for time being separable

from other observables is a time-independent Hamiltonian.

This problem explicitly uses time as an independent variable within ket vectors. Time is the
only quantity that can be used this way. Time is not an observable quantity in the same sense
as position and momentum. Time is intrinsic to all spaces. The notation | (t)> says only that
time moves forward (or backward) in every space.
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2-22. (a) Find the time-dependent state vector for

L /(1 3.0 0
|[p(t=0)> = — | 2 where H=1[10 40
Vid | 3 00 5

(b) Calculate the probability of each possible result of a measurement of energy as the state vector
evolves in time.

First, notice that H # H(t). Part (a) requires you to apply the expansion of problem 2-18.
Remember that |1 (t)> is a superposition of all time-evolving eigenstates, in this case

3

’w(t)> = Zci’Ei> e_iEit/h.

=1

Having expanded this state vector in the eigenbasis of this operator previously, there is little to do
for part (a) except to write the answer. Part (b) is a numerical example illustrating the fact that
the time evolution of stationary states does not affect calculations of probabilities.

(a) The energy eigenvalues corresponding to the energy eigenvectors are F; = 3, 4, and 5, so

1 0 0 e ist/h
| (t)> = L (o) emmn + _2 [ ) eiaem + 3 (o) emtm = L[ ge-ian
V 14 0 V 14 0 V 14 1 vV 14 36—7,'515/71

which is the time-dependent state vector exhibiting time evolution.
(b) The probabilities are

_ 2
e i3t/h

1 ) 1 ) 2
P(E=3) = |(1,0, 0)—— [ 2¢4/" = — e—zzt/h‘
( ) ( ) V14 \ g -ist/n 14
_ ( —th/h) ( +13t/h) _ 1 O — 1
14 14°
—i3t/h 2
P(E=4) = (0 1 O)L 266—i4t/h _ i ‘ 9 o i4t/h ‘2
BERVAV IR W 14
_ 1 (2 6—i4t/h) (2 6+i4t/h) _ ieo _ 4
14 14 14"
—i3t/h 2
P(E=5) = (0 0 1)# 266—i4t/h _ i ‘ 3 o~ i5t/h ‘2
C VA g istn 14

- = (3 —zSt/h) (36+i5t/h> _ 1_%160 _ %

The probabilities are independent of time and are the same probabilities obtained in problem 2-2
when time evolution was not considered.
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2-23. Consider a system described by the Hamiltonian

3 00 1 1
H =0 5 0], whichat ¢ =0 isin thestate [¢(0)> = — | 3
00 7 VI 2

(a) If the energy is measured, what results can be obtained, and with what probabilities will these
results be obtained?

(b) Calculate the expectation value < H > = <9 (0)|H|¢(0) >. Then show that your
expectation value agrees with your calculations from part (a) using <H > = Z P(E;)E;.

(c) Expand the initial state vector |1 (0)> in the energy eigenbasis to calculate the time dependent
state vector |1 (t)>.

(d) If the energy is measured at time ¢, what results can be obtained, and with what probabilities
will these results be obtained? Compare your answers with the ¢t = 0 case of part (a). Explain
why these probabilities are independent of time even though the state vector is time dependent.

(e) Suppose that you measure the energy of the system at ¢ = 0 and you find £ = 7. What is
the state vector of the system immediately after your measurement? Now let the system evolve
without any additional measurements until ¢ = 10. What is the state vector [ (10)> at ¢t =107
What energies will you measure if you repeat the energy measurement at ¢t =107

The eigenvalue postulate addresses the possibilities and the probability postulate determines the
respective probabilities for part (a). Notice that the given state vector is normalized. You must
find that < (0)|H | (0)> = Z P (E;)E; for part (b). Use the procedures of problem 2-18
to expand the state vector in the energy eigenbasis. Use the result of problem 2-21 illustrated in
problem 2-22 for part (c). The eigenvalue postulate addresses the possibilities and the probability
postulate determines the probabilities for part (d), without regard to time dependence. Probability
calculations must agree with part (a). When you find E =7 for part (e), the state vector changes
in accordance with the eigenvector postulate, so |1 (0)> — |E = 7>. There is one possible
result with a probability of 1, and the otherwise two possible results have probability zero.

(a) Possible results of a measurement of energy are the energy eigenvalues 3, 5, and 7.

A 1 2
P(E;=3) = [(1, 0, O)ﬁ g = ﬁ(l) = 10

Y 1 29
P(E;=5) = [(0, 1, O)ﬁ g = ﬁ(?’) =

A 1 2y
P(E;=7) = |(0, 0, 1)ﬁ g = ﬁ(z) =

Notice that the sum of the probabilities is 1.
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(b) The t = 0 expectation value of the energy is

1 30 0 1 1
<H> = <9 (0)|H|¢(0)> = —(1,3,2)[0 5 0] — | 3
V14 ( ) 0o 7/ Vid\,
—-1(13 2) :% = 1(3+45+28) _ 03 543, and
T4\ 14 T 14 T 14 7 T
9 3+ 45+ 28 76 38
Z:P(Ei)Ei_ —3+ﬁ5+ﬁ7 — Y "L~ ~ 5.43.

(c) Expanding the state vector in the energy eigenbasis,

(0 Z | Ei><Ei[9(0
1 0 1 1 0 1 1
=10](1,0,0 1 0 1, 0 — 3] +10](0,0,1)—1{3
_ L é (V) e 2 (o
Vid | \/14 0 via \ | ]
With the time zero expansion, we can then write the complete time-dependent state vector
[ (6)> = D |Ei><E;|¢(0) > e Ft/
1 0 0 e—i3t/h
1 , 3 - 2 - 1 ,
_ 0 6—7,3t/7’1 + 1 6—7,5t/7’1 + 0 6—7,7t/7’1 — 3 6—7,5t/7’1
V 14 0 V 14 0 V 14 1 \V 14 26—i7t/ﬁ

(d) At any time, the only possible results of a measurement of energy are the eigenenergies of the
system, which are 3, 5, and 7. The “time-dependent” probabilities are

1 6_5?);:%,7 2 1 o i3t/h g +ist/h —i3t/h L 1
P(3) = (1,0, O)ﬁ gi—zn;h = \/ﬁ =11¢ e =11¢ = 11
p 1 e_jj;t//hh 2 3 —ist/n 9 vist/h —ist/h 9 o _ 9
e L v il Gl Bl b el v vl v
p 1 e_jjéifh 2 2 _itt/n ‘4 vite/n —ite/n _ 4 o 4
e O v vl Gl el v vt e v TR T

These are exactly the same probabilities obtained in part (a). There is no time dependence in the
probabilities because the eigenvectors of the Hamiltonian have only a time-dependent phase that
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“cancels” in the sense that e¢” =1 in these calculations. Time dependency will “cancel” in one

way or another in all cases that the Hamiltonian is independent of time, i.e., H # H(t). The
probabilities are “stationary” in time, which is the meaning of the term “stationary states.”

(e) An energy measurement with the result £ =7 forces the system into the energy eigenstate

0
eI Y (t=10)> = [0 | e 700/
1

[P (t>0)> =

= o O

so the probability of measuring £ =7 at ¢t =10 is

2

0
(0, 0, 1) [ 0] e ™M = (04+0+1)elTO7T0/M = 1.0 = 1,
1

and the probability of measuring any other eigenenergy is zero since

0 2 0 2
(1,0,0) [0 ]e ™" =1](0,1,0) [0 ]| =o0.
1 1

2-24. Consider a system described by the Hamiltonian

1 3 . - 1 2
H = <3 1), which at ¢t =0 isin thestate [¢(0)> = \/—1_3<3>

(a) Is ‘H Hermitian?
(b) Solve the eigenvalue/eigenvector problem to obtain the eigenvalues and eigenvectors of H .

(c) If the energy is measured, what results can be obtained, and with what probabilities will these
results be obtained?

(d) Calculate the expectation value of the Hamiltonian using both
<H> = <¢(0)|H|v(0)> and <H> = > P(E)E.

(e) Calculate the time dependent state vector | (¢)>.

(f) If the energy is measured at time ¢, what results can be obtained, and with what probabilities
will these results be obtained? Compare your answer with the ¢ = 0 case in part (c).

(g) Diagonalize ‘H using a unitary transformation. Transform | (0)> and both eigenvectors to
be consistent with this unitary transformation.

(h) Find | (t)> and both ¢ > 0 probabilities in the basis in which H is diagonal.

(i) Suppose that you measure the energy of the system at ¢ =0 and you find £ = —2. Find the
state vector of the system immediately after your measurement and at time ¢ = 10 in both the
basis in which H is diagonal and in the basis of part (b). What energies will you measure if you
repeat the energy measurement at ¢t = 107
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This problem emphasizes the postulates and their applications using a Hamiltonian that is not
diagonal. Parts (c) through (f) may be more interesting than similar calculations using diagonal
matrices because the off-diagonal elements contribute cross terms. Diagonalize the Hamiltonian
for part (g). Understanding diagonalization is the initial step to understanding simultaneous di-
agonalization, and simultaneous diagonalization is the foundation underlying the essential concept
of a complete set of commuting observables.

Expand the state vector in the energy eigenbasis using |9 (0)> = Z |E;><E;|v(0)>
J

where | E; > are the normalized eigenvectors of the Hamiltonian matrix for part (e). The only
time dependence is that of the energy eigenvectors |E;(t) > = exp(—iE;t/h)|E;(0)>, per
previous problems. The probabilities for part (f) are identical to those from part (c). Transform
‘H using UTH U for part (g). Form U from the eigenvectors of H as done in chapter 1.

Transform kets 7 |i> to establish them in the same basis as U THu (see problem 3-6). Of
course, probabilities for part (h) are identical to those found in parts (c) and (f). Notice that the
calculations done in the basis in which the Hamiltonian is diagonal are much more straightforward.

S () R (O CR S R G R

therefore, H is Hermitian. The observables postulate says that this is necessary for a Hamiltonian.

(b) To obtain the eigenvalues, det <1 ; @ 1 f a) = (1-a)2-9 =0

= 1-2a4+a>-9=0 = o> —2a—-8 =0 = (a—4)(a+2) = 0,

= « = —2, 4, are the eigenvalues of the Hamiltonian operator. For o = —2,

1 3 a __2a N a + 3b = —2a N b= —a
3 1 b b 3a¢. + b = -=2b a=-b

= ]—2>:A<_11> = ]—2>:%<_11>

is the normalized eigenvector. The eigenvector corresponding to the eigenvalue 4 is

13a_4a N a+3b:4ajb:a
3 1 b))  “\b 3a. + b = 4b a=1b

1
= |4> = A <1> = 14> = — <1> is the normalized eigenvector.
1 72 1

(c) We can now address the ¢ = 0 probabilities which are

2

pa = |y (O] = | o) = | 2] -2
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The probabilities sum to 1, as they must.

(d) The expectation value is

B 1 13\ 1 (2 _ 1 249
<H> = <¢(0)|H|v(0)> = —\/ﬁ(z, 3)(3 1) 73 <3> = 33 (2, 3)<6+3>
1 1
= 32 3)(191> = 3 (22+427) = 5 ~ 377,

1 25 2 100 98 49
ST P(EVE = —(—92) + 24 = = 4 20 8 2 g
<H> Z (E:) 26 (72 + 35 %t "2 13~

One advantage of using a second procedure is that it is a check for all previous calculations.

(e) The expansion of the ¢ = 0 state vector in the energy basis is

|9 (0)> = Z|Ez-><Ei|w<0>>

() S A () s ()= (2)
_ %(—D (2-3) + %(})m:n = ﬁi—g,(_ﬁ') * %ﬁ@
= 100> = g () e+ 7 (1) e = o (T L )

(f) Considering time-dependence, the probabilities are

2

1 1 _6i2t/h+5e—i4t/h
P(-2) = ﬁ (1, —1) W < i2t/h | 5 o—idt/h
1 2t /1 —idt/h 2t /1 —idt/h ?
= |—— [ —¢* + 5e* — e — e )
2v/ 26 (
1 2 1 1
_ o i2t/h _ ([ —etyn) (_ a2t/ L
2/ 26 ( 2e ) 26 ( € ) ( € ) 26
1 1 _6i2t/h+56—i4t/h> 2
P4 =|—=(1,1) — i —i
() \/5( )2\/ﬁ< 62t/h+56 4t /h
2
_ 5 126 (_eiZt/h L ope—tt/h L gi2t/h 56—i4t/h)
_ 1 —idt/h 2 itk —iat/n) _ 20
12V 26 (106 ) 26 (56 ) (56 ) 26

(g) Placing the eigenvector corresponding to the smaller eigenvalue on the left and the eigenvector
corresponding to larger eigenvalue on the right yields the unitary transformation matrix,

1 1 1 1 1 -1
u-ma) = -0
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> = (06 )0 =0 )G )
=5 (3s a50) = (3 0)

A consistent unitary transformation for the kets is found using

=~ O .—l'—‘

<i|H|i> = <i|T|H|T|i> = <i|luut | H|luul|i> = (<¢|u) (uTHu) (uT|¢>),

operators transforming as U THU require kets transform as U T |i> . The state vector is

oo = (0 (D) - & () - & ()

The eigenvectors are easily found by inspection but notice that they also transform correctly,

s - (D E) -0 -5 - 6
o= 5D 0 30 - )

(h) The ¢t =0 expansion is

19 (0)> = (é) (1, 0)\/12_6<_;> + (?) (0, 1)\/12_6<_;>
e (e () - &)
- e Qe - e

’ _ 2i6 (e—iQt/h> (6+i2t/h> _ 2i6’

— 2i6 (56+i4t/h> (56—i4t/h> _ ;_2

1 —e2t/h -1 i2t/h
P(-2) = ‘(1, 0) N ( 56—i4t/h> 7% (6 )

th/h

o= o0 ks (250

2
(5 6—i4t/h)

1
B ‘ V26
(i) Per the eigenvector postulate, measuring E = —2 changes the ¢t = 0 state vector to

o> = () o> = (o) e

in the basis in which H is diagonal. In the original non-diagonal basis, the state vector is

4
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Identical probabilities necessarily follow, that is

2
P(-2) = (1’ 0) (é)eizt/h _ ‘(1+0) eiQt/hr: (6+i2t/h> (e—iQt/h> — 1,

P = [0y (1)

2 , 2
= [(0+0)e2/™ | =0,

P(-2) = 1 (1, —1) 1 ( 1 ) oi2t/h ’ _ ‘1(1 +1) G2t/ ’ _ (6+i2t/h) (e—iQt/h) — 1,
NG 5 \—1 2
P(4) = \/1_ (1, 1) % (_11> oi2t/h 2 _ ‘%(1_1)61-%/% 2 .
2-25. Show that » Pa(a;)a; = <ty Al¢>.
Individual probabilities are Py (a;) = ‘ <ajlp> ‘2. The operator A is an observable quantity,

therefore, it is Hermitian. All Hermitian operators can be diagonalized. A is assumed to be in

diagonal form, or A = UTA U where A’ is a non-diagonal form of A. A diagonal A has
eigenvalues on the main diagonal and eigenvectors that are unit vectors.

2
ZPA(O@)O&Z’:Z‘<O@’¢)>‘ Q;
2 2 2
:‘<041’1/)>‘041+‘<Oé2’1[)>‘042+‘<043’1,Z)>‘0é3+”‘
= <Y|lag><a|v> a1 + <YPlag><a|v> as + <Y|lag><ag|v> az + -

= <¢]<]a1><a1]a1 + |lae><as|as + |ag><az|az + ~‘>W)> =

1 0 0
<1)Z)’ 0 (1) 0) 0,...)0&1—’- 0 (0’ ]-’ 0,‘”)052"‘ 1 (0, 0, 1,...)0[3—’-‘” ’¢>
a1 0 0 0 0 0 00 0
0 0 0 0 ay 0 00 0
= <¢| 0 0 0 + 10 0 o + 10 0 as + >
(05] 0 0
0 ay 0 -
=<¢ll o0 0 ag - ||¥>= <y|A[Y>

having recognized the diagonal form of 4 with eigenvalues on the principal diagonal.

Postscript: Inherent in equations involving probabilities and vectors is that |¢ > and all |a>
are normalized. Relations involving probabilities and vectors are proportionalities rather than
equalities if the vectors are not normalized.
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Exercises

2-26. The “A-ness” of a particle or system in the state

4 2 00
| >— | 2 where A— [0 5 0 is measured.
1 0 0 6

a) Normalize |1 >.

)
b) What is the probability of a measurement of 4 7

¢) What are the possible outcomes of a measurement of the “A-ness” of |¢ >7

e) Show that the sum of the probabilities is 1.

f) A measurement of the “A-ness” of |1 > yields the value 6. A second measurement of the
‘A-ness” of |1 > is then made. What are the possibilities and probabilities of the outcomes of
this second measurement?

(
(
(
(d) Calculate the probability of each possibility.
(
E

The preponderance of 2 X 2 and 3 X 3 operators intend to expose the substance of non-relativistic
quantum mechanics in an accessible fashion. The postulates can be understood in this context,
and then generalized to apply to more complex systems.

See problem 2-2 for the processes and precise rationale for this exercise.

2-27. What are the possible results and the probability of obtaining each possible result of a
measurement of the “B-ness” of a system where

1 0 -3 4
B — 0 3 0 and the state is v >— | 2|7
-3 0 1 1
1 1 0 1
|—2> = — [ 0], 13> = (1], and 4> = 0

1

are the eigenvalues and eigenvectors.

See problem 2-3. Remember to normalize the state vector.
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2-28. The operator A is as given in exercise 2—-26 and the operator B is as given in exercise 2—27.
4

The state vector of the system is initially |¢¥> = [ 2 for the following questions.
1

(a) If we measure a value of 5 for A, what are the possible values of successive measurements of
B, A, B, etc., and their respective probabilities?

(b) If we measure A and get 2, what are the possible values of a subsequent measurement of B
and the probabilities of each possibility?

(c) Having measured a value of 6 for A, and then measured a value of —2 for B, what are the
possible values of another measurement of A and their respective probabilities?

(d) Having measured a value of 6 for A, and then measured a value of 4 for B, what are the
possible values of a measurement of A and their respective probabilities?

(e) If we measure 4 for B, what are the possible values of subsequent measurements of A and
their respective probabilities?

See problem 2-4. The state vector becomes the eigenvector of the eigenvalue measured.

3 1 26 o 2l
2-29. Given |¢> = , D — . , and F — | =2 1 0],
2 -2 4 1 0 1

what measurements can be made, and what are the probabilities of each possible result?

A self consistent description must have objects from the same space. You solved the eigen-
value/eigenvector problem for both operators in exercise 1-44. See problems 2—-6 and 2-7.

1 1 9 5 2t 1
2-30. Given |[¢> = 2|, D — . , and F — | =2 1 0],
3 —2o4 1 0 1

what measurements can be made, and what are the probabilities of each possible result? Ensure
your probabilities sum to 1.

This is similar to the previous exercise and problems 2-6 and 2-7.

2-31. Find ZP () a; for the A, B, D, and F used in the previous 5 exercises.

Use the probabilities and eigenvalues from exercises 2-26 through 2-30. See problem 2-8.
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2-32. Find <¢|A|¢v> for A, B, D,and F.

Using the appropriate state vector (three different state vectors for the four parts of this exercise),
the expectation values must be the same as the previous exercise. The two techniques offer a
method to double check an expectation value calculation.

2 0 0 4
2-33. Find AA for A = [0 5 0 where [y > = | 2 using both formulations.
0 0 6 1

Problems 2-10 and 2-12 and the previous two exercises pertain.
2
AAy = <3| (A— <A>I) 1 >U2 and AAy = <o A2— < AT >12

are the two referenced formulations. Remember to use a normalized state vector. Avoid square
roots within work using variance and obtain uncertainty with a square root as the last step.

2-34. Find the uncertainty for |¢> = (321> , D = (_1% 241> using both formulations.

Smaller than the previous exercise but non-diagonal and with complex components. You should
have the normalized state vector and the expectation value from previous exercises. Again, finding
variance and obtaining uncertainty by taking a square root in the last step is recommended.

2-35. Consider a system described by the Hamiltonian

-2 0 0 1 2

H = 0 -1 0], whichat ¢t=0 1isin the state 0)> = — 3
o |4 (0) w2

(a) Find the possibilities for a measurement of energy and the probability of each possibility.

(b) Calculate < H > using both <H > = <9 (0)|H | (0)> and <H > = ZP(EZ-)EZ-.

(c) Obtain the time dependent state vector |1 (t) > in the energy eigenbasis.

(d) If the energy is measured at time ¢ what results can be obtained and with what probabilities
will these results be obtained? Compare your probabilities with the ¢ = 0 case in part (a).

(e) Suppose that you measure the energy of the system at ¢ = 0 and you find £ = —1. What
is the state vector of the system immediately after your measurement? What is the state vector
|4 (10) > at ¢t =107 What energies will you measure at ¢t =107

See problems 2-22 and 2-23.
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2-36. Consider a system described by the Hamiltonian

1 2 . . 1 2
H = (2 _2>, which at ¢ =0 is in the state |9 (0)> = \/—2_9<5>

(a) Is ‘H Hermitian?
(b) Obtain the eigenvalues and eigenvectors of H by solving the eigenvalue/eigenvector problem.

(c) If the energy is measured what results can be obtained and with what probabilities will these
results be obtained?

(d) Calculate the expectation value of the Hamiltonian using both

<H>y0) = < (0)|H|y(0)> and <H> = > P(E)E.

(e) Obtain the time dependent state vector |1 (t) > in the energy eigenbasis.

(f) If the energy is measured at time t, what results can be obtained and with what probabilities
will these results be obtained? Compare your answer with the ¢ = 0 case in part (c).

(g) Diagonalize ‘H using a unitary transformation. Transform | (0) > and both eigenvectors to
be consistent with this unitary transformation.

(h) Calculate |9 (t) > and both ¢ > 0 probabilities in the basis in which H is diagonal.

(i) Suppose that you measure the energy of the system at ¢t = 0 and you find E = 2. Find the
state vector of the system immediately after your measurement and at time ¢ = 10 in both the
basis in which H is diagonal and in the basis of part (b). What energies will you measure if you
repeat the energy measurement at ¢t = 107

See problem 2-24. Transform kets U f |i> to establish them in the same basis as U THu.

2-37. Given the arbitrary diagonal operator and the arbitrary state vector

and > =

Q

Il
coe
oo
o oo

INEENS

, show that <9 [Q[¢> = > P (wi)wi.

The two methods of calculating expectation values yield identical results. First, normalize the
state vector to find that 1/y/[z[2+ [y|2+ |2]? is the normalization constant. Then calculate
<Y | Q|1 >. Calculate the probabilities for each eigenvalue using the unit vectors appropriate to a
diagonal operator. You then have the probabilities and the eigenvalues to calculate ) . P (w;)w;.
This problem is relatively simple in the basis of a diagonal operator. Thinking about how this
would be done in general may help you to appreciate more fully the utility of diagonal operators.
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2-38. Consider the operator

0 4 0 1
Q= |-4 0 -3 and the state vector lYp> = i
0 3 0 -1

(a) Verify that the eigenvalues and eigenvectors of 2 are

1

4 4
2 asa], Je=o0>=2 o |, Ju=5>=_—"_|—i54
5V2 \ 3/4 >\ 4/3 V2 \ 34

|lw=-5> =

Using €2, |¢>, and the given eigenvalues and eigenvectors,
(b) find the probabilities of each possibility,

(c) find the expectation value using both <¢[Q|¢> and } , P(w;)w;,
2
(d) calculate the uncertainty using AQ, = <¢| (Q -<Q> I) |p>1/2

(e) and calculate the uncertainty using AQy = <¢|Q%2— < Q>2T |y >1/2.

Part (a) intends that you show Q|w; > = w; |w;> for the eigenvalues and eigenvectors given.
You should see that the three eigenvectors given are scaled by —5, 0, and 5. The meaning of an
eigenvalue/eigenvector equation is that the “direction” of the eigenvector is unchanged, only its
length or norm is affected.

Parts (b) through (d) should be straightforward. Of course, the answers to parts (d) and
(e) must be the same. Uncertainty for a discrete system is the same as standard deviation.
The uncertainties being calculated are those to be used in the Heisenberg uncertainty principle.
Compute variance and then take a square root to obtain uncertainty to find A Q = /74/3.

-5 0 0
2-39. The diagonal form of the ) operator used in the last problem is € = 0 0 0
0 0 5
1 1
(a) Transform |¢p> = — i used in the previous problem to the diagonal basis.

V3

(b) Calculate the probability of each possibility of a measurement of .

(c) Calculate the expectation value using both < |Q[¢> and > . P (w;)w;.
2
(d) Calculate the uncertainty using AQ, = <t (Q —<Q> I) | >1/2,

(e) Calculate the uncertainty using AQ, = <¢[Q?— < Q>2T|y>1/2.
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The calculations of the last exercise are simpler in the diagonal basis. Transform the state vector

uf |1 > to change it to the same basis as the diagonal . Use the eigenvectors given in the
previous exercise to form U so that

4/5v2 —i/V2  3/5V2
ut = [ 3/5 0 —4/5
4/5v2  i/vV2  3/5V2

The probabilities of measuring any eigenvalue, the expectation value, and the uncertainty must be
the same as the last exercise.

2-40. Find the possible outcomes of a measurement, the probabilities of each possible outcome,
the expectation value, and the uncertainty for

oy = (? _g> given that |y> = <3>

Support your answers with alternative calculations or consistency checks where possible.

The operator is one of the Pauli spin matrices. This exercise is posed without parts per a real
world situation. The multi-part problems attempts to highlight the necessary path.

Normalize the state vector, solve the eigenvalue/eigenvector problem, and use the eigenvectors
and the state vector to obtain probabilities. The sum of the probabilities must be 1. Calculate
<oy > = <¢|oy,|¢Y> and check using < oy, > = > P(0y,)o0,, . Calculate the uncertainty

2
Doy, = <v| (o= <0y >T) [¢>12 and check with Aoy, = <th|0? = < oy > T|p>12,

1 1

2-41. Consider the operator A = <_2 4

) , which has eigenvalues and normalized eigenvectors

1 1 1 1 1 2
A=2>= — and |[A=3>= — . For the state vector > = — ,
| V2 <1> | V5 <2> V=7 <1>

the square of the inner product ‘ <A Y> ‘2 is 9/10 using the eigenvector that corresponds to
2, and 16/25 for the eigenvector that corresponds to 3. It seems these should be probabilities,
but their sum is not 1. There is, in fact, an error present. Can you determine what the error is?

This counter example is meant to highlight an error and thus increase the chance that you will
avoid it. If you perform the mathematical mechanics you will find that the error is not in the given
information. Consider the observables postulate. Also, are these eigenvectors orthogonal?
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Chapter 3

Discrete Systems II a Complete Set of Commuting Observables

Each operator encountered to this point has readily distinguishable eigenvalues, and thus,
readily associated eigenvectors. Should an operator be degenerate, meaning that it has one or more
duplicate eigenvalues, a second measurement is necessary to uniquely determine the eigenstate. The
two operators together then form a complete set of commuting observables.

A preferred method of lifting a degeneracy is simultaneous diagonalization. All Hermitian
operators can be diagonalized by an appropriate unitary transformation. Unitary operators play
a central role in diagonalization and simultaneous diagonalization. Operators must have the same
eigenbasis to both be diagonalized by the same transformation, which means they must commute.

Proof that the eigenvalues of a Hermitian operator are real has been provided earlier, and
there are two more proofs in this chapter. Claims that the eigenvectors of a Hermitian operator
are orthogonal, that all Hermitian operators can be diagonalized, and that the eigenvectors of
Hermitian operators form a basis are supported in this chapter following further development of
unitary operators and unitary transformations.

The transition from C? and C? to C* was embedded in a few examples in the last chapter.
The transition is more prevalent in this chapter, which includes numerous examples of operator
algebra without reference to any specific space. Numerical examples in C? and C? are plentiful,
but a significant number of results of this chapter are applicable to C*.

3-1. What is a degenerate operator and why are degenerate operators a concern?

A degenerate operator is an operator with at least one duplicate eigenvalue. The concern is
that should a measurement return one of the duplicate eigenvalues, the eigenstate is not known

5 0 0

uniquely. For instance, the operator H = | 0 1 0 has duplicate eigenvalues of 1. Should
0 0 1
0 0
a measurement return 1 for this operator, the eigenstate is unknown; it could be | 1 | or | O
0 1

‘H is a degenerate operator and a measurement of 1 does not uniquely identify the eigenstate.

3-2. How is degeneracy lifted?

-1 0 0
A method to lift the degeneracy is to find an operator like K = 0 2 0 with which H
0 0 3
commutes, measure K after measuring 1 for H, and if 2 is the result, the eigenstate is
0 0
|1,2> = | 1], butif 3 is the result, the eigenstateis |1, 3 > = 0) and the degeneracy
0 1

is lifted. H and K together constitute a complete set of commuting observables.
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Postscript: Problem 3-1 is an example of the difficulty degeneracy presents and problem 3-2
highlights a method of resolution. The clarity of diagonal operators has been employed in these
two problems to expose concepts applicable to all Hermitian operators.

3-3. Show that (AB)~' = Bl A,

The inverse of an operator 7 is an operator 7 ~! such that
TT ' =7'T =1T.

This problem addresses yet other forms of resolution and insertion of the identity. The
identity operator is so named because anything upon which it operates remains identical. Use
of the identity operator is analogous to multiplication by 1 in the real number system. The real
utility of any identity operator (or any identity element including the number 1 in the real number

system) is that it has an infinite number of different forms, AA~!, BB~!, and (AB ) ! (AB)
to name just the three resolutions/forms that are employed in this problem.

This problem also establishes the fact that the inverse of the product of two operators is the
reverse order of the product of the two inverses, which parallels the more useful fact that the
adjoint of the product of two operators is the reverse order of the product of the two adjoints.

T =AA! statement of the identity
T = ATA! insertion of the identity
I = ABBtA! resolution of the identity Z = BB~!
I = (AB) BtA? associative property
(AB)'T = (AB) ' (AB)B'A™" operate from the left with (AB) "
(AB 7 = 1B lA! resolution of the identity Z = (AB)_l (AB)
(AB)_l = B tAt? operation by the identity

Postscript: A short comment on lines 5 and 6 may be helpful. Remember that the product of two
operators is another operator, so (AB ) is an operator, and its inverse is denoted (AB )_1 .

If det A = 0, A isa singular operator, for which an inverse does not exist.

3—4. Show that if A and B are two-dimensional operators, (A B )Jr = BtAl.

This is a limited but definitive proof for two-dimensional operators. Use

A - <a11 a12> and B _ (bn b12>’
az1 a22 ba1  bao
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for instance. Simply form the matrix products of the left and right side of (A B)Jr = Bf AT,
the adjoint of the product and the product of the adjoints in the reverse order, compare them, and
they will be the same. This proof can be extended to higher dimension.

(AB)T _ aii a12> b1 b12> T _ a11bi1 4+ ai2bar  apibiz + a12b22> T
Q21 Q22 ba1  bao a21bi1 4+ agebar  asibiz + agnbao

* * * * * * * *

ajbly + ajgby;  ajbi; + azzbm)
* * * * * * * * *
ajibis + ajsbiy  a3ibiy + a3ybsy

The product of the adjoints in the opposite order is
gt _ [(tn bn) "1 fan m) e b&) aty a;1>
ba1 b2 az; ae 12 0% ) \ajy a3

* * * * * * * *

ajbly + ajxby;  ajbi; + azzbm)
* * * * * * * * .
ajibis + ajabis  a3;biy + ajebls

This is, in fact, the same as the first expansion, therefore (A B )Jr = ptaf.

3-5. (a) Show that the adjoint of a non-singular unitary operator is equal to its inverse.
(b) Show that the product of unitary operators is unitary.
(c) Use operator algebra to show that if A and B are unitary, (A B)Jr = BT AT.

This problem is intended to illustrate operator algebra. All three parts are intended to be completed
without the use of an explicit matrix. You can operate on both sides of an equation with the same
operator if you operate from the same side. Operation must be from the left on both sides or
from the right on both sides because operators do not generally commute. Operator algebra allows
insertion of the operator Z in any form and in any circumstance that is convenient.

Part (a) is an application of the definitions of unitary and inverse relations, AAT = 1 , and
AA~!Y = T, for instance. To show that the product of any two unitary operators is unitary,
start with the product of two arbitrary unitary operators, say A B = C. Operate on both

sides with appropriate operators to show that C ¢t = 7. Remember that (AB )Jr = BiAT
from chapter 1 and the previous problem. Part (c) is a more elegant determination of this fact for
unitary operators. Start with AAT = T and insert the identity between the two operators. It
is likely B BT will be a convenient form. The result of part (b) helps clarify part (c).

(a) If A is unitary, AAT = 7. AAY = T forall non-singular operators, so

AAl = a4 because both are equal to Z
At AAT = At aA? operate from the left with A1
TAT = 7471 because A1 A = T
U which is the desired result.
89

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



EBSCChost -

(b) If A and B are unitary, then AAT = BBT = Z. Consider their product

AB =C the product of two operators is an operator
ABBl = ¢Bf operate from the right with B
AT = A = ¢B! because BB = T
AAl = ¢eBt Al operate from the right with Al
7 = cBial because AAT = T
7 = c(AB)'  weof (4B) = Bial
7 = ccl definition of C
or ¢ct =1 , and therefore, the product of unitary operators is unitary.

(c) Given that A and B are unitary,

AAt = 1 definition of unitary
AzAT = 1 insertion of the identity
ABBIAT = 1 use of the form 7 = BBI
(AB) BiAl = 1 associative property

(AB) (AB)BY AT = (uB) T operation from the left with (AB)T
78t AT = (aB)T because (AB)T(AB) = T from part (b)
tal = (aB)! o (aB)’ = Bfal

3—6. Show how the unitary transformation U T AU determines the transformation of vectors.

The transformation of kets was indicated to be YT |v > in the last chapter. This problem
explains why. It also is intended to convey that Dirac notation is independent of basis.

An inner product is a scalar. An operator acting on a vector, such as A|v> 1is a vector,
Alv> = |v'> forinstance. Since <w|A|v> = <w|v'>, it follow that <w|A|v> isa
scalar because <w|v'> is a scalar. We will encounter numerous brakets where a bra and a ket
sandwich an operator. This type of braket is a scalar, just as an inner product is a scalar.

When conducting a unitary transformation on an operator, any associated bras and kets also
require transformation. Insert the identity in the braket <w|.A|v> to the immediate left and

right of A, use the fact that the identity can be expressed U U T =1 , and examine pieces.

<w|Alv> = <w|TAZ|v>

= <w|uut A uut |v>

transform operators

——
- (<w|u) (uTAu) (uT|u>) .
—_—— —_———
transform bras transform kets
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The object in the center set of parenthesis is our unitary transformation. For general <w| and

|v>, the last equation says we must transform a bra as <w|U and a ket as ut |v> to be
consistent with the form of the unitary transformation chosen.

Postscript: Notice that if U AU T is chosen as the unitary transformation, <w |U T would be
the correct method to transform a bra and U |v> would be the correct manner to transform
a ket. Our convention of UT AU is precisely that, a convention, rather than a mathematical
necessity. Be aware that other conventions are possible.

3-7. Show that the inner product <gq|k> where |¢> — ( ) and |[k> — (2 :63i> ,

4
3
- . . . . . 3 4
is invariant under the unitary transformation that diagonalizes 4 3 )

First, the inner product is
<qlk> = (-4, 3)<2:63¢> = 24i+6—-9i = 6+15i

43

—4i 3

B - e H()

Transform the bra as <¢|U and the ket as ut | k>

The unitary transformation found to diagonalize ( ) was found in chapter 1 to be

<

(—4i+3i, —4i—3i) = i(—z’, ~Ti) = <q'|

= a9 () - 5
)

O B T N B T S N O T
ullk> J\e—3i) = 7z er2ies) = g \spa) = IF>

-

V2 \1l 1
1 1 99— 1
/ / e A 2 Y - = . .
<q¢'|k'> = 2( i, 72)\/§<—3+2i> 2(9@ 2+ 214 + 14)
1
= 5(12+30@') = 6+150 = <qlk> .
2 —1—5¢
3-8. Show that the inner product <g|5> where |g>— | 3—¢ | and |5>— 4 ,
—1 —21
1 0 -2
is invariant under the unitary transformation that diagonalizes 0 1 0
20 0 4
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Like 3-7 except in C?. The appropriate unitary transformation from chapter 1 is

L (2 01 T L o[(2 0 1
U=—1_0 vs o = Ul =—=| 0 V5 0
VN1 o 2 Vi1 o0

Transform the bra as <g¢|U and the ket as ut |5>.

—1— 5
<g|b> = (2, 3+, 1) 4 = —2-10i+12+4i+2 = 12— 6i
~2i
L (2% 01 .
<glu = (2, 3+i, i)—=|0 V5 0| = —=4i+i, 3V5+V5i, 2-2)
Vi1 o o V5
1
= —(5i, 3V5+V5i, 0) = <g’
\/g( ) g
L (-2 01 —1— 5 | 2102
utis> = — [ o v5 o 4 - 45
Vi1 0 -2 —2i b\ —1-5i—4
. ~10
= — | 45 = |5'>
V5 \ =55
1 [ W 1
<g'|5'> = —=(5i, 3V5+V5i, 0)—= [ 4v5 | = -(—50i+60+20i+0)
v V5 \ =55 g

(60 —30i) = 12— 6.

3-9. Show that a unitary transformation preserves an inner product in general.

<z|U =<z'], L{T!y>: ly'> = <x’]y’>:<x]UUT]y>:<x]I|y>:<x]y>.

Postscript: This is occasionally expressed <Uz|Uy> = <z|y>.

Our definition is that an operator U is unitary if U Ul = ulu = 7. From ow
method of constructing U and this definition it follows that (1) the column vectors composing a
unitary operator are orthogonal, that operation with a unitary operator on vectors (2) preserves
lengths/norms, (3) preserves angles/angle analogs, and (4) preserves inner products, and that a
unitary transformation (5) preserves eigenvalues. All five properties are proven in this and other
problems and exercises that follow. There is mathematical latitude in the definition of a unitary
operator. Occasionally AT = A=1 s the defining equation. Other treatments use a variety of
the five listed properties as defining characteristics.
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Another alternate view is that if <z ]UT = <z'| and U|y> = |y’'>, can the operator
U be defined such that <z |y> = <z'|y’>7 In other words, can an operator U be defined
such that it requires preservation of an inner product? Simply substituting the two equations in
the top line of this paragraph into the inner product of the primed vectors,

<z'|y'> = <x]UTU|y> = <zl|y>

if and only if U =1 , so preservation of an inner product can define a unitary operator.

3-10. Show that |g> and |g’> from problem 3-8 have the same norm.

This is numerical evidence that a unitary transformation preserves a vector’s norm.

l1g>"= <glg> = (2, 3+i, i)[3—i|=4+9+1+1=15 = |[|g>| = VI5.
[lg'>]"= <g'lg’> = L (5i, 3VF +vEi, 0)—— 3\/€_E)Zﬁi
NG V5 0

(25+45+5+0) = %75 =15 = |lg'>| = V1.

Postscript: The proof in general is left as exercise 3-36, however, consider the choice of < x|
and |x> instead of <x| and |y> in problem 3-9 for a proof in general.

3-11. Show that a unitary transformation preserves angles.

This problem supports an important property of a unitary transformation and is intended to
prompt some thought about the meaning of angles/angle analogs in a higher dimensional space.
“Angle” is the accepted terminology though “angle analog” may be a better description in C™.

An inner product is a generalization of a dot product. A dot or scalar product is defined
A-B = |A||B] cost

and is so defined because it is a projection of one vector onto another. Work, the usual initial
introduction to the concept of energy, is the magnitude of a displacement in the direction of a force
for which the dot/scalar product is useful. The fact that A-B = A, B, + A, B,+ A, B, follows
from the property of orthonormality. In fact, the actual trinomial multiplication is
A-B = A,B,i-i + AyByi-j + A.B.i-k
+ AyB.j-i + AyB,j-j + AyB.j -k
+ A.B,k-i + A.Byk-j + A.B.k-k
= A, B, + AyB, + A. B,
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because -1 = ;; — %k-k =1 and ;; — ik = ;; = ;
Cartesian coordinates, for instance. Thus, angles are

)
Il
)
S
Il
)
<
Il
(an)
=)

— —

A-B
9 = COS_lﬁ
| Al | B]

and are readily identifiable in R? and R3. An interpretation is less clear in R* though it is
straightforward to write
_1AlBl +A2B2 +A333 +A4A4

0 = cos —
| Al B

This may have meaning in a hyperbolic space, but is better pictured as an abstraction for quantum
mechanical purposes. The generalization to C™, where abstraction is necessary, is straightforward.

The generalization
1 <A|B>
[[A> [[[B> |

applies to C". Under a unitary transformation, the inner product of two vectors is preserved
(problem 3-9), and the norm of each vector is preserved (problem 3-10 and exercise 3-36 which
resembles problem 3-9). Therefore, the angle 6 must remain identical, or is preserved, under a
unitary transformation.

0 = cos™

3-12. Show that the eigenvectors of non-degenerate Hermitian operators are orthogonal.

This is a claim made in the first problem of chapter 1 which has been repeated numerous times.
Remember Hermitian means A = AT .

Let |z> and |y> be any two eigenvectors of A. Then

<z|Al|ly> = <z|A|y> trivial statement
0 = <z|A|ly> — <x|Aly> subtraction to obtain a homogeneous equation
0 = (<z|A)|y> — <z|(A|y>) associative property

0 = (AJr | x> )Jr ly> — <z|(Aly>) adjoint of product is reverse of product of adjoints
0 = (A]x>)T|y> — <z|(A|y>) Hermitian property
0 = (a|z> )Jr ly> — <z|(ay|y>) -eigenvalue/eigenvector equations

0 = a,(|z> )Jr ly> — oy <z|(|y>) -eigenvalues are scalars
0 = a, <z|y> — oy <zx|y> brais adjoint of ket
0 = (ozw — ay) <x|y> distributive property

but a, # o, because A is given to be non-degenerate = <xz|y> = 0 which means
|z> and |y> are orthogonal for all |z> # |y>.
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Postscript: This can be modified to apply to degenerate Hermitian operators by adding a small
Hermitian perturbation dA sothat A+43.A is Hermitian with distinct eigenvalues, applying the
same argument to A+03.A4, then letting 6.4 — 0 during which it can be shown the eigenvectors
do not lose the property of orthogonality.

Recall that the unitary operators that diagonalize a Hermitian operator are built from its
normalized eigenvectors. Thus, this problem also constitutes a proof that unitary operators so
built have columns of orthogonal and also orthonormal vectors.

3-13. Show that the eigenvalues of an operator are unchanged by a unitary transformation.

Some numerical examples for U TAU were provided in chapter 1. A proof in general follows.

Ala;> = «a;|a;> eigenvalue/eigenvector equation

AT |a;> = «;|a;> insertion of the identity
AI/{UT |a;> = a;|a;> resolution of the identity Z = uut
UTAUUT la;> = L{Tai |a;> operation from the left with Z/{]L
(U JrAL[ ) U f la;> = o U f |a;> associative law and commutivity of scalars
ut Au la/> = «;|a/> eigenvectors transformed by U f

where the last line is the desired result indicating the operator is transformed as U fAU , the
eigenkets are transformed as U f la;> = |a/>, but the eigenvalues, the «;, are unchanged.

Postscript: This shows that the eigenvalues of any operator having a eigenvalue/eigenvector
equation are unchanged by a unitary transformation. Though the postulates indicate the primary

focus is on Hermitian operators, the condition of Hermiticity, A = Af , is not invoked.

All pertinent properties of unitary operators have been developed. Notice that problems 3-3, 3-5,
3-6, 3-9, 3-11, 3-12, and 3-13 with generic operators like U/ and A, and generic vectors like
<w| and | B>, are completed without reference to space or basis. These results are applicable
to any space including C*°. These results apply in position space, momentum space, energy space,
and any other space having a basis that spans the space.

In addition to the results developed, the seven problems listed in the above paragraph are
examples of operator algebra. Since the dynamic variables of classical mechanics are described by
operators in quantum mechanics, utility with operator algebra is quantum mechanically essential.

Problems 3-14 through 3-17 comprise one numerical example of simultaneous diagonalization.
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1 0 0
3-14. (a) Is the Hamiltonian operator H = |0 3 —2i Hermitian?
0 22 3
(b) Is H degenerate?
(c) If so, what are the implications of the degeneracy?
H is Hermitian because H = M1 , using the explicit matrix representation
1 0 0 1 0 0 1 0 0
H=1|03 2| = #H =|0 3 2| = H"=n=[0 3 -2
0 22 3 0 -2 3 0 22 3

and part (a) is complete. The implication is that the operator H could represent an observable
quantity (energy for a Hamiltonian operator). The fact that H is Hermitian also guarantees that
it can be diagonalized. Part (b) requires solving the eigenvalue problem.

1-« 0 0
b) det [ 0 3-a -2 | = (1-a)3-a)’—4(1—a) = 9-15a+7a®—a®—4+4a
0 2t 33—«

= a® —7a? 4+ 11la—5 = 0 is the characteristic equation which can be factored

(a — 5) (a — 1)2 =0 = a=1, 1, 5 arethe eigenvalues. H is degenerate at a=1.

(c) Obtaining the eigenvectors is fruitless because a measurement of H returning 1 identifies two
eigenstates. The eigenstate after a measurement of 1 cannot be uniquely determined.

2 0 0
3-15. Does ‘H commute with K = 0 1 21 |7
0 —2¢ 1

1 0 0 2 0 0 2 0 0
HK = (0 3 —2 0 1 2| =10 -1 4
0 2¢ 3 0 —2¢ 1 0 —47 -1
2 0 0 1 0 0 2 0 0
KH= [0 1 2¢ 0 3 -2 =110 -1 4
0 —2¢ 1 0 22 3 0 —47 -1

thus, [H, IC] = HK — KH = 0 and these operators commute.
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Postscript: That K is Hermitian is essential. The degeneracy of H is lifted by measurements
of two observable quantities. A non-Hermitian K cannot represent an observable quantity, and
“measurement” of a non-observable quantity is physically not possible.

That H and X commute means that the two operators share a common eigenbasis. Since
both operators are Hermitian, they can both be diagonalized. And since they share a common
eigenbasis, they can both be diagonalized by the same unitary transformation.

3-16. Solve the eigenvalue/eigenvector problem for K.

The plan is to first ensure that X is not degenerate. If K is degenerate, it is acceptable only if
the eigenstates can be identified uniquely. We find that K is not degenerate, so a unitary operator
built from its eigenvectors will simultaneously diagonalize both I and H.

2—«a 0 0
det [ 0 1-a 2 | = (2-a)(1-a)’-4(2—a) = 2-5a+4a®—0a’ —8+4a
0 -2t 1l—«
= a® —40? +a+6 = 0 is the characteristic equation which can be factored

(a + 1) (a — 2) (a — 3) =0 = a=-—1, 2, 3 are the eigenvalues. K is a satisfactory
operator from which to build an appropriate unitary operator. The eigenvectors are needed.

Kla> = ala>

2 0 0 a a 2a = —a a = 0
= 0 1 21 b = —-11|5b = b+2ct = —b = ci = —b
0 —2¢ 1 c c —2bi+c = -—c bi = ¢

1 0

= a=0,b=1, ¢ =1, = |—1> = — [ 1

2 0 0 a a 2a = 2a a = a
0 1 21 b =210 = b+2ct = 2b = 2c1 =
0 —2¢ 1 c c —2bi+c¢c = 2¢ —2bi =
1
= a =1, b =0, ¢c =0, = 12> = 0
0
2 0 0 a a 2a = 3a a =0
= 0 1 21 b =310 = b+2ci = 3b = ci = b
0 —2¢ 1 c c —2bi4+c¢ = 3¢ -bi = ¢
1 0
= a=0,b=1, ¢ = —i, = 13> = — | 1
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3—17. Simultaneously diagonalize H and K.

Having two Hermitian operators that commute, form a unitary operator from the eigenvectors of
the non-degenerate operator, and the unitary transformation U TAU will diagonalize both.

10\/§0 1 0 1 —i
Uu=—[1 0 1 = Ul =—1|vZ 0 0
V2, o o V2l 1
2 0 0 10\/§0
ulku =utlo 1 2 —1[1 o 1
0 -2 1/)V2Z\i o
0 1 —i 0 22 0 -2 0 0 -1 0 0
1 1
:5\/500 -1 0 3 = 5|10 40) = 0 20
0 1 4 - 0 =3 0 0 6 0 0 3
1 0 0 10\/§0
Uirnu =ut{o 3 —2|—1[1 0o 1
0 2% 3 )V2Z\;, o
0 1 —i 0 V2 0 10 0 0 5 0 0
1 1
:5\/500 5 0 1 = 3|0 20 = {010
0 1 4 5 0 —i 0 0 2 0 0 1

Postscript: The calculation U KU was unnecessary. The unitary operator was built from left
to right in the order of the eigenvector corresponding to the lowest eigenvalue to the eigenvector

-1 0 0
corresponding to the highest eigenvalue. Writing K = 0 2 0 with the known
0 0 3

eigenvalues in a diagonal basis by inspection is warranted. Similarly, had the unitary operator
been built in the order of the eigenvector corresponding to the highest eigenvalue to the eigenvector
30 0
corresponding to the lowest eigenvalue, writing £ = [ 0 2 0 by inspection is warranted.
0 0 -1

Of course, should the unitary operator have been so built the operator H =

OO =
O = O
o O O

Suppose K was degenerate with eigenvalues of 2, 3, 3. It would be acceptable only if
eigenstates can be distinguished. If eigenstates were |5, 2>, |1, 3>, and |1, 3> the
operator K is not acceptable. However, should the eigenstates be |5, 3 >, |1, 2>, and
|1, 3 > eigenstates can be distinguished and K is acceptable.

The utility of the diagonal basis of unit vectors should be emphasized. The diagonal basis of
unit vectors can make accessible the concepts of orthogonality, orthonormality, and basis. Consider
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a diagonal basis in C°. The basis vectors are the unit vectors

1> = 12> = 13> = 4> = |5> =

OO OO
OO o+~ O
OO = OO
O = O OO
_ o O o O

That any vector in C® can be expressed as a linear combination is straightforward, for instance

2 1 0 0 0 0
6 0 1 0 0 0
3—4i = 2|0 +6|0]| + @B=4i)|1]| + isin(x/19|0| + Va7 | o0
isin(m/19) 0 0 0 1 0
VAT 0 0 0 0 1

Any five component ket can be similarly expressed as a linear combination, thus the unit vectors
span the space and constitute a basis in C°. The unit vectors are orthogonal and normalized
by inspection, thus, they are orthonormal by inspection, or <i|j> = §;; by inspection. The
eigenvalues of a diagonal operator are the elements on the principal diagonal so are obtained by
inspection. Further, these advantages seem readily extensible to C" for any n including oco.
These are some of the reasons diagonalization and simultaneous diagonalization are pursued.

3-18. (a) Find all possibilities for a measurement of the H, K system.
1

1
— | 2
V14 |\ g

(b) Find the probability of each possibility given [ > =

A measurement of a system of two operators is a set of two individual measurements, a measure-
ment of H and a subsequent measurement of K, for this complete set of commuting observables.

5 0 0 -1 0 0
(a) Using H = [0 1 O and K = 0 2 0], ameasurement of H yielding 5
0 0 1 0 0 3
1
collapses the state vector to |’/ > = 0 and the only possible result of a measurement
0

of K is —1. A measurement of H yielding 1 does not identify the new eigenstate. A subsequent
measurement of K could yield 2 or 3, so 1,2 is a second possibility, and 1,3 is the third. The
eigenstate is identified by the second measurement. The possibilities and eigenstates are

1 0 0
15, -1> = |0 11,2> = |1 11,3> = [0
0 0 1

after a measurement of the H, K system.
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2 1 1 1
b) P(5,—-1) = |<b,—-1|¢v>| = 1, 0, 0)— [ 2 = |—(1404+0 = —
() P(5.-1) = |<5.-1]o>[ = |( ) | 2 verd )| = 1
1 2 2

P(1,2) = \<1,2W)>\2= (0, 1, O)L 2 || = L(0+2+0) _ 4

v 14 3 v 14 14

) 1 1 2 2 9

P(1,3) = |<1.3|y>"= (0, 0, 1)— | 2 = | —(0+0+3 = —

( ) ‘ K ‘ ( )m 5 \/_( ) 14

Postscript: Notice that both eigenvalues are required to uniquely identify each ket.

Notice also that the expectation value and the uncertainty of the H, K system do not have
meaning. < H >, <K >, AH, and AK can be calculated, but ZP(%’)% for the

‘H, K system is not possible because two eigenvalues correspond to each probability. The method
<A> = <y|A|¥> alsois dependent on a single eigenvalue per problem 2-25.

1 1

3-19. Calculate < H >, <K >, AH, and AK given |[¢> = ﬁ g

The state vector is repeated to make clear that the probabilities of the previous problem apply.

1 4 9 5+44+9 18 9
<H>—ZP(aH)aH_ﬂx5+ ﬂ><1—|- ﬂX1_T_ﬂ_?
1 4 9 —14+8+27 34 17
<K> =) Plax)ax = gx(=1) + 7x2 + 17x3 14 M- 7
) 5 0 0)\° or2 (1 00 e
(AH)? = (1, 2, 3)— |0 1 0] - (—) 010 2
V14 i\g o 1 7 \o o 1)| V43
B 81
) 25 0 0 B 00 1
= ﬁ(1, 2, 3) 0 10|10 % 801 2
\o 01 0o 0 8 3
1 90\ (1 . 1144
= —(1, 2, 3) -2 0 2| = ——(1, 2, 3)| —64
14 0° ) \3 14- 49 o6
1 728 52 V52
— (1144 — 128 — 288) = _ 2 AN = Y22
77 8-88) = oo =@ < T 7
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[\

1 0 0\’ 2 /1 0 0
Ak = (1,2, 3|0 2 0] - (1—7> 0 1 0
viEI\o o3 ") \o o1 14\ 3
1 /1 0 0 290 0 1
= ﬂ(1, 2, 3)[10 4 0 0o 2 0 2
[\0 0 9 0o o0 2 3
240
= 1(1 2, 3) _61_9 g 8 ; ! (1, 2, 3) _?gg
- (1, 2, e - , _
14 0 0 122/1\3 1449 456
1 5 54 V54
= 55 (—240-37241368) = =3 = = AR = —

1
1
(Y (t=0)> = W g

and that H is the total energy operator.

Time evolution of a system with a Hamiltonian operator such that H # H(t) is determined by
| (t)> = |i(t = 0)> e Fit/P

where |;(t =0)> are the system eigenvectors and FE; are the energy eigenvalues. The operator
KC shares the system eigenvectors with H, but the eigenvalues of K are irrelevant to system’s
time evolution. The system’s time evolution is dependent solely on the energy eigenvalues.

Expanding the state vector in the common eigenbasis,

|4 (0 Z!E><E!w
1 0 1 1 0 1 1
:8(100) ((1] 010\/—1_4§+(1)(0,0,1)ﬁ§
~ (o +L§’ -2 (o
Vit | Vit Vit |

With the time zero expansion, we can then write the complete time-dependent state vector

’w(t)> = Z’Ei><Ei’w(0)>@_iEit/h

%

(] B)t/ 2 (Y (1)t/ 3 (0 (1)t/ Lo

_ 0 e—i 5)t/h 4 1 e—i 1)t/h 4 0 e—i Ht/h — 26—it/ﬁ

vV ].4 0 vV ].4 0 vV ].4 1 ].4 36—it/ﬁ
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Postscript: Should the eigenbasis be other than the unit vectors, the expansion is necessary.
When the eigenbasis is the unit vectors, however, the expansion is likely unnecessary and simply
writing the answer, the final expression in this problem, is warranted.

1 0 —i
3-21. A researcher is interested in a system with a total energy operator H = |0 2 0 |,
it 0 1

but is disappointed to find that H is degenerate. The system also has observable quantities

4 0 0 2 0 —i
A = 0 2 = and B = 0 2 0 |. Design a measurement for the researcher,
0 —z t 0 2
21
then find all appropriate values and functions given the state function |[¥(0)> = 2

This problem is the numerical culmination of the first three chapters and chapter 3 in particular.
It marks the passage from discrete systems to continuous systems. The ideas presented in the first
three chapters apply in C>, though they are likely most accessible in C? and C3. Chapters
4 and beyond predominantly feature continuous systems (C> ), nevertheless, the re-visitation of
both the concepts and calculations of the first three chapters will occur frequently.

The postulates indicate that all that can be known quantum mechanically is simply not the
same as what can be known classically. So what can be known quantum mechanically? Possibilities,
probabilities, expectation values, uncertainties, and time evolution are appropriate values and
functions. The first step is to find a complete set of commuting observables.

Notice that H, A, and B are Hermitian.

The word “commuting” is explicit in the phrase “complete set of commuting observables.” An
operator that commutes with H is necessary.

1 0 —I 4 0 O 4 -1 =23
HA =10 2 0 0 2 | = 0 4 21

: 0 1 0 —i 2 49 —i 2

4 0 O 1 0 —2 4 0 —4
AH = [0 2 4 0 2 0 =|-1 4 i

0 —¢ 2 1 0 1 2t =2

thus, [H,A] = HA — AH # 0 and A does not share a common eigenbasis with H so
is not acceptable to complete a set of commuting observables (notice that neither product of the
non-commuting Hermitian operators is Hermitian). Examining B,

1 0 —2 2 0 —2 3 0 -3
HB = 0 2 0 0 2 0 = 0 4 0
i 0 1 i 0 2 3t 0 3
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2 0 —1 1 0 —i 3 0 =3
BH = |0 2 0 0 2 0 = 0 4 0
t 0 2 t 0 1 32 0 3

thus, [H, B] = HB—-BH = 0 and B does share a common eigenbasis with H so is acceptable
to complete a set of commuting observables. (Notice that both products are Hermitian. The fact
that products of commuting Hermitian operators must be a Hermitian operator is addressed as an
exercise). Since H is known to be degenerate, solve the eigenvalue/eigenvector problem for B.

2-A 0 —1
det 0 2-A 0 =
] 0 2-A

(2-20)°—1(2=2) = 8—12A+6)2—A>—24 )

= A —6A24+11A—6 = 0 is the characteristic equation. It is factored ()\—1) ()\—2) ()\—3) =0
so the eigenvalues are A = 1, 2, 3, and B is not degenerate. This is good news because
degeneracy would complicate the issue and may disqualify B from completing a set of commuting

observables. The eigenvectors are found by solving B|v> = [(|v>, meaning
2 0 —1 a a 2a—ct = a - = —a
0 2 0 b =115 = 2b = b = b = 0
i 0 2 c at+2¢c = ¢ ar = —c
1 1
= a =1, b =0, ¢c = —1, = 1> = — | 0
Vel
2 0 —1 a a 2a—ct = 2a —c = 0
0 2 0 b =215b = 2b = 2b = b = b
i 0 2 c c at+2c = 2c at = 0
0
= a =0, b=1, ¢ =0, = 12> = [ 1
0
2 0 —1 a a 20 —ct = 3a —ct = a
0 2 0 b =30 = 2b = 3b = b =
i 0 2 c at+2c = 3c at = ¢
1 1
= a =1, b =0, ¢ = 1, = |3> = —— | 0 |. A unitary operator

ND)

built by placing these normalized eigenvectors from left to right in the order of the eigenvector
corresponding to the lowest eigenvalue to the highest eigenvalue is

1 0 1 1 0

1 1 ;
U=—»0o v o =~ ut = —|o v2 0 |. Then
V2 \, g V21 g

1o —i\ , (1 0 1
uirnu =ut{o 2 ol—|[ 0 vZ o
i 0 1 2\ o i
L1 o0 0 0 2 L (0 0 0 00 0
= 3lo vz o 02v2 0] =504 0] =1{020
1 0o —i/\o o 2 00 4 00 2
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1 00
The representation of B = 0 2 0 is per the postscript to problem 3-17, by inspec-
0 0 3
1
tion. Possibilities are the states |0, 1 > corresponding to the unit vector 0], |2,2>
0
0 0
corresponding to the unit vector 1|, and |2, 3> corresponding to the unit vector | 0
0 1
21
Probabilities require the state vector |¢(0)> = 2 which when normalized is
—1
21 ) 1 1 21
(=2i, 2, i) N*N|[ 2 | = |N|"(4+4+1) =1 = N = 3 = [vO)>=3] 2
—1 —1
2\ | 2
1 1 —2i)(2i) 4
P(0,1) = |[<01]p>[={(1, 0, 0)z| 2 || = |5@i+0+0) _ (2@ 4
3\ 3 9 9
o\ |2
> 1 (% 1 2y
P(2,2) = |<2,2[¢>| = m,l,Okg 2 = §m+2+m =3
—1
2
21 2 ) .
2 1 1 , (1) (—1) 1
P(2,3) = |<2,3|¢Y>]"= [(0, 0, 1)=| 2 = |=(04+0- = = =
(2,3) = | 9> ( )3 2 5(0+0-19) 5 5
4 4 1 04842 10
< > = P = = 0 - 2 — 2 = = —
H > P (ax)ax X0 + = x2 + 5 5
4 1 4 1
<B> = Y Plog)os = gx1+ gx2 4 gx3 = 000 = 220

0 0 0 2 /1 0 0
1 1 1
(AHf::(—m,z,ng 02 0 -—(é) 01 0|3
[ 00 2 00 1 J i
1 /0 0 0 2W o0 0 2i
= §(-—2¢, 2, i)|[{0 4 0] — 0 ™ 0 2
1\0 0 4 0 0 i —i
1 -0 0 2i 1 —2004
= §(-—2@, 2, 1) 0 2 9 2 | = §§(——2i, 2, i) 448
0 0 2/ \— —224i
1 720 80 v 80
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10 0\’ 2 /1 0 0 9
2 ) N 5 1
@WZW—%QMH 0 2 0 -3 010 3 2
0 0 3 0 0 1 —i
1 /1 0 0 2 0 0 2i
N Y . B 25
—J2%1ﬂ 0 4 0 0 2 0 2
[\0 0 9 0o 0 % —i
1 -2 0 0 2i 1 —32i
::5(—m,2,n 0o X 0 2 = @(—m,z,z) 22
0 0 38/ \—i —56i
1 36 4 2
= —(—64+44 = — = — AB = =
93( 64 + 44 + 56) 59 57 = B 5
(1 0 . [0 2i
() > = % 0 | e iOt/A 3 1| e—i@t/n _ * 0| e—i@t/n _ 1 9 g—i2t/h
3\, 3\ o 314 3\ _;e—i2t/n

3-22. Show that the operator constructed from the normalized eigenvectors of a Hermitian operator
is unitary such that Uut = ufu = 1.

Unitary operators and unitary transformations have been addressed and employed on numerous
occasions. There are many ways to construct unitary operators which are not addressed in this
text. This problem does, however, show that an operator that is constructed from the eigenvectors

of a Hermitian operator by placing them in columns is unitary such that U U T =ulu = 7.

Problem 3-12 shows that the eigenvectors of a Hermitian operator are orthogonal, so when
normalized, they are orthonormal. This problem requires imagination beyond mechanical mathe-
matics and also requires that you recognize the normalized eigenvectors in columns in &/ and the

normalized adjoint eigenvectors in rows in U T

ap b1
0/2 b2 62 e . . .
Let U = as by c3 - where each column is a normalized eigenvector of A such that
ai b1 C1
az bo C2
la> = as | b> = by | - le> = cs | o <«+,  then
aj a3 aj
* * *
+ by b3 b3 - . . . .
Ul = P S where each row is a transpose conjugate of a normalized eigenvector

of A which is also normalized because ‘ <v|v> ‘2 =1 = ‘ |v> ‘ =1 and also that
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| <v||=1. Then

a] as aj --- ar b1
T by by by .- az by ¢
Uu = c; ¢ ¢y - as by c3

Rather than mechanical multiplication of elements, observe that the element in the first column,
first row of the product operator is < a|a >, the element in the first column, second row is
<b|a>, the element in the first column, third row is <¢|a>, and so on so that the product
matrix can be written

<ala> <alb> <alec>
; <bla> <b|b> <b|ec>
UU = | <cla> <elb> <cle>

The eigenvectors of a Hermitian operator are orthogonal, so when normalized are orthonormal,
thus <Z’j> = 5ij) and

ulu = — 7. Then

O O =
- O = O
_= o O

Uuu =17 = udlu =u = uutluu' =uu?' = uulz =17 = uul =1.

3-23. Show that the unitary transformation U TAu diagonalizes Hermitian A placing eigen-
values on the diagonal, given that U is constructed from the normalized eigenvectors of A.

Placing the normalized eigenvectors of A in columns ensures a unitary operator for which the
unitary transformation U TAu diagonalizes A. The intent of this problem is to support the
claim that all Hermitian operators can be diagonalized. That the eigenvalues of A are the diagonal
elements is a necessary result, but that result is simply a bonus to the purpose.

ap b1 ¢
az by co

Denote the unitary operator U = where each column is an eigenvector

az bz c3

of A. Expressing each column in ket notation where

aj b1 C1
az bo C2
la> = | 45 | > 6> = [ p, | > le> = [ ¢ | >
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the unitary operator can be written

uz(]a> |b>  |e> ),
operating on this equation from the left with U T ,
1 0 0
0 1 0
uty = 7 = (uTya> ut|o> ufje> ) ~1lolloll; Y

where UTU = T on the right is written as assembled unit vectors. Operating on U with A,
Ad = (Ala> Alb> Ale> ) = (a]a> azlb> asle> o) (2)
using the eigenvalue/eigenvector equation A|a;> = «;|a;>. Operating on this with U T ,
utau = (aluTya> a Ul o> azut|e> )

Comparing the right side of this equation with equation (1),

1 0 o\ ... ap 0 0
+ 0 1 ol ... 0 ay O
U'AU = | oy 0 az | o sl ...| = 0 0 a3

which is a diagonal matrix with eigenvalues on the diagonal.

Postscript: This proof is limited to our method of constructing a unitary operator from the
normalized eigenvectors of a Hermitian operator.

A brief extension of this argument again proves that the eigenvalues of a Hermitian operator
must be real. If A is Hermitian, the diagonal B = U TAU is Hermitian (problem 1-27), and

diagonal elements must be equal to their complex conjugates, «; = o, tosatisfy B = Bt ,
thus, the diagonal elements which emerge as the eigenvalues in equation (2) must be real numbers.

3-24. Argue that the eigenvectors of a Hermitian operator span its space.

The operator U TAU is given to be the diagonal form of A.

A diagonal operator has unit vectors as basis vectors. Any vector in the space can be expressed

as a linear combination of unit vectors, thus the unit vectors of U fAu span the space. A unitary
transformation preserves norms and angular relations between vectors because the inner product is
invariant under a unitary transformation. The intrinsic orthonormality of a basis of unit vectors is

thus preserved under a unitary transformation, so the fact that the eigenvectors of U fAu span
the space means that the eigenvectors of a unitary transformation in the reverse of the usual order

uUtanyul = uutauut = AT = A

also span the space, form a basis, or are complete.
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3-25. Show that every operator commutes with itself and powers of itself.

Though operator products are associative, they are not generally commutative. That an operator
commutes with itself and powers of itself is important to the commutator algebra in the middle
chapters. The proof is short and simple. Show that [A, A"] = 0, for all integral n. We
solve this problem both intuitively and then by induction. The intuitive method is not a proof but
the intent is that you believe the conjecture so may be more valuable. Expand the commutators
[A, Al] , [A, Az] , [A, A3] , and observe a pattern that should satisfy your intuition that

[A, A”] must be zero because the pattern has to be identical regardless of n.

To show that [A, A"] = 0, first show that it is true for n =1, meaning
[A,A] = AA — AA = A* — A% = 0.
For n=2 and n =3,
[A, AQ] = AA? — WA = A - A =0,
[A, AB] = AA® - ABPA = A - AT = 0.
The pattern does not change because the power changes so
[A, A"] = AA" — A"A = AT — A = 0.

More formally, the induction hypothesis is [A, A”] = 0 and we have shown [A, A] =0,
which is the n =1 case. To relate the cases n and n+1,

[A, A"H} =AA — AU = AAAT - AA"A
= A(AA” - A"A) = A[A, A"] = A(0) = 0
if the induction hypothesis is correct. The last line says that the commutator must be zero for

the next power n + 1 if the commutator is zero for an arbitrary power of n. Since the induction
hypothesis is true for n =1, it is necessarily true for all higher powers.

3-26. Show that the eigenvalues of a Hermitian operator are real using the eigenvalue/eigenvector
equation and Dirac notation.

Here is a third proof that the eigenvalues of a Hermitian operator are real.

Ala> = ala> = <a]AT = <a|a” = <a|lA = <ala”
because A = Al Forming a braket of the last equation with |a>,

<a|Ala> = <ala®|a> = <alala> = <a|a’|a>

which is A|a> = a|a> used on the left. Then since o and a* are scalars,
a<ala> = o <ala> = a = a".
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Exercises

3-27. (a) Show that the product of two diagonal operators with scalar elements is the diagonal
operator composed of the scalar products of corresponding elements.

(b) Show that the square of a diagonal operator with scalar elements is the diagonal operator
composed of the square of the elements.

(c) Show that all diagonal operators with scalar elements commute.

These are more convenient facts concerning diagonal operators.

Use two arbitrary diagonal operators like

aq 0 0 bl 0 0
0 a9 0 0 bg 0

A=10 0 a3 -- B=10 0 b

where the non-zero elements are known to be scalars, and for part (c), that scalars commute.

That any Hermitian operator can be transformed into a diagonal form where the diagonal
elements are not only scalars, but real scalars—that are eigenvalues—is a fact to be exploited.
Working with diagonal operators has the potential to significantly reduce the degree of difficulty
of numerous calculations, expectation values and uncertainties for instance, and has the additional
advantage of the clarity of the unit vectors being the basis vectors.

3-28. Show that the product of two Hermitian operators that commute is a Hermitian operator.

Start with AB = C toshow C = CT. That A and B commute means

[A,B] =0 = AB = BA.

3-29. Show that (A + B)]L — Af + BT in two dimensions.

That the adjoint of the sum is the same as the sum of the adjoints is not obvious but the fact is
used frequently. The proof in two dimensions extends to arbitrary dimension. Use

A — <a11 a12> and B — <b11 b12>‘
az1 a22 ba1  bao

Calculate the adjoint of the sum and the sum of the adjoints. They will be the same.
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3-30. Given that 2 and A are Hermitian operators, show that

(a) QA isnot Hermitian,
(b) QA+ AQ is Hermitian,

)
(¢) [9, A] is anti-Hermitian, and
)

(d) i[9, A] is Hermitian.

We generally use upper case calligraphic letters to denote operators though many texts use Greek

capital letters. All four parts use the result ( QA )]L — ATQT. Anti-Hermitian means T' = —T'T.
As an example, Hermitian for part (d) means (z [Q, A] )]L = 4 [Q, A]. To show this,

(il aDt = G (ea-ao) = —i((an)' - (ao)")
— —i(ATal —afAT) = —i(AQ-0A4)
“i(—QA+AQ) = i(QA-AQ)
=7 [Q, A] , 8o it is Hermitian.

Unlike exercise 3—28, assume non-commuting A and 2.

(A+AT), and C = %(A—AT), show that

N | —

3-31. Given a square operator A, B =
(a) A= B+1iC,
(b) both B and C are Hermitian, but that iC is not.

(c) Show that [B,C] = 0 onlyif [A,Af]

Exercising straightforward operator algebra. The operator A must be square for the definitions
of B and C to make sense. Notice that this exercise is not limited to Hermitian operators. This
decomposition is an operator analog to a complex number with real and imaginary parts, where
the real and imaginary parts are Hermitian.

3-32. (a) Show that B and C as defined in exercise 3-31 are Hermitian for A = <2§ 64_—i_16gi>

(b) Show that A = B+iC numerically for the given A.

Small numerical examples may be useful to provide meaning and context. Notice that the given
A is markedly non-Hermitian. For a complex number z = a+bi, the a and b are real numbers.
The operator analogy for any square operator is A = B+1iC, where the B and C are as defined
in the previous exercise and are Hermitian operators.
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. 57} 4
3-33. Show that the inner product <c|g>, where |[c¢> — (22> and |g> — (3—1—2@')’

is invariant under the unitary transformation that diagonalizes (—34i 1§> .

3 4

T ) was found in chapter 1 to be

The unitary transformation that diagonalizes (

500 - s

Transform the bra as <c|U and the ket as U f | g>. See problems 3-7 and 3-8.

4 —3i
3-34. Show that the inner product <7|r>, where [7> — 3 and |r> — 6 |,
—2i -5
1 0 —2
is invariant under the unitary transformation that diagonalizes 0 1 0
2t 0 4

The exercise in C? like problems 3-7 and 3-8. The appropriate unitary transformation is

L (2 01 T L o[(2 0 1
U=—]0 V5 0 = U =—=| 0 V5 0
AR Y Vi1 0 o

from chapter 1. Transform the bra as <7|U and the ket as U f |7>. The invariance of an
inner product under a unitary transformation is an essential concept.

3-35. Show that the norms of |¢> — (é@) and |k> — ( 9 :63i> are preserved under

the unitary transformation made in problem 3-7.

A unitary transformation is said to rotate basis vectors in C™. “Re-orient” may be a better descrip-
tion since “rotation” in C™ for n > 3 is difficult to picture, nevertheless, “rotate” is the accepted
terminology. That a unitary transformation preserves lengths/norms, angles/angle analogs, inner
products, and eigenvalues founds the usefulness of unitary transformations to quantum mechanics.

1 1 —9_—9
From problem 3-7, <q'| = ﬁ( -1, —7@') and |k'> = ﬁ (-24- ;2) ,
and from chapter 1, ‘ | x> ‘ = ‘ <z| ‘ = /<z|r>. Problem 3-10 is an example in C3.
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3-36. Show that a unitary transformation preserves a vector’s norm in general,

See problem 3-9 and the postscript of problem 3-10. This is a short proof.

2
3-37. Consider the two operators H =10
1

a) Are these operators Hermitian?

b) Is ‘H degenerate?

(

(

(¢c) Do H and C commute?

(d) Simultaneously diagonalize both ‘H and C.
(

e) List the possible eigenstates of the H, C system.

The observables postulate indicates the fundamental importance of Hermiticity. Both H and C
are Hermitian. H is degenerate with eigenvalues 1, 1, and 3. H and C do commute, which
is necessary for simultaneous diagonalization. Should they not commute, they do not share a
common eigenbasis so cannot be simultaneously diagonalized. This exercise requires finding the
normalized eigenvectors of the non-degenerate operator to build the unitary operator. Part (e)
intends that the possible eigenstates be identified in the basis that makes both H and C diagonal
per problem 3-18 (a). Problems 3-14 through 3-17 are examples for parts (a) through (d).

3-38. Using ‘H and C from the previous exercise and the state vector |y > = EZ , find
2—2

(a) the probability of each possibility,

(b) both possible expectation values,

(c) both possible uncertainties,

(

d) and the time-dependent state vector given that H is the total energy operator.

Normalize the state vector as a first step. The postulates do not require normalization, but the
calculations for this problem become much more daunting without it. The probability postulate
indicates how to complete the three calculations for part (a), where convenient unit vectors rep-
resent the three eigenstates. Possibilities and probabilities remain dominant through the whole
of quantum mechanics. The associated statistical measures, expectation value and uncertainty
which correspond to weighted average and standard deviation, follow from the possibilities and
probabilities. The four parts of this exercise are the chapter 2 material involving a degenerate
Hamiltonian requiring a second commuting operator to lift the degeneracy. See problems 3-18
through 3-20 for example calculations.
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3-39. Check expectation values and uncertainties for exercise 3-38 using alternative calculations.

Recall from chapter 2 that

<A>y =) Pla)ai = <¢[Al¢p> and

2
AA, = <¢](A— <A>z) |p>12 = <p| A2 — < AS2T|y >12

Thus, checks for expectation values and uncertainties are available.

3-40. Hermitian operator H has eigenvalues 2, 2, 5, and Hermitian operator D has eigenvalues
4,4, 3, and [H, D] = 0. Is it possible that these two degenerate operators can form a
complete set of commuting observables? If so, under what conditions?

The answer to the first question is yes. Consider both H and D in the basis that diagonalizes
both operators, though the unitary transformation that diagonalized both H and D is assumed.
It is known to exist for commuting Hermitian operators, and does not need to be identified.

3-41. Show that [A,B] #0 = [B,A] #0.

This is a short exercise in operator algebra which some may consider intuitively true, though many
quantum mechanical results are non-intuitive as are some results of operator algebra.

Remember that a commutator is an operator. Thus,

[A,B] # 0 = [A,B] = C isagood start.

3—42. (a) Show that none of the conventional component orbital angular momentum operators

1 01 0 1 0 —i 0 1 0 0
Ly - — |1 0 1]h, Ly - — |+ 0 —i]|h, L, — {0 0 0 |*h
V2 01 0 V2 0 2 0 0 0 -1

commute with other component orbital angular momentum operators.

(b) What is the implication for a complete set of commuting observables for orbital angular mo-
mentum that different components of orbital angular momentum do not commute?

Part (a) is mechanical. One of the implications of the previous exercise is that there are three
commutators to consider rather than six. Calculate [Ew, Ey] , [Ew, EZ] , [Ey, EZ] to show
that [Ei, Ej] # 0 for i # j. Part (b) may require more thought and is actually more to
the point of this chapter.
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3 0 0
3-43. A researcher is interested in a system with a total energy operator H = (0 2 ¢ |,
0 — 2

1 0 1 5 0 0
F =101 —i and M = 0 3 —i]. Designa measurement for the researcher,
1 ¢ 0 0 2 3
—3i
then find all appropriate values and functions given the state function |[¥(0)> = 5
49

As problem 3-21 is the numerical culmination of the first three chapters, this exercise is the line
beyond which all problems and exercises must first be considered in the generality of C>°. That
some systems can be addressed in smaller subspaces as addressed predominantly in the first three
chapters is physically fortuitous. That the ideas and arguments of smaller subspaces can often be
extended to C*° is frequently convenient.

Possibilities, probabilities, expectation values, uncertainties, and the time evolving wave func-
tion are appropriate values and functions that can be known. The characteristic polynomial of the
appropriately chosen operator may be challenging to factor. One of the eigenvalues is 5, so dividing
the appropriate characteristic polynomial by A —5 may make this exercise more straightforward.

Per problem 3-21, the first step is to find a complete set of commuting observables.
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Chapter 4

Continuous Systems I

The extension from C? and C? to C* is the primary subject of this chapter. Werner
Heisenberg originated matrix mechanics in the mid 1920’s. It relies on matrix and vector alge-
bra. Erwin Schrodinger originated wave mechanics, relying on integral and differential calculus,
about the same time. P. A. M. (Paul Adrian Maurice) Dirac showed the two distinctly different
computational approaches are formally equivalent. Dirac created what he initially named trans-
formation theory, in part to describe quantum mechanical phenomenon free of the limitations
of either Heisenberg’s or Schrodinger’s approach. Dirac notation is independent of basis, which
is a significant advantage. The idea is to frame the problem in abstract Hilbert space relying only
on the postulates of quantum mechanics, then complete the specifics of the calculation using the
more expedient method.

Heisenberg was awarded the Nobel Prize in Physics in 1932 for the creation of matrix mechan-
ics. Schrodinger and Dirac shared the award in 1933 for their contributions to quantum mechanics.
Dirac revealed the expediency of his working notes only in 1939 in the third edition of The Prin-
ciples of Quantum Mechanics. Dirac notation has since become an essentially necessary part of
the language of modern quantum mechanics. Dirac created other expediencies, one of which is the
Dirac delta function, or just the delta function.

The first three chapters have been primarily a blend of Heisenberg and Dirac. The opera-
tors used to this point have all been matrix operators. Schrodinger’s approach is calculus based
featuring differential operators. The general strategy of this chapter is to further develop Dirac’s
methods and then use them to transition to Schrodinger’s. Schrodinger’s method will then be
more completely developed in the later part of this chapter and future chapters.

4-1. Explain the concept that an infinite dimensional vector can model a continuous function.

What follows is a plausibility argument rather than a proof. The proof depends on the phenomenon
of convergence which is beyond our scope. You should, nevertheless, appreciate the ideas of the
argument that are behind an actual proof as well as the basic point that an infinite dimensional
vector can model a continuous function.

Consider the continuous function
flx) = 2® —132% + 48z — 49
on the closed interval [1 , 8] . There is nothing remarkable about this polynomial function other

than it has some variation and convenient y values within the interval of interest. Since the rule
defining f (x) is known, it is straightforward to find y values for integral x values,
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Now suppose that we did not have the rule
23 — 1322 4+ 482 — 49, but had only the information ’ : ' ? : *
in the table. We C(?uld .create a graph' that would be Fig. 4-1a. f(z) = 23—1322+482—49 .
a reasonable approximation to the continuous graph in
figure 4-1a. The table, however, is equivalent to defining

_].3 20

and should we want any functional value, simply form an . R
inner product <i| f(z)>, where <i| is the unit vec-
tor corresponding to the ¢th position. This means, for
example, Fig. 4-1b. Integral values of z.

0 F 4 -] & 10

<]"f($)>:(1’0)0)0,0,0,0,0) = —13
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<2|f(z)> = (0,1,0,0,0,0,0,0) =3

<3|f(x)> = (0,0,1,0,0,0,0,0) =5

and so on. Now imagine that we had integral and half-
integral values of z in the ket vector |f(x) >, which
would contain 15 components. A new definition of the
units vectors |i> or <i| to be 15 unit vectors is re-
quired to extend this mechanism. This refinement would
provide a better approximation. If we had integral, half-
integral, and quarter integral values of x in the ket vector
| f(z)>, it would contain 29 components. Another new
definition of the units vectors |i> or <i| to be 29
unit vectors would be required. Portions of this approx-
imation are becoming close to a graph of a continuous
function in a practical sense, depending on the size of
the points used to make the graph. This extension could
ostensibly be continued to an arbitrarily large number of
points, or even an infinite number of points. That is

20

20

Fig. 4-1c. 15 points of f(z).

Fig. 4-1d. 29 points of f(z).

where the units vectors |i> or <i| are of corresponding arbitrarily large or infinite extent. In
fact, the “continuous” function of figure 4-1a is created in this manner with 600 points.

Postscript: Again, this is simply a plausibility argument. Questions involving convergence are
beyond our scope. The intent of this problem is to provide a mental picture. The overall intent
of this volume is to provide a modern context to the calculations of non-relativistic quantum

mechanics which realistically cannot be obtained without extension to infinite dimensions.
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4-2. What is a Dirac delta function?

y
The Dirac delta function is properly defined
/ 5(x)da — { ! ii;g
—o0 ‘ «—width is Ax,
Notice that it appears as part of an integrand in our helgh-t IS 1Ax,
. . .2 . areais 1
definition. It is only when a delta function is outside of
an integral that debate ensues. The incomplete definition
1 ifz=0,
‘5(“””)‘“_{0 if z £ 0 > X
is what seems to create much of the discussion. Figure 4-2. Delta function at * =0.
The Dirac delta function should only appear as a factor in an integrand. Dirac wrote “...it

will be something which is to be used ultimately in an integrand.” Nevertheless, delta functions
commonly appear apart from an integral symbol in modern literature. Dirac commonly wrote his
delta functions without an integral symbol. The Dirac delta function is an idealization, much the
same way as a mathematical point will model the location of a classical particle. Dirac indicates it
is “...merely a convenient notation, enabling us to express in a concise form certain relations which
we could, if necessary, rewrite in a form not involving improper functions, but only in a cumbersome
way which would tend to obscure the argument!.” If the system is discrete, a Kronecker delta is
appropriate to model an “all or none” quantity. If the system is continuous, a Dirac delta function
is appropriate to model an “all or none” situation.

Likely the most straightforward graph of a delta function is zero everywhere except for a tall,
thin rectangle inside a domain of length Az . The area of the rectangle is length x width, or

1
Ar — =1
Ax
If the domain is diminished, the function must become “taller” to preserve the area at 1. In the
limit of Az — 0, the functional value goes to oo, but the area is still 1. The delta function is an
idealization of an infinitely high, infinitely thin spike with an area of 1.

The mathematical interpretation of the Dirac delta function is varied. Some view it as an
actual function, others view it as a generalized function?, others classify it as a distribution. Some
consider it nothing more than a pathological mathematical object, devoid of recognition. Dirac
considered it an improper function. The delta function is an extension of the Kronecker delta
to continuous systems. All continuous systems involve infinities which present problems that do
not exist in finite systems. All calculus problems involve infinities. That calculus is useful is
evidence that the sum (or difference or quotient or...) of some infinities converge. The problem of
convergence remains a research topic within multiple realms of mathematics. We do not address the

! Dirac, The Principles of Quantum Mechanics (Clarendon Press, Oxford, England, 1958), 4th
ed., pp. 58-59.

2 Lighthill, An Introduction to Fourier Analysis and Generalised Functions (Cambridge Univer-
sity Press, Cambridge, England, 1958).
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problem of convergence here, rather, we do attempt to demonstrate how the Dirac delta function
is useful and use it to develop other tools appropriate to introductory quantum mechanics. See
Boas?, Arfken?, or your favorite text on mathematical physics for greater depth.

Finally, imagine integrating over a delta function. The area under the curve is 1, given that
the delta function is within the limits of integration. If the delta function is not within the limits
of integration, the value of the integral is zero.

00 1
For instance, / 0(x)der = 1 and / 0(x)dr = 1 where the delta function is at
—o —1

00 -1
x =0 and is within the limits of integration, but / d0(x)dr = 0 and / d(x)dr = 0,
1 —00

because 0 is not within the limits of integration.

4-3. Evaluate / (z+3)6(z)dx.
—o0 As Ax—0,
the product
of the delta
A delta function will generally appear as a factor in function and
an integrand, rather than as the complete integrand. f(x) is 3 at 3 f(x) =x+3
The factor (z + 3) will range from —oo to oo x=0, and is O
given the limits of integration, but the delta function elsewhere.

is zero everywhere except at = =0, and

0 x anything = 0,
to include —oo-0 =0, and oco-0=0. Thus, the
entire integrand, (z +3)d(z), is zero everywhere

except at x =0. At x =0, the delta function has Figure 4-3. The infinitely tall, infinitely
area 1, so the integral there is the functional value at thin spike of area 1 times f(0) =3,

zero which is f(0) = 3, times the 1 of the delta thus, the integral of the product is 3.
function, so the integral of the product is 3.

L J
>

/ (z+3)d(z)dz = (z+3) =0+3 = 3.
— 0 r=0
Postscript: Notice that an anti-derivative of f(z) = x + 3 is unnecessary for an integrand

containing a delta function.

The symbol means “evaluated at = = zero.” Other examples of this symbology are

=0

meaning “evaluated at x = 2,” and meaning “evaluated at 8 = —7x.”

=2 0=—m

3 Boas, Mathematical Methods in the Physical Sciences (John Wiley & Sons, New York, 1983),
2nd ed., pp. 665-670.

4 Arfken, Mathematical Methods for Physicists (Academic Press, New York, 1970), 2nd ed., pp.
413-415.
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oo 0
4-4. Evaluate / (z+3)d(z—2)da and / (z+3)6(z—2)dx.

What is the meaning of 6 (x —2)7 Where the ya
argument of the delta function is zero, there is a tall,

thin spike of area 1, so that tall, thin spike is now at
AXx goes to 0 as

1/ax goesto ———»
z-2=0 & =z=2 infinit;% SO area
remains 1.
The tall, thin spike is shifted two units to the right.
Similarly, 0 (x +5) means the tall, thin spike is at
r+5 =0 & z = —5, and §(0 —m) means the
tall, thin spikeisat 6 —m = 0 & 0 = .

If the value that makes the argument of the delta
function zero is not within the limits of integration, the 2

entire integral is zero. ) )
Figure 4—4. Delta function at x = 2.

/m (2+3)6(z—2)de = (243)] = 2+3 =5,

— 0 T =2

0
/ (z+3)d(x—2)dz = 0 because 2 is not within the limits of integration.

— 00

Postscript: The practice of “shifting” the tall, thin spike that is the delta function to the left or
right is encountered frequently. In general, “shifting” the delta functionto z—a = 0 & o = a,

and / f(x)d(zx—a)dz = f(x) = f(a).

Tr=a

Continue to pay attention to the limits of integration. Should the value that makes the argument
of the delta function zero be outside of the limits of integration, the value of entire integral is zero.

4-5. Evaluate (a) /_11 (bT + 3) o(x) dx (b) /O:O
I

(c) /Om(m+3)5(m+9)dx (d)

(z+3)6(z+9)ds

(32 +2+3)d(z—2)da
0

(e) /0 (32 +2+3)d6(z—2)de (f) / (cosf)é(6)do

— 00

(2) /000(39624-96—1-3)5(05—4)6195 (h) (cos)d(0 —2m)do
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= f(b) giventhat a < b < ¢, and is zero otherwise.

(&) /1 (243)0@)de — (243)] —o0+3 — 3
—1 z=0

(b) /OO (z+3)0(x+9)dz = (z+3) = -943 = —6
—00 z=—9

(z+3)8(x+9)de = 0 because = —9 is not between 0 and oo

o
ﬁ

=3.224243 = 17

=2

(32 +2+3)d(x—2)de = (32° +2+3)

e
ﬁ

(32> +2+3)6(x—2)dr = 0 because z = 2 is not between —oo and 0

—~ —
L) @
I\ I\
3 3 (e}
8

(cosf)d(0)dd = (cosb) = cos0 =1
0=0

= 3.42444+3 = 55
=4

(322 +2+3)d6(x —4)de = (32° +z+3)

D
ﬁ

(cosf)d6(0—2m)df = 0 because 6 = 27 is not between — 7 and =

=
S~—
\:‘

—1Tr

4-6. Evaluate (a) 2/7r cos (26) 0 (0)de (b) 27r/7r cos (20) § (0— g) de
(c) /OOO Acos(z)e ™ §(z+1)de (d) _W Acos(z)e ™ §(z+1)dx

o Je (U5 s (U5) p(a -t nn2
(f) /(1654—4852+12)5(5_2)d§

2 g, 2 207N\ ao
() / Noki ag <1 30 + 27“8) e d(r —ag)dr

™ 27 105 | o - -
(h) /0 de/o A6 \| g sin® 0 cosf ¢ 5(9_ Z) 5((;5_ 5)

(i) /Oldr/_o:odﬁ:—zsin(@)é(r—a)é(@—g), 0<a<l.

This is a continuation of the last problem with integrands that are slightly more challenging. It is
intended to amplify and extend your abilities in evaluating integrals containing delta functions.
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Pay attention to the limits of integration. The integral is zero if the value that makes the
argument of the delta function zero is not within the limits of integration. If the value that makes
the argument of the delta function zero is within the limits of integration, the value of the integral
is the functional value of the integrand evaluated at that point. Again,

b
/f(:v)é(:v—c)dz = f(x) = f(c) if a<ec<b, 0 otherwise.

r=c

Notice parts (e), (f), and (g) do not have limits of integration. An integral with a delta
function without explicit limits means that “all space” is implied. Thus, the limits —oco and
oo are implied in parts (e) and (f). Part (g) concerns only the radial component in spherical
coordinates, so “all space” means from 0 to oo for the radial parameter r.

Address each variable of integration independently for the double integrals of part (h) and (i).

(a) The argument of the delta function is zero at 6 = 0, so

2/7r cos (20) 5 (0)df = 2 cos(20)

- 0=0
b) 6-2 =0 o 6=_, and -7 < 2 < therefore
3 3 3
T T 27 1
27r/ cos (20) § (9——) df = 2mcos— = 21| —=| = -7
- 3 3 2
(¢) z+1=0 < =z = —1, and —1 isnot between 0 and oo, so the integral is zero.
d z+1=0 & 2z =-1, and —-7<-1<m, so
T 2 2 5403 A
Acos(z)e ™ §(z+1)dz = Acos(—1)e "V = 0-54034 _ ) 19884
- 2
(e) The argument of the delta function is zeroat z—1 = 0 < x =1, so
> nTr\ . [(NTX nrTr\ . /NTX
/_OO COS (T) S1n (T) 6(I—l)dl' = COS (T) S1n (T) .
= cos(nm) sin(nw) = cos(nm)(0) = 0 forall n.

(f) —o0 <2 < oo, therefore

/(1654—48§2+12)5(5—2)d§ = 16-2* —48-22 4+ 12 = 256 — 192412 = 76

(g) 0 < ap < oo, thus

2 _3 2r 27\ .5 2 _3 200 2a}\ _
- 1 - = r/ ao § _ dr = 122 agp/3ag
/ NoTa ( B0y 27a3> c (r—ao)dr NoT 3a0 | 27a2 ) €
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2 —3/2 < 2 2 > —-1/3 22 —3/2 —1/3
= a I--+)e = =0 e
NoTa 327 81v/3 °

(h) Both angular parameters are between their respective limits of integration, thus

/Owde/o%dqﬁ 31,2% sin? 0 cosee%%(e— g) 5(¢— g)

105 sin? T cos T g2im/2 151 1 i J sing FEuler’s equatio
= — SN~ — — € = — - —— € = — —_— usin uler uation.
V327 % 4 %% V327 2 /3 2567 & d

(i) Both parameters are between their respective limits of integration given 0 < a < 1,

/Oldr/_o;de% sin(0)3(r—a)s (6-7) = /oldT:_Q ([sin(e)]ezm)(s(?«_a)

—_
o

Postscript: Many of the functions composing portions of the integrands are realistic functions of
quantum mechanics that will be encountered in later chapters. Sines and cosines will repeatedly
be encountered in discussions of square wells, orbital angular momentum, and elsewhere. The
function in part (h) is the spherical harmonic Y3 o (0, (;S) describing orbital angular momentum
quantum number [ = 3 and magnetic quantum number m = 2. Spherical harmonics are also
used as a portion of the solutions to the hydrogen atom. Any factor of the form g , where k
is any constant, is a “bell-shaped” curve that we will call a “Gaussian” function. The form e’
will be seen frequently using varied values of a constant «. Part (f) uses a Hermite polynomial
describing the fourth excited state of the quantized simple harmonic oscillator. Part (g) includes
the radial component of the hydrogen atom for principal quantum number n = 3 and orbital
angular momentum quantum number [ = 0, and ag is the Bohr radius = 5.29 x 10~!! meters.

In the interest of reading notation, the double integral of part (h) concerns only the angular
components of spherical coordinates. The normal conventions for spherical coordinates are that
the polar angle 6 is the angle of depression from the z-axis so ranges from 0 to m, and the
azimuthal angle ¢ ranges from 0 to 27 . The limits of integration for the double integral for part
(h) cover “all space” for the angular components of this double integral, and it could be written

/de/d¢ ;)Qiisnﬂe cosee%%(e— g) 5(¢— g)

without limits of integration and with the same meaning as the integral posed in part (h).

Remember that an anti-derivative is not required for an integrand containing a delta function.
An integrand with a delta function is not a Riemann integral.
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4-7. Evaluate (a) /f(x)é(ax—b)dx, a,b>0; and (b) /(m2—2x+3)6(2x—6)dx.

Part (a) of this problem introduces a more general displacement for a delta function. A coefficient
other than 1 on an independent variable as part of the argument of a delta function complicates
the situation. The key is to change variables to y = argument of the delta function  so that
the contribution of the differential element is properly considered.

b
(a) Let y = ax—0 = r = yt and dy = adx = dr = —.
a a
The implied limits of integration remain —oco and oo,

= /f(x)é(ax—b)dx = /f<3/7+b>5(y)% _ %Jc(yl—b)

) a=2, - =-=3 = /(m2—2x+3)(5(2x—6)dx =

Postscript: Notice that should the argument of the delta function simply be set equal to zero
without the change of variables, the evaluation of the integral in part (b) is off by a factor of 2.

4-8. (a) What are even and odd functions?

b) What is the origin of the terms even and odd function?

(
(c) Is the Dirac delta function, even, odd, or neither?
(d) How are even and odd functions used?

Most functions are neither even nor odd, but symmetry can
occasionally make life simpler.

(a) A function is even if f(—x) = f(z), like a cosine,
and a function is odd if f(—z) = —f(z), like a sine.
The graph of an even function is symmetric about the ver- Fig. 4-5a. Symmetric about y-axis.
tical axis. If the graph of an even function is folded on the
vertical axis, the two half curves overlap. The graph of an
odd function is symmetric about the origin. If the graph of
an odd function is cut on the vertical axis and rotated 180
degrees around the origin, the two half curves overlap. Most

functions do not have central symmetry so are neither even
nor odd. For example, f(x) = x+1 is neither even nor odd.

b) Polynomial functions with even powers, for instance,
f(x) = a* —2? are even because

f(=z) = (=)' = (—2)? = 2* — 2% = f(x) Fig. 4-5b. Symmetric about origin.
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Polynomial functions with odd powers, for instance, f(z) = 23+ are odd because
fo2) = (-2 + (2) = ~2* — 2 = ~(P+2) = ~/(2)

and the designations even/odd functions originate in these even/odd powers of polynomial func-
tions. Regardless of origin, an even function is symmetric about the vertical axis, and an odd
function is symmetric about the origin.

Most functions are neither even nor odd. For f(z) = z+ 1, for instance,
f(—z) = —x+1 # f(x), and f(=z) = —z+1 # —(z+1) = —f(z).
(c) The Dirac delta function is an even function. This fact is often expressed
0(—x) = d(x) and S(z—2') = 6(a —2).

This notation is incomplete because a delta function is “something which is to be used ultimately
in an integrand.” A function and integral with the limits indicating “all space” are implicit, i.e.,

S(z—2') =6 —2z) = /_Oof(m)é(x—$’)dx: /_Oof(x)é(ml—m)dz.

The function, integral, and limits are often omitted in the interest of brevity and to avoid “clutter.”
These can be attached to complete the meaning of relationships involving “naked” delta functions.

(d) The process of evaluating some integrals can be simplified should the integrand be an even
or odd function when the integral has symmetric limits. The integral of an odd function between
symmetric limits is zero, and what may initially appear as a difficult calculation may be completed
by inspection. The integral of an even function between symmetric limits is twice the integral
from a lower limit of zero to the upper limit of the original integral. Many tables publish solutions
to some integrals with even integrands from 0 to an upper limit rather than between symmetric
limits; from 0 to oo, or from 0 to mw, rather than from —oo to oo, or from —7 to «.

4-9. Identify the following functions as even, odd, or neither.

2 nmwry\ . (NTx _
(a) Acos(x)e (b) cos (—l ) sin (—l ) , n=1,23,...
2 _3 2r  2r?
4 4Qe2 _ =
(c) 16&* —48¢° +12 (d) NoT ag (1 S + 27@%)

1 2
(e) \/32& sin @ cos 6 (f) 2% sin(z)e™®
7r

Practice recognizing even and odd functions is appropriate. You should know that the product of
an even function and a second even function is an even function. The product of an odd function
and a second odd function is an even function. The product of an even function and an odd function
is an odd function. Proofs of these statements are straightforward and are left as exercises.
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L . 2? . .
(a) A cosine is even, the Gaussian e™® is even, the constant A amplifies or contracts the

vertical magnitude without affecting symmetry, therefore, this is an even function. Normalization
constants cannot affect symmetry in general.

(b) A cosine is even, a sine is odd, therefore, this function is odd.

(c) This function is even. The constant term “+12” is equivalent to “+122°” where the
power “07 is an even number, so all exponents of this polynomial function are even. Notice also
that this function satisfies the definition f(—¢) = f(&).

(d) Neither even nor odd. Quadratic, linear, and constant terms cannot have central symmetry.

(e) A sine is odd, but a sine squared is even, times an even cosine; this function is even.

(f) Even 2, times odd sin(z), timeseven e % | is odd.

4-10. Show that /(5(m) dr = ©(z).

This problem introduces the theta function. The delta function is the derivative of the theta
function, as this problem demonstrates in integral form. The theta function is useful in establishing
some of the properties of the delta function and in some problems involving discontinuities.

The theta function, also known as the step function
or the Heaviside step function, is defined y 4

1, if >0,
@(I)_{o, if 2<0.

If we “shift” the origin to = = 2/,

1, if =z > a2,
@(m—x’):{o if z<a.

X

£

Figure 4-6. Theta function © (z—1).

The last equation is illustrated in the figure for 2/ = 1. Notice that O (z) is not defined at
z =0 (or ©(x—2a') at x—2' = 0), and O (x) is not continuous at = = 0 (or O (x — ') at
x — 2’ = 0). Like the delta function, the theta function is another “improper” function. It does
not possess the property of continuity at the location where the argument is equal to zero.

Again, the limits of integration are —oo and oo (or all space) when a proper integral is
anticipated and limits are not stated. Limits are the key to the meaning of the premise. Break
the integral into two integrals at an arbitrarily small ¢ < 0. This means the limits on the first
integral are —oo to —e and the limits on the second integral are —e to oco. Examine the behavior
of both integrals in the limit ¢ — 0.
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/Ooé(x)dz: Co@)yde + [ 6(x)da,

— 00 —€

where € is an arbitrarily small number. There are two cases, either z > 0 or x < 0. If z > 0,

0(x)dx + d(z)de = 0+1 = 1,

— 00 —€

where the first integral is zero because values of > 0 are not within the limits of the integral,
and the second integral is 1 per the definition of the Dirac delta function. If * < 0, then

0(x)dx + d(z)de = 04+0 = 0,

— 00 —€

where the first integral is zero because the argument of the delta function cannot assume the value
of x =0 within limits that are both less than zero. The second integral is zero because the values
x < 0 are not within the limits of the integral. If the circumstance —e < & < 0 were to occur,
the second integral would be 1, but picking another e such that z < —e restores the situation in
which both integrals vanish. Therefore, in the limit that ¢ — 0,

1, if >0
/5(m)dx— {0’ f or<0 = O (x).

do (x)
dx

Remember that the delta function has an area of 1. A practical way to understand the theta
function as the integral of a delta function is to start at negative infinity, the value of the integral
is the area under the curve which is zero until reaching the argument of the delta function, the
area under the curve becomes 1 at that point, and the rest of the journey to positive infinity adds
Zero more area.

Postscript: The differential form of the theta/delta relationship is

= 0(x).

Oliver Heaviside was a largely self taught electrical engineer and physicist, and being self
taught, originated his own notation to extend James Clerk Maxwell’s work on electromagnetic
theory well before Dirac. Heaviside used an all-or-nothing “function” where it was “all” after a
certain point. Dirac wanted an all-or-nothing “function” at a certain point.

4-11. Evaluate (a) /(5’(m—3) 2% dx (b) /(5’(:3— Ve ™ da
(c) /(3x3—5x2)(5’(x+2)dx () /cos 05’ (e— g) df

(e) /Sin2 06’ (9— g) de (f) /xze_wzél(x—a)dx
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This problem introduces derivatives of delta functions. Shankar® introduces his version of the
postulates of quantum mechanics using a delta function and the derivative of a delta function, and
they are encountered elsewhere in the literature. Thus, at least minimal familiarity is appropriate.

Derivatives of delta functions are also always intended to be used as a portion of an integrand
though they will frequently appear without an integral or companion function for reasons of nota-
tional economy. The derivative of the Dirac delta function is the negative of the derivative of the
companion function evaluated at the point that makes the argument of §’ zero. Symbolically,

[ @-ai@ds = ~f'(a),

5
~—r
5
=
~
8
~—
I
8
vl\':
~
8
~—
I

2r, so /5’(m—3)x2dx = -2z = —-2(3) = -6

(b) f(z) = e* = f'(z) = —2ze ™, so /5/(1‘—1)6_z2dl‘ = 2(1)@_12 =
() f(z) = 323—-522 = f'(z) = 92210z, so

= —9(-2)*4+10(-2) = —36—20 = —56

r=—-2

/(3$3—5x2)(5’(x+2) dr = —(92°—10z)

) f(0) = cos§ = f'(0) = —sind = /0059(5’ (e—g) o = sing _ V2

(e) f(8) = sin®0 = f'(0) = 2sinf cosf

2 06" (0-2) o = —2sinTeosT - pYEL VS
= /sm 09 (0 3 do = 2511130053— 2 5 3 = 5
() f(z) = a%e™ = fl(z) = 2ze® + 227 (=22) = 20e ™ — 2237, so
/xze_wQ(S’(x—a)dx = —2aqe % + 2a%e

Postscript: Limits indicating all space are implied for all six examples, meaning from 0 to = for
parts (d) and (e), and —oo to +oo for the other four parts. The delta function is the most useful
of the three improper functions discussed in our development.

4-12. Evaluate

(a) /Vo(g—ffé’(x—a)dx, and

(b) /Vo(g—g)zé’(x—b)dz.

® Shankar, Principles of Quantum Mechanics (Plenum Press, New York, 1994), 2nd ed., chap. 4.
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The potential given in this problem is realistic and is sometimes used to model an asymmetric
potential well in radial coordinates (i.e., + — 7 and r > 0).

(a) The derivative of the function is

Vo (- 2)" = w2 (4-2) (mae- 1) - 2w (8-2) (54 1)

a T\2, a =z a 1
= /VO(;‘g) V(z—a)de = —{‘”0(;‘5)(?*5)]96:@
1 2
= 2% (2-2) (%Jr—) = 2V;(0) (—) — 0.
a a a’>  a a
(b) Having calculated the derivative for part (a),
/v (3—5)25’(:5—1))(&—— —2v(3—f) L
'\z a N Nz« 2 a )|, _,
a b a 1 a? 1 1 b a? b
oV (22 ) (L 2) o (L o — - - 2 ) =2 (L2 ).
VO(b a><b2+a> V0<b3 L a2> V0<b3 a2>

4-13. Establish relations applicable to continuous systems in position space, momentum space,
and energy space, for (a) the orthonormality condition and (b) the completeness relation.

Infinities are inherent in descriptions of systems that are continuous. Physicists frequently reason
using finite dimensional analogs treating the infinite as a generalization®. This seems a practical,
if not mathematically rigorous, necessity.

There is enough new notation in this problem that you should simply read the discussion
carefully. If you prefer to venture an effort on your own, realize that in position space, for instance,

1 0or T; — T, bij — d(z—2a'), and Z — /dm,

when generalizing from the discrete to the continuous.

(a) The orthonormality condition is denoted <i|j> = §;; in general. If specifically in position
space, it can be written <x;|x;> = 0;; where z; and z; denote unit vectors that corresponded
to the i*" and j*® positions on the z-axis. If i = j, then <uz;|z; > = 1. Let the distance
between unit vectors approach zero, modeling a continuous system. The discrete z; and z;
become indistinguishable as the distance between them approaches zero, so are superseded by x
and z’ for continuous systems. Symbology that describes coincidence or non-coincidence is then,

<wmi|lz;> = 8; — <z|z'> = §(x—2') for a continuous system in position space.

6 Cohen-Tannoudji, Diu, & Laloe, Quantum Mechanics (John Wiley & Sons, New York, 1977),
4th ed., pp. 94.
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If the argument is made in momentum space, <p;|p;> = 6;; — <p|p'> = 6(p—p').

If the argument is made in energy space, <FE;|E;> = 0;; — <E|E'> = §(E—-FE’).
n n
(b) The completeness relation is Z |i><i| = Z or Z |z;><z;| = I for position
i=1 i=1

space. In the limit as n — oo, |z;> — |z> and Z — /dm, S0

(2

n
Z |zi><z;| =TI — /]m><x!dm = 7 for position space,
i=1
n
Z |pi><pi| =1 — /]p><p]dp = 7 for momentum space, and
i=1

Z |E;><E;| =1 — /]E><E]dE = Z for energy space.

=1

Postscript: A Riemann integral often concerns the area under a curve where the area is approx-
imated by Z f(x;)Az. Thenas n — oo, Az — 0, and Z flzi))Az — /f(x)dx,

(2 (]
but is subject to conditions for convergence. The relations established in this problem should be
viewed as definitions because of questions of convergence.

n
4-14. In position space, generalize the statements for (a) probability Z P =1,

i=1
n
(b) expectation value <zx> = inPi, and
i=1
n
(c) a ket vector |¢> = Z ;1>  for discrete systems to continuous systems.
i=1

Continuous systems all involve infinities. Everyone who has taken the first course in calculus knows

f(z) = 22 = f’(x) = 22, but explaining why is somewhat more difficult. At least one

infinity is present in every calculus problem, including the simple differentiation of f(z) = 2.
Infinities cannot be treated as regular numbers. For instance, co — co is probably not zero. It may
be zero, or it may be infinity, negative infinity, or anything in between. Questions of convergence

are generally formidable, nevertheless, use the conventions

1 or T; — T, bij — d(z—2a'), and Z — /dm,

when generalizing from the discrete to the continuous.
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(a) Probability ZR- =1 — / P(z)dr = 1 as n— oo.

i=1

(b) Expectation value <z> = inPi — <z> = / zP(z)dr as n— oo.
i=1

— 00

(c) A ket vector |¢p> = Z¢i|i>—> | > :/ Y (x) x> dr as n— oo.
i=1 —oo

Postscript: These should be considered as definitions because of questions of convergence.

4-15. Show that <z|g> — g¢(x) in continuous position space.

The bra <z| — (x1, 2, 3, ... ©,) where n — oo in continuous space. Using the last
result of the previous problem and noting that z’ is a dummy variable of position space,

<z|lg> — <x|/g(m’)|x’> dr’ = /g(m’) <z|z'> da’

- /g(m’)é(m—xl)dxl = /g(m’)é(x’—w)dx’ = g(2)

when the delta function is evaluated at z’ = z.

Postscript: The solution uses <z|z'> = 0 (x—2a') toshow <z|g> — g(z). Let’ssee...
< x| lookslike < x| in both relations, thus, there must be something different between |z’>
and |g>, and thereis. <z | and |z’> are all possible positions in Hilbert space. |g> is
a functional form in Hilbert space. The relation <z |g> — g¢(x) says only that the abstract
function ¢ picks the appropriate position from Hilbert space to represent a conventional function
of position. Again, this should be considered a plausibility argument rather than a “proof.” As
notation continues to evolve, it is actually rather ordinary to see < z|®¥ > = ¥ (x) in any
modern discussion of quantum mechanics.

While not developed explicitly here, <pl|y> — J(p) and < FE|¢p> — @Z(E) are
useful statements of the same basic phenomena. The use of a hat over a function in momentum
space and the use of a tilde over a function in energy space are not essential. This notation is,
nevertheless, conventional and we will employ these conventions throughout this text.

Just as <v|w> = <w|v>* in a discrete space, < f|x> — f*(z) in continuous
position space. Reversing the order of the infinite dimensional bras and kets results in a conjugate
or adjoint relationship. Similarly, <¢|p> — ¢*(p) and <¢|E> — 9*(E) in continuous
momentum space and energy space respectively.
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4-16. Use the technique of insertion of the identity to establish expressions applicable to continuous
systems in position space, momentum space, and energy space, for an inner product.

This problem establishes fundamental tenets within each of the three fundamental representations.

Use an inner product of two abstract vectors, say < f|g>. Insert the identity to get
<f|Z|g>. Use the completeness relation for a continuous system for each space, then find the

representations. You should find < f|g> = / f*(x)g(x)dx for position space, for instance.

<flg>=<f|T|g>

<f]</]m><x]dx>]g>:/<f]x><ac]g> dm%/f*(m)g(m)dx
<f!g>=<f!I|g>=<f!</!p><p!dp>!g>=/<f!p><p!g>dp - /f*<p>§<p>dp

<flg> = <fl|Z|lg> = <f]| (/]E><EydE> | g>

_ /<ny><Eyg> iE — /f*(E)g(E)dE.

4-17. Show that < A > = /1/)*(:3) At (z)dx in position space.

Recall that in position space | > — / T w(@) 2> de.
<A> = <y|A|yY> = /_O:O<x]q/)*(x)dz A /_O:Ow(x’)]x’> dx’
= /_O:O/_O;w*(x)Aw(x’) <zl|z'> dxdz’
_ /_O:O/_O;d)*(m)A@Z)(m’)(S(x—m’)dxdx’
_ /_O:O/_O;@Z)*(x)Aw(x’)(S(x’—m)dmdm’ _ /w*(m)Ad)(m)dx

where limits indicating all space are implied.

Postscript: Extensions to momentum and energy space are

<A> = /J*(p)AzZ(p)dp and <A> = /J*(E)A{L(E)dE.

The result is applicable to all abstract operators, for instance < A% > = / V() A% (2) da

will be needed for uncertainty calculations.
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4-18. Establish an expression for the normalization condition in position space.

This problem establishes the meaning of the phrases “square integrable” and “probability density.”

The normalization conditionis <f|f>=1 = /f* () f(z)dx = 1 in position space.

Postscript: Similarly <f|f> =1 = /f* (p) f(p) dp = 1 in momentum space, and

<flf>=1 = /f* (E)f(E)dE = 1 in energy space.

That <f|f> =1 = / f*(x) f(z)dx = 1 are consequences of the probability

postulate, though the equation / f*(x) f(z)dxr = 1 makes it apparent that the integral must

converge. The means that not all functions are acceptable as quantum mechanical wave functions.
For instance, f(z) = « and f(x) = cos(x) cannot be normalized when considered over all
space. The normalization condition in continuous position space is often written

/‘f(m)rdz 1 or /‘@b(m)rdz — 1

thus, it is said that an acceptable quantum mechanical wave function must be square integrable.
Another way to say the same thing in the language of linear algebra is an acceptable quantum
mechanical wave function must belong to the vector space Lo, denoted L? in some texts.

The quantity ‘ Y (x) ‘2 is probability per unit length known as probability density.

4-19. Given the wave function 1 (z) = x on the interval 0 < z < 3,

a) normalize ) (z).

b) What are possible results of a measurement of position?

c) What is the probability of measuring a position between 0 and 17

d) What is the probability of measuring a position between 1 and 27

e) What is the probability of measuring a position between 2 and 37

f) What is the sum of the probabilities in parts (c¢) through (e)? Explain your result.

g) What is the expectation value of position?
)

h) What is the uncertainty of position?

(
(
(
(
(
(
(
(
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The postulates indicate we can know the possibilities, the probabilities, the expectation values,
and uncertainties whether the system is discrete or continuous. Thus, this problem asks the same
questions as those in chapters 2 and 3.

P N

Figure 4-7a. Wave function sketch. Figure 4-7b. Probability density sketch.

A function not square integrable over all space generally is square integrable on an interval.
The interval represents an impenetrable potential energy function with infinitely thick, infinitely
high walls. The wave function represents a particle in an inescapable one-dimensional box. These
are pedagogical conditions. The interval/idealized potential energy function is used to obtain
mathematically favorable conditions to demonstrate how the questions of quantum mechanics are
addressed for a continuous system. The given wave function cannot be normalized over all space
but it is square integrable on the interval 0 < x < 3 for part (a). The probability that the

particle exists is / Y* (x) ¢ (z)dxr = 1, however, all available space for the perfectly confined

3
particle is between 0 and 3 so this becomes / Y (z)Y(z)de = 1.
0

The answer to part (b) is any position between 0 and 3. Any value between 0 and 3 is an
eigenvalue of a continuous system.

Notice that parts (c) through (e) ask for probabilities on sub-intervals. The probability of the
b

particle being located between a and b is / Y* (x) ¢ (z)dx. Notice also that the intervals

a
of parts (c) through (e) cover all available space, or “all space” for the perfectly confined system,
without overlap so must sum to 1 in part (f).

Since < A> = /@b*(m)A@b (z)dxr and X — =z in position space, the expectation value

of position is <> = [w()ou()de forpart (g Ao = (<a?> - <o>?) i

uncertainty where <z >? is the square of <z>, and <a?> = /@b*(m) 2 (z)dr .

The sketch of the probability density (figure 4-7b) can be visualized by squaring magnitudes
from the sketch of the wave function. Notice that the vertical scales on the two sketches are

2
different. The probability calculations are / Y (x) ‘ dx which is the area under the probability

a
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density curve between a and b. It should be apparent from figure 4-7b that

/01‘¢(I)‘2dx < /f‘@b(x)fdx < /23‘¢(I)‘2dx

o] 3 3
* = — zN)* z)dr = 2 22 dr =
(a) /_Oogb(x)@b(:v)dz— 1 /0( N)*(Nzx)d 1 = ‘N‘ /0 d 1 =

1 43 1 1 1
IN[P3at| =1 = [N[3(EE-0) =1 = [N[9=1 > N=2 = v(@) =z
(b) Any value between 0 and 3 is a possible result of a measurement.

(c) P(0< <1)—/1 ONE d—1/12d—1131— (1% 03)—1
v — o \F3) 3T T 9, T T 93 10 T 2 27"

(d) P(l<z<?2) /2 (] d 1/2 2d L1os)” ! (2°-1%) !
X = T — - r = = r ar = — - = — — = —.

U3 3 9/, 937 I — 27 27

(e) P(2< <3)—/3 N (1) 4 —1/3 d —1133—1(33—23)—19
v — L, \U3) \37)" T 9, T 93", T a7 T

1 1 2
(f) ZP = o + 2—77 + 2—3 = 2—; = 1. The three probabilities requested cover “all space”

for this system without overlap so must sum to 1.

(%) 3 * 3
1 1 1
(g) <> — <z> = / Y (x) zY(z)de = / z= | x| z-z)dr = —/ 23 da
. o \'3 3 9/,
R U R 81 9
- 94“””‘0 = 3530 = 55 4
(h) <&x?> — <2?> = Y*(x) 22 Y(x)de = / z- | 2? (s de = —/ zt da
- o \'3 3 9/,
11 1o o 24327
_95I‘0_45(3 ) = = 3
27 81\ Y2 432 — 405\ /2 27\ /2
= A= (<a?>—<z>)? o (2L (22 — (2 ~ 0.5809 .
r = (<z z>?) 5 16 80 80

Postscript: / f(x)dx = 0 forany f(x) and for any a. Probability for a continuous system

makes sense only for an interval a < x < b where a # b (though ¢ = —oco and/or b = o0
are common) because the probability of the result of a measurement being one number is zero.

Sketches of the wave function and probability density showing the expectation value and
uncertainty centered on the expectation value follow.
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F 3 F 3 & A
— K |- — K |-—
- 1 4 9
0 < X > ) 0 x> a
Figure 4-7c. Wave function sketch. Figure 4-7d. Probability density sketch.

This problem has introduced calculations for possibilities, probabilities, expectation values,
and uncertainties for a continuous system.

4-20. Given the wave function v (x) = cos(z) on the interval _377r <z < 37%,
a) sketch v (x) and ‘1/)(1:)‘2
b) Normalize ¢ (x) .

¢) What are possible results of a measurement of position?

(
(
(
(d) What is the probability of measuring a position between —37/2 and 0,7
(e) What is the probability of measuring a position between 0 and /27

(f) What is the probability of measuring a position between 7/2 and 37/27
(
(
(

g) What is the expectation value of position?
h) What is the uncertainty of position?

i) Annotate the expectation value and uncertainty of position on your part (a) sketches.

This is a second infinite square well with a slightly more complicated wave function. Sketches or
graphs of ¥ (z) and ‘1/)(1:)‘2

are often created to illustrate a wave function and are seen below.

i 2 i
X
_3r 3

| [ 0

3 3

|«:— part (d) —w| part () |+— part (f) —»T
Figure 4-8a. Wave function sketch. Figure 4-8b. Probability density sketch.

136

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



Part (a) (unnormalized) is completed in the prescript to discuss salient features and how
sketches may be used. First, the wave function 1 (x) = cos(z) also cannot be normalized over
all space but it is square integrable on an interval. The interval defines an infinite square well in one
dimension. A significant degree of symmetry about the vertical axis should be apparent. Notice
that though negative values of the wave function are possible, negative values of the probability
density are not possible. The part (b) normalization ensures that the area under the probability
density curve is 1. By just examining the probability density curve and its symmetry, the answer
to part (d) should be 1/2, the answer to part (e) should be 1/6, and the answer to part (f)
should be 1/3. The symmetry of the wave function should indicate <z > = 0. The calculations
follow to illuminate the procedures, and the part (h) calculation of uncertainty is more challenging.
Nevertheless, many of the parts of this problem can be done without a calculation.

Notice also that the limits of integration are symmetric, thus the even/odd function argu-
ments discussed earlier in this chapter are useful. The integral of an odd function (expectation
value) between symmetric limits is zero, and the integral of an even function (normalization, all
probabilities, and <x?>) is twice the integral between zero and the upper limit.

00 37/2 9 37/2
/ v (x)Y(x)de — cos* (z) N* N cos (z)dx = |N| 2/ cos? () dx
—0o 0

—37/2
37/2
)

= |N)? <3§—o+ (0—0)):1 = N = 3—27r = gb(x):\/?)zﬂcos(m).

(c) The possibilities are any = between —37/2 and 37/2.

(d) P (—3% <z < 0) = /_037r/2 (cos(:v) 3%)* (\/327r cos(:v)) dr = 3% _OSW/QCOSQ(;E) dz

2 1 1 0 2 1 37 1 2 /3r 1
3n [ g sin I)] I [ (0 2) 30 0)] 3n ( ) 2

(e) The only changes from parts (b) and (d) are the limits of integration, thus

37/2 1

11 3m/2 2
= ‘N‘ 2 [ x + 1 sm(2x)] = |N| (x + 3 sin (2z)
0

Plo<z<i) = 3% Ex + isin(Qx)]:/zz 3% B(g—o) + 2(0—0)] - 3%(

™ 37 21 1 . /2 9 M1 (3x 7w\ 1 2 /sy 1

3m/2 5 * \/? 9 [37/2 ,
<zr> = — — dr = — dx .
(g) x /—37r/2 cos () 3 x 3 cos (x) | dz 3 —37r/2$ cos” (z) dx

The cosine is an even function, the square of the cosine is an even function, times x which is odd
so the integrand is an overall odd function, which between symmetric limits is zero. Nevertheless,
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9 [37/2 ) 9 [42 - 1 3m/2
<z> = — dr = — |= + Zsin(2 = cos (2
x 3 —37r/2$ cos” (z) dx 3 [4 + 4sm( x) + 8005( m)] o

(5 (E-(9) 45 - (oo domon o)

2 1
= — [0 +0+ < ( —-1-— —1)] = 0, which serves only to illustrate previous comments.

3T 8
371'/2 2 * 2 2 371'/2
(h) <a2?> = / cos(z)4/— | ? — cos(z) | doz = — z? cos? (z) dx
—37/2 3 3 3 —37/2
4 37/2 4 3 2 1 3m/2
= 3 ; 22 cos? (z)dx = 3. [% + (% - §> sin (2z) + %COS(QI‘)]O
where the sin(37) = sin(0) = 0, so the middle term does not contribute. Then
4 |1 /37\° 3 4 [277% 3¢ 3n2 1
2 = — | = B — B —]_ — = — _ = — — — d
T 37r[6<2> 0+ 5D 0] 3%[48 8] ;20 ™

2 1 1/2
Ao = (<a?>—<a>?)? = (3%—5—02> = 2.627.

(i) Normalized sketches annotating expectation value and uncertainty are seen below.

Vir
2
_3x 2 3n o
2 » 2
l ]
0 Y [ ] 0
—-=r <x>=0 =t
2 R 2
T V3=
<x>=0
Figure 4-8c. Wave function sketch. Figure 4-8d. Probability density sketch.

Postscript: Realize that a measurement of position is actually an interval limited by the quality
of the equipment used to measure. A measurement cannot be precisely 1.7 um or —0.49 A for
instance, it will be 1.7 gm + 0.00005 pm or —0.49 A +0.000001 A, or the like.

The calculations in the first two problems addressing continuous wave functions are deliber-
ately detailed. Techniques that can make calculation more direct are applied in the next and future
problems. For instance, recognizing the integrands of even and odd function between symmetric
limits can be helpful. The normalization and probability integrals will have the same integrand,
thus differing limits can be applied to the same anti-derivative.
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4-21. Given the wave function 1 (z) = e ,
(a) sketch o () and |4 (2)]*.
(b) Normalize ¢ (z).
(c) What are possible results of a measurement of position?

Use o = 1/8 for parts (d) through (h).
d) What is the probability of measuring a position between —oco and 0,7
e) What is the probability of measuring a position between 0 and 27
f) What is the probability of measuring a position between 2 and oo ?
g) What is the expectation value of position?
h) What is the uncertainty of position?

(
(
(
(
(
(

i) Annotate the expectation value and uncertainty of position on your part (a) sketches.

A function of the form f(z) = k~*" where k and a are real constants is a bell-shaped curve,
generally known in the field of statistics as a normal curve, and generally known within most
fields of physics as a Gaussian curve. The part (a) sketches (unnormalized) are seen below. Both
curves are Gaussian, though the probability density curve is thinner than the wave function curve.
Both curves have a maximum of 1 at * = 0 before normalization.

The curve f(x) = k=" will only be useful if the independent variable z is dimensionless.

Since z will nearly invariably carry units, the form f(z) = k=" is more commonly encoun-
tered in physics applications. The constant « will have units that are the inverse of the square of

() ' |veo|” 1
\ ] >/ \_
0 0

-—— part(d) —m| part(e) [+— part(f) —m

- X

Figure 4-9a. Wave function sketch. Figure 4-9b. Probability density sketch.

the units of = making the exponent dimensionless. Since « is position in one dimension, that
is length in this problem, « will have dimensions of the inverse of the square of length. The

1
direction to use a = 1/8 in parts (d) through (h) means a = - 5. If x isin
8 units of (length)
nanometers, o« = , and if x is in picometers, &« = —— , for instance. Units are not
8 nm? 8 pm?2

carried in the calculations to reduce clutter.
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The wave function ¢ (z) = e~ g square integrable between —oo and oo. Form 3.323.2

from Gradshteyn and Ryzhik for the normalization process is
00 2 /
/ exp (—pz? £qr)dr = exp (q—2> vT , p>0.
—oo ap2) p

Gleaned from the symmetry of the probability density sketch is that the part (d) probability
is 1/2 (and part (d) is done), that the sum of parts (e) and (f) also must be 1/2 (a fact used in
the solution to part (f)), and that the expectation value is zero (and part (g) is done).

For the part (e) probability calculation, form 3.321.2 from Gradshteyn and Ryzhik is

/ e Py = ﬁerf (pu), p > 0.

0 2p

The erf(z) is the error function related to the Gaussian/normal curve. Values are readily
available on line or in tables. The abbreviated table

x 0 0.5 0.7071 1.0 1.4142 1.5 2.0 2.1213
erf (z) 0.0000 0.5205 0.6827 0.8427 0.9545 0.9661 0.9953 0.9973

is adequate for the moment.

The last integral required is form 3.461.2 from Gradshteyn and Ryzhik,

o — 1
/ 22 e Py = % E, p >0, n=20,1,2,3, ...
0 p)" \ p

for the uncertainty calculation. The double factorial of 1 is 1.

Gaussian forms will be frequently encountered in future chapters.

(b) <vYlv>=1 = / (Ae_awz) (Ae_awz) dr =1 = ‘A‘Q/ em20m gy = 1.
Using form 3.323.2 from Gradshteyn and Ryzhik, the integral has p? = 2a, ¢ = 0, therefore

2 T 2 | 2 1/4 2 1/4 2
AP T =1 = ARJE =1 = A:<_> - ¢(I):<_> e
2 2 T T

(c) All positions in one spatial dimension are possible results of a measurement. All values of z
such that —oo < & < oo are eigenvalues.

1 2\t
(d) For o = g’ the result of part (b) is ¢ (z) = <8—> e /8
T
0 , 1\ /4 * 1\ /4 ) 1 0 ,
= Pleoo<a<0) = [ (e (L o) e =\ [ e
oo 4dm 4dm AT J_o

140

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



1
This is = because the total area under figure 4-9b must be 1, and the interval corresponds to half

of the symmetrical probability density domain. The integral is developed for pedagogical reasons,
but is evaluated by inspection of the sketch.

L [? e
e) PO0<ax<2) = — ~@°/4 4z which is the same integral with different limits. Then
4
T Jo

e
o s 1
using integral 3.321.2, Pt =7 = p= 3 and
1 J7 1 1 1
PO<z<2) = /- NE erf <<§> 2) = geaf(l) = (0.8427) = 042135,
2
(f) The interval 2 < x < oo completes the domain without overlap so
P2<z<o0) = 1-05-042135 = 0.07865 or 0.5—0.42135 = 0.07865.

(g) The symmetry of figure 4-9b indicates <z> = 0, or

1 2\ o (o I\ 1Yt L.
a=- = ¢Y(z) =|— e /8 :><x>:/ e T/8 (= x| — e /8 dx
8T o 4 4dm

8
1 oo
= 4/ = / ze "/ dr where the product of the odd function z and the even function e~ /4
™ — 00

is an odd function, which when integrated between symmetric limits is zero, or <z> = 0.
2 ]. ]. o0 2 —:E2/4 . . . .
(h) <z*> = S\ = x“e dx by extension from part (g), which is an even integrand
T J -

Y e 1
between symmetric limits so <a?> = —/ 22e¢ /4 dzr where n = 1 and p = 1 for
T Jo
integral 3.461.2,

[T (21— [ = 1
=  <2’> = 2 S = A = 2,
v 7r 2<Z>1 1/4 NZ3 g

1 1/2
_ A X
AX (-%Jj K
0
cx>=0 <Xx>=0
Figure 4-9c. Wave function sketch. Figure 4-9d. Probability density sketch.
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Postscript: The error function is defined

2 T
erf (z) = ﬁ/o et dt.

It is often called the probability integral in the field of statistics. The error function is used to
obtain a probability between zero and an upper limit for normally distributed (Gaussian) data.

1
4-22. Given that @ = ——— , show that the wave function and probability density, and the

2
(length)
probability, expectation value, and uncertainty calculations of the previous problem are dimen-
sionally consistent.

9\ /4
The normalized wave function for o (z) = e g v (x) = - e As is
7r

necessary, the exponential is dimensionless so all units are from the normalization constant in

which a — m is the only factor with units. The dimensions of v are
eng

1 14 1
<(1ength)2> - Vlength
The dimensions of probability density, the square of the norm of the wave function, are then

1
length -

The differential dx has units of length so the integral of probability density is dimension-

less as is necessary for probability. The first moment is the expectation value for which x provides
the units of length. The second moment for the uncertainty calculation is length squared, and
uncertainty obtains units of length when the square root is applied.

—QIEQ

Postscript: The Gaussian form 9 (x) = e is likely the simplest, however, it will be most

—z2 /202

frequently seen ¥ (x) = e for reasons addressed in chapter 6.

142

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Exercises

4-23. Evaluate (a) /OO (z+7)6(z) do

— 00

(c) /OO (z—5)6(z) da

— 00

(e) /100 (y+7)6(y)dy

(g) /OO (z+7)6(x —6)ds

— 00

(i) /000 (z—5)0(z+4)dx

Problems 4-2 through 4-6 discuss Dirac delta functions of this type, evaluated

/f 5z —b)d

f(b) if a<b<e,

0 otherwise.

Some who see delta functions for the first time are tempted to find an anti-derivative as some
portion of their evaluation. An anti-derivative is not appropriate when the integrand contains a
delta function; an integral with a delta function is not a Riemann integral. If the value that makes
the argument of the delta function zero is between the limits of integration, the value of the integral
is the functional value at that point. If the value that makes the argument of the delta function
zero is not between the limits of integration, the value of the integral is zero.

4-24. Evaluate (a) /sin2 045(0)do
T . E
(c) /0 sin® 6 00505(9+ 3) do

(e) /COSQ(T) e "o(r—a)dr

(8) / \ﬁ

(b) / " sin? 06(0) do
(d) /7r sin? @ cos 6§ (9 - g) df
0

(f) /g(k:) (Ae“’”—wt)) 5(k) dk

a1 (e 5)

(h) / (32¢° — 160§3+120§)6<§+ >d§

/de/d¢ —sme(5c0529—)—1¢5(9+ ) (¢+ )
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() /d¢/d9/dr 27?/6“53/2 (1 - é) aioe—r/?'ao sin2(0) e § (r - ?) 5 (e - g) 5(¢)

Like the last exercise, except bigger, brighter, and shinier.

4-25. Evaluate (a) /_7; sin (6) 0 (0 - %) do (b) 2 000 cos () e s (m - g) dz
() /%_i_bzé(x—i—l)dm (d) /Ma(p—g)dp

Very much in the same vein as the last two exercises.

1 be
4-26. Show that /f(m)é(aa:—i—b(m—c)) dr = a—l—bf (a—i—b) , a,b>0.
Procedurally similar to problem 4-7. Change variables to y = ax 4 bx — bc, the argument of

the delta function. Solve this for « and that expression becomes the new argument for f. Then
dy

a+b’

remain unchanged under this change of variable. Since the delta function is now 6 (y), evaluate

the integrand as done with all delta functions for y = 0. That the multiplicative constants a

and b are greater than zero means that you have only one case to consider.

dy = ade+bdex = dox = The positive and negative infinite limits of integration

4-27. Find (a) /f(m)é(am—i—b) dx, a,b>0; and

(b) /($2—2$+3)5(2$+5)dm.

This intends to reinforce the processes of the previous exercise and problem 4-7. Notice from
problem 4-7 part (b), the delta function 0 (2x —6) is not equivalent to a displacement of +3.
The delta function ¢ (2z +5) in part (b) of this exercise is not equivalent to a displacement of
—5/2. A change of variables to y = argument of delta function is useful for a delta function
in which the coefficient of the independent variable of the argument is other than 1.

4-28. Show that /5($—a)5($—b)dm = d(a—0).

Since /f(m) 0(x—a)dxr = f(a), let f(x) = 6(x—0>) and evaluate like any other delta

function. Dirac” provides an alternative argument with “a” used as the variable of integration.

7 Dirac, The Principles of Quantum Mechanics (Clarendon Press, Oxford, England, 1958), 4th
ed., pp. 60.
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4-29. Identify the following functions as even, odd, or neither.

(a) sin® 6 cosf (b)  cos?(r) sin(r)

1 3
(c) \/; cos (%) Vor [1 _ ’%’] (d) 3265 — 1603 + 120¢

21
(€) 1/ —— sinf (5 cos? 6 — 1) (f) 3265 — 16063 + 120 — 12
64w

8 — r T _r/3a . —bx?
(&) m%?’”(l—@)a_oe B0 (b) A cos(x) sin(z) e

See problems 4-8 and 4-9. Multiplicative constants simply increase or decrease the amplitude
without changing the symmetry. Additive/subtractive constants, however, shift the graph of a
function up or down, often destroying central symmetry that may exist otherwise.

All functions in problem 4-9 and this exercise are functions of one variable. Symmetry can
exist in multi-variable functions, where each variable is considered separately. f(x, y) = zy is
odd in z and odd in y, f(x,y) = 2?y* isevenin x and evenin y, f(z,y) = 2%y iseven
in x and odd in y, f(x,y) = 2%y?+x is neither even nor odd in x and is even in y, and
f(z,y) = zy+1 is neither even nor odd in x and neither even nor odd in y, for instance.

4-30. Show that (a) the product of two even functions is an even function,
(b) the product of two odd functions is an even function, and

(c) the product of an even function and an odd function is an odd function.

An even function means f(—z) = f(z), and an odd function means f(—z) = —f(z). Let
f(=z) = f(z) and ¢g(—x) = g(x), then f(z)g(x) = h(x). Show h(—z) = h(x) to
prove the part (a) assertion, for instance.

4-31. Evaluate (a) /2:53 §'(z+4)dx (b) / (32% — 52 + 7o — 12) §'(z — 2) d=
(c) /A\/?e_wQ(S’(x—l)dx (d) /00529(5’(9—%) d9
(e) /Ak;2 In(k) &' (k — ) dk (f) /my (9— g) d9

The integral of a function multiplied by a derivative of a delta function is the negative of the
derivative of the function evaluated at the point that makes the argument of the derivative of the
delta function zero. Likely the clearest statement is symbolic,

[ @-a@ds = <1 ()

As indicated in problem 4-11, there are opportunities to encounter derivatives of delta functions
in other texts and journal literature. It is addressed here primarily with that in mind.
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4-32. Find /VO (e—m - 26—6”) §' (z—a)dz.

This exercise includes the derivative of a delta function. This potential is realistic and is used to
model diatomic molecules where x = (r —rg)/rg, where ry will depend upon the diatomic
molecule being modeled. It is known as the Morse potential. Calculate the derivative of the
function. The integral is the negative of this derivative evaluated at the point where the argument
of 4" is zero. You should find that the value of this integral is 2 Vj« (e_zaa — e‘aa) .

4-33. Express the following brakets in functional notation in the appropriate space.
(a) <z[f> (b) <ylh> (c) <qlz> (d) <plg>

(e) <glp> (f) <olp> () <El|y> (h) <¥|E>

This is an exercise in notation. Recognizing and expressing a basis independent braket as a
continuous function in the appropriate space is a required skill. The good news is all that is
required is to write the answer. The independent variables x, y, and z are the three independent
variables of position space. The independent variable p is momentum. When three components
are required they will be written p,, p,, and p., though one component is sufficient until
reaching the subject of orbital angular momentum. This text uses a common but non-universal
convention of placing a hat over the functional symbol to denote that it is in momentum space. A
tilde is placed over the functional symbol to indicate that it is in energy space.

It is important to notice the order of bra and the ket. The location of independent variable
in the bra or the ket determines the functional form or a conjugate form, that is

<ylg> — g(y) but <gly> — g¢*(y). See problem 4-15.

4-34. Express the following brakets as integrals in both position space and momentum space.
(a) <glf> (b) <®[h> (c) <vlo> (d) <hle>

() <O[Alp> (f) <¢lH|v>  (g) <q|B*[y> (h) <¥|L*|>

This is a second exercise in notation. There are no independent variables in this exercise, thus each
of the brakets is an integral when expressed in continuous position space or momentum space.

For instance, <flg> — / f(x) g(x)dx in continuous position space and
<flg> — / f* (p) g(p)dp in continuous momentum space. If an operator is part of

~

the braket, < f|H|g> — /f*(x)Hg(m)dx and < f|H|g> — /f*(p)Hfj(p)dp

in continuous position and momentum space respectively. The limits on all four of these integrals
are —oo to oo implied; all space is understood. See problems 4-16 and 4-17.
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Think for a moment about the variety of interpretations already encountered for a braket.
Interpretation can be critical. An inner product like < f|g> may be interpreted as two vectors
in C? for which arguments from linear algebra may ensue. The same notation < f|g> in C*®
is also an inner product but is an integral in a continuous space. Further, Dirac notation is basis
independent. Do you want to go to position space, or momentum space, or energy space, or some
other basis? The representation chosen can be critical. Finally, we will later encounter another
interpretation of a braket sandwiching an operator that is a matrix element.

4-35. What is the meaning of <H > in C* in the position and momentum bases?

This means the expectation value of H just as it has earlier. Remember that <H > is simply
compact notation for < |H |1 > where the state vector is implied, which is true in C* or C*.
All that is left is to write the integrals per the last exercise or problem 4-17.

Just as limits of —oco to oo on an integral are often suppressed when all space is understood,
Dirac notation, which is inherently compact, lends itself to further abbreviation. Reading the
notation correctly is critical.

4-36. Given the wave function ¢ (z) = 2 on the interval -2 < x < 6,
a) normalize ¥ (x).

b) Sketch the normalized 4 (z) and |4 (z)|*.

c) What are possible results of a measurement of position?

d) What is the probability of measuring a position between —2 and 3,7

(
(
(
(
(e) What is the probability of measuring a position between 3 and 57
(f) What is the probability of measuring a position between 5 and 67
(g) What is the expectation value of position?

(h) What is the uncertainty of position?

(

i) Annotate the expectation value and uncertainty of position on your part (a) sketches.

The given wave function is not square integrable over all space, but it is square integrable on
an interval. The interval constitutes a box in one dimension, so this is an infinite square well
like problems 4-19 and 4-20. The given wave function is known as a uniform distribution in
introductory statistics. Your part (a) sketches should be rectangles. If you have absorbed the
interpretive comments from problems 4-20 and 4-21, you should be able to answer parts (c)
through (g) by examining your sketches and without a calculation, or more realistically, reinforce
your calculations by examining your sketches. Probability is the area under the probability density
curve after the wave function is normalized. Also, parts (b) and (d) through (f) all concern
rectangles with areas length times width so can be answered from the perspective of area without
the requiring the evaluation of an integral. Use procedures from problems 4-19 through 4-21.
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4-37. Given the wave function ¢ (z) = 2 on the interval -2 < x < 6,
(a) What is the probability of measuring a position between —2 and 0,7
(b) What is the probability of measuring a position between 1.5 and 47
(c) What is the probability of measuring a position between 4 and 67

(

d) Find the sum of the parts (a) through (c) probabilities, and explain the result.

The sum of the probabilities for problems 4-19 through 4-21 and exercise 4-36 is 1 because the
probability questions partitioned all space without overlap. Should the partitioning not satisfy
both criteria, the sum of the probabilities will be 1 only through coincidence.

4-38. Given the wave function ¢ (z) = 2 on the interval -2 < x < 6,
(a) What is the probability of measuring a position between —2 and 1,7
(b) What is the probability of measuring a position between 0 and 57

(c) What is the probability of measuring a position between 5 and 67
(d)

d) Find the sum of the parts (a) through (c) probabilities, and explain the result.

The guidance for this exercise is the same as for the last. The sum of the probabilities must be 1
when all space is covered without overlap. If all space is not covered or overlap exists, the sum of
the probabilities should not be 1 save for a coincidence.

4-39. Given the wave function 9 (z) = sin(xz) on the interval —27 < z < 27,
(a) normalize ¥ (x).

(b) Sketch the normalized ¢ () and | (z)]°.

(c) What are possible results of a measurement of position?

(d) What is the probability of measuring a position between —27 and 7/2,7
(e) What is the probability of measuring a position between /2 and 77

(f) What is the probability of measuring a position between 7 and 2w ?

(g) What is the expectation value of position?

(
(

h) What is the uncertainty of position?

i) Annotate the expectation value and uncertainty of position on your part (b) sketches.

Just like the cosine of problem 4-20, 1 (x) = sin(x) is not square integrable over all space,
but it is square integrable on an interval. The interval constitutes an impenetrable box in one
dimension, so this also is an infinite square well like problems 4-19 and 4-20 and exercise 4-36.
Problem 4-20 may be particularly helpful. Parts (d) through (g) may be answered by inspecting
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the sketch for W (m)‘2 The given ¢ (z) is an odd function, but W (m)‘2 is an even function.
The integrals

.2 _ T i .
/Sln (ax)dx = 5 pP sin (2azx) and
3 2 1
/xzsinz(ax)dz = % - <%_8F> sin (2azx) — 4:% cos (2ax)
should be of interest. The integral
2
1
/x sin(ax)de = % - 4—2 sin (2az) — 32 cos (2azx)

may also be of interest, but on the interval —27 < a < 27 it is the integral of an odd function
between symmetric limits so is zero. Use procedures from problems 4-19 through 4-21.

Problems 4-19, 4-20, and exercises 4-36, and 4-39 are limited to an interval so that pos-
sibilities, probabilities, expectation values, and uncertainties can be addressed using elementary
functions. The intervals model a potential energy function often described as an infinite square
well in one spatial dimension, or a “particle in a box.” The cosine wave function of problem 4-20
and sine wave function of this exercise play significant roles in the more general discussion of the
infinite square well that is chapter 8.

4-40. Given the wave function 9 (z) = sin(xz) on the interval —27 < z < 27,

(a) find P(O<x<%)

(b) and P(£<x<g).

|w) |

This exercise highlights further utility in examining
sketches and graphs. The normalized wave function
on the interval —27 < z < 27 is

P (x) =

sin (x) part(a) | part(b)

1
vV 2T
for which probability density is
2 1 .92

= —s .
‘ 5, Sin (z)
The probability density curve for the sub-interval 0 < x < 7 is seen in figure 4-10. The
probability represented by the area under the probability density curve for this interval must be
1/4 from the symmetry of the sketch of W (:v)‘2 in part (b) of the previous exercise. Similarly,
the probability represented on the interval 0 < x < 7/2 must be 1/8, thus the answers to parts
(a) and (b) must sum to 1/8. And since the area corresponding to the probability for part (a)
appears smaller than that for part (b), expect that

-

0 nld ml2 T

-

b () Figure 4-10. W (m)‘2 for 0<a <.

P(O<x<£) < P(g<x<g).
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4-41. Given the wave function ¢ (z) = e /2 find
a) P(0<z<15),
b) P(l<z<2),

P05<z<1).
d) P(-2<z<0), and
e) P(—15<z<-0.5).

This exercises probability calculations using error functions. The Gaussian function will be revis-
ited on numerous occasions, so increased familiarity is also intended.

Follow problem 4-21. Normalization is the first step. You can evaluate the appropriate integral
or recognize that « from problem 4-21 is 1/2 for this exercise.

Part (a) is straightforward using the error function table

x 0 0.5 0.7071 1.0 1.4142 1.5 2.0 2.1213
erf (z) 0.0000 0.5205 0.6827 0.8427 0.9545 0.9661 0.9953 0.9973

where /e_prde = ﬂelff(ﬁpu), p>0.
0 2p

You should find the parameter p = 1 for your probability integrals. Then for parts (b) and (c),

b 2. .2 b 2,2 @ 2,2
/ e Pt dy = / e P dr — / e P T dx.
a 0 0

Evaluation and subtraction of the two integrals on the right will yield the desired probability when
the normalization constant is applied.

Only positive values are provided in the table, which is a norm. The user of an error function
table is required to use the even symmetry of the Gaussian/normal curve. This means, for instance,

P(-2<2<0) = P(0<z<2), and P(-15<z<-05) = P(05<z<15).

In other words, use the table to find the probability between 0 and ‘ x ‘ for negative values of x,
and the probability from —x to 0 must be the same.
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Chapter 5

Continuous Systems II

This chapter addresses the properties of orthogonality, orthonormality, and Hermiticity as
they apply to continuous systems; briefly develops the methods in which polynomial solutions can
be used to build continous state functions, and develops the processes of converting from position
space to momentum space, or momentum space to position space for continuous systems.

Position space and momentum space are intertwined. Evidence is the Heisenberg uncertainty

h
principle Az Ap > 5 and the de Broglie relation p = Y Some applications are addressed

more readily in position space, or the position basis, while others may be more straightforward
in momentum space, or the momentum basis. The conversion from one basis to another in
C*° is directly analogous to converting from one set of basis vectors to a different set of basis
vectors using a unitary transformation in C? as seen for discrete systems. The conversion from
the position/momentum basis to the momentum/position basis, however, requires a quantum
mechanical Fourier transformation for continuous systems.

The Fourier transforms are then employed to develop relations in position space including the

inner product <z |p>, the relations X — z, P — —ihd— , and the Schrodinger equation.
x

5-1. Establish <i|j> = d;; in continuous position and momentum space.

It is imperative that eigenvectors, or eigenfunctions in a continuous system, satisfy the orthonor-
mality condition. The orthonormality condition may be expressed < f;|f;> = §;; for eigenstates
intended to be represented in a continuous space. This problem extends symbolic logic using Dirac
notation. Remember that <z |f> = f(z) and <f|z> = f*(x), for instance.

In position space
<fi|fj> = 51']‘ = <fi|I|fj> = 51']‘ = <fi|</|$><I’d1}>’fj> = 5”'

5 [<hles<algsde = 6y — (K@ 5@ = 5.

In momentum space
<fi’fj> = 51']‘ = <fi’I|fj> = 51']‘ = <fi]</]p><p]dp>]fj> = 51']‘

= /<fi!p><p!fj> dp = b5 — /fi*(p)fj (p)dp = 5.

Postscript: The equations <i|j> = §;;, /fi* (z) fj(z)dx = 04,

/ i (p) fi(p)dp = 6;; assume that the vectors/functions are normalized.

151

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

5-2. Show that frn oda () = cos (T) and fm even () = sin(

orthogonal on the interval —! <z <l for n =1 and m = 2.

are

Sines and cosines are the first continuous orthogonal functions that will serve as eigenfunctions.
Sines and cosines are the solutions to the Schrodinger equation for the infinite square well potential
energy function (a particle in a one dimensional box in position space).

The statement of the problem means to show < fi|fi> # 0, <fa|fo> # 0, and
<filfoe> = <fa]fi> = 0. The independent variable is x, thus position space is specifically
indicated, and the integral form of the first part of problem 5-1 is applicable. The integrals

1 1
/cos2 ardx = % + Esin 2ax and /sin2 ardx = % — Esin 2ax

taken from the 30th edition of CRC Standard Mathematical Tables and Formulae are useful, as is
the product relation

1 1
cos () sin(B) = 3 sin(a+ () — 3 sin (o — f3) .
The given f; () do not have an imaginary part so f*(x) = f;(z). The intent is a limited

introduction to the general orthogonality of sines and cosines on an interval. The next problem
addresses the unlimited case.

<filfi> — /fik () f1(x)dz = /_llcos (?) cos (?) dr = /_llcos2 (?) dx

x I . 2mz] [ ' Ll
N {TFES““TL— 5_7+g(8m(2ﬂ)—sm(—2w)) = §+§+E(O_O) =1 #0.
! I
2 2 9
<f2lfo> — /fék (z) f2(z)dz = / sin (%) sin (%) dr = / sin? (%) dx
—1 _
R BT U.r 2 L R A
{2 87 l ] ;2 2+8W(Sm( ) —sin ( TF)) 2+2+87r( ) £

b))
!
= —L[COS(?)T[')—COS(—?)T[')] - QL[COS(W)_COS(_”)]

6m 7
l l
= —6—[005(37r)—cos(37r)] - 2—[cos(7r)—cos(7r)] = ——J[0] — —[0] = 0.

T T 6

152

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



<folfi> — /fz* () f1(x)dz = /_llsin<27rTm> cos(?) dx
= /_llcos(?>sin<27rTm> dr = <fi|fo> =0,

therefore, the given f; are orthogonal.

Postscript: This calculation could have been shortened by noticing that both < f|f; > and
< fa| fo> are even functions between symmetric limits, and that < f1| fo> and < fy| fi> are
odd functions between symmetric limits. Notice that even with only two functions of elementary
sines and cosines, demonstrating orthogonality for a continuous system is a non-trivial calculation.

Any vectors that are orthogonal can be made orthonormal by the process of normalization.
The same is true of any functions that are orthogonal.

5-3. (a) Show that
Yn(x) = cos (#) and ¥,,(z) = sin (@) are orthogonal on the interval —1 < z < [.

(b) Orthonormalize v, (z) and ¥, (x).

Cosines, sines, and orthogonality are intrinsic to the discussion of Fourier series that follows, and
these wave functions are encountered while addressing the infinite square well, orbital angular
momentum, and elsewhere. A substantial portion of the reason that sines and cosines are useful
in quantum mechanics is the property of orthonormality addressed in part (b).

To show orthogonality for part (a), find that the inner product of each wave function with
itself is non-zero, i.e., <, |¥,> # 0 and <, |, > # 0. Then show that

<tn,

Vo, > = <P, [Ym,;> = <Pn|m> = 0.

Here are some indefinite integrals from Gradshteyn and Ryzhik,

_ sin(a—b)x sin(a+0b) x 9 9
/(cos az) (cos bx)dx = 2(a=0) + 2(atd) a® # b7,
. . _ sin(a—b)z  sin(a+bd)z .2 9
/(Sln az) (sin bx)dxr = 2 (a=0) 2ath) # b,
. _ _cos(a—b)xz  cos(a+b)w .2 9
/(sm az) (cos bxr)dxr = 2 (a=b) a1 h) # b°.

The appropriate limits on these integrals are —! and [. Indices are used only to enumerate
eigenstates, thus, all n and m are positive integers. Also remember that cosine is an even
function and sine is an odd function.
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<t |Pn> = /l (cos (?))* (cos (T / cos? dx
-1
_l’_

[m I . 2n7rm]l l
_|* LI _
1

2 dnm . l 2 7 dnm l dnm l

l l
:l+—(sin2n7r+sin2n7r) =14+ —sim2nr =1 # 0,
dnm 2nm

where the sine is struck because the sine of any integral multiple of 7 is zero. Similarly

<ol = [ (o ()Y (s () ) e = [ st () o
-1 —1

= l . ommz ] B £ _ —_l _ l . 2mml n l . —2mrl
12 dmm H { _l_ 2 2 dmm H { dmm H {
=1 - L(sianTr—i-sin2mTr) = l sipn 2mm = [ # 0.

dmm 2mm

Conjugation is cosmetic when functions are real so is hereafter suppressed. Then

l . .
<tn; |Yn;> = / (cos nl;rm) (cos n]lﬂx> dx
—1
. (nﬂrm nﬂrm) . (nﬂrm nﬂrm) l
sin - sin +
_ { l l 4 l l
e G
l l l l —1
_ lsin(ni—ny)m Lsin(=ni+ny)7 [ sin(n; +nj)m I sin(—n; —ny)m
2 (ng—mny) 2t (n; —n;) 2t (n; +n;) 2t (n; +ny)
Remember that n; # n;, because the case n; = n; = n is covered by <, |1¢, > . The
arguments of all the sine functions are sums and differences of integers times 7, so are integral
multiples of 7. The numerators of all terms are therefore zero, so <y, |¥n,> = 0. Next
l . .
<m, | Ym; > :/ (sin mzlﬂm) (Sin mjl7m> dx
—1
. (MTT My . (MTT M l
sin (— - ) sin (— + )
_ l l _ l l
mgm T mgm My
2 (5 =) 2 (5 + )
l l l + l -1
L sin(m; —my)m [ sin(—m; +m;)m [ sin(m; +mj)nm [ sin(—m; —mj)m
2 (m; —my) 2r (m; —m;) 2t (m; +my) 2t (m; +my)

Again, m; # m;, because the case m; = m; = m is addressed by < ¥, ¢, >. Again, the
arguments of all the sine functions are sums and differences of integers times 7, so are integral
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multiples of m. The numerators of all terms are again zero, so <,

<Y | > = /_ll (sin m;rm) (cos @) dx

Ym;> = 0. Then

l
mnx  nux mnx  nrr\ 7!
R E )
mm  nm mm _ nm
L (7T (7T L
__lcos(m—m)m Lcos(-m+n)mr 1 cos(mtn)m L cos(-m—n)7
2t (m—n) 2 (m—n) 2t (m+n) 2r (m+n)
Cosine is an even function, so
cos(—m+n)m = cos(m—n)mw and cos(—m —n)m = cos(m+n)m.
Substituting in the last line,
Il cos(m—n)7 l cos(m—n)rm I cos(m+n)m [l cos(m+mn)nw
<P [Pn> = —5= 5= 5T Tt e
2t (m—n) 2t (m—n) 2t (m+n) 2 (m+n)

where the first and second terms are identical except they have opposite signs so sum to zero.
Similarly, the third and fourth terms sum to zero, so <, |¥,> = 0, m # n. For the case
m=mn, let m=n==%

! !
k k l k
<Yp > = / (sin ﬂ) <cos ﬂ) dr = —— sin® v
—1 T

—1

= ﬁ (sin2 k;TF_siHQ(_k;Tr)) - (sin2 b — sin? k:Tr) — 0

2

since sin“ is an even function. Also, the sine of an integral multiple of 7 is zero so the squares

of integral multiples of m are zero. This exhausts all possibilities for indices that are positive
integers. Therefore,

Y, () = cos (#) and Y, (r) = sin (@) are orthogonal on the interval —1 < z < [.

(b) The first two calculations found <, | > = <¢p|¥m> = 1, so

<P |A*A|Y> = [A]T <> = [A]T1 =1 = A=

= %bn(ft) = L CcOS (ﬁ) and ¢m($) _ % Sin(nﬂx)

are orthonormal on the interval -1 < z < [.
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5-4. Show that the Hermite functions associated with the Hermite polynomials H; (z) = 2z
and Hs(x) = 42% —2 are orthogonal.

Orthonormal expressions are obtained through the process of normalization from any system that
is orthogonal. The property of orthogonality is a sufficient condition to obtain orthonormality.

Hermite polynomials are solutions to Hermite’s equation
H' — 2xH + 2aH = 0, H = H(x), and  « = constant.

Hermite polynomials are not themselves orthogonal, however, Hermite functions of the form
2

H, (z)e */? are orthogonal. Hermite functions are used to describe the quantum mechanical

simple harmonic oscillator (SHO) in chapter 10.

To demonstrate orthogonality, show < H,, | H;,> = &, is possible. The integrals
00 2 /
/ 6—p2z2:tqwdl. = exp <q_2> _7[' , p >0,
—oo 4p p

form 3.323.2 from Gradshteyn and Ryzhik, and

o _ 1
/ 22 e P dy = % E, p>0, n=0,1,2,...
0 p)" | p

form 3.461.2 from Gradshteyn and Ryzhik, are helpful. Arguments about even/odd integrands
between symmetric limits are necessary.

<H{|Hy> = / e /2956 2dy = 4/ e dg = 8/ 22 e dg
0

2-1-D! [« 1
=8— /= = 8— = 2 0.
2(2-1)1 1 4 v vTo#
<H;|Hy> = / (4I2—2) e~ /2 (4I2—2) e /2y = / (16I4—16I2+4) e~ dr
= 16/ zle= dr — 16/ 22e~ dx + 4/ e~ dx

= 32/ x4e_w2 dr — 32/ xze_wZ dr + 860—7T
0 0 1

2.-2—-1)! 3!
zgzﬁ,/g —32@%\/? = 22T VT +8VT = 12VF £ 0.

<H{|Hy> = / 2 e /2 (4I2—2) e 24y = / (8533—453) e~ dg
:8/ x3e_w2dx—4/ me_wzdxzo—(]:o,
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because both integrals are odd functions between symmetric limits. This is identical to < Hs | Hy >
so we conclude H; and H, are orthogonal.

Postscript: This is a calculation for two specific Hermite functions. Hermite functions are or-
thogonal in general, so can be made orthonormal, meaning

\A\Z/ Hy (z) e /2 Hy () e/ 2da = 6y

This calculation is done in Byron and Fuller!, and other texts.

There is no formal definition of special functions. Special functions are simply those that are
commonly encountered and/or have importance in specific applications. Trigonometric functions,
exponentials, and logarithms are considered special functions. The designation also applies to a
number of functions that arise from polynomial and trigonometric solutions to commonly encoun-
tered differential equations. The Schrodinger equation when expressed for specific V (x) often
results in a recognizable differential equation, such as Hermite’s equation, Legendre’s equation,
Laplace’s equation, and Laguerre’s equation, whose solutions are considered special functions.

The polynomial and trigonometric solutions to these differential equations are not generally
orthogonal. Appending a weighting function, for instance e~*°/2 in the case of Hermite poly-
nomials, can create a family of orthogonal functions. Another strategy is to limit the functions
to an interval as is done for sines and cosines in problem 5-3. For any strategy, if a family of
functions is orthogonal, it can be made orthonormal.

5-5. Represent (a) 22+ 3z, (b) 223 — 422 47, and (c) 8z —5x? — 4z

as unique linear combinations of Hermite polynomials.

A general state vector is the superposition or linear combination of all eigenstates,

n

| U> = i[> + cfve> + ca3lvs> + o+ el Un> = D cli>

i=1

1 0 0

where n can be any integer or infinity. For instance, |¥> = ¢; |0 | + o[ 1] + ¢c3| O
0 0 1

is a typical representation for a state vector in C3. The Schrodinger equation in position space
for an SHO is a form of Hermite’s differential equation with the polynomial solutions

n

f() = coHo(x) + et Hi(x) + caHs () + -+ + cnHy(x) = D ¢ Hy(x).
=0

L Byron and Fuller Mathematics of Classical and Quantum Physics (Dover Publications, New
York, 1970), pp 261-273.
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These are unique and span polynomial space. In other words, any polynomial can be created
from a linear combination of Hermite polynomials for which there is exactly one representation. A
method for expressing polynomials in terms of Hermite polynomials is the point of this problem.

The first few Hermite polynomials are

Hy(z) =1

Hy(z) = 2z
Hy(z) = 42> -2
Hs(z) = 82° — 12z

Hy(z) = 162" — 4822 +12
Table 5 — 1. The First Five Hermite Polynomials.

Addressing powers of decreasing degree, for part (a) f(z) = 2%+ 3z,

1 1
Hy = 42°-2 = 42° = Hy+2 = $221H2+§
so the partial representation is
1 1
flx) = ZH2+3x+§. Then
3 1 3 1
H = 2z = 3r = §H1 = flz) = ZH2+§H1+§H0-

1 1
(b) Hsy=8x*-122 = 823=H3z+12x = 213= 1 Hs+3x = f(z)= 1 Hs—42*+32+7

1
Hy = 42?-2 = 42 = Ho+t2 = —42° = —Hy—2 = f(2) = 7 Ha—Hat3z+5

3 1 3
H, = 2z = 3r = §H1 = f(l‘) = ZH3_H2+§H1+5HO‘
1
(c) Hy = 162*—48224+12 =  162* = Hy+4822-12 =  82* = §H4+24x2—6
1 2
= f(z) = §H4+19x —4x -6,
19 19
Hy = 42> -2 = 42* = Hy,+2 = 19552:ZHQ+7
1 19 7
= _Hy+ —Hy—4da+ —.
f(l‘) 5 4+4 2 l‘+2
1 19 7
H1 = 2z = —4xr = —2H1 = f(l‘) = §H4+1H2—2H1+§H0.
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5-6. Represent (a) 2+ 3z, (b) 22% — 422 47, and (c) 8zt —5x? —4x

as unique linear combinations of Laguerre polynomials.

This is a second example representing the same three polynomials as linear combinations of La-
guerre polynomials so that

n

f(x) = coLo(x) + c1Ly(x) + c2Ls(z) + -+ + enLp(z) = Y ciLn(2).
i=0

The resulting linear combination is unique, and Laguerre polynomials span polynomial space.

The first few Laguerre polynomials are listed in table 5-2.

Lo(l‘) =1

Lo(z) = 2% —4x+2

Li(z) = —23+ 922 — 18z + 6

Ly(z) = 2t — 1623 + 722% — 962 + 24
Table 5 — 2. The First Five Laguerre Polynomials.

(a) f(z) = 2®°+3x: Ly = 2 —4da+2 = 2% = Lo+42—2 = f(z) = Loa+Tx—2

L = —24+1 = x=-Li+1 = Tz = -TLi+7 = f(z) = Ly—TL;+5L.
(b) f(z) = 22° —42?+7: L3 = —2®>+922 - 182+6 = 2% = —L3+922—182+6
= 22° = 2L3+182% —362+12 =  f(x) = —2L3+ 142 — 36z +19.

Ly = 22 —42+2 = 22 = Ly+40—-2 = 142° = 14Ly + 562 — 28
=  f(z) = —2L3+ 14Ly 420z — 9
Ly = —2+1 = o= —-L1+1 = f(z) = —2L3+ 14Ly —20L; + 11Lg.
(c) f(z) = 8x*—ba?—dx: Ly = 2*—1623+7222-962+24 = 2% = L4+1623—7222+962x—24

= 82t = 8L, +1282% — 57622 +7682 192 = f(x) = 8L,+ 1282 — 58122+ 7642 — 192

Ly = —234+922—1824+6 = 2° = —L34+92°—182+6 = 1282° = —128L3+11522% 230424768
= f(z) = 8Ly —128L3 + 571x* — 1540z + 576
Ly = 22 —~42+2 = 2% = Ly+42—-2 = 5712% = 5710, + 22842 — 1142
= f(x) = 8Ly — 128L3 + 571Ly + T44x — 566
L = —x4+1 = 744z = —T74L,+744 = f(x) = 8L4—128L3+571Ly—T44L,+178Ly.
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Postscript: There are infinite Hermite and Laguerre polynomials, though only five of each are
listed in tables 51 and 5-2. Hermite and Laguerre polynomials for any n may be generated using

H,(z) = (—1)"ew2d—n e and L,(z) = € . e Tz
" dxm " dxm ’

The index n on both the H,, and L, corresponds to the highest power of the independent
variable. This guarantees the uniqueness of the final expression of a polynomial function in terms
of H, or L, because there is exactly one way to represent the highest power term of any given
polynomial function. Hermite and Laguerre polynomials span the space of polynomials functions.
Either family can be used as a basis for polynomial functions.

Hermite polynomials are not themselves orthogonal. Hermite functions of the form H,, ez /2
are orthogonal. Writing part (a) of problem 5-5 as
1 3 1
hiz) = f(z)e™/? = (2+32) e 7 =  h(z) = (Z Hy + 5 Hi+ 3 H0> e /2

establishes that the orthogonal “building blocks” are adjusted functions. Similarly, Laguerre poly-
nomials are not themselves orthogonal. The set of Laguerre functions of the form L, e~ */2 is
orthogonal on the interval 0 < x < oo. Writing part (a) of problem 5-6 as

hz) = f(z)e™? = (2*+3z)e™™? = h(z) = <L2—7L1+5L0> e=e/2

accomplishes the same end for problem 5-6 (a). Laguerre polynomials are used in the solution to
the radial equation of the hydrogen atom.

L 0 0 1 3 1
Notice > =¢ [0)] + 1] +e3|(0]), f(x) =-Hy + -Hy + - Hp,
4 2 2
0 0 1
f(x) = Ly — 7Ly + 5Lg, are all linear combinations of basis vectors/basis functions.

A Gaussian envelope for H,, , or something like it such as the decreasing exponential on the
interval 0 < x < oo for L, , is required to make polynomials square integrable.

5—7. What is the meaning of Hermiticity for a continuous system?

An observable quantity is represented by a Hermitian operator per the observables postulate.
Hermiticity for a continuous system means

/zpl ) Aty () /wz ) A () da

The definition of Hermiticity is A = AT, Remember that AT = AT*. The transpose in
continuous space means that the operator acts to the left, or that ; (z) AT = A (z).

/zpl ) Aty (2) da /zpl ) AT 4y () da /zpl ) AT 4y () da

— [ (@e@)u@e = [ we(@g@)d = [ w@aeda

— 00

160

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



d
5-8. Show that the momentum operator in position space, P, = —ih I is Hermitian.
x

An observable quantity, such as linear momentum, must be represented by a Hermitian operator.
Integration by parts is a common technique used to demonstrate Hermiticity for specific operators.

<orlPalva> = [ wi (ing ) vade = in [ 0i %200 = —in [ uidu,

where the independent variable is understood to be x. Integration by parts means

/udv = uv—/vdu. Let u = ¢ = du = dy] and dv = diyps = v = s

:—/_O;wzdwr] - z’h/_iwzdwi‘

= 0 for t; that is square integrable. Then

= —m/ Yidy = —ih [wwz

oo
because 7 19

m/_ T R :m/_ ¢2dd‘fdx :/_ ¢2<m%> ¢;<dx:/_ qu(—m%) Wi da.

[ee]

Postscript: Another way to say 97 1o = 0 for ,; that are square integrable is that

— 00

Y; — 0 as x — Z4oo. Both wave functions must vanish as x approaches positive/negative
infinity or the corresponding probability integral diverges.

In three dimensions P = P, +P, +P, = —ih <£ + g + 3) = —ihV.
x z

Problems 5-9 through 5-19 develop and employ the quantum mechanical Fourier transforms

¢($) = \/217'['—71/_ {b\(p)eipz/ﬁdp’ ql/b\(p) = 217_[.h/_ qp(l.)e—ipz/hdx

used to convert from the position basis to the momentum basis, or vice versa.
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5—9. What is a basic Fourier series?

A Fourier series is a representation of a periodic function as a linear combination of all
cosine and sine functions that have the same period. The periodic function f(z) = f(z + 21),
has a period of 2, or repeats itself every 2[. In a basic Fourier series,

agp nmx nmx .
f(z) = 5 + Z an, cos( ) Z by, sm( ) , where the coefficients are

1! 1!
=7 /_l f(x) cos (#) dz, b, = 7 /_l f(x) sin (#) dz, and the period is 21.

5-10. Expand the function

4
1 if -7 <2<0, 1
@) = {0 if 0<z<m,
using a basic Fourier series 0 : ' ' : >
given that it has a period of 27 . -2 - 0 T 271

Figure 5-1. Sketch of given f(x).

An example attempting to convey the meaning of problem 5-9 is warranted.

First addressing a,, ,

1 /" nmwx 1 0 T
ap, = ;/_Wf(m) COS(T)dl‘ = ;[/_Wl-cos(nx)dm + /0 0 Cos(nm)dm]
1 /0
S d
W/_Wcos(nm) x
1 [0 1[0 I
n=0 = aoz—/ cos(O)dm:—/ dr = —x =—(0--m) =1,
T)_ . TJ) T | 07
0 1
n>0 = a, = — sin(nz) = —{sin(n 0) — Sln(—nﬂ')] = —[0—0] =0
nm . nm nm

Then for b, ,

1 /0
7r/ sin (nx) dz ,

™
0

n>0 = b, = ni[—cos(mc)]_7r = nl—Tr{—cos(O) + cos(—mr)]

0 if n even

= L[—1—i—cos(mr)] =

nm
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The function can then be expressed

1 = 2 1 2 (sin(x) sin (3x) sin (5z) sin (7x)
f(m):§—nzong81n(nm):§—;< ] + 3 + 3 + 7 —I—)

The function can be approximated to arbitrary precision with partial sums. Convergence toward
figure 5-1 can be seen in the following figures for n = 5, n =15, n =25, and n = 35.

¥ 3
1A Fa A n fa 1
Y v V‘ VAY
|
n=>5 n=15
'\
A AN ANAL L0
0 SVATAYA TAATA TR O—M M VJW-»
-2 -7 0 JT 27T =27 -7 0 JT 2
Figure 5-2 (a). f(x) forn=2>5. Figure 5-2 (b). f(z) for n =15.
n=25 n=35
O—H—H—hv o—H—H—b
-2 L 0 T 2m -2 - 0 TT 2
Figure 5-2 (¢). f(z) for n=25. Figure 5-2 (d). f(z) for n =35.

5-11. Show for a basic Fourier series if indices of n < 0 were to apply,
1 l
(a) a—, = a,, andthat ay = 7/ f(x)dz, and
—1
=0

(b) b_, = —b,, andthat by =

The basic Fourier series is limited to n > 0. This problem removes this constraint. Use the
defining integrals for a,, and b, . Remember cos(—xz) = cos(z) and sin(—z) = —sin(z).
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5-12. Express the ¢, that are the coefficients of the exponential format of the Fourier series in
terms of the basic Fourier coefficients a,, and b, , and show that ¢y = a¢/2.

The Fourier series in an exponential format for a function that is periodic over the length 2I is

oo ' 1 I '
_ inmx/l _ —inmx/l
flx) =D cpe , where ¢ = /_lf(x)e de .

— 00

Notice that the lower limit of the summation is negative infinity.

o / fleyernride = / f(z cos m) - z’sin(”lﬂ)] e
— %/_llf(m) cos(nlﬂ> dx — %/jlf(m) sin(#) de — %(an—ibn).

When n = 0, the argument of the exponential is zero, so
I 0 I 1
2l/_lf(fv)e T zl/_lf(m)z 5 40

5-13. Demonstrate the equivalence of the basic and exponential formats of a Fourier series.

Substituting previous results into the summation that defines the exponential form yields the basic
Fourier series required. It is wise to divide the summation into three parts that coincide with the
three cases, namely: n < 0 implies a summation from —oco to —1, n = 0 is one term of
the summation, and n > 0 implies a summation from 1 to co. Switching the indices on the
summation from —oo to —1 may require some reflection, but realize that
—1 <1
- s intz/l - : —inmx/l
22 (an, —iby)e = 22 (an +iby)e

o 1
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because b_,, = —b, from problem 5-11, and the argument of the exponential that is positive

for n < 0 is negative for n > 0. Remember cosx = %, sinx = %
i
For convenience, let 6 = mz/l. The summation is
00 -1 1 1 00 1
_ ing s inb - - _ in6
f(o) = ;Ocne = §§(an ib,) e’ + 5 00 + Ez(an iby) e
1 > an by \ _ine = an by \ ine
- 5““213(7 7) +§13<7‘7>
1 = An  _ing an —inf An  ing an in6
= 5 ao + ; |:? (& + 76 + 5 (& — 76
1 o0 eint 4 e—ind eint _ o—inf
= 3 n bn
oo+ o (F5) v ()
= 1ao + i (ancosnﬁ + bnsinnﬁ)
2 1
which is identical to the basic Fourier series upon the substitution of 6 = 7wx/I.

Postscript: The exponential format of the Fourier series, also known as the complex Fourier
series, is of interest because it is the form from which Fourier transforms are most readily obtained,
and the form that is most readily generalized to the Fourier integral.

5—-14. Derive the Fourier transforms from the complex Fourier series.

Start with the notation

. 1 ! .
F — . inmy/l h . = — F —znwy/ld ]
(y) E Cn € , where c 57 /_l (y)e Yy

1
Substitute the integral form of ¢, into the summation. Symmetrize the factor of Tk This means

1
to rearrange the summation so a factor of ToT is in both the F'(y) and the ¢, so F (y) and

¢, are different than originally defined. Change variables by letting

z = l—”y Also, let K, = n,/l—Tr to find that
Ak, = /=  and Y~ ko
l l
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l
Let F(y) = F ( — x) = f(x). Introduce a new symbol for the coefficients that indicates
T

the index k,, replaces n, so ¢, — g, . Finally,let | — oo, so that the Fourier transforms

Fa) = o= [ aetae ad gk) -

1
v 21

/ f(z)e *®dxr  are exposed.

S 1 l —inm N
F(y) = Z <ﬂ/lF(y)e y/ldy)e y/l

n — 00

> I : 1
— - F e—znwy/l d 6zn7ry/l ]
S (vl

Identify a symmetrized function and coefficient as

> 1 I :
F(y) — Z en eznwy/l and Cn = _/ F (y) e—znwy/l dy (1)
—1

Use

l l l l
These substitutions allow
nry T [T i
A A e

The difference in the new index is

Ak, = & = Akn _ 1
R VA Vor Va2l

Limits on the integralare y =1 = z = l—Trl =vrl, and y=-l = z=—-Vual.

Introduce a new symbol that indicates the index is now k,, vice m, so ¢, — g, . Using these
substitutions and developments in equation (1),

F(y) = F( ;fﬂ) = > gknmel’“"‘”%kn
ky, =—o00
1 > "
= etFn® Ak,
e ;mgkn
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and

1 /WF I ke [
= —— —x | et —dzx
9k, 51 A " -
vVl
= Fly—z] e "*dx
vV 2T /_\/ﬁ ( ™ )

l
Redefine F —m) = f(z). Now let the period | — oo = Ak, = ,/Z—Tr — 0.

T
The difference between successive k,, — 0 so that k, assumes all real values and thus becomes
a continuous variable. The summation over discrete k,, becomes an integral over the continuous

variable k, the coefficients gi, become a continuous function g (k), the difference Ak, becomes
the differential dk, and

1
v 21

1
v 21

f(x) = /_OO g (k) e dk and g(k) = /_OO f(z)e ™ dg .

5-15. Sketch the graphs of the following functions and their the Fourier transforms.
. 1, —a<zxz<a,
- 0, elsewhere, and

12, -b<z<b,
(b) h(z) = { 0, elsewhere, where b = 2a.

(c) Comment on the similarities and differences between the two Fourier transforms.

The functions given for parts (a) and (b) are constants for specified intervals and zero elsewhere
which means to find g (k) for part (a) and j (k) for part (b) by integrating between —a and a,
and —b and b instead of using infinite limits. Express the answer for part (b) in terms of the
constant a and look for relations between the graphs of parts (a) and (b). This problem uses
constant functions which are among the easiest functions to integrate both as an appropriate place
to start and to highlight relations between parts (a) and (b). Remember

e? —e
21
from Euler’s equation. For part (c), notice that f(z) and h(x) have the same basic rectangular

shape and the same area. The function h(x) is wider than f (x). What impact does this have
on the Fourier transforms?

sinf =

(a) g(k) = \/12_7r N f(z)e *ode = \/12_7r /_a 1-e e dy
B 1 (T 1 e—ika _ gika
Vor ik ¢ e T Vam o —ik
9 e—ika _ yika 9 pika _ p—ika 2 sin (ka)

Vo k —2i Vork 2i V2T k
The graphs of f(z) and g (k) are
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Figure 5-3 (a). Graph of f(x). Figure 5-3 (b). Graph of ¢ (k).
Zeroes for g (k) are at k = nr.
a

(b) The Fourier transform of the given function where b = 2a, double the width and half the
height, so that the area under the curve is equal for both f (x) and h(x), is

, B 1 sin(kb) 1 sin(2ka)
j(k) = T2k = Tk

hix) 4

1 2a 4 ik
— >0 o] 2
z2 I

| I

| I

| I

: — X

-2a 2a
Figure 5-3 (c). Graph of h(x). Figure 5-3 (d). Graph of j (k).
Zeroes for j (k) are at k = 721_7r .
a

(c) The graph of h(x) is broader than the graph of f (z), but the graph of j (k) is sharper than
the graph of g (k). If one of the Fourier transforms is distributed and broad, the other will be
localized and sharp. This phenomena is a precursor of the Heisenberg uncertainty relations.

While both f(z) and h(z) have a limited domain, the domains of g (k) and j (k) are
infinite. This is another general feature of Fourier transforms.

Postscript: A sine function divided by the argument of the sine is a sinc function. The graph
of a sinc function is characterized by a large central maximum or minimum with periodic relative
maxima/minima that decrease in amplitude as distance from the origin increases.
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5-16. Find the momentum space wave function corresponding to v (x) = Ae~be”

Quantum mechanical Fourier transforms are the means to change from position space to momentum
space and vice versa. This problem is a change to momentum space from position space.

The de Broglie relation associates wavelength or wavenumber, and momentum,
p
A=—- = —=—- = k==
h

Substitute p/h for k in both Fourier transforms. This means the differential dk = dp/h in
the integral for f(x). Symmetrize the 1/ from this differential by placing a factor 1/v/% in
both integrals, and the result is the quantum mechanical form of the Fourier transforms,

flz) = \/217r—h/_oo§(p) er/hdp  G(p) = 217rh /_Oof(l.)e—ipz/hdl“

The usual use of these relations is to transform a wave function in position space to momentum
space (or vice versa), so will be applied

1 1
vV 2mh vV 2mh

There are a number of subtleties associated with the quantum mechanical analog of the Fourier
transforms, so our heuristic argument should be regarded as a useful mnemonic.

Y (x) = /_ {D\(p) eipw/ﬁdp, @Z(p) = /_ Y () e PT/R g

Form 3.323.2 from Gradshteyn and Ryzhik,

/OO 6—a2z2—ﬁz dr = VT 6’82/4&2
oo a ’

should be useful. Do you recognize the functional form of the momentum space wave function?

- 1 o0 . 1 00 ) '
v(p) = \/ﬁ/ @b(m)e_lpw/hdz = %/ A b’ o—ive/h g,

—bx?—ipx/h dz .

A /°°
= — e
vV 2rh J-ox
Using o = Vb, and B = ip/h, our integral is

_ A VT eXp((ip/hF) _ A e
Varh Vb 4(V'b)? ‘

¥ (p)

Postscript: Notice that {D\ (p) is also an exponential function with a negative argument that is a

constant times the independent variable squared. In fact, {D\ (p) is also a Gaussian wave function.
The Fourier transform of a Gaussian function is another Gaussian function.
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. 4
5-17. Given ¢ (z) = Aethor —— < gz < —W, and 0 otherwise,
ko ko
(a) normalize 1 (z),

(b) find ¢ (p), and
(c) sketch o (z) and ¥ (p).

The physical system described by the given 1 (x) is a plane wave that is confined. An unconfined
plane wave is not square integrable, thus cannot be normalized to be consistent with the probability
postulate, so cannot by itself be a wave function. Part (a) means to solve for the constant A using
the normalization condition on the interval to which the system is confined. In other words, the
confinement allows use of —4w/ky and 4w/ky as the limits of integration. Again, integrate
between the limits of —4n/ky and 47/ko for part (b). “Sketch” means to understand the shape
of the curves. Draw or plot only the real part of % (z). Set the constants ko and % equal to
1 to obtain the shapes of 9 (x) and " (p) for part (c¢). You should find that the real part of
¥ (x) is an evenly distributed cosine curve but that {D\ (p) is distinctly peaked.

(a) The normalization condition for a continuous system on the interval given is

471'/’{30 ) ) 471'/’{30 471'/’{30
1 = / A* g7 thow A ptho® gg — |A|2/ ddr = |A|2/ dz
—4’7T/k0 —4’7T/k0 —4’7T/k0
471'/’{30
4 k
— Al (2 - |A|2<————”> — AP = A =
—4r/ko ko ko 8m

— ko ikox  _ 1 ko ikox
= V@) = 8 © — 2V &

R 1 00 ) an/ko )
b — / T e—zpz/h der = / zkowe—zpw/h dx
® 0 = o= [ v i o

after substituting the results of part (a). So

D(p) = \/H/W itkompmyz g, — Lo fRo L itke—p/ma ko
4 /ko dm V h i (ko —p/h) —4x/ko
_ \/;W (emco p/B)(4n/ko) _ i(ko—p/R)( 4w/ko>)
1 ko 1 idn(1—p/koh —idn(1—p/koh
:%%m((g(w)_e (1-p/ >)
1 1 1 eidmn(1—p/koh) _ o—idm(1—p/koh)
a koh (1 —p/koh) 2i
. 47p
1 [T sin (4 (1-p/koh)) Sy [ S (4”_1%_73)
= 2V T (1= p/koh) R R T
(=327)
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The domain is —oco < p < oo in momentum space. {P\(p)

(c)

Y (x)

"AVAVA\J UI\VAVA" >

Figure 54 (a). Sketch of ¢ (z). Figure 5-4 (b). Sketch of @Z(p)
R h sin (%)
5-18. Given |¢> such that <p|y> — P (p) = — D12 4eR,
p

(a) normalize " (p),
(b) find ¢ (z), and

(c) sketch ¥ (p) and o (z).

This problem differs from the last only in that it emphasizes momentum space. Though arguments
in position space are most common, momentum space can be a preferred environment.

Two integrals are of interest. Form 611 from the 30th edition of the CRC tables,

/Oosinz(aa:)dm _ T|al
0

2 2

for part (a). Assume that a > 0 so that you do not have to carry the absolute value symbols.
Changing variables to y = ap/h means that the above integral is useful for normalization, given
proper use of the even/odd function arguments. The second integral of interest is

* sin bx cos cx 0, ¢>b>0,
A A R )
0 T 7'['/4, b:c>0’

from the 30th edition of the CRC tables, form 615. The Euler equation is e* = cos § + i sin 6.

. ap bx
Lz e () s ()
You should find v (x) = —\ T dp
T a Jo p

and this integral can be caste into the desired form by changing variables using y = p/h.
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(a) The normalization condition in momentum space is

co h sin (%> h sin (%)
L= [ Fmaaiee - AP [ — Bl g
s h? sin? (@) s sin? (a_)
— AP [ Bl = jape [ 21l
—o0 p —c0 Q7P
hQ
ap a I . . . .
Let vy =& = dy = ﬁdp = dp = —dy, and integral limits are identical,
a
00 102 0o .2
o1 = (AR [ W japoan [ W g - jAPR2an T
2 2
— 00 Yy 0 Yy 2
1 N 1 hSIH(ap)
= A= = ¥(p) = b

(b) The wave function in position space is

. /ap

~ h —

b(z) 1 1 / St ( h) ere/h gy
vV 2rh v arh p

%
St ) ey ()]

re@e, (D))

oo SIn
p/h P T mz/_o@ plh

E\/ 2a

where the last integral is zero because the product of three odd functions is an odd function, both
sines and 1/p are odd functions, and the integral of an odd integrand between symmetric limits is
zero. The other integrand is the product of two odd and one even functions so is an even function.
An even integrand between symmetric limits is twice the integral from zero to the upper limit so

() ()

@ = 5z oTh

p

Changing variables to y = 7 = p=hy = dp=hdy, so the limits are the
same under this change of variables. Then
0, xz>a >0,
1
sin (ay) cos (zy) , a>x >0,
ve) = o= [ y %
a=z>0.

2v/2a’
(c) The constant a has the dimension of length, which is pertinent to the graph of ¥ (x).
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¥ (x)
4
1
J2e ) i1
|
B
242a i
AN N Ann, ! > X
Figure 5-5 (a). Graph of J(p) . Figure 5-5 (b). Graph of ¢ (z).

Postscript: The momentum space wave function for this problem is a sinc function (or can be
caste in the form of a sinc function by multiplying top and bottom by a). This problem shows
that the Fourier transform of a sinc function is a constant function. Constants and sinc functions
are related by their Fourier transforms in general.

The position space wave function of the previous problem is a confined plane wave. The only
part that survives the integral transform is the periodic cosine portion. The cosine function spread
uniformly throughout the interval is closely enough related to a constant function that its Fourier
transform on a finite interval is also a sinc function.

5-19. Consider a particle described by the wave function
Y(r) = N when —10A < z < +10A4, Y(x) = 0 otherwise.

a) Calculate the normalization constant N.
b) What are the possible results of a measurement of position?

c¢) Calculate the probability that the particle will be found between = = —3 A and z = +5A.

e) Calculate the associated momentum space wave function n (p) . Sketch n (p) .
£)

(
(
(
(d) The particle is found at = = 3.5 A. Sketch the wave function subsequent to the measurement.
(
(f) What results can be obtained for a measurement of momentum?

(

g) Suppose p = 0 is obtained. Sketch @/D\ (p) immediately after the measurement.

This problem intends to reinforce some previously encountered material and introduces modeling
using delta functions. A delta function is an idealization. Nevertheless, a delta function does
properly describe the philosophy embedded in the eigenvalue and eigenvector postulates.

A position measured to be 3.5 A means only that the measurement is made to
3.5 A £0.05 A. This is actually an interval rather than a delta function at a point. Further,
the probability of measuring any given eigenvalue x; is zero because there are an infinite number
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a

of points on any continuous curve. The mathematics is / f(x)dx = 0, any integral with the

a
same upper and lower limit is zero. That said, parts (d) and (g) intend to expose how delta func-
tions are often depicted. The eigenvalue postulate says x; rather than an interval. The eigenvector
postulate says that it stays at x; rather than wandering within an interval.

Notice that the given wave function is a constant so the Fourier transform is anticipated to
be a sinc function per previous discussions.

(a) Calculate the normalization constant

o0 +10A +10A
/ Y ()Y (z)de =1 = / ., N*Ndzx =1 = / . IN|%dz = 1

—10A —10A
+10A +10A
= yNP/ .de =1 = [Nz =1 = |N[*(4+10A - (-104)) =1
—10A —10A
~ WAIN|Z=1 = |N|Z = — o N = |
20 A V20 A

The normalization constant will always have units of 1/y/length in one dimension in position
space. A popular procedure is to minimize clutter by excluding units during calculation, and then
carefully placing the units back into the final answer.

(b) The possible results of a position measurement are any = in the interval —10A < z < 10A.

(c) Calculate the probability

P(-3A <z <5hA) = / V¥ (z) Y (2)dr = / IN|%dx

-3 -3
1A 1 8 2
= — = —(4+5A—--3A) = — = Z = 04.
20A 7| 4k 20A( ) 20 5
e i TE9% S §
(d) If the particle is at = = 3.5A, then the

wave function can be modeled by a delta func-
tion centered at = = 3.5 A, which is sketched
at the right. Though this model may be math-
ematically suspect, it does depict the eigenvalue
and eigenvector postulates justifying the sketch.

X

35 A
Figure 5-6 (a). Sketch of ¢ (z)

after measurement.
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(e) The wave function in momentum space is given by
the Fourier transform

—~ 1 o0 .
— —ipx/h d
1 10 ) /h N 10 ) /h
— —ipx Nd — —i1pT d
V2rh /_106 v V2rh /_106 !
N h . .
— —ipl0/h _ _+ipl0/h
= V2nh (—ip) (6 ¢ )
N\/g h [ etipl0/h _ ,—ipl0/h
B vVrh 5( 21 )
AN A A
C I (E104) \7 P
20A Vrh h

NI

L sin (2 (104) ) ~
= — f; 7 . Figure 5-6 (b). Sketch of % (p).
Vv T

This is a sinc function with the independent variable p. The constants & and 10 A serve only to
compress or expand the horizontal and vertical scales.

(f) The possible results of a momentum measurement are
any p in the interval —oco < p < oo. The probability

D(p)

density in momentum space is MZ (p)|?, and

(2w
p?/h?

1 Db SiIl2
P(ps <p<m) = 107rhA/ dp
Pa

is a relation to calculate probability in momentum space.

»p

(g) Finding p = 0, the momentum wave function can 0
be modeled by a delta function located at p = 0.
Figure 56 (c). Sketch of v (p)

after measurement.

Postscript: The probability of measuring any individual x; is zero. The probability of obtaining
1 b
a value between the limits @ and b is P(a<x <b) = 20—A/ dz, for this problem where a

and b are in angstroms. The region of interest can be very small, for instance if a = 3.499999 A
and b = 3.500001 A . There is a small probability of finding the particle between these limits, and
this is realistically what is meant by a measurement of z = 3.5 A. Nevertheless, delta functions
are often used as depictions in continuous space because they do reflect the statements of the
eigenvalue and eigenvector postulates.
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5-20. What is the Fourier integral?

The sole reason for this problem is to discuss different conventions that may be encountered in
other discussions concerning Fourier transforms.

Fourier integrals are generalizations of Fourier series. A Fourier integral is a representation
of a non-periodic function that may be regarded as the limit of the Fourier series as the period
approaches infinity. Two Fourier transforms compose the Fourier integral.

In the limit of | — oo, the complex Fourier series becomes

1
v 21

1
v 21

@) = = [ gmerar o) = —— [ faeta.

The function f(z) is the Fourier transform of ¢ (k), and g (k) is the Fourier transform of f (x).
Substitution of one transform into the other expressing the combination as one relation, i.e.,

1 > 1 > N —ikz’ /> ik
) = ) e T dx' ) e dk
=) m/_oo<m/_oof( )
1 o0 o0 ) ,
= 5 / dk:/ f (") e @) gz’ s the Fourier integral.
T J -0 —00

We refer the reader to Byron and Fuller?, or other texts on mathematical physics for greater depth.

Postscript: The factor of 1/27 must be in the Fourier integral but it does not need to be
symmetrized in the Fourier transforms as presented. Some place the entire factor of 1/27w with
one integral so that the other integral is without a coefficient. The signs of the exponentials may
differ from what has been presented here. Asymmetric treatment of the factor of 1/27 and/or use
of a different sign convention result in slightly different functional forms for Fourier transforms.

5-21. What is the meaning of X |z> = x|x>7

The eigenvalue/eigenvector equation for the position operator in position space is essentially a
definition®. Nevertheless, some justification is appropriate.

Position is an observable quantity, therefore X is Hermitian. All Hermitian operators can
be diagonalized. If X is not diagonal, an appropriate unitary transformation U Txu = x' is
diagonal, or for the purposes of notational consistency, U TXU =X is diagonal. In the basis in

2 Byron and Fuller, Mathematics of Classical and Quantum Physics (Dover Publications, Inc.,

New York, 1970), pp. 239-253, 566—570.
3 Cohen-Tannoudji, Diu, & Laloe, Quantum Mechanics (John Wiley & Sons, New York, 1977),
4th ed., pp. 149.
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which X is diagonal, the eigenvalues are on the main diagonal and the basis vectors are infinite
dimensional unit vectors. In position space, the matrix representation could be denoted

xzx 0 0 0 0
0O zo 0 0 O
0O 0 z3 0 O
X’l‘> = l"l‘> = 0 0 0 x4 0 1 = Ip 1
0O 0 0 0 =5

where the 1 in the unit vector is the nth component. This is an infinity of eigenvalue/eigenvector
equations that may be denoted X' |z, > = x,|z,> but is usually written X |z> = z|z>.

Postscript: The same argument applies to the momentum operator in momentum space, that is

pr 0 0 0 0
0 ppb 0 0 0
0 0 ps 0 0O

Plp> = plp> = 0 0 0 pg O 1 = pn|l
0 0 O

0 p

o

The eigenvalues of position are on the main diagonal in position space (times the unit vectors),
and the eigenvalues of momentum are on the main diagonal in momentum space (times the unit
vectors). The meanings of the momentum operator in position space and the position operator in
momentum space are less clear and must be developed.

1 )
5-22. Show that <z|p> — ——ePo/M,

vV 2rh

The state functions in position and momentum space are related by the quantum mechanical
Fourier transforms. The relation <z |®¥> — v (x) says only that an abstract state functions
picks appropriate positions from Hilbert space to represent a conventional function of position.
The relation < pl|®y > — 1 (p) is a comparable statement in momentum space. The inner
product <z |p>, however, is different because position and momentum are related.

1 o i 1 SN .
VY (x) = \/ﬁ/_ @b(p)elpw/ﬁdp = <z|Yv> — W/_ ¢(p)ezpz/hdp

<alv> = <alZlv> = <ol ([ lp<plar) 10>

— 00

=/ <z|p><ply>dp =/ <z|p> 4 (p)dp,  thus

— 00 — 00
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<z|p> dp — / et/ dp | Then
| <alvzimar - == [ @i

~ ~ . 1 .
<zl|p> — etrr/h and <x|lp> — — P/l
|p> ¥ (p) Y (p) |p NorTy

e—zpz/h ]

Postscript: This also means the conjugate quantity <p|z> —

1
vV 2mh

5-23. Show that (a) <z |X|a'> = zd(z—2') and (b) <z|Pla'> = —ihd (z—2').

The observables postulate requires that X is Hermitian. Hermitian operators can operate to the
right or to the left. The eigenvalue/eigenvector relationis <z |X = <z |x when X operates
to the left. The part (a) is a one line application of the eigenvalue/eigenvector equation requiring
the recognition of a delta function.

Part (b) uses the quantum mechanical Fourier transforms to form a Fourier integral for ¢ (x) .
Write / §(x —a' ) (2")dx', set the two expressions equal, and develop relations
for o (m — ') and finally ¢’ (x —2’). Then

<z|Plz'> = <z|Z|P|2' > = <z </]p><p[dp> | Pz’ >,

and use the relations of <z |p> and <p|z> from the previous problem to eventually arrive
at expressions that can be recognized as ¢’ (x — 2’).

(a) Letting X operate to the left and recognizing that < z|z'> = §(xz —2a'),
<z|X|2'> = <z|z|z'> = z<z|2'> = zd(xz—1').

(b) The quantum mechanical Fourier integral is

_ 1 1 / —1 w’/h /> ipx/h _ i AWK (z—z,)/h /
@b(m)—\/ﬁ/(\/ﬁ/@b(x)e P dz' | eP*/dp = zﬂh/dp/@b(x)ep dx’.

The wave function in position space can be written ¢ (z / d(z—2")(2)dx’ so

/5(m—x’)¢(m’)dx’ = ﬁ/dp/@b(m’)eip(w_w,)/h dx’ .

; —x’ 1 ip(z—x’
= - ) = o [RE)PE = ) [ert g )

1 : /
= d(z—12') = ﬁ/ew(w_w /E dp
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1 i

57 hpeip(w—w')/ﬁ dp. (2)

= d(z—2) =

<z|Plz'> = <z|Z|P|a'> = <=z </|p><p|dp> | P x>

= /<x|p><p]73|x’> dp

= /<I|p><p|p!w’> dp = /p <z|p><pla’> dp (3)
1 , 1 -
— ezpz/h> <7 e~ /7’1) d 4
/p<\/ 21h vV 2mh P )
1 , / h
= 5.7 peP@=2)/h gy — Z(S’(m—x’) = —ihd (z—1'). (5)

The function solely of position ¢ (z’) is removed from the integral with respect to dp in line (1).
Line (2) is differentiation with respect to z. The first expression in line (3) is the result of the
eigenvalue/eigenvector equation, < p|P = < p|p. Line (4) employs the expressions developed
for <x|p> and <p|z> in the previous problem. The second expression in line (5) is obtained
by comparing the first expression in line (5) with equation (2).

Postscript: The relations above are in the position basis. Analogous relations in the momentum
basis are <p|P|p'> = pd(p—p') and <p|X|p'> = ihd (p—p'). The absence of a
negative sign in the last equation is a choice of phase. A choice of phase is necessary.

These relations involving delta functions and their derivatives have been used to state portions

of the postulates of quantum mechanics*.

5-24. Find the form of an expectation value of the position operator in position space.

The expectation value of position is <1 | X |9 > in Dirac notation. Insert the identity in terms
of |2’ > on the left and |z > on the right of the abstract position operator. Rearrange the
expression to find a factor of <z’|X|z> = 2’0 (2’ —x). One of the two integrations can be

done using this delta function to find <y |X|¢p> = /w* (z)zp (z)dx.

<Y X[P> = <Y |T|X[T]P> (1)

= <¢|</|x’><x’|dm’>|X]</|x><x|dz>|¢> (2)

= //<@Z)|m’><m’|«\.’]m><x!¢> dx' dx

4 Shankar, Principles of Quantum Mechanics (Plenum Press, New York, 1994), 2nd ed., pp.
115-116.
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— //¢ Na'§ (¢ —z) v (z) da’ da (3)

_ /</¢ x(sx—x)dx>¢(x)dx - /w*(x)xd)(x)dx.

The identity is inserted twice in line (1), two different forms of the identity are used in line (2),
inner products and the braket (per problem 5-23 (a)) are represented in position space in line (3).

Postscript: This is evidence X — x in position space. Similarly, if more than one spatial
dimension is required, Y — y, and Z — z.

5-25. Find the form of the expectation value of the momentum operator in position space.

This is similar to the last problem except it addresses momentum. Start with <o |P|¢ >,
insert identities in the same form as the last problem but you will need to use the relation
<z|Pla'> = —ihd (z —2a’) addressed in problem 5-23 (b). The delta function is an even
function but the derivative of the delta function is an odd functionso <z’ |P|z> = ihd' (2’ —x)
is the form to use. The derivative of a delta function is the negative of the derivative of the function.

<P |Pl¢>

<Y|Z|P|Z]y>

<] (/ ]m’><:1c’]dx’> P (/ ]m><:1c]dz> o>

_ //<¢]m'><x’]73|x><x]¢> do! dx

_ //¢ ma’( ))¢(x)dx’dx (1)
_ /¢ _m—)wx)dx _ —ih/@b*(m)%@b(m)dz. 2)

The inner products and the derivative of the delta function are both represented in position space
in line (1). Evaluating the derivative of the delta function results in the first expression in line (2).

d
Postscript: This problem is evidence that P — —ih . in position space.
x

These relations are readily generalized to two or three dimensions by working two or three
one-dimensional problems. If more than one spatial component is required,

0
P — —ihV = —ih <— + = + —) , in three spatial dimensions, for instance.

d
The analogous relations in momentum space are X — zhd— and P — p. In three dimensions
p

d d d
X — Zh—) y - Zh—) Z — ih ’ and Pw - Dz, P — Py PZ - Pz
dp, dp, dp. ! !

The absence of a negative sign in momentum operators reflects the popular choice of phase.
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5—-26. Derive the position space form of the time-independent Schrodinger equation in one dimen-
sion. Assume that potential energy is a function of position only.

Basis-independent statements of the Schrodinger equation offer generality and flexibility and can
provide physical insight, but they are not often useful to obtain functional or numeric solutions
to real problems. Representations of the Schrodinger equation in position space and momentum
space are the tools generally used to address specific systems.

Start with the eigenvalue/eigenvector equation for the time-independent, quantum mechanical

Hamiltonian, H|¢> = E|¢¥> . Form the quantum mechanical Hamiltonian,
p? P2
Haossicw = T +V = — 4+ V —_— H = — + V.
2m 2m

Potential energy is a function of positiononly = V — V(&) and ¥ — z = V(X) -V (2)

for this problem. Form a braket of both sides using < x| . Assume that this bra commutes with
the Hamiltonian to find

n o d?

2m dz

() + V(z)y(z) = Ey¢(z).

732
H|y> = Elv> = (— + V) |Yv> = El¢v>

2m
2
= (;D—m + V(X)) [v> = El|¢> (1)
2
= <z (;D—m + V(X)) > = <z |E|¢Y> (2)
= (%PQJrV(X)) <z|p> = E<z|¢p> (3)
- [% (—ih%) (—ih%) + V(:c)]w(x) = Ev(z) (4
h? >
5wy V@) + V(e)y(z) = Ev(z).

Equation (1) embeds the assumption that potential energy is a function of position only. Brakets
are formed with < x| so as to obtain a position space representation in equation (2). The
E on the right side of equation (3) is an eigenvalue and any constant can be removed from a
braket. The expression in parenthesis on the left side of equation (3) is simply a different form
of the Hamiltonian operator. The position space representations of the momentum operator, the
potential energy operator, and the inner products are substituted in equation (4).

Postscript: That < x| commutes with the Hamiltonian is founded by the requirement for
eigenstates to be unique, a property that follows from the orthogonality of the eigenstates. There
are an infinite number of v (x)’s or 1; (z)’s. The right side of equation (2) becomes a constant
times an eigenfunction. In order for the left side of equation (2) to be the same in an infinite
number of cases, it also must become a constant times a function, thus <z | commutes with H .
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Exercises

5-27. Show that
(@) ¥, (¢) = e and 9, (¢) = e™?, —1 < ¢ < m, are orthogonal, n and m € Z.

(b) Orthonormalize v, (¢) and ¥, (¢).

The intent of this exercise is similar to problem 5-3. Demonstrating orthogonality for any set of
functions in continuous space can be challenging. The exponentials in this exercise are likely more
straightforward than the sines and cosines of problem 5-3.

The notation n and m € Z means that n and m are in the set of integers. (Z is
from the German word “zahl” meaning number or numeral). Show that <1, |%,> # 0 and
<V |Ym> # 0. Establish that <, |¢,,> = 0 for all integer n # m. Convert the inner
products to integrals for the actual calculation for the functional forms given. The “particle” is
confined to the interval —m < ¢ < m, so —m and m are the limits of integration.

5-28. Show that if |1 > is normalized, sois |1'> = e*®|¢> in position space.

This exercise reinforces the meaning of normalization but also addresses the concept of phase.
The factor e!? is the phase and the scalar ¢ is the phase angle, though at times the scalar ¢
is called the phase because it is the only portion of the exponential that can vary. Remember

<Yly> =1 = /@D*(m)@b(m)dm = 1 in position space to show that <y’ |¢¥'> = 1.

5-29. Show that Legendre polynomials P5(x) and Ps(z) are orthogonalon —1 < x < 1.

Legendre’s equation is
(1-2*)y” — 22y’ + I(I+1)y = 0.

The solutions to Legendre’s equation are Legendre polynomials. The first six Legendre poly-
nomials, usually denoted by a subscripted upper case P, , are listed in table 5-3.

Py(z) =1 Ps3(z) = $(52% — 3x)
P(z) = x Py(z) = £(35z* — 3022 + 3)
Py(z) = $(322 —1) Ps(z) = (632" — 7023 + 152)

Table 5 — 3. The First Six Legendre Polynomials.

Hermite and Laguerre polynomials are not themselves orthogonal, however, appending an exponen-
tial weighting factor creates related functions which are orthogonal over all space. The weighting
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factor diminishes quickly enough to overpower the polynomials as ‘ x‘ — oo. A different tech-
nique is applied to Legendre polynomials. Like the sines and cosines of problem 5-3, they are
orthogonal on an interval. Thus, the problem asks you to show

1 1
/ P, (z)P,(x)dx = 0, m#n, and / Pi(x)P(z)dx # 0, for i =2, 3.
—1 —1

Use even/odd integrand between symmetric limits arguments. See problem 5—4.

5-30. Represent (a) z?+ 3z, (b) 223 —42% + 7, and (c) 8zt —5z? — 4z

as unique linear combinations of Legendre polynomials.

Like problems 5-5 and 5-6. Work from the highest power to the lowest power to ensure uniqueness.
Legendre polynomials are used to describe orbital angular momentum.

4

5-31. Represent z* as unique linear combinations of (a) Hermite, (b) Laguerre, and

(c) Legendre polynomials.

The first five Hermite and Laguerre polynomials are reproduced for your convenience.

Hy(z) =1 Lo(z) =1

Hy(x) = 2z Li(z) = —z+1

Hy(z) = 42* -2 Ly(z) = 2% —da+2

Hs(z) = 8z —12x Ly(z) = —2%+92° — 182+ 6

Hy(z) = 162" — 4822 +12 Ly(z) = z* — 1623 + 722 — 962 + 24

Each part will contain as many as five (a) Hermite, (b) Laguerre, or (c¢) Legendre polynomials
because representation of z? introduces terms with powers less than 4.

5-32. Use the generating functions

2 d" 2 ar
H,(z) = (-1)"" d—e_w and L,(x) = e*—e “a"
$n

to obtain Hy (z) and Lo (z).

The generating functions require the chain rule of differentiation. For example,

2 d2 2 2 d 2
Hy = (—1)%" @e_w = € Ee_w (—2x)

2

= e* (e_zQ(—Zm)(—Zm)—i-e_z

2 2

(_2)) = "¢ (422 —2) = 422 —2 per table 5-1.
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5-33. Obtain Hjs (x) and Hg(z).

Both may be obtained using the generating function, rather, a recursion relation such as
H,i1(x) = 2¢H,(z) — 2nH,_1(x)
is more efficient for Hermite polynomials with large, or even moderately sized, indices. Thus
Hs(z) = 2xHy(z) — 2-4Hs(z) = 2z(162" — 4827 +12) — 8(8z* — 12z)

= 32z° — 962° 4 24z — 642° + 962 = 322° — 1602° + 120z .
You now have Hs(x) and Hy(z) to calculate Hg(z).

5-34. (a) Show that the operator x is Hermitian.

d
(b) Show that the differential operator D = zd— is Hermitian.
x

These are intended to be straightforward introductions to the process of establishing Hermiticity

for operators for continuous systems. Part (a) is nearly proof by notation. The operator z is a

real valued function, thus x = z*, and functions, whether real or complex valued, commute. Said

another way, a function returns a scalar and scalars commute. The “proof” is essentially writing

the appropriate integral in both orders along with the justification given in the last two sentences.
o

Use integration by parts for part (b). Remember that ] 1 = 0 for v; that are square
— o0

integrable. See problems 5-7 and 5-8.

n? d?
5—35. Show that H — o da? is Hermitian.
m dzx

The Hamiltonian operator is that for a free particle (V (z) = 0). This is meatier than the previous
exercise. The proof uses integration by parts twice. Integration by parts is frequently seen

/udv = uv—/vdu
dipo

where partitioning the original integrand can be challenging. Using dv = d <d—> in the first
x
: : dyy Ayt . :
integration by parts, and u = v du = d ) the second leads to the desired end.
x x
The product uwv is zero for both integrations. Each wave function must go to zero at +oo to be
square integrable. Also, the product uwwv will contain a derivative in both integrations. The first

derivative of a function that superimposes the horizontal axis at +oo is also zero (i.e. slope = 0).
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5-36. Discuss the significance of the orthogonality of sines and cosines to the basic Fourier series.

This exercise concerns the meaning of orthogonality for a continuous system. Consider the Carte-
sian coordinates of introductory physics. Can a vector be uniquely described in R? if Z, 3, and
z are not mutually perpendicular? (The answer is maybe, but it is vastly easier if they are). Gen-
eralize to R or C°. Consider unit vectors in ket notation in those spaces. Does each individual
unit vector make a unique contribution? Can you then generalize to a continuous system?

Problem 5-3 establishes the orthogonality of sines and cosines on the interval — < =z < [.
Notice that this is an interval of 2[. Problem 5-9 denotes the basic Fourier series as
ag

flzx) = 5 + ; a,, COs (nlﬂ> + ; b,, sin (nlﬂ) given that the period is 21.

Examine the progression of the four sketches in figures 5-2. Will the sum converge if contributions
from different n do not add something previous n could not? The meaning of orthogonality in a
continuous system is that every n contributes something unique. Our answer is nine lines.

5—37. Sketch the function

0 if - m<z<0,
fe) = {1 if 0<z<m,

then expand it using a basic Fourier series given that it has a period of 27w .

This is a straightforward modification of problem 5-10 appropriate to an introduction to Fourier
analysis. Comparing a sketch of the given function to figure 5—1 may be illustrative.

5—38. Sketch the function

0 if —7<z<—7/2,
flzx) = 1 if —7m/2 <2< 7/2,
0 if 7/2 <z <,

then expand it using a basic Fourier series given that it has a period of 2.

Like 5-10 and 5-37, however, this will contain alternating cosine terms.

5-39. Sketch the function
f(zx) = x, 0 <z <27,

then expand it using a basic Fourier series given that it has a period of 2.

A sketch is that of a sawtooth function. One exercise where the function is other than a periodic
constant is appropriate. The integrals

/ 7 cos(nz) dz = —= cos(nz) + © sin(na) / vsin(nz)dr = - sin(nz) — © cos(nz)

n? n n? n

pertain. The n = 0 integral is unlike those for n > 0, though it is straightforward.
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x2+1°

5-40. Consider a particle described by the wave function ¢ (z) =

a) Normalize ¢ (x). Sketch 9 (z).
b) Calculate P(0 <z <1).
¢) What are the possible results of a measurement of position?

e) Calculate the momentum space wave function {D\ (p). Sketch {D\ (p).

)
)

(
(
(
(d) The particle is found at « = 7. Sketch the wave function immediately after the measurement.
(
(f) The momentum of the particle is measured. What results can be obtained?

(

g) Suppose p = 0 is measured. Sketch @/D\ (p) immediately after the measurement.

The wave function is a Lorentzian curve which is used frequently in spectral analysis. The integrals

dzx B T N 1 ; bx o i dr — T _lag|
(a2 +b222)2 202 (a? + b222) 2430 M\ g oo X2 4 a? T ae

will be of interest. You should find

1 1 ~ —Ipl/h
PO<z<l) = or + 17 0.4092 for part (b), and ¢ (p) = < NG for part (e).
Also, arctan oo = /2, arctan —oo = —7/2, arctan 0 = 0, and arctan 1 = 7w/4. The post

measurement sketches for parts (d) and (g) are delta functions.

5-41. (a) Represent the expectation value of the momentum operator in momentum space.

(b) Represent the expectation value of the position operator in momentum space.

Use procedures similar to those seen in problems 5-24 and 5-25. Use the relations
<p|Plp'> = pi(p—p) and  <p|X[p'> = ihd (p—p')

per the postscript to problem 5-23.

Obtaining the “correct” =+ signs for problems 5-24 and 5-25 and this exercise can be puzzling.
The signs are a choice of phase. Part (b) requires the use of the primed bras and kets in the left
identity as done in problems 5-24 and 5-25, and use of the fact that the derivative of the delta
function is odd, that is o0’ (p —p') = =8 (p’ — p), per the prescript of problem 5-25. The
postscript to problem 5-25 discusses the necessary results using the popular phase convention.
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Chapter 6
Ehrenfest, Heisenberg, and Gauss

Part 1, Ehrenfest’s Theorem

Quantum mechanics must give the same results as classical mechanics in a classical regime.
Bohr’s correspondence principle, which states the relations of quantum mechanics reduce to the
relations of classical mechanics for large quantum numbers, is often cited. Paul Ehrenfest originated
a different answer. Ehrenfest said replace the dynamical variables of classical mechanics with the
expectation values of quantum mechanics and you obtain the same relations.

6—1. Derive Ehrenfest’s Theorem.

This derivation assumes that an operator representing an observable quantity is time independent,
and that the state vector is time dependent. Observable quantities are functions of position only
in this text, and time evolution of a state vector has been discussed in previous chapters. Notice
that the derivation is for a general operator A, which may represent position, momentum, energy,
or any other observable quantity. Remember that a commutator is defined [A, B ] = AB-BA.

Start with the expectation value of a time independent operator, <A > = <¢|A|¢Y>,
and take a time derivative. The wave function is assumed to be a function of time, so using the
chain rule to take the derivative,

%<A> = <p| A|Yp> + <| Alv> + <¢| Alv>.
Since the operator is assumed to be time independent, the middle term is zero so this reduces to
%<A>:<¢1A]¢>+<¢1AW>. (1)
The Schrodinger postulate is
Hlyp> = ih|p> = |P> = %H > = —%H |p> .
Forming the adjoint of the last relation, <¢| = <] HT <%> , and since the Hamiltonian is
Hermitian, this is <¢)| = % <1 | H. Using these in equation (1),
4 <A> = : <Y|HA|Y> — : <Y| AH |¢Y>
dt h h
= S (SUHA|Y> = <u| AH[>)
= <] [H A] 9>
= % < [H, A] >
which is Ehrenfest’s theorem.
187

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



6—2. What is the fundamental canonical commutation relation?

A commutator equivalent to multiplication by the factor if is a canonical commutator, i.e., if
[A,B] = AB — BA = ih,

then [A,B] is a canonical commutation relation. Realize ih — thZ in more than one dimension.
The fundamental canonical commutator’ is [X , 73] = ih.

Postscript: The fundamental commutation relations in three dimensions are

(X, P,] =ih, [V,Py] =ih, [Z,P.] = ih.

6-3. Show [X, 73] = ¢h in position space.

This derivation relies on representations previously discussed. In position space,

X — z and P — —ihd— in one dimension.
x

The commutator is an operator so give it an arbitrary function in position space, f(x), on
which to operate, so

(X, P] f(z) = (XP—PX)f(m)
— XPf(z)-PXf(z).

Representing this in position space, this is

[(X.P) 1) = (@) (=) f@) = (=indl ) fto)

where it is necessary to use the chain rule to evaluate the last term. Differentiating,

(X, P] f(z) = —ihm%@ + ihf(x) + th%@ = ithf(z).

Since f(x) is an arbitrary function, the effect of the commutator is [X, P| = ih.

Postscript: The fundamental commutation relations are summarized [Xi , Pj] = thd;; in
three dimensions. Along the same lines, [XZ-, Xj] = 0, and [731- , Pj] = 0.

1 Cohen-Tannoudji, Quantum Mechanics (John Wiley & Sons, New York, 1977), pp 149 — 151.
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6-4. Calculate <X > fora particle.

Calculate <X > using Ehrenfest’s theorem, which for the choice of the operator X is
. i
<d> = <[ x>,
where we need an explicit form of a Hamiltonian. The Hamiltonian for a particle is

7)2
H=T+V —- H=— 4+ V()
2m
1
Assume V(X) is a function of X only or powers of X', such as —kX or 5]@«\.’ 2. This

assumption means that V (X) commutes with X per problem 3-25.

P2 P2

<> = 2<[ V@), x> = <[ ]+ [V, x>
h 2m h 2m
The second commutator in the expectation value is zero, so the time derivative is
: i P2
X> = L [—X] - [Q,X] . 1
<X > = <3, > o7 < P > (1)

Evaluating the commutator,
P2 x] = P - xP? = PPX - XPP.

Add zero with the intent of putting the last expression in some form related to the fundamental
commutator. In other words, if we add and subtract P X P, the last commutator becomes

(P2, x] = PPX — XPP + PXP - PXP
— PPX — PXP + PXP — XPP
- P(Px-aP) + (Px-xP)P
= Pl x| + [P x]P
= P(—ih) + (—ih)P = —2ihP.
Using this in equation (1),
i

<(—2inP)> = (—2in) <P > =

<P >
2mh ’

m

<X > =

v
2mh

Postscript: A naive interpretation is that the expectation value of the momentum operator may
be mug, so that <X > = vg. Mixing classical and quantum mechanical arguments into a
“semi-classical” model is dangerous, at best. The thought is intriguing, nevertheless. Problem
6-30 toward the end of this chapter provides a purely quantum mechanical calculation with the
same outcome using a result from the next problem.
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6-5. Construct quantum mechanical expressions for < X > in
(a) continuous position space, and

(b) continuous momentum space.

The expectation value of the time rate of change of the position operator is equal to the expectation

value of the momentum operator divided by mass. In position space, X — = and P — —ih e
x

d
In momentum space, P — p and X — zhd— Remember for the general operator A,
p

oo
<A> — / Y (x) AY(x) dx in position space, for instance.
—00

Two expressions are written for each space.

(a) In continuous position space,

. o d
“<¥> - / (@) <E x) Y(x)dz when substituting x, and

. o0 1 d
<X > — / Vv (x) — (—zh—) Y(x)dz using problem 6—4 and the representation of P.

m dx
(b) In momentum space, the results are
- 0~ d Ld\ ~ . L d
<X > — v*(p) | = | [ih— ) ¥(p)dp using X — ih—, and
oo dt dp dp

<X > — / @Z* (p) % @Z(p) dp using the result of problem 64 and P — p.

Postscript: Paul Ehrenfest published his theorem in 1927. It deserves mention, though it’s
primary uses are only to create quantum mechanical analogies to p = mv and F = ma in
most introductory expositions. The connection Ehrenfest’s theorem makes between quantum and
classical mechanics had “...great appeal to many physicists and did much to further the acceptance
of the theory. For it made possible to describe the particle by a localized wave packet which,
though eventually spreading out in space, follows the trajectory of the classical motion®.” Wave
packets are central concepts in part 3 of this chapter.

2 Max Jammer from Concepts of Mass (1961), as quoted by Nicholas Wheeler, Remarks Con-
cerning the Status and Some Ramifications of Ehrenfest’s Theorem (Reed College Physics Depart-
ment, 1998), page 1.
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Part 2, The Heisenberg Uncertainty Relations

Expectation values and uncertainties are statistical measures of central tendency that follow
from the eigenvalue and probability postulates. Expectation value was used at the end of the last

chapter to show that X — x and P — —ihd— in position space. Problem 6-3 has used
x

these to show [X , 73] = 1¢h, which is the fundamental canonical commutator. Canonically
conjugate commutators other than position and momentum occur. In general, canonically conju-
gate commutators are of the form [A, B] = ih = thZ. The minimal uncertainty relation
for canonically conjugate Hermitian operators is

NANB > —. This becomes ANX NP >

N | St
Do | St

for position and momentum. Both are statements of the Heisenberg uncertainty principle.

The observables postulate plays a central role in our development. An observable quantity is
represented by a Hermitian operator. The eigenvalues of Hermitian operators are real numbers,
thus the expectation values and uncertainties of Hermitian operators are real numbers.

There exist pairs of operators that are not canonically conjugate of the form
[A, B] = BK

such as the component angular momentum/spin operators. Problem 6-16 examines one of the
consequences of such a relationship.

6-6. Show that if [A, B] = ¢C where A and B are Hermitian, the operator C is Hermitian.

A commutator is an operator. Labeling that operator C is cosmetic notation. That the commu-
tator of two Hermitian operators can be ¢ times another Hermitian operator is significant, and is
the case for canonically conjugate Hermitian operators.

4, 8]" = (ic)]

(AB — BA) = ifct
(aB) - (B = —ict
BlAl — AtBl = —icl
BA — AB = —icl
—[4,B] = —icl

& [4,B] =icl

[A,B] = iC

r ¢ 0

but the given relation [A, B] — iC means iC = iCl o ¢ = CT, thus, C is Hermitian.
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6-7. Given A = A —<A> 7T, showthat [A,B] = [A,B].

2
Remember that A A, = <9 (A - <A> I) l¢p >1/2is one definition of uncertainty.

The “hatted” operator is the expression in parentheses. This step in the development of the
Heisenberg uncertainty principle is not strictly necessary but is fairly conventional and enables
clean and economical notation for what follows. Remember that an expectation value is a scalar
so commutes with everything, and the identity operator also commutes with everything.

[A.B] = AB - BA
= (A—<A>I)(B—<B>I) — (B—<B>I)(A—<A>I)

= AB — A<B>7Z — <A>IB + <A>Z <B>1
— BA + B<A>TZ + <B>ZA — <B>I<A>7T

=AB — BA + (—<B>IA+ <B>IA) + (—<A>IB+ <A>IB)

+ (<A><B> I? — <A><B> IQ)

where all the grouped terms sum to zero, so

[A,B] = AB — BA = [A, B].

6-8. Show that if A is Hermitian, A is Hermitian.

You know that A is Hermitian and that Z is Hermitian. Is the expectation value <.A> of a
Hermitian operator a real number? (Yes, though the proof is left as an exercise).

A=A-<A>T
= Al = (A— <A>I)T
= Al - <a> 1T,
Now ZT = T because of the nature of the identity, and AT = A because it is given to be

Hermitian. The expectation value < .4 > is of Hermitian operator, so must be a real number.
The complex conjugate of a real number is the same real number, that is <A>* = <A>, so

ﬂ = AT— <A>"‘I]L = A - <A>7T = ﬁ,

therefore, AT = A and A is Hermitian.
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2
, given that A and B are Hermitian.

6-9. Show that (A A)*(AB)" = || Au> f‘ |By>

This is the reason for problem 6-8.

(AA)Q(AZS’)2 = <9 (A— <A>I)2]zp><z/)] (B— <B>I)2]z/)>

= <¢|(A)* o> <y|(B)* |v>
= <¢|AA|v><p|BB|y>
= <y| AT A|y><p|BI Bly>
= [A1v> [ |Blo>|

where the next to last step uses the fact the operators are Hermitian.

6-10. Show that an anti-commutator of Hermitian operators is Hermitian.

The anti-commutator is defined [ A, B] . = AB + BA. The general uncertainty relation
is expressed as a difference of an anti-commutator and a commutator.

(A4, 8] = (aB+BA) = (4B + (BA) = Blal + Al sl

= BA + AB = AB + BA = [A,B],

Postscript: This result will be used in the form [JZ, Z/S’\]T = [le\, B

+ ]+‘

6-11. Prove the Schwarz inequality.

The Schwarz inequality is ‘ | v > ‘ ‘ | v > ‘ > ‘ <vp|ve> ‘ .
Form a vector from two others such that

13> = |1> — % 2>
12>

An inner product is a scalar, a norm is a scalar, so the vector |3> is an arbitrary linear combina-
tion of one vector minus the second vector scaled. Form the adjoint of |3>. The inner product
< 3|3 > is necessarily non-negative meaning that < 3|3 > > 0, which is the sole purpose of
defining the arbitrary vector |3>. Having introduced the relationship of inequality, the rest is
the algebra of bras, kets, and norms.
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<2|1> <2|1>*
Let |3> =[1> — | 512> = <3| =<1| -~ <2]’72 Then <3|3>> 0,
12> | (2> |
<2|1>* <2|1>
and <3|3> = <<1] - <2]’72) <11> - | 5 2>) >0
12> | 12> |
<2|1> <2|1>* <2|1>"<2|1>
= <1[1> — <1]2> | 5 — | > <2|1> + | 4’ <2[2> > 0.
12> | 12> | 12> |
Now <2[2> = ||2> 2, and using <2|1>* = <1|2> selectively on the last term,

<1]2>/<2]1> o <2|1>"<2|1> <1]2>/<2]1>

<1l|1> —
12> 12> 12>
L o<11> > <2]1>*<2]1>
NI
= 11> P> > <21
where <2|1>"<2|1> = ‘<2]1>‘2. Taking a square root of both sides yields

11> [[2>] = | <2[1>].

6-12. Apply the Schwarz inequality to the result of problem 6-9.

Since the product of an operator and a vector is a vector, both A | > and B |1 > are vectors,
and the Schwarz inequality applied to the result of problem 6-9 is

~ 2 2 PN 2
(A= [|Blo>| > |<vwl AB|y>|
The “hatted” operators accommodate clean notation, but they also encode the uncertainties, thus
2 2 -~ 2
(24 (AB)" = |<p| AB o>

is an undeveloped statement of the general uncertainty relation.

- - 1 ~~ 1
The operator A B may be expressed A B = 5 AB + 3 A B. Adding zero in the form

%g A - %Z/S’\ A allows A B to be described as a sum of an anti-commutator and a commutator,
~ 1 ~ = 1 ~ = 1~ ~ 1~ ~
AB = §AB + §AB + §BA — §BA
1, ~ = ~ 1, ~ = ~ 1~ = 1.~ =
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)

Since (AA)'(AB)" = | <y| AB 4>

(AA)(aB) > \<¢y%[ﬁ, B], + %[ﬁ, B] y¢>f

& (8AP(8B) > 1| <v| [A,B], + [AB]|v>]|

is another preliminary statement of the generalized uncertainty relation.

6-13. Use problems 6-6, 67, and 6-10 to further develop the general uncertainty relation.

h
A primary intent of part 2 of chapter 6 is to derive A A AB > — for canonically conjugate

operators, completed in this and the next problem using elements thus far developed.

Using the result of problem 6-7 directly, the general uncertainty relation is
1 ~ o~ 2
(24 (8B)" = 7| <wl[4, B], + [A B][v>|
which can be written
1 ~ = 2
(8 A (8B)" = ;| <vl [A Bl |v> + <v| [A, B] |4>]

The anti-commutator [ﬁ , B ] N is Hermitian from problem 6-10, and the expectation value of a

Hermitian operator is a real number. The commutator [A, B] = ¢C from problem 6-6, where
C is Hermitian. The expectation value of C is a real number, so ¢C is an imaginary number.
Thus, the right side of the last inequality contains a magnitude squared of the form

‘a—i—ib‘z = (a—i—ib)(a—ib) = a’+b?, so

(BAY(8B) 2 § <vl [A,B],|9>? + 7 <v|c|u>?

which is the general uncertainty relation between any two Hermitian operators.

6-14. What is the general uncertainty relation between canonically conjugate Hermitian operators?

The meaning of canonically conjugate operators is [A, B] = th = thZ = iC, so C = hZT.

(MAY(BB) > L <u|[A B], 1052 + 1 <p|nT|u>?
1 ~ o~ hz 1 PN hQ
= 7 <¥| [A, B], |9>* + T <ply>?= 7 <Yl [A, B], |[v>" + T
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employing the orthonormality of eigenstates in the last step. Summarizing,

2
(AA)(AB) > < <y| [A4,B], |v>? + %

AN

is the general uncertainty relation between two canonically conjugate Hermitian operators.

1 P
Postscript: The expression 1 < | [A, B]+ |1 >? s positive definite, that is

1 ~ o~

since the expectation value of any real number squared is greater than or equal to zero. Thus,

(AA(AB) > 1<¢y (A, B] |v>% + neow
=1 Pl 1~ 1
and this means
2 2 h? h
(AA) (AB) > R = ANAAB > 3

for all possible state vectors. For [X, 73] = th = thZ, this becomes

AX AP > g

6-15. Show that the general uncertainty relation becomes an equality when both
<¢|[A B],|Y> =0 and Alp> = BB|y>,

where (3 is a scalar. A and B are given to be canonically conjugate and Hermitian.

This problem reveals the conditions under which a minimal uncertainty relation is obtained.

For Hermitian A and B, [ﬁ, g] = [A, B] , however, [ﬁ, g]+ #* [A, B]+ in general,

so it is appropriate to work with “hatted” operators. That <) | [ﬁ, B ] L |¥> = 0 isanecessary,
but insufficient, condition for a minimal uncertainty relation. The substance of the problem is the
rearrangement of the proportionality condition using bra/ket algebra.

The anti-commutator [ﬁ, B ] n is a Hermitian operator. A Hermitian operator has real
eigenvalues. The expectation value <1 | [ﬁ, B ] n |1 > is therefore a real scalar which means

that < | [ﬁ, g] LY >2 > (. Since this quantity is greater than or equal to zero,

E 1B 2, 1 2_ 1 2
1 <UILAB] [¢>% + 7 <¢[Cle>" = 2 <g[Cly>7,
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if and only if L o
<Y|[AB], [v>* =0 = <y|[AB], |v> = 0.

Then A|¢v> = BB|¢v> = <¢|A = <y|BB*. The product of the norms squared is

~ 2 —~ 2 ~ 2 —~ 2
1 Ay>[|1Bu>|" = |18Bv>]|1By>|
= <yBB|BBY><¢B|By>
= |8 <yB|By><yB|By>
= <BB|By><yB|BBY>
= <¢ﬁ]l§¢><¢l§|ﬁ¢>
= <zpﬁ]l§¢><¢ﬁ]l§¢>*

2

)

= \<¢!ﬁl§|¢>

using the result of problem 6-9,
9 9 ~ 2] 2 N 2
(AA)*(AB) = ‘]A¢> ‘ ‘]B¢> ‘ - ‘ <y | AB|v> |,
the relation of equality is warranted for calculations paralleling problems 6-12, 6-13, and 6-14,
1
AN A = -h
= (aA)(2B) = &

is a minimal uncertainty relation for A and B that are canonically conjugate and Hermitian,
and also subject to the two conditions given.

Postscript: The fact that [ﬁ, g]+ =+ [A, B]+ is left as an exercise.

The two conditions of problem 6-15 are said to saturate the inequality. They are the conditions
for the minimum in the product of uncertainties. Following a short general discussion of Gaussian
functions, the same two conditions will be shown to require a Gaussian wave function.

Notice that <) | [ﬁ, B ] L |¥> = 0 isanecessary condition for the Heisenberg uncertainty
relation to be an equality, but it is not sufficient. The condition of proportionality must also be
satisfied for sufficient conditions to exist.

6-16. What is the minimal uncertainty relation for [A, B] = K7

This problem addresses operators that are not canonically conjugate.

1 N
The product of uncertainties can only be minimized only if 1 < | [A, B] N |[p>2 =0,

thus consider only (AA)Q(AB)Q > i <Y|ClyY>2.
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For canonically conjugate pairs C — hZ, but in this case C — (K, so
1
(A (LB)" = 7 <v|BK 4>

—~ AAAB > §‘<IC>‘

where the absolute value is appropriate because its square is positive definite. The expectation
value <X > may be negative, but the product of uncertainties must be non-negative.

Postscript: A commutator is an operator. If that operator is 7, as it is for canonically conjugate
pairs, then the minimal uncertainty relation in general is

AAAB >

| St

If the commutator is other than an identity operator, the minimal uncertainty relation contains
the absolute value of an expectation value of that operator. In particular,

[Ez, Ey} = ihL,, [Ey,ﬁz] = hL,, and [LZ,EJE] = ih L,
for component orbital angular momentum operators, and for component spin angular momentum
[Sw, Sy} = 1hS,, [Sy,SZ] = thS,, and [SZ,Sw] = ihS,.

Said another way, the condition of proportionality addressed in problem 6-15 cannot be satisfied
by the component angular momentum/spin operators for any non-zero state vector.

This phenomena is discussed in more detail when orbital /spin angular momentum is addressed.

6-17. Use the Heisenberg uncertainty principle to show that the Bohr model of the hydrogen atom
is technically flawed.

The statement Az Ap > h/2 in position space is often used to demonstrate implausibility or
impossibility, as seen in this problem.

One fundamental premise of the Bohr atom is that “orbits” are quantized such that pr = nh,

for n =1,2,3,... Weexpect that Az <7, (or Ar < r), and Ap < p in these precisely
defined orbits. Rewriting these relations
A A Ax A
L1, and L1 5 222 g (1)
r p

rp
The premise pr = nh = h/2 = pr/2n, so the uncertainty principle states

h VAV AN 1
NxAp > — = pr = rop > —
2 2n rp 2n

which is inconsistent with statement (1) except for large n. Since hydrogen appears to be stable
in its ground state, n = 1, the Heisenberg uncertainty principle indicates that the Bohr model of
the hydrogen atom is technically flawed.
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Part 3, Gaussian Functions and Wave Packets

The bell-shaped envelopes of normal distributions in the field of statistics are called normal
functions. It would be just as correct to call them Gaussian distributions and Gaussian functions.
The Gaussian wave functions of quantum mechanics are closely related to the normal functions of
statistics, though they are not the same things. Further, standard deviation, commonly denoted
o in statistics, is comparable to uncertainty in position, A x in quantum mechanics.

The matter waves of particles or electromagnetic waves of photons seem quantized. As Feyn-
man said, “They come in lumps.” The normal mathematical model is that of a wave packet. The
idea is that the amplitude of the wave is greatest at and around where the “lump” is perceived, and
diminishes farther away from the where the “lump” is perceived, so that the amplitude approaches
zero at locations not near the “lump.”

Finally, a Gaussian wave function is the form that minimizes the uncertainty in position A x .

6—18. What is a Gaussian function?

A Gaussian function is of the form f(z) = Ab=c" where b is a real constant greater
than 1, ¢ is a real constant greater than zero, and A is a normalization constant. It will be a
bell-shaped curve under these conditions. It is called a normal function in the field of statistics.

6-19. What gives a normal/Gaussian function its bell shape?

The factor giving the curve its bell shape is b=’ , where b is any real constant including e.

small b medium b large b
Figure 6-1. Normalized Gaussian curves for increasing base b.

Notice all three illustrations have a bell shape. A Gaussian curve can be short and wide, or ta121
and thin. All the constants do not affect the basic bell shape of a Gaussian function. The b7
determines that it has a bell shape.
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6-20. Normalize the Gaussian wave function ¢ (z) = Ae 7"

Per problem 4-21, the Gaussian function of the form

1/4
flz) = Ae ™ = A= (2—b>
™

A second method to obtain this result is presented here. Form the square of I = / emo” dx

— 00

change to polar coordinates where the square of the integral is easily evaluated because of the
symmetry of the Gaussian function, and then a square root yields the value of the original integral.

Let [ :/ e dy = ]2 :/ e_aszx/ e_adey :/ / e_a(z2+y2)dxdy.

We can express this in polar coordinates, where z? +y? = r? and dxdy = rdrd¢, so

00 2T 00 2T
I? = / / e_MQTde(;S = / reor dr/ do
o Jo 0 0
> 2 roq2w > 2
= / re " dr (;5] = 27r/ re " dr
0 Y 0

= 27 —ie_ar2 = 2 —%_Q(W)Q—i—eo =T =5 1=
2a 1o 2a a

S

Then knowing the value of the integral,

<Yplv> =1 — /(Ae_bw2>* Ae ™ dr =1 = ‘A‘Q/G_wade =1

2 7T 2 m 2b 1/4
= ‘A‘ — = 1 where a = 2b here, thus ‘A‘ — =1 = A=|—
a 2b s

2\t
consistent with the earlier result, and Y(x) = (—) e b,
T

Postscript: A Gaussian wave function of quantum mechanics is often written ¥ (x) = A e—z" /27

1 1
Thus, if the constant b is 202 Y (x) = W 6_z2/2a2 ‘
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6-21. Compare a normal function of statistics to a Gaussian wave function of quantum mechanics.

A general normal function in statistics is

1
V2T o

where g is the mean and o is the standard deviation. The independent variable is z. The

o~ (@=w)?/20°

fz) =

constants ensure the area under the curve is 1. In effect, these constants determine the

27 o
height of a normalized bell-shaped curve. The mean, p, will shift the bell shape to the right or the

left. The 202 in the denominator of the exponential determine whether the bell shape is narrow
or wide. The choice of the base of e is essentially arbitrary and is used in statistics primarily for
the purpose of standardization.

. o . diy(x ) )
The base e in quantum mechanics is from the integral of IZD(( )) , 8o is not arbitrary.
x
The expectation value <x> of quantum mechanics is the same as the mean p of statistics.

1
P (x) = (a2t

6—(17—<z>)2/2a2

when the wave function is centered at <x > rather the than the origin. Consider <z>= pu =0
for the rest of this discussion. Should <z > ## 0, changes to the following argument are cosmetic.

The primary difference between the normal function of statistics and the Gaussian wave func-
tions of quantum mechanics is the manner in which probability is calculated. In statistics,

b b b
]. 2 2 ]_ 2 2
Pla<z<b) = de = e T2y = / -2 g 1
(a<zx ) /af(x)x /a 27r06 T 5 ae x (1)

while quantum mechanically,

b b *
2 1 —22/2a2 1 —22/9a2
Pase<n = [lvelfe = [(agme ™) e

S P
= ﬁa/ e/ dy (2)

A simple comparison of the final integrals in lines (1) and (2) reveals these are precisely the same,
a

to include the normalization constants, if o = 202 = o0 = —.

V2

Postscript: The probability density ‘@D(m)‘g

parable to a general normal function of statistics. We shall find that Ax = % for the

, rather than the wave function ¢ (x), is com-

minimum uncertainty wave function (which is Gaussian). It is tempting to combine this with the
last equation to conclude that uncertainty in position is the same as standard deviation. This is
correct in this case and for discrete systems, but other wave functions are possible. Thinking of un-
certainty in position as related to standard deviation, rather than the same as standard deviation,
is a healthy approach and may be useful in developing understanding of uncertainty.
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6-22. What is a Gaussian wave packet?

A particle has a wave nature but is somewhat localized in space and time (they come in lumps). A
wave packet is a model using a functional form as an envelope to contain a wave whose amplitude
varies with position within the envelope. A function of the form Ab=" where b > 1 and ¢ > 0
creates a Gaussian curve as seen in figure 6-2. Multiply by negative 1 to obtain its reflection in the
x-axis, and together they form an envelope as seen in figure 6-3. Figure 6-4 attempts to illustrate
a plane wave bounded by this envelope. The envelope itself is not physical, so an illustration of a
Gaussian wave packet in two dimensions is attempted in figure 6-5 without the envelope. What
is “waving” is related to the probability amplitude of a photon or an electron, proton, or other
particle. Euler’s number is commonly used as the base of a Gaussian function per problem 6-24.

Figure 6—2. A Gaussian curve.

Figure 6-3. A Gaussian envelope.

U

Figure 6—4. A Gaussian wave Figure 6-5. A Gaussian wave packet.
packet within an envelope.

Postscript: There are dozens, if not hundreds, of wave packet models in addition to a Gaussian
form, for instance, rectangular, triangular, Lorentzian, etc. The Gaussian wave packet is the most
useful. The minimum uncertainty wave function is a Gaussian wave function.

6-23. Where does Ehrenfest’s theorem apply?

Ehrenfest’s theorem is applicable when a classical force is uniform over the width of the particle

d
wave packet. Classical force is the derivative of the potential, F = - V(x). If the packet
x

is large compared to variations in the potential, the derivative varies over its width. If the wave
packet is small compared to variations in the potential, the “particle” experiences a uniform force
since the derivative over its width is constant, or almost constant.
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V(x\/

Figure 6-6. Derivative varies over width of wave packet. Ehrenfest’s theorem does not apply.

4l
V(x\/

Figure 6-7. Derivative varies little over width of wave packet. Ehrenfest’s theorem applies.

6-24. Assume that <v|[X, 73]+]@Z)> =0 and PlyY> = X |¢>.
(a) Show that these conditions require that the wave function in position space is Gaussian.

(b) Substitute 3 = ili/a? and interpret the result.

This problem joins the Gaussian wave function and the uncertainty relations to canonical operators
under conditions that require the relation of equality in the general uncertainty principle. Act with
< x| to establish the second condition in position space. Use the position space representations
of X and P. This results in a variables separable differential equation = ¢ (z) = e/ 2h
Substitute the expression given for 3 to realize a Gaussian function.

(a) Acting with <z | to establish the second condition in position space, and using the position
space representations of X and P,

<z|Ply> = <z|BX|¢v> = —ih% <z|Y> = fr<z|ip>
= —m%zp(x) = Bay(z) = dqfiif”) = %mwm = df((j)) = %ﬁ:z:d:z:
= Iny(x) = iﬁm—z = (z) = P
R 2 B ‘
203

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



h 2 2 2 2
(b) B = Z@ = Qp(l‘) = e—ﬁw/Qha = @D(m) — 6—17/2&

which is an unnormalized, stationary, Gaussian wave packet.

—22/2a?
Postscript: Normalized this is ———7; as shown earlier.
(ra2)1/4
Only the proportionality condition is used in the reduction, however and as indicated earlier,
the condition <o |[X, P] L |¥> = 0, though not sufficient, is still necessary.

—22/2a?

6-25. Find the uncertainty in position of the normalized Gaussian function W .
T

This problem supports the postscript to problem 6-21. Find <z > and < z?>. Form 3.461.2
from Gradshteyn and Ryzhik,

/OOxQ”e_prdx _ (2n-—D)I [
0 2(2p)" p

should be useful. Uncertainty is Az = ( <z? > - <x>? )1/2. Remember odd and even

integrand between symmetric limits arguments.

6—z2/2a2 6—172/2(12

o0 o0 ]. o0 2 2
<z> :/_ Y (x) z () da :/_ (ra?)i/t (z) (ra2 )t dr = ﬁ/_me_z /e de = 0

because the integral of an odd function between symmetric limits is zero.

6—172/2(12 6—172/2(12

= > IR e 2/ 42
<J,‘2> :/_Ooqp*(q,‘)q,qu(l‘)dl‘ :/_OOW(Q;Q)WdJJ = ﬁ/_ooxze—w /«a dx

2 /OO 2 —x?/a? g 2 (2-1)! T 2 o? a?
= T e r = = — T = —
o/ Joy ay/m 2 (2(1/a?))t '\ 1/a? ay/T 4 2

using an even function between —oo and oo is twice the integral between zero 0 and oo.

Nx = (<$2>—<$>2)1/2 = (a_2_0>1/2 S
2 V2

Postscript: Uncertainty in position is the square root of one fourth of the denominator of the
argument of the exponential for a Gaussian wave function. Uncertainty is Ax =1/ 2v/b  for
A e‘wa, for example. Should complex values be involved, this short cut translates to uncertainty
being the square root of one half the denominator of the exponential of the probability density.
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6-26. Find the uncertainty in momentum of the normalized Gaussian function

2 2
e~ T / 2

(ra2)l/4

This problem parallels problem 6-25. Find <p> = / V™ (x)

find the second moment similarly using p?
problem 6-25 is again pertinent. Uncertainty is Ap =

d
<—ih %> ¥ (x)dx. Then
. Form 3.461.2 from Gradshteyn and Ryzhik used in

( <p?>—<p>? )1/2. Again, integrals

of odd/even functions between symmetric limits occur.

00 6—z2/2a2 . d 6—172/2(12
—ih —22/9a2 —2x —22/2a2 ih _x2/a2
_aﬁ N / <W>e / dx:a3\/_ ze /% dr = 0
because the integral of an odd function between symmetric limits is zero.
<p’> = / v* ( —m— _ind Y (z) dx
P N dx
6—372/2(1 d d 6—z2/2a2
= ——— | —ih —th— | ————d
/_oo (ra?)i73 ( dm) ( Z dm) (ra?) 78 ™
_hz o0 2/2 2 2/2 2
— —X [e3 —X (3 d
v L () (i) e
_hz 2 2 2 2
— —z°/ 2« —z°/ 2« d
avr ) ( ) ( 202 ) )
hz > —z2/2a? d —z2/2a?
:—a3ﬁ/_ooe / <%>me /297 g
hz > —z2/2a? —z2/2a? 1:2 —z2/2a?
- RN . e/ (6 / -~ a¢ / dx
hQ o0 2 2 h 2 2
- -7/« _ 2 —z°/a d
ad RNV v
ady/m
The first integral is v/ using the result of problem 6-20. The second integral is using

an intermediate result from problem 6-25 (notice limits on the integrals).

) h? oy h? h? h?
<p”> = o T — = —= - — = —
a3/ o’/ 2 a? 202 202

B2 1/2 h
= Ap = (<p2>—<p>2)1/2= (——0) -

2av2
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Postscript: The normalization constants are a necessary evil in the calculations of problems 6-25
and 6-26. Lumping them into an A or B and then translating them back into the constants of
the problem at hand when convenient may result in more streamlined calculations. All constants
were carried in problems 6-25 and 6-26 to make problem 6-27 most straightforward.

6-27. Show that product of the uncertainties in position and momentum are minimized by the
Gaussian wave function.

A short summary is appropriate. A Gaussian function is introduced to be used as an envelope for
a wave function, resulting in the concept of a Gaussian wave packet (to be amplified in problem
6—28). The two conditions of problem 6-24 are those for a minimum uncertainty product from the
general uncertainty relation. These conditions are shown to require a Gaussian wave function. All
that is left is to form the product of the uncertainties calculated in problems 6-25 and 6-26.

The most frequently encountered statement of the Heisenberg uncertainty principle is

h
ANxAp > —.
2
6—z2/ 2a?
Using the form ¢ (z) = (raZ)i/d results in the product
e

h h

AxAp = —— n

VZ a2 2

as an equality, and is the minimum of the product of the uncertainties in position and momentum.

6—28. Construct a normalized, traveling, Gaussian wave function.

A general plane wave is  f (z,t) = Ae!(kz=wt) 4 Bemilketwt)  where the first term is that
portion of the wave traveling in the positive direction and the second is that portion of the plane
wave traveling in the negative direction. It is not acceptable as a wave function because it cannot
be normalized ...by itself. Should the plane wave, or some portion of the plane wave, be placed
inside an envelope that is already normalized an acceptable wave function results.

Consider only that portion of the plane wave traveling in the positive direction, or
Yy p p g p
f(z,t) = Ae!h*=«t)  Time as a variable is an unnecessary complication at the moment,
so f(x) = Ae*® . The product of this function and the Gaussian wave packet is
eikz 6—z2/2a2
(ra2)1/4

P (x) =

which is the desired result realizing that e*** is of unit magnitude so the normalization constants

of the Gaussian wave packet remain W .
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27
Postscript: It is often convenient to work in terms of wavenumber k& = — . At other times it

is convenient to work in terms of momentum that is related to wavelength, and thus wavenumber,
through the de Broglie relation,

eipz/h 6—z2/ 202

v =

is an equivalent wave function. The Gaussian wave function is often seen with ky or py to indicate
that wavenumber or momentum is a constant.

The factor e*** is often called the phase of a Gaussian wave function. It has no affect on
probability density, and thus, no affect on probability because

2 etk 6—172/2(12 * etk 6—172/2(12 B etk 6—172/2(12 etk 6—172/2(12 B 6—372/&2
‘¢($)‘ o (7ra2)1/4 (7ra2)1/4 o (7ra2)1/4 (7ra2)1/4 - (Wa2)1/2

6—z2/ 2a?

6-29. (a) Find the momentum space wave function for ¢ () = (rad)I/i"
e

(b) Interpret this result.

Chapter 5 briefly discusses Fourier transforms. Remember

1 1
v 21 \ 21

where the function f (x) is the Fourier transform of g (k), and ¢ (k) is the Fourier transform of
f (x). The de Broglie relation associates wavelength or wavenumber, and momentum,

f(z) = /_OO g (k) e™™ dk, g(k) = /_OO f(z) e~ dg,

p
A=—- == —=—- = k==
h

Substitute p/h for k in both Fourier transforms. This means the differential dk = dp/h in the
integral for f (z). Symmetrize the 1/ from this differential by placing a factor 1/v/% in both
integrals, and the result is the quantum mechanical form of the Fourier transforms,

1 1
\V 2mh VvV 2mh

Our usual use of these relations is to transform a wave function in position space to momentum
space (or vice versa), so will be applied

fz) =

/ G(p) ey, G(p) = / f () e /M dy

1
vV 2mh

1
vV 2mh

Y (x) = /_ {D\(p) eipw/ﬁdp, @Z(p) = /_ Y () e PT/R g
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Form 3.323.2 from Gradshteyn and Ryzhik,

/ st gy VT /a0 i be useful.
oo a
( ) {b\( ) _ 1 - w( ) —ipz/hd _ 1 - 1 —z2/202 —ipw/hd
a pb) = ot . x)e xr = ot . (7ra2)1/46 e x
1 1 > —z2/2a%—ipz/h
= = G /_OO@ J20*—ipz/h g,
Using a° = CYCR an = 3 our integral is

o0 - g e B o (0) - (3) e

(b) Notice that {D\ (p) is also an exponential function with a negative argument that is a constant
times the independent variable p squared. In fact, ¥ (p) is also a Gaussian wave function.

—22/2a? eikz 6—z2/2a2

and 1p (l‘) = W and related
ye’

e

Postscript: We shall encounter 1 (z) = 7( 2)1/
T

momentum space wave functions in the future, particularly in chapter 7 discussing the free particle.

6-30. Using a Gaussian wave packet, find the expectation value of the time rate of change of
position in position space assuming that potential energy is a function only of position.

The fact that the Gaussian wave packet is an excellent model is sometimes overlooked in the
relatively strenuous mathematics. The Gaussian wave packet is the assumed standard in the
absence of additional information. The normalized Gaussian wave packet can be described

eipow/he—w2/2a2 d
r) = , and remember that in one spatial dimension P = —ih —
) . <P> . . .
so using the result of problem 6-4, <X > = , the desired expectation value is
m

cks = P> _ m/ o (—zh—)¢(m)dm.

This becomes a Gaussian integral and the integral of an odd function between symmetric limits.
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Using the result from problem 6-28,

<X > = dx

—ih [ e—ipoz/he—z2/2a2 (d ) eipoz/he—z2/2a2

m ) o (ma2)1/4 dx (ma2)1/4

—ih > —ipox/h —x2/2a? d ipox/h —x2/2a>
= e "Pot/lte — | e’Po%/ e dz

man/m J_ dx
—ih e ; 2 2 (1 ; 2 2 T 2 2
_ —ipox/h —x°/2c PO ipox/h -2/ 2a ipox/h —x°/ 2«
= e e —e e - —e e dx
maoy/7 J_ «@

_ —ih @ 6_z2/a2d1‘ i ih i/ J,‘e_IQ/QQdJ:
man/7 R man/m o?

— 00 — 00

Po > —22/a? ih /OO —2%/a?
= e de + ——— re dzx.
man/m /_OO mal\/m J_

The second integrand is the product of an odd and even function so is an odd function. The integral
of an odd function evaluated between symmetric limits is zero. The first integral is Gaussian and
is Vma? = ay/m . The expectation value then, is

my
Po_ oym =P _ % _ vg, which you recognize from introductory physics.
m m
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Exercises

6-31. Show [X, 73] = ¢h in momentum space.

See problem 6-3. Problem 6—5 provides appropriate representations. Operate on g (p).

6-32. Show that [73, X] = —ih in both position and momentum space.

Use representations as seen in problem 6-5. The procedures of problem 6-3 and exercise 6-31 are
pertinent. Operate on f (x) in position space and ¢ (p) in momentum space.

6-33. Show that <.A> is a real number given that 4 is Hermitian.

The basic definition of expectation value is < A > = Z P(o;)a;, where «a; are the
eigenvalues. The observables and eigenvalue postulates are coupled in that the eigenvalues of a
Hermitian operator are real. Then, what are probabilities?

6-34. Show that <2|1> = <1|2>*.

This is a straightforward reduction that has been used previously and will be used in problems
that follow involving the Schwarz inequality. Let

1> = ~y and 12> =

6-35. Show that [ﬁ, g]i = [ﬁ, gL_, if the operators A and B are Hermitian.

The anti-commutator is Hermitian if the operators are Hermitian. Stated without proof and used
in the derivation of the general uncertainty relation, this exercise addresses that detail. Expand the

anti-commutator, remember (A Q)Jr — qf At , and that the “hatted” operators are Hermitian.
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6-36. Show that [A, B], # [A B], in general

Follow the derivation of [ﬁ, B ] = [A, B] in problem 6-7.

Oé2

1/4
2 2 2 . . .

?> e P @7 /2h" g dimensionally correct.

T

6-37. Show that ¢ (p) = (

Probability is ‘J (p) ‘de in momentum space and is dimensionless. The differential dp has
1

. . - . ~ 2 . .
dimensions of momentum, so probability density ‘ Y (p) ‘ must have the dimensions —— |
momentum

1
v/ momentum

dimensionless. Remember that a has dimensions of length.

and @/Z)\ (p) must have the dimensions . The argument of an exponential must be

6—(a7—b)2/2a2

6-38. Find the uncertainty in position of 9 (x) = W
Ta

The functions f(z) = e geen in various forms throughout part 3 of this chapter are bell-
shaped curves centered at « = 0. The given v (x) is Gaussian function centered at = = b.
The problems calculating Az and A p should provide direction. Change variables to y = x—b.

Calculate <z >, calculate <a? >, and then calculate Az = (<a? > — <z>? )1/2 . You

2 o0 2_2
should find <z> = b, <a?> = — + b2, and Az = ——, / e gy = YT
2 \/7 0 2q

and the integral used in problem 6-25 may be of use.

Uncertainty (and/or standard deviation if you are doing statistics), is independent of location.
The width of the bell shape is independent of the location of the peak. Notice the result is consistent
with that of problem 6-25. This problem reinforces the claim of problem 6-21 that the location
of the peak of a bell-shaped curve is cosmetic.

av (x)

6-39. Show that <P > = — <
dx

> where potential energy is a function of position only.

The second common application of Ehrenfest’s theorem is a quantum mechanical equivalent of
Newton’s second law.

Substitute P for A in Ehrenfest’s theorem. The commutator

[P—Q + V(X),P] - [V(X),P],

2m

1P| =

using the fact that the momentum operator commutes with itself and powers of itself. Represent
the last expression in position space. Remember to use a v () on which the commutator operates.
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6-40. Find the inflection points of (a) f(x) = e /2" and

6—z2/ 2a?

(b) ¥(z) = W.

(c) Find the inflection points of | () ‘2 using v (x) from part (b)

The normal functions of statistics and the Gaussian wave functions of quantum mechanics may
seem quite complicated to those seeing them for the first time. This exercise, as well as many
problems early in part 3, attempt to provide insight into why some surrounding conventions exist.
You may be surprised to find that the inflection points are at o, =a, and a/v/2. Might
part (a) found the original definition of standard deviation for a normal function?

Remember inflection points are where the concavity of a curve changes. A normal/Gaussian
curve is concave downward near the peak, but changes to concave upward at some distance away
from the peak. Locate these inflection points by setting the second derivative equal to zero and
solving for x. All of the curves in this exercise are centered at x = 0. Again, it is just cosmetics
to adjust should they be centered at other than the origin.

6—41. What is the uncertainty in position if ¢ (z) = Ae~/2%+x/2b 9

The form 1 (z) = Ae *"/20° may be the most useful form of a Gaussian wave function, but
there are others. As before, normalize the wave function, calculate <z >, calculate <z? >, and

then calculate Az = (<a2? > — <z>? )1/2 . You may need the basic Gaussian integral (see
exercise 6-38), form 3.323.2 from Gradshteyn and Ryzhik (see problem 6-29), and form 3.462.2
from Gradshteyn and Ryzhik,

* 1 7 dnt
/ 2" e P2 g0 T \/; T q6q2/p’ p>0.
—00

Use this integral with n = 1 for <2 > and with n = 2 for <z?> . The n = 2 case requires
differentiation. If you are not familiar with generation by differentiation, consider

2
qqu/p _ ¢ q6q2/p — /P q 2q ed’/P — 1+2q ed’/p
dg*~! dq p p ’
dO
which is an example for the case n = 2. The expression 720 is equivalent to 1 for n = 1.
x

The normalization constant is identical to that given in problem 6-25 and exercise 6-38. You
should also find that the uncertainty is the same as the uncertainties in problem 6-25 and exercise
6-38. A portion of the reason for exercises 6-38 and 6—41 is to illustrate that modifications to the
basic Gaussian shape are not necessarily relevant, rather the important thing to recognize is that
the form is Gaussian.
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Chapter 7
The Free Particle

A free particle experiences no forces, or equivalently, the potential energy function is zero.
Besides being useful in itself, the free particle is a portion of the solutions to many problems at
locations where the potential energy function is zero, though the overall potential energy function
is non-zero. It is also a first approximation to a particle immersed in a very weak potential. A zero
potential, the free particle, should be among the simplest that quantum mechanics can address.

Wave packets incorporating both a particle and wave nature are used extensively to model
free particles. The Gaussian wave packet is dominantly the most popular form though other forms
are possible. Time as a variable becomes important in this chapter because the wave packet for a
massive particle spreads as time changes, meaning free space is dispersive.

7—-1. Find the eigenvalues of a free particle in abstract Hilbert space. Interpret the result.

The free particle is one on which there are no forces, i.e., the free particle is devoid of interactions.
No forces means
av (x)

F = — 7 =0 = V(x) = constant. Choose V (z) = 0,
x

from which the Hamiltonian follows. Remember that every operator commutes with itself and
powers of itself, and this will mean that [H, 73] = 0, so H and P share a common
eigenbasis. Use the time-independent Schrodinger equation H|E > = E,|E > .

The classical Hamiltonian for a particle is

p2 732
H = — V = = — X
o + Vi(x) H - + V(&)
is the quantum mechanical Hamiltonian. The potential energy function for a free particle is chosen
732
Viz)y =0 = VX)) =0 = H= —.
2m
The time-independent Schrodinger equation is
7)2
H|E> = E,|E> = —|E> = E,|E>.
2m
This Hamiltonian is a form of a power, proportional to a square, of the momentum operator. Since

[P>,P] =0 & [H,P] =0.

This means that H and P share a common eigenbasis. Do not attempt to identify the eigenbasis,
be concerned only that it exists. The statement that the energy and momentum operators share
a common eigenbasis is | E> = |p>, since the eigenstates of H are |E>. Therefore,

732
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The eigenvalue of the momentum operator acting on a momentum eigenvector is momentum,

7)2 p2 p2
Plp> = plp> = —lp> = —|p> = —l[p> = E,|p>
2m 2m 2m
2 2 N2
L _ g = p=+V2mE = E+:(+p), g = P
2m 2m 2m

are the eigenvalues. The problem is solved without identifying the eigenbasis.
The state vector is a superposition of the eigenstates, i.e.,

2

2
’E> = +p—> + cC2 —p—> .

2m 2m

Both energies or momenta are possible until we measure. When a measurement is made, the free
particle is found to be moving to the right with momentum p = —+v2mFE or to the left with
momentum p = —v2mFE . The result of a measurement is consistent with classical mechanics.

7-2. Show that o (x,t) = Aellkr=wt) 4 Beilkztwt) g 3 solution to the time-dependent
Schrodinger equation for a free particle in one-dimensional position space,

K 0

 2m 92

Vlat) = (),

and show that this result is consistent with the result of the previous problem.

This problem asks you to calculate the necessary derivatives of the given wave function. The de
Broglie relation, p = h/\, is required to show equivalence with the previous problem. Remember
that k is wavenumber, k = 27 /XA, and that £ = hv = hw.

Abstract Hilbert space offers many advantages, though representations, in this case in position
space, are the grounds where most applications are ultimately addressed.

0 ) , '
_ - = i(kz—wt) —i(kz+wt)
R R )

= A(ik)eikr=wt) 4 B (i) e ilhetet)
2
= 8_ (z,t) = E(A(ik)ei(kz—wt) + B(_ik)e—i(kz—l-wt))
x ox

= A(ik)Zei(kz—wt) + B(—ik)Qe_i(’”H‘“’t)

= —k:Q(Aei(’”_“’t) + Be_i(kw+°"t)) = —k*t(x,t), and

2 (z,t) = %(Aei(kw—wt) + Be—i(kw—l—wt))
= A(_iw)ei(kz—wt) 4 B(_iw)e—i(kw—kwt)

= (miw) (At 4 ettt} = iy (z,1).
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Using these in the time-dependent Schrodinger equation in position space,

5 e k?
—o (=) = in(—iwe(zn) = O(z,t) = o (z,t). (1)
2m 2m
Using the de Broglie relation,
h h 2 h
p = Y = %Tﬂ = hk = RE=p? and hw = %27['11 = hv = FE,
equation (1) is equivalent to
2 2 2 2
P _ _ _ (+p) _ (=pn)
2m¢(m,t) = E¢Y(z,t) = E = o E, = o and E_ = Tt

which are the eigenvalues. This is consistent with what has previously been shown.

Postscript: The time-dependent Schrodinger equation is a special form of the wave equation.
Recognizing this allows assumption of the given wave function which is a known solution.

The 1 (x,t) given is a superposition of plane waves. A e'(**=“!) is a plane wave moving in
the positive z direction and Be (F*+«) ig a plane wave moving in the negative z direction.
Unmodified plane waves are not acceptable as wave functions because they cannot be normalized.
Combining plane waves with a substantially localized envelope yields an acceptable wave function.

7-3. (a) Show that the classical velocity of a free particle is given by the group velocity.

(b) Show that the classical velocity of a wave within a wave packet is given by the phase velocity.

There are two velocities associated with a wave packet, a group velocity which is the speed of
the wave packet through space, and a phase velocity which is the speed of the wave within the
packet. Both velocities are commonly described in terms of angular frequency and wavenumber,

dw w
Ugroup = % and Uphase — E

These can readily be stated in terms of frequency and wavelength. Total energy is kinetic energy
for a free particle. Express total energy in terms of momentum, differentiate with respect to
momentum, use the de Broglie relation, remember F = hv = hw, and caste a form that you
can recognize as classical velocity. The speed of a wave in a medium is v = Av for part (b).

(a) A free particle has total energy
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The classical velocity of a particle is

Postscript: The relation between w and k is known as a dispersion relation. A dispersion
relation is particularly important in fields that use quantum mechanics, such as solid state physics.
Graphs are usually plotted w versus k. A commonly plotted dispersion relation is essentially a
graph in the momentum basis since p = hk. Further, since energy is proportional to angular
frequency, £ = hw, the common graph of a dispersion relation is also proportional to a graph
of energy versus momentum.

The solid curve of w = hk?*/2m indicates all energies and momenta. The eigenvalues,
2 )2
B, = (+P)° 4 B = 2P
2m 2m

are the functional values at +k = +£p/h on the k-axis.

w
4

|
-p AT +p /4

_

Figure 7-1. Dispersion relation for a free particle.

Notice that the slope at any point is dw/dk, the group velocity, and the chord from the origin to
that point is w/k, the phase velocity.
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7-4. Explain group and phase velocities using sketches of a Gaussian wave packet.

This is an extension and amplification of part 3 of chapter 6.

A plane wave traveling to the right described by 1 (z) = Ae*® may look like figure 7-2.

Figure 7-3. A Gaussian curve.

Figure 7-2. Traveling plane wave.
Should a traveling plane wave be multiplied by a Gaussian function f(x) = et as depicted
in figure 7-3, the positive and negative amplitude of the plane wave is modified so the result is a

Gaussian wave packet that may look like figure 7-4. Properly normalized and using

Figure 7-4. A Gaussian wave packet.

conventional notation, a Gaussian wave packet may be described

1 ikx —x?/2a?
d)(f) - (7['0[2)1/46 €
This has two velocities. The group velocity is that of the entire wave packet through space. The
phase velocity is that of the wave within the packet. Figure 7-5 depicts both velocities.

Group velodty of entire packet
trough space

Phase velodty of wave
through padket

Figure 7-4. Group and phase velocities for a Gaussian wave packet.
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1 eikw —z2/2a?
(Ta2)1/4
called the phase. The exponential term e*** encodes the wave number, which is related to the
wave length and the velocity of the wave through the medium, or in this case, through the wave
packet. Thus, the phase velocity is appropriately named.

Postscript: Remember that the exponential term e** in 1 (z) = is

The phrases Gaussian wave packet and Gaussian wave function are synonymous.

7-5. Find the function in wavenumber space that corresponds to the normalized Gaussian wave
function in position space.

That a plane wave solution is limited by a constant wavenumber is its second shortcoming. This
problem is a step toward rectifying the limitation of constant wavenumber/momentum. A rela-
tion ¢ (k) that models a distribution in momentum, or for all practical purposes equivalently, in

wavenumber is the Fourier transform of f(z) = (ra)i/i e="/20°  Use form 3.323.2 from
e

Gradshteyn and Ryzhik, / e P T Ew gy = VT ed’/ 4p*
— 0 P

The general Fourier transform is

1 & —ikx 1 1 > —22/2a%—ikx
o /_Oof(x)e dz = g(k) = ——27r 7(7@2)1/4 /_OO e~/ dz

Using form 3.323.2 from Gradshteyn and Ryzhik, p? = 1/2a?> and ¢ = ik,

g(k) =

! 1 Vo 8?41/ 20%) o\ e
g(k) = —%WOZ 21 e = <?> e .

Postscript: The function g (k) is in wavenumber space. Elements in wavenumber space are
proportional to elements momentum space. Working with wavenumber is often preferable to
momentum where waves are involved.

The function g (k) models all wavenumber/momenta in a Gaussian distribution. Multiplying
the plane wave solution by ¢ (k) provides a Gaussian wave packet.

7—6. Derive the dispersion relation for a free particle of mass m .

Though given in problem 7-3, this is an important piece used in the next problem to arrive at a
quantum mechanical Gaussian wave function as a function of time. Total energy is kinetic energy
for a free particle. Use this fact and the de Broglie relation to arrive at w (k).

1 2 h? k? hk?
E:§m02:2p—m = hwzzm = w=w(k) = —.
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7-7. Assume that B = 0 in the plane wave solution to the Schrodinger equation given earlier.
Find the resulting quantum mechanical Gaussian wave function, ¥ (x,t).

This problem puts the parts of the last three problems together with the plane wave solution to the
Schrodinger equation in an acceptable wave function in position space. The plane wave solution is

) (x,t) = Aetlhemwt) | Bemihatet) and B =0 = 4(a,t) = Ao,

B =0 is assumed to simplify the development. Multiply by the Gaussian distribution in wavenum-
ber space, g (k). Use the dispersion relation in place of w in e!(kr=wt) to complete this product
wave function in terms of wavenumber. Integrate this product over all wavenumbers to establish
the functional relation in position space. Use the integral given in problem 7-5. Reduce to

1 i —1/2 z?
Y(2,t) = —577 <1 + —t) exp | ————————
/i P
(ra?) ma 5 <a2 N th)

m

Y (x,t) = / g (k) (Aei(kw—wt)) dk — A/ g (k) Gilkz =k t/2m) g1.

— 00

0o 1/4
_ 1 / <a_2> / ok a?/2 jike—ink®t/2m .
V2T J oo \ T

1 o? /4 poo o? ikt
= — exp |— | — 4+ — | k> +izk | dk
V 21 (7[') /—oo l: (2 2m>

2 int
and use the same integral as in problem 7-5 with p? = (a_ + ! ) , and g¢q = ix,

2 ' 2m
1/2
1 a2\ * s (iz)?
t) = i S —
v (@) \/W<W> of | ik, o gy
2 2m 2 2m
1/2
1 /1\Y* VNers 1 { 22 w
= o <—> o 2w ; 7 exp 7
af + —t L 2(a?4 —t J
m m
1/2
1 1 a? { x? -|
= 1/4 1/2 7 exXp |~ '
e az—i-z—t { 2<a2+z—t>‘
m
1 (1 ih t>—1/2 { 22 ]
= + eXp | ———F————~
2)1/4 2
(ma?) ma { 2 <a2 + ﬂt)‘
m
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Postscript: The factor 1/v/ 27 appears in the second line as part of the Fourier transform
completing the process of normalization. The Gaussian wave function derived above is normalized.

Problem 7-7 is for a wave packet centered at £k = 0. For a wave packet centered at &k = kg,

b (2,t) = ﬁ (1 + it2>_1/2 exp [iko (:c . h;f)] exp [_(x_ hkot/m)zl .

(ma? mo 202 + 2iht/m

The details, while not overwhelming, are distracting, and are consigned to Appendix C.

7-8. (a) Find the probability density associated with the Gaussian wave function of problem 7-7.

(b) Use this result to interpret the uncertainty in position as a function of time.

Uncertainty is the square root of one quarter of the denominator of the argument of the exponential
factor of a normalized Gaussian wave function. This is problematic for the wave function of problem
77 since the argument of the exponential factor contains an imaginary number. Uncertainty in
position or momentum, like probability, are intrinsically real quantities. Thus, the strategy is to
calculate probability density and read the uncertainty from that. Symbolically,

Y(r) = Ae~ /27 = Nz = %

where A is a normalization constant, but if the argument of the exponential has complex values

U (z) = Ae~v /2 Hike W(x)‘z = ‘A‘Qe_wz/QQ = Az = %

or uncertainty in position is the square root of one half of the denominator of the argument of the
exponential when read from a Gaussian probability density.

Probability density is | (z,t)|? = 9* (z,t)9 (x,t). For part (a), you should find that

e [ e

1 h?
| (2,t)]? = —= <1+ﬁt2> exp | ——————| -
an/T m2a 2t I 2

m2a?

A straightforward application of the last equation in the previous paragraph yields

« R
Nz (t) = ﬁ<1+m2a4t2>

1/2

What does it mean that uncertainty is a function of time?
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(@) [¥(z,t)|? = ¥ (2,1) ¥ (2,1)

! L i N2 {_ 2’ ] 1 ih_, -
~ (ra?)l/4 maz ) P (ra? 1/4 tonazt) &P ih
2(a?+

——t

. { -
b ) )

and the remaining task is to simplify the argument of the exponential. Factoring and multiplying
each rational expression by its complex conjugate, the argument of the exponential is

ih 9 ih 5 1 9 1
2 o? —i——t o _Et 2| @ + Ft +a° — Ft
) _ ’ J

2 h2 h? 2 h?
4 2 4 2 4 2
{ a* + 2t a* + 2t a* + 2t

e e
A IS EE N
[ CERAS | I PRI

| @ |

m2a?
2 2 .2 2 o
b x = |A]"e /@ = Ax = ——, therefore,
®) |e@)] = |A] NG
1 ;2 1/2 N 12 1/2
Az = Az(t) = —= | o? t? = 1 t?
T x () ﬁ<o¢ +m2a2 ) ﬁ( +m2a4

The uncertainty in position is a function of time. This means that the Gaussian wave packet
“spreads” and “flattens” with time. The uncertainty resultingly grows as time advances ... or as
time is retarded. There is a minimum uncertainty in position at time ¢ = 0. This is the meaning
of the phrase “free space is dispersive.” Figure 7—6 is in terms of probability density. The area

t=0 t>0 f—»

Figure 7-6. Wave packet spreads with time.
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under both curves for all times must be 1 to satisfy the probability postulate. As ¢ gets larger,
the t? term necessarily gets larger, and A x (t) gets larger, and flattening of the Gaussian curve
is necessary to preserve the area. The same is true if ¢ is retarded.

Postscript: The distribution in wavenumber/momentum is not time dependent. The average
momentum and the uncertainty in momentum are constants for a free particle.

7-9. Show that the uncertainty in momentum of a Gaussian wave function is independent of time.

The wave packet does not “spread” in momentum space as time advances. Use a Fourier transform
to change the wave function of problem 7-7 from position space into momentum space, and use
this result to form the probability density in momentum space. The uncertainty in momentum
follows from the probability density. The Fourier transform yields

~ a a? )
000 = 57 o0 [ (5 i)

You need form 3.323.2 from Gradshteyn and Ryzhik which we write

oo
6—b2w2:i:qz dr = vl 6q2/4b2
b
oo b

to prevent confusion between constants and momentum. You should find that

6_p2a2/h2

14 (p,1)]* =

«
o/

which is independent of time. The uncertainty in momentum is therefore also independent of time.

@/D\(p,t) = \/217r—h/_ ¢($’t)6—ipz/hdx

1 1 L, it ‘1/2/008 - 1 2 _ip ]
~ V2rh (a2m)i/A ma? P Qe raint/m )t TR

1 .
Here bQ = m and q = % for use in the integral, SO

0 1 1 int \ 2int\ % 1 2init
P00 = Jo g (1) T (220 ) [1 <%p> (202420 >]
L it~ — nt ., 2iht
= 527, (QQ:)1/4 <a2 + %) 2m (a + Z_> exp [ < ) )]

I S Y L
“VavE PP \or2 T oem )|
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The associated probability density is

~ 2 2 i+ 9 ”
ot = (o ) oo [ (o) oo [ (G )|

(6% 22752
= e~P o/

ha/m

This is a Gaussian probability density in momentum space. Uncertainty in momentum is the
square root of one half of the denominator of the argument of the exponential when read from a
Gaussian probability density, or

Postscript: The wave packet does not “spread” in momentum as time advances. The average
momentum and the uncertainty in momentum are constants for a free particle.

7-10. Does the wave packet of a photon spread as time advances?

The time-dependent wave functions in both position and momentum space contain explicit factors
of m which becomes problematic for particles with zero mass.

The developments leading to the spreading of a wave packet as time advances are dependent

1
on F = 5 mv? which does not apply to the photon. In general,

E? = (pC)2 + (mocz)2 = FE = pc

for a photon, thus the group velocity is the same as the phase velocity. The phase velocity is

w
c v 5 2TV A
and the group velocity is obtained
dE w
E == —_— = = —
pc = o c 3

from precisely the same argument. Spreading of the wave packet is not anticipated when the group
velocity is the same as the phase velocity. Incidentally, one explanation of the refraction of light
when passing through a prism is the group velocity of the photons is less than the phase velocity
in the refractive medium resulting in dispersion.

The spreading of the wave packet in position space applies only to particles with mass m # 0.
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Exercises

7-11. (a) What are the possible outcomes of a measurement of momentum of a free particle?
Calculate the probability of each possible outcome.

(b) Explain why you can assume the orthonormality of eigenstates for parts (a) and (c).

(c) Assume <E |P|E> = <p|P|p> touse <E |P|E> to find the expectation value of
momentum for a free particle.

(d) Explain why you can assume that <E |P|E> = <p|P|p>.

(e) Use <A> = > P(a;)a; to verify your result from part (c).

This problem amplifies problem 7-1. The state vector postulate says that
|E> = ¢i| +p%/2m > + co| —p®/2m > .

The eigenvalue postulate describes possibilities. Using the probability postulate,

P (o) ‘<oz]¢> ‘2 or P(a) = M given that |a> are normalized.
<Ply>
_ [e1 [? _ | ca|?
You should find P (+p) = and P(-p) = for part (a). Refer

[er 2+ [eaf? [er 2+ [ea?

to the observables postulate for part (b). Remember that H and P commute for part (d). You

should find that the expectation value is <P> = |c1|2(+p) + |c2|?(—p).

7-12. Solve the Schrodinger equation for a free particle in momentum space.

This problem is largely an exercise in representation. For a free particle,
Viz) =0 = V(&) =0,

so the Hamiltonian is P?/2m. In momentum space, P — p. Use this to form the Hamilto-
nian, then use your Hamiltonian in the Schrodinger equation. Act on both sides of the resulting
Schrodinger equation with <p| to arrive at a momentum space representation. You should find

P~ 0~

Recognize that the solution is {D\ (p,t) = Ae *Ft/M  Substitute this into the Schrodinger equation
and do the requisite differentiation to demonstrate that it is a solution. Find eigenvalues similarly
to the method used to find eigenvalues in position space in problem 7-2.
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7-13. Show that Gaussian wave function

¢($’t) =

1 ih —1/2 { z? ) )
51 exp |———— is normalized.

1+

2)1/4 ( '

(ra?) mo 5 <a2 N zht>‘
m

Stated earlier without proof, the time-dependent Gaussian wave function of problem 7-7 is, in
fact, normalized. Integrate | (z,t)|?, the probability density, over all space. You may want to

start with the result of problem 7-8 (a). | (x,t)|? is Gaussian in z which is the parameter
over which you want to integrate. Remember / e T gy = \g—? .
0 q
7—-14. A particle in free space is described by the wave function
_ 1 ik —w2/2a2

1)b (l‘) = We & .
Find the probability that the particle is located between
(a) 0 and a/2,
(b) 0 and «, and
(¢) —a and «/2.
Integrate | (x,t)|? between the designated limits. The phases are e % ek = 0 = 1 5o

complex arguments vanish. Form 3.321.2 from Gradshteyn and Ryzhik is
/ e dy = vr erf (qu), qg>0.
0 2q

The erf(x) is the error function related to the Gaussian curve/normal function. Values are
readily available on line or in tables. The abbreviated table

x 0 0.5 0.7071 1.0 1.4142 1.5 2.0 2.1213
erf (z) 0.0000 0.5205 0.6827 0.8427 0.9545 0.9661 0.9953 0.9973

is adequate for both this and the next exercise. Part (c) requires you to realize a Gaussian wave
packet is symmetric and combine the probabilities from parts (a) and (b).

7-15. Use the wave function given in exercise 7-14. Find
() P(—a/V2 <z < a/V2),

(b) P(-20/vV2 < x < 2a/V2), and

() P(—=3a/V2 < x <3a/V2).
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The symmetric intervals allow you to use the integral of the last problem and then multiply by
. . «a .
2. Remember that standard deviation is related to the parameter @ as ¢ = ———, thus this

2 b

exercise is equivalent to finding the area under the Gaussian/normal curve for\/(;e, two, and
three standard deviations from the mean. The probabilities are usually given as percentages in
introductory statistics courses, and are 68%, 95%, and 99% respectively. This correspondence is
frequently called the “empirical rule” to avoid integration in Statistics I for which calculus is not a
prerequisite. There is nothing empirical about it. This exercise is intended to strengthen the link
between introductory statistics and the probabilistic interpretation of quantum mechanics. Notice
that the answer to part (c) would correctly round to 100% to the nearest percent, but that would
exclude the area under the curve from three standard deviations to infinity on both sides, thus,
the “empirical rule” deliberately rounds incorrectly to 99% to save a half percent for each wing.

7-16. For the Gaussian wave packet of problem 7-7.
(a) Find the t = 0 product of Az and Ap,
(b) the ¢ > 0 product of Az and Ap, and

(c) compare and interpret these two results.

These are straightforward applications of the results of part (b) of problem 7-8 and problem 7-9.
The product of Ax and Ap is a minimum at ¢ = 0, and larger at all other times.

7-17. Show that the uncertainty in position for the Gaussian wave packet centered at k = ko is
identical to that for the Gaussian wave packet centered at k& = 0.

Problem 7-8 develops probability density for a Gaussian wave packet centered at k& = 0 to obtain
Az . The postscript to problem 7-7 indicates for a Gaussian wave packet centered at k& = kg

1 int \ "L/2 Fikot —(m — hkot/m)2
t) = ———— 1+ — ko | @ — :
o) = o (V) oo it (= 500 e | S

One method of solution is to follow the processes of problem 7-8, rather see Appendix C first.

That wavenumber does not affect uncertainty in position is interesting but not entirely un-
expected. A reduction is completed in Appendix C to allow the reader to invest their time and
energy in more significant phenomena. Those with a specific interest in mathematical physics may
appreciate Appendix C. Others should spend a few moments scanning the details and be familiar
with the fact indicated in the statement of this exercise.
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Chapter 8
The Infinite Square Well

Any wave function limited to an interval such as —a < x < a can be interpreted physically
as being between infinitely thick, infinitely high potential energy “walls.” Intervals were introduced
in chapter 4 so that methods of calculating probabilities, expectation values, and uncertainties for
continuous systems could be addressed; wave functions that are not square integrable over all
space generally are square integrable on an interval. This chapter introduces energy quantization
for a continuous system, quantum numbers, the meaning of a linear combination of continuous
eigenfunctions, and some common methods of treating boundary value problems.

An electron in an atom is an example of a particle confined to a limited region. It demonstrates
energy quantization while confined. The limited region can be considered to be a “box” with
indistinct “soft walls” formed by electrical forces. The first step toward describing such a realistic
system is to examine a one dimensional box with the simplest possible geometry and infinite “hard
walls.” This bit of unrealism makes the mathematics most tractable yet reveals the same quantum
mechanical phenomena of any bound particle, in particular, energy quantization. Any particle
trapped in any potential energy well exhibits energy quantization.

The “particle in a box” is an informal name for a square well. It is a nickname that sometimes
masks phenomena of physical interest and seemingly becomes an end in itself. It is rather the
second step (the free particle being the first step) in treating increasingly realistic potential energy
functions describing increasingly sophisticated boundary conditions. It may be useful to picture
an electron in a highly unusual atom or a proton in a highly unusual nucleus as you work through
this precursor to and idealization of more realistic systems. An electron trapped in an atom is a
particle in an electrostatic “box.”

8-1. Derive the eigenenergies of a particle in an infinite square well.

The potential energy function is region1 | region 2 | region3
00 00
V(z) = 0, 2 < —a and = > a, f//’// %
V(z) = 0, —a<z<a,
for an infinite square well. Figure 8-1 depicts an
energy versus position sketch. The potential en- E

ergy function goes from zero in the region of con-
finement to infinity vertically and horizontally at
each edge. All space is divided into three regions.
A consequence of the walls being of infinite height
and thickness is that the probability of finding the —_—
particle in regions 1 or 3 is zero, thus the wave -a 0 a

function is zero in regions 1 and 3. A solution
to the time-independent Schrodinger equation is

Figure 8-1. Infinite square well potential.
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0 r < —a,
P (x) = {Ae_“”” + Bet** —a <z < a,
0 r > a,

where k& = A\/2m is the wave number, and A is the de Broglie wavelength. The eigenvalues are

1 2 h2k2
E=c-m?=%2 o E=
2 2m 2m

)

the same as a free particle within the “box.” The eigenenergies are then expressed in terms of the
parameters of the given potential using the condition of continuity of the wave function.

Continuity of the wave function at the left boundary means ¢ (—a) = 0, or
Aem*(ma) 4 Beik(ma) — ¢ = Ae* 4 Be e = 0
=  Acos(ka) + Aisin(ka) + Bcos(ka) — Bisin(ka) = 0, (1)
and at the right boundary ¢ (a) = 0, so Ae ** 4 Beke = 0
=  Acos(ka) — Aisin(ka) + Bcos(ka) + Bisin(ka) = 0. (2)
Adding equations (1) and (2),

2Acos (ka) + 2Bcos(ka) = 0 = 2(A+B)cos(ka) = 0 = cos(ka) =0

= ka=—, n=13,5... == k= —, n=1235... (3)
Subtracting equations (1) and (2),
2Aisin(ka) — 2Bisin(ka) = 0 = 2i(A—B)sin(ka) = 0 = sin(ka) = 0

nm nm
= k:a—?, n=2466,... = k—%, n = 2,4, 6, (4)

Equations (3) and (4) can be summarized in one relation,

nm

= k= — n=123,4,... so
2a
po MRy eI
2m 2m 2m \ 2a 8ma?

Notice that the only variable is the quantum number, and that it varies as n=.
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Postscript: The confined particle, though it is free
within the region of confinement, can possess only al- n
lowed energies that depend upon the geometry of the
region of confinement. Allowed energies are discrete E,
and are pictured only at discrete heights above the floor
of the potential. Energies of a confined particle are
quantized. The eigenenergies, or energy eigenvalues,
are subscripted because they depend on the index n
called the quantum number. A quantum number is Es
simply an integer index. Since m can be any positive
integer, there are an infinite number of eigenenergies E
for a particle in an infinite square well.

> 2

Es

A free particle can have any energy, or be at any
height above the floor of the potential. Confinement
is not a consideration for a free particle so this type E,
of energy quantization was not encountered in chapter
7. Confinement, or forced localization, is the physical

condition that results in energy quantization regardless Es

of whether the walls of the “box” are of infinite height Es
and infinite extent, or are of finite height that diminish E,
with r as does an electrostatic potential. The ideal- —_a a X—»
izations of infinitely high and infinitely thick walls with

perfectly square corners is a limiting case for which the Figure 8-2. Energy levels
mathematics is most tractable. The physics is that any in an infinite square well.

potential well will have bound states that are quantized.

8-2. Find the normalized eigenfunctions for a particle confined to an infinite square well.

Eigenfunctions are also found using continuity of the wave function at the boundaries, 1 (£a) = 0.

Using the wavenumber in terms of quantum number at the right boundary,

Ae—ika — _Beika - A = _BeiQka — _Be2 (nm/2a)a _ _BeinT
Now €™ = cos(nm) + isin(nmw) = {_1 n odd = A= { B n odd
1 n even —B n even.

The result is the same at the left boundary. The wave function within the well for odd n is
w(m) — Ae—ikw + Beikw — Ae—ikw + Aeikw — A(e—ikz+6ikz)
= A|cos(kx) — isin(kx) + cos(kz) + isin(k:x)] = 2Acos (kz)

= Y, (x) = Ccos (721_7r x) , n odd, (1)

a
where C' = 2A is the “updated” normalization constant. For even n,

Qp(l‘) — Ae—ikw + Beikw — Ae—ikw o Aeikw — A(e—ikw_eikw>

— Alcos(kz) — isin(kz) — cos(kz) —isin(k:x)] — —2Aisin(kz)
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= Y, (x) = Dsin (_a x), n even (2)

where D = —2Ai is the “conglomerate” normalization constant. The normalization condition is
<p(@)|v@)> =1 = / W (@) v () de = [ v (2)v(2)de = 1.
For odd n this is

1 = 3 C*cos(%xf(]cos(%x) dx = C"‘C/_c;cos2 (%x) dx

o 2
[1 a nm
— 2| Z . —
= |C| _2I+4n7rsm(am)]_a
[1 1 a nm nm
_ 2 - = o 7 . o o . ot
= |C] _2a 2( a) + 2n7r<sm(aa) Sln(a( a)))]
2— a . . 2 a
= |C|"|a + — | sin(n7) + sin(nm) = |C] [a + —Sln(nﬂ')] .
L 2nm nm

But sin(n7w) = 0 for all integral n,so a|C|2 =1 = C = A similar calculation

1
V@
1
for even n yields D = —=. Using these results in equations (1) and (2), we have

va

1
Uy (z) = —cos(ﬂx), n=1,3,5..., and ¢, (z) = ﬁsin(%x), n = 2,4,6,...

Postscript: The derivations of problems 8-1 and 8-2 are based on the width of the infinite square
well being 2a with the origin in the center. Other conventions exist. Since the width of the well
appears in the eigenenergies, the normalization constants, and the arguments of the trigonometric
functions, the exact form of the eigenenergies and eigenfunctions is dependent on the convention
used. An infinite square well of width a with the origin at the center has

/2
252 — cos (E x), n odd,
E, = n? and Uy () = a a

2 . /nmw
— sin{—ux), mneven.
a a

An infinite square well of width a with the origin at the left edge has

All three conventions provide the same numerical values for the eigenenergies and identical graphs
of the eigenfunctions. See problems 8-3 and 84, for example.

Notice that n = 1 is the lowest energy state, or the ground state, of the eigenenergies for
the infinite square well. A system of zero energy is non-physical so n = 0, which would describe
zero energy for a particle in an infinite square well, is not allowed and quantum numbers start at
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n = 1. In contrast, the simple harmonic oscillator (SHO) addressed in chapter 10 uses n = 0
for the ground state. The eigenenergies of the SHO are non-zero when n = 0, so n = 0 suitably
describes the ground state energy of the SHO.

The infinite square well gets its name from the perfectly square corners and the “walls” of
infinite thickness and height. Should the walls be of less than infinite thickness tunneling is
anticipated (chapter 9). Should the walls be less than infinite height it would be a finite square
well and the number of bound states is limited (chapter 11).

8-3. (a) What is the ground state energy of an electron in a one-dimensional infinite square well
of “radius” one half Angstrom?

(b) Find the eigenenergies of the first three excited states.

A “one-dimensional radius” of 1/2 Angstrom means use a = 0.5 A in the result of problem 8-1.
It is often convenient to describe the energy of excited states in terms of the ground state energy.
If E, is the ground state energy, n? E, describes all eigenenergies of an infinite square well.

2h2 2h2 h2c2
B = E = (12X — —
(2) ! g (1) 8ma? (2m)? 8ma? (4) 8mc2a?
(1.24 x 10%eV - A)? 1.54 x 108 eV2 - A

- = = 37.65 eV .
2
32 <0.511 % 106 i) (0.5 A)z 4.09 x 106V - A
C

(b) B, = 2°E, = 4(37.65eV) = 150.60 eV,
E; = 3°E, = 9(37.65eV) = 338.85 ¢V,

Ey = 4B, = 16(37.65¢V) = 602.40 ¢V .

Postscript: The diameter of a small atom is on the order of one Angstrom.

Converting quantities from CGS or MKS units is inconvenient by comparison to using con-
stants such as hc = 1.24 x 10*eV - A and the electron mass = 0.511 MeV/c?.
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8—4. Given an infinite square well of width 2a, graph the first four eigenenergies on an energy
versus position plot and superimpose the first four eigenfunctions on corresponding eigenenergies
on the same plot. Plot the probability densities of the first four eigenfunctions in the same manner.

Examine the two graphs below.

[0.0] o0
1 N} OO/\/\/\/\OO
o A A
% E4 ‘ '(p4| E4

N N T VAVAVAN N
. ) wf /\/\ .

Y, E+ | Y, ‘2 E4
— —-
-a a x -a a X
Figure 8-3. Wave functions for Figure 8-4. Probabilities densities
the infinite square well. for the infinite square well.

Postscript: It is conventional to graph energy versus position for the wave functions. The vertical
is amplitude for the eigenfunctions. The eigenfunctions all have an amplitude of zero at the bound-
aries. They should, therefore, all be located on the horizontal axis that denotes zero amplitude.
They are, however, conventionally located at the level of the corresponding eigenenergies where
each horizontal line represents zero amplitude for that eigenfunction. Energy is usually scaled
E,=FE,, £y =4FE,, E3 = 9E,, E; = 16 E,, etc., but the vertical scale for amplitudes of
the eigenfunctions is often qualitative, as it is in figure 8-3.

Probability density is also conventionally placed at the level of the corresponding eigenenergy
where the vertical is probability density amplitude using an arbitrary scale. Notice that probability
density is non-negative. The pertinent non-classical feature is that there are regions of maximal and
minimal, including zero, probability. Remember that probability is | (z)|?dz so probability
density is | (2)|? with dimensions of 1/length for  (z) with dimensions of 1/y/Iength .
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8-5. Find the probabilities of locating a particle in its ground state in an infinite square well of
width 2a between +a/10 at the center and an interval of equal length at the right edge.

This is an application of the probability postulate in position space. Integrate probability density
for a particle in its ground state between 4a/10, then integrate probability density between 8a/10
and a, and compare the numerical results. Classically, these probabilities would be identical.

Using 1 (z) = % cos (% x) in P(ry <z<x2) = Y (z) Y (z)dx,

a/10 1\" T 1 T
P(—a/10 <z < a/10) /—a/10 (ﬁ) cos (% x) <—a> cos (% x) dz
1 a/10 1
—/ cos? (i x) dr = —
/10 2a a

B(l@_o - -2+ = (sin(g%) - sin (g%))]
)

a a

55+ 52 ()] = 15+ 2o (f
10 "~ 22"\10/] T 10 T 710
For an interval of equal length at the right edge of the well,
/a o (T 1 [1 20 . /m
cos (— x) dr = — | -x + — sin (—x)
8a/10 2a a |2 4dm a
E _@+is-(z)_s- mda
2\ 7 5 or g @ a5
a a . 4 1 1 . 4
|:E — % Sin <?>:| = E — % Sin (g) ~ 000645

The probability of finding the particle near the center is approximately 30 times greater than the
probability of finding the particle near the edge when comparing intervals of length a/5.

a
1
a
1
a

P(8a/l0 <z <a) =

QI 2|k 2|

8—6. Calculate the momentum space wave functions, @Zn (p), for an infinite square well of width
2a . Write the eigenfunctions for 1, (p) for n = 1, 2, 3, and 4.

The momentum space wave functions are obtained from the position space wave functions using

—~ 1 +oo )
v (p) = / e~ we/h (z) da . Do the integral for odd n which is
vV o2rh J_s
%/D\ (p) = L /a e~ wr/h L cos (@) dx and then for even n, where
G = Ja 2a ’
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the wave function will include a sine. The limits of the integral reflect the fact that all eigenfunc-
tions are zero outside the potential well. Recall angle sum formulas from trigonometry and the
expressions for cosine and sine in terms of complex exponentials. You should get

Un (p) = \/21—71 (2_1) 2n7r 5 % cos (%a) for n odd.
") (&)

Also, sin(nm/2) = (—l)nT_1 for odd n. ¥y, (p) for even n is similar though not the same.

Calculating the Fourier transforms of the position space wave functions starting with odd n,

Yn (p) =

1 - 1 nmwT
e~ipz/h_—__ cos( ) dz Let ¢ = p/h and b = nn/2a. Then
V2orh J—q voa 2a

-~ @ . a . eibw + e—ibz
V 27’['ha Qpn (p) = e 1cT CcOS (bl‘) dl‘ — e 1cT f dl‘,

= 2V2rha U, (p) :/ (cited 1 miterie) g

1 | 1 | a
I S S YRS P SR TouTs e
[—i(c—b)e Ry Py ]_a
= ‘ [(c—i—b)e_i(c_b)w + (c—b)e_i(CH’)z]a

- Czcibj(wrb) (e—i(c—b)a_@i(c—b)a) n (C_b)_(Z—i(c—l-b)a_ei(c_H;)a)]
= (et b)(-2i)sin((e~b)a) + (c—b)(~20)sin((c+b)a)]
_ ﬁ{(o—l—b)(sin(oa) cos (ba) — cos (ca) sin (ba) )|
> 3132 [(c=b)(sin (ca) cos (ba) + cos (ca) sin (ba))]
4

= 2, [csin(ca) cos (ba) — bcos(ca) sin(ba)]

ot (e o (1) = 2 conen) s (%)]

cos (%) = 0 for odd n so is struck, sin (%) = (—l)nT_1 so —sin (%

_l’_

n+1

)-
P 2 ()

= 2V 2rha i, (p) =

= n (p) = Tirha ( )(21)7(‘2;;)2 T cos (% a) for odd n
h 2a
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For even n,

~ 1 @ 1
Uy (p) = o /_ae_”””/hﬁ sin (%) dr. Againlet ¢ = p/h and b = nm/2a. Then

. a ) a ) ibx _  _—ibx
V 2rha ¥, (p) = / e "“sin (bx) do = / e (%) dz,
i

= 2iV2rha $, (p) = / (eiteve — emiteriin) gy,

This is the same integral just evaluated, except for the minus sign in front of the second exponential
term. Using essentially the same procedure,

2iv/ 21ha ¥, (p) = 4 { sin (ca) cos (ba) — cos(ca) sin(ba)]

22
= B [sinea) cos () = costea) s () |

The sin (%) = 0 for all even n, and cos (%) = (=1)z, so

2Bk B () = 2 i ()

= Jn (p) = erha (852_1_)?@)2 % sin (% a) for even n .
h 2a

The factor of ¢ in the numerator on the right accounts for the exponent of —1 being (n + 2)/2
instead of n/2. The first four momentum space wave functions then are

~ 1 -1 U p
Y1 (p) = 3 p 2Ecos(—a),
e (@) ()
12)\2(])) = ‘ 21 22—7rsm(£a),
V 2mha (%) _ (g) a h
~ 1 1 3T
v3(p) = 2—cos(—a),
Tha 2 T a
7 @ ()
12)\4 (p) = \/Z_ ! im sin (B a)
2mha 2 \? a h
5 - (%)
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8-7. Draw sketches of the n = 1, n = 2, and n =many wave functions in position space,
energy space, and momentum space.

Examine the sketches below.

4 4 1 Y(p)
4
v(p)
E Y (x) ¥ (E) —y(E)
"
/\ p
_________ | — E1
Figure 8-5¢. Momentum space, n=1.
Ky L E

a a 0_ . Eq

Figure 8-5a. Position space, n=1. Figure 8-5b. Energy space, n= 1
A 4 + w(p)

- — — — —M—E, ¥ 3
v(p)
Y, (x)
ET ¢ (E)I
p
Y (E)—» Figure 8-5f. Momentum space, n=2.
X i =

-a a 0_. =

Figure 8-5d. Position space, n=2. Figure 8-5e. Energy space, n=2
4 4 4 A

w(p)

'\UJ (x)
ET ) 7 (E)I
_ _ AﬂvAﬁ‘H F“’“vﬂv““p

T )

Figure 8-5i. Momentum space, n=15,

X 11 | » E
-a a 0_ 1T ;
Figure 8-5g. Position space, n=15. Figure 8-5h. Energy space, n=15.

Figure 8-5. Sketches for n = 1, n = 2, and n = 15
in position, energy, and momentum space.

Postscript: The energy eigenfunctions, 7:!; (E), are the eigenvalues of energy so are discontinuous
spikes for quantized energies. In momentum space, @/Z)\ (p) versus momentum or wavenumber, the
wave functions are sinc functions. Energy is related to momentum, E = p?/2m = h*k?*/2m,,
so energy proportional to the square of the wavenumber is related to the horizontal axes of the
momentum space graphs. The spikes in energy space are “spread” in momentum space at the wave
number that corresponds to the eigenenergy. Remember that the relation between position space
and momentum space wave functions is that one is the Fourier transform of the other.
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8-8. Given VU (z) = ch@bn(x), show that ¢, = /@b;‘;(x)\ll(x)dx

n

Here is a derivation of the procedure used to calculate Fourier coefficients in a quantum mechanical
context which should also highlight some of the utility of the Dirac notation. Remember the
techniques of inserting and resolving the identity, and forming position space functions by operating
from the left with <z |. One thing to recall is <z |E,> = 1, (z); the inner product of the
continuum of position space with the energy eigenkets are the energy eigenfunctions in position
space. These eigenfunctions have the independent variable of position and eigenvalues that are
energy. For the infinite square well, they are the normalized sines and cosines of problem 8-2.

> = T[> = ) |E,><E,|¢>
= <z|yY> = <x| Y [E><Eu|¢> = > <z|Ey><E,|¢>
= V(z) = ) Pn(a) <En|>

where the identity is inserted and resolved in the first line and we prepare to represent the expression
in the second line. The third line is the partial position space representation. Inserting and
resolving the identity again preparing to represent the right side entirely in position space,

U(2) = Y tl2) <BalT16> = > wn(2) <Bul (Y le><al)|v>
= S (@)Y <Eu|e><a|v> = Z¢n(x)z(<Enyx>)(<xy¢>)
where we have simply rearranged and regrouped. Representing the terms in parentheses,
V(o) — Yne) [ (v@)) (V@) do

in the limit that the distance between |z >’s approaches zero. Comparing the last line with the

given V¥ (z) = Z¢n (), = ¢ = /@b;‘; (z) ¥ (x)dx.

Postscript: Notice that the derivation is independent of potential.

“In the limit that the distance between |z >’s approaches zero” is simply another way to
say that z is treated as a continuous variable.
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8-9. Calculate the uncertainty in position for a particle in an infinite square well of width 2a .

Find (a) <x>, (b) <z?>, and (c) Az forall n. The limits of integration for an
expectation value for position become —a and a because the wave function is zero outside those
bounds. There are two integrations for each expectation value, one for ny,qq and one for neyen-
Realize sin(nw) = 0 and cos(nw) = £1 for all n. Having found the expectation values,

. . 1/2
uncertainty is Ax = (<x2> — <m>2) /2,

What is reasonable for < >7?7 Will it surprise

you if the “average” is near the center of the box? The second moment, < z? >, reflects the

magnitude of position. Expect this to be a non-zero quantity.

(a) When n is odd,

ta 1 nmay | 1 nmwx 1 [t 5 (MTT
<T>nodd = — Cos (—) T 4] — cos (—) dr = — x cos (—) dx
—a a 2a a 2a aj_, 2a

. (nﬂm) (nﬂm) ta
2 z sin [ — cos [ —
N a a
al| 4 2nm 4n? 2
a CL2 —a

The first and the third terms inside the brackets are zero, because they are even functions evaluated
between symmetric limits (after integration; do not confuse this evaluation with that of an even

integrand between symmetric limits), so

) (nﬂm) ta
zsin (| — . .
_ 1 a _ asin(nr) —asin(-nw) = a . e B
<T>no0dd = - S = 5 Sy = o [sin (nm) —sin(nm)] = 0.
a —a

For even n,

+a 1 . /nmx i 1 . /nrx 1 [re 5 (MTT
<T>n oven = — sin (—) T — sin (—) dr = — T sin (—) dx
—a a 2a a 2a aJ_, 2a
. (mrm) (mrm) ta
z sin [ — cos | —
e o) ()]
a L 4 2nm An2 2 J ’

a CL2 —a

Again, the first and third terms inside the brackets are even functions evaluated between symmetric

limits so they are zero, and

o /mmxy\] T
x sin [ ——

1 | asin(nm) —a sin (—n) 1
— _ —_ N a /7 = —— — - - - =
<IT>p even = a 2nT - a 2nm 2nm o a |:0 0] -
a —a a a

= <x> = 0 foralln,
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or notice that both integrals are odd functions evaluated between symmetric limits so are zero.

(b) The expectation value of position squared for odd quantum number is

+a * ta
1 1 1
<>y 0ad = / \/ — cos (@) z? \/ — cos (—mm) de = _/ 22 cos? (mrx) I
—a a 2a a 2a al_, %2,

nmxry ] T¢
_ 1| a? 1 . nnx T cos (T)

al 6 + 4(@) - 8(E>3 sm( - ) 4(@)2 )
2& 2& 2a »

The middle term is zero because sin(nm) = 0 for all n at both a and —a,

= <J"2 >n odd = 1 |Va—3 — (_a)3 + a COSQ(ZW) . —a COSQ(—QnTr)“
ai| 6 6 A n2n \ 2
L 4a? 4q2

Both the cosine terms are —1 for all odd n, so

3 2&3 :| 2 2&2

P 1|a a
x = | = - —=| = — — .
n odd al 3 n2m2 3 n2m?

For even n, the calculation is very similar except the integration is over sine squared,

1 [T@ . NI
<T?>p even = —/ z2 sin® (—) dx
al_, 2

nrx\ ] T¢
SN Sm(@)_m]

nim 3 2 °
G (@) o

Again, the middle term vanishes at x = £a, and the cosine terms are +1 for all even n, so

a

2
<Z">neven = —
a

1[a®> 22° ] o 2a”
3 -3

n2m? n2n2’

This is the same as the n odd case, so we conclude

2> a? 2a®
x = — - .
3 n2m2

a
3 n2m2

2 2 2 1/2
(c) Ax = (<$2>—<x>2)1/2 = ( - L) for all n.
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8-10. Calculate the uncertainty in momentum for a particle in an infinite square well of width 2a .

Find (a) <p>, (b) <p?>, and (c¢) Ap for alln. These could be calculated in momentum

space using the @Zn (p) from problem 86, but that path leads to involved integrals with limits of
+oo. The position space calculation using the F,, representation in position space, i.e.,

+oo
<p> = Y (x) Poptp (x) dx where P,, = —ihV = —ih di in one dimension
o T
where the limits of integration are 4a is preferable. Find <p?> similarly using
d d d?
2 _ . . — . Bl . el - _ 2 el
P;, = (=ihV) (=ihV) < ih dx) < ih dx) I R

Nothing prejudices momentum to the left or right so expect <p> = 0. The magnitude of the
momentum is non-zero, so will be reflected by non-zero expectation values in the second moment.

0 <rrvan = [ [\Eear ()] (k) [y E e (3))

a

= —_zh acos (@) i cos (@) dr = inmh / cos (nzﬂ) sin (@) dx

a J_, 2a / dx 2a 2a% J_, a 2a
B inth | 2a . 4 (nﬂm) e B ih . 9 (nTr) . o [ —nm
T 2a [ 2nn 0t \2a )], T 24 |\ 2 AT )
+ + 1)
Since sin [ —~ ) = +1 for odd n, sin? =T - 1, so <p>nodd w0 [1-1] =0
2 2 2a
/OO /1 . /nmx . d 1 . /nmx
<P>neven = — S (—) —ith— — s (—) dx
oo a a dx a 2a
—ih [ . /nmxN\ d . /nEx inth ¢ | /nnx NI
T a _asm(Za)%Sln( a)d$ T 242 _asm(Za)COS(Za)d$
inth | 2a . 4 (mrm) e ih . 9 (mr) . o [ —nm
= — 7 gin? (/2 = — | sin“(— ) — sin® [ — | |.
202 | 2n7 2a W 2a 2 2
. nm .
sin (—) = 0 for all even n so both sine terms are zero,
ih
= <P>n even = _2_ [0—0] =0 = <p> = 0 foralln.
a

Alternatively, both integrals are odd functions evaluated between symmetric limits so are zero.

0 <o = [ [\Eer ()] (k) (i) [y E e (2]

h* e nrx\ d? nmwx h? rnm\2 [* o /nmx
= —— oS (—) — Cos (—) dr = — (—) oS (—) dx
a J_, 2a / dx? 2a a \2a a 2a

n2m2h? [ x n 2a . (mrm) “ n2m2h? [ a —a n 2a ( in (n7) in ( ))
— —— sin [ — = - - — — (s — sin (—
4a3 2 Anm m a 4a3 2 2 Anm mAnmT AT
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2 2h2
. 2 7r
Both sine terms are zero so  <p“ >y odd

= 42
o = o [ (M) L (MY e = (0T [ (MY
Proneven = 77, u 2 dz? 2a a \2a u 2a
n2m2h? [ x 2a . (nﬂm) e
= - — — —— 8 -
4q3 2 dnr o\ g .
2022 [ g —a 2a . . 272p2
= W |:§ — 7 — m(sm(nw)—i—sm(—nﬂ))] = W
2 2h2
= <p’> = nr for all n.
4a?
1/2 nmh

(c) Ap = (<p*> — <p>?) :(<102>—0)1/2 = (<;02>)1/2 = Ap = e for all n.

8-11. Normalize the wavefunction ;//%. ;s

U (z) = N(a*—2?) TE

describing a particle confined in an infinite square
well of width 2a.

\ —~*
-a 0 a

Figure 8-6. V¥ (z) = N (a® — 2?) in
an infinite square well potential.

Problems 8-11 and 8-12 are intended to emphasize that wave functions are generally linear com-
binations of the eigenfunctions. A particle in an infinite square well can be in its ground state, any
excited state, or any linear combination of its ground state and its excited states. Symbolically,

V(z) = crpr(w) + eavp2(x) + c3tbs () Z Cn Yn (),

where the ¢, are constants that describe the relative contributions of each eigenfunction. The
relative magnitudes of the ¢, are fixed by normalization. Limited only by the constraint of
normalization, the ¢, can be anything, meaning the linear combination ¥ (z) can be any shape.

The components of ¥ (x) must be orthogonal, otherwise, eigenfunctions would contain por-
tions of other eigenfunctions, and the ¢, would not be unique. Without unique ¢, , the expansion

U(x) = Z ¢n Yn (x) is not unique, and thus, it is not useful. Sines and cosines were shown to

be orthogonal on an interval in chapter 5. The eigenfunctions of a particle are sines and cosines
within an infinite square well so are orthogonal, and thus, can be made orthonormal.

This problem starts with a position space statement of the normalization condition.
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/ N*(a®> —2*)* N(a® — 2%)dr = ]N]Q/ (a® — %) dx

—a

= ]N]Q/ (a* — 202 + 2%) dr = ]N]2<a4/ dx—2a2/ x2d$+/ x4d$>

A P

= N[t a0 - B o)+ @ - )]

[ -2 2] = v [ 24 2] < e [ B L] - e
= szlé% = N:le? 1;5 = \IJ(:U):;F 1;5(&2—532).

8-12. Expand the system described in problem 8-11 into its component eigenfunctions.

For the infinite square well,

V() = ;cn@bn(x) means VU (x) = ngdb" /Ecos(n;;m) n ngendn lgsin(n;;m),

where the ¢, are written as b, and d, just to aid identification. The wave function is an even
function because ¥ (—x)= V¥ (z). Ounly even eigenfunctions, therefore, can contribute so d,, =0
for all even n. (Do not confuse even/odd quantum numbers with even/odd functions. Cosines
are even functions, and for the infinite square well, they correspond to the odd quantum numbers.
Sines are odd functions, but correspond to even quantum numbers for our infinite square well).
Odd eigenfunctions cannot contribute to an even ¥ (x), otherwise ¥ (z) would have at least one
odd component and would be neither an even nor an odd function. The wave function reduces to

U (x) = i bn\/gcos(%).

n odd

The b,, are then found using procedures similar to finding Fourier coefficients.
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(@)3 o 2a
2& —a

2aa2 | /nmw 2a (—a)? | nmw
+ sin (—) — ———sin (——) —
nmw 2 nmw 2

_ @Sm(ﬂ) _

nmw 2

——— COS + — sin
4a3 | n2n? 2 2

nm

\/ﬁ[16a3 (m) 4d® (@) _ 32a°

Remembering that the quantum number n is odd only,

nmw . o/nm
cos (—) and  sin (—) =
2 2

Using these in the last expression yields

e [ e ]

= 0 for all n,

b, =

Then the expansion in terms of component eigenfunctions is

ST Ny

313 Va
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8-13. Find the time-dependent wave function for the system described in problems 8-11 and 8-12.

Time evolution for the case H # H(t) was introduced using small matrix operators by first
expanding | (t) > in the eigenstates of H, and then using the fact that the eigenstates of H

d .
obey ih pr |E,> = E,|E,> with the simple time dependence |FE, (t)> = e *F»t/"|E, > .

When the general wave function is a linear combination of eigenfunctions, the time-dependent
wave function is the sum of the time evolved eigenfunctions, or

U (z,t) = ch Y () e Ent/R,

n

The Hamiltonian of the infinite square well is H = p?/2m inside the well and zero elsewhere.
This Hamiltonian is time independent so these procedures apply to the infinite square well.

The eigenenergies of the infinite square well are given in problem 8-1, so the exponential terms are

2%2 2,,2
—iBEnt/h _ (o 2ThT Nt . mn*h
TN = e [‘(” 8ma2>%] ‘eXp<‘ZWt>‘

Merging this with the normalized eigenstates calculated in problems 8-11 and 8-12,

8 15 & (—l)nT_1 nmwx _m2n%h
U(z,t) = —1/— Z cos( o ) exp (—z t).

8-14. Find the eigenenergies of a two-dimensional infinite square well of width 2a on each side.

This problem extends the discussion to higher dimension. It also introduces the method of separa-
tion of variables for partial differential equations (PDE). This method is used in future chapters
and it is often among the first techniques selected to try to solve a PDE. A variables separable PDE
has a solution of the form f(z,y) = g¢g(x)h(y), meaning that the solution in two dimensions
is the product of two one-dimensional solutions. The strategy is to assume the existence of such a
solution, and if such a solution is found, the assumption was valid.

In two dimensions, wave functions in position space are 1 = 1 (z,y). The time-independent
form of the Schrodinger equation within a two-dimensional infinite square well is

(9 o?
= 4+ = = F
where the potential energy function is excluded because it is defined to be zero in the region of
confinement. The wave function is zero elsewhere so other regions are not considered. Assume a
solution of the form 1 (z,y) = f(x)g(y). The Schrodinger equation becomes

532

(P
02 Oy?

)f(ac)g(y) = Ef(z)g(y)
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2 2 2
1 d? d? omE
= o (YW e @)+ @) gre) = -
1 d? 1 d? omE
T a2 O T gy agtW = T

The first term is dependent only on z and the second term is dependent only on y. Their sum is
constant because the right side of the equation is constant. Except for trivial cases, this can occur
only if the first term is equal to a constant and the second term is equal to another constant, or

1 d? 1 d?
———f(z) = Cy, and -
f(x) 1 g(y)dng

The constants C7 and Cy must sum to —2mE/ 2. We choose the separation constants

1 d? 2mE 1 d? 2mE
7N T3 = - =, and — = = — Y, 1
d? 2mE, d? omE
= o5l = - -2 f(z), and —dyzg(y) = - hgyg(y)-

Both have the same form as the Schrodinger equation for the infinite square well in one dimension,

d? 2omE
@%b(fv) = - 12

¥ (z),

so necessarily both equations have the same solution. Therefore, the component eigenvalues are

and E, =

Postscript: Do not confuse the method of separation of variables used for partial differential
equations with the variables separable method used for ordinary differential equations (ODE).
Separating the variables of a PDE is an effort to reduce the PDE to two or more ODE’s. If the
PDE can be separated, methods appropriate to ODE’s may then be used to solve the ODE’s
individually, and the product of these individual solutions is the solution to the PDE.

That ¢ (z,y) = f(z)g(y) is an assumption. A solution of this form was found for the
two-dimensional infinite square well so the assumption proved to be valid. If such a solution cannot
be found in attempting to solve a PDE, then the assumption ¢ (z,y) = f(x)g(y) is invalid
and other means must be used to obtain a solution.

245

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

The selection of separation constants, as in equation (1), is an art. Realize that we are guided
by the literature in our selections.

Notice that there are two quantum numbers, n, and n,, for the two-dimensional problem.
In general, there will be as many quantum numbers as there are degrees of freedom in the problem.
For a three dimensional system, for instance, there will be three quantum numbers.

Probability for + (z,y) is |¢ (x,y)|?dzdy, probability density is | (x,y)|?, ¥ (2,9)
has the dimensions 1/length, and probability density has dimensions of 1/length?.

8-15. Find the sets of quantum numbers for a two-dimensional infinite square well that yield the
lowest 12 eigenenergies. Identify the eigenenergies from this list that demonstrate degeneracy.

This problem demonstrates degeneracy in a pseudo-physical system. It is generally conventional
to express eigenenergies in terms of ground state energy. The ground state energy of the one—
dimensional infinite square well, which we denote Ej here (notice that FEgouna = 2Ep in this
system), is convenient for this two-dimensional system since component eigenenergies are integral
multiples of Fy. Ground state energy is the lowest possible energy where zero energy is disallowed
because a physical system cannot exist at zero energy. Zero is disallowed as a component quantum
number in a multi-dimensional infinite square well because it would result in an overall zero wave
function, meaning the system does not exist.

Ny Ny E # Ny Ny E #
1 1 2Ey 1 3 3 18E) 7
2 1 5Ey 2 4 2 20Ey 8
1 2 5Ey 2 2 4 20Ey 8
2 2 8Ey 3 4 3 25Ey 9
3 1 10E, 4 3 4 25Ey 9
1 3 10Ey 4 5 1 26 Ey 10
3 2 13E, 5 1 5 26Ey 10
2 3 13Ey 5 5 2 29E, 11
4 1 17Eq 6 2 5 29E, 11
1 4 17Eq 6 4 4 32F) 12

Degeneracy is seen at 5FEy, 10Ey, 13Ey, 17Ey, 20Ey, 25FE,, 26FE,, and 29F; in this list.

Postscript: Notice that component quantum number 4 is encountered in the energy sequence be-
fore component quantum number 3 is exhausted, and component quantum number 5 is encountered
before component quantum number 4 is exhausted. This is a feature seen in realistic systems.

If a component quantum number of zero was allowed, for instance if n, = 0, then

1 T 1 .
wnrzl,ny:O = ﬁ Ccos (%) ﬁ SIH(O) = 0.

A zero wave function is a system that does not exist so zero is disallowed as a component quantum
number for a multi-dimensional infinite square well.
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Exercises

8-16. Calculate the energies of the first five energy levels of an electron trapped in a one-
dimensional infinite square well of width 2 Angstroms.

Using m, = 0.511 MeV/c? and hc = 1.24 x 10* eV - A makes this calculation simpler than
using MKS or CGS units. Well widthis 2a =2A = a=1A. See problems 81 and 8-3.

8-17. (a) Write down the fifth and sixth position space eigenfunctions for an electron in an infinite
square well of width 2 Angstroms.

(b) Sketch these eigenfunctions indicating what happens outside of the well.

(c) Sketch the probability densities corresponding to these eigenfunctions.

Sketch means show qualitatively the features of each 1, (z) and ‘d)n (z) ‘2 . Since the walls are
impermeable, the wave function must be zero outside the well. See problems 8-2 and 84.

8-18. (a) Compare the probability of locating a particle in its first excited state in a one-dimensional
infinite square well of width 2a between +a/10 at the center of the well and an interval of equal
length at the right edge.

(b) Compare your probabilities to those for the same intervals from problem 8-5 (ground state).

(c) Explain why the probability of finding the particle in its first excited state near the center of
the well is significantly less than for its ground state.

The first excited state means n = 2 for the infinite square well. Use the appropriate eigenfunction
from problem 8-2 and the techniques from problem 8-5. Examine figure 8-4 to explain what may
initially appear to be a numerical discrepancy between the two intervals of equal length.

8-19. Compare the probability of locating a particle in an infinite square well of width 2a between
+a/10 at the center of the well and an interval of equal length at the right edge given

Compare your center of the well probability with the center of the well result from problem 8-5.
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The given state function is the normalized result of problem 8-11. The overall wave function may
be an eigenfunction, but it will more generally be a superposition of eigenfunctions. The overall
wave function, as various amounts of different eigenfunctions contribute, can assume any shape
including this parabolic example. Use the techniques of problem 8-5.

8-20. Show that the product of the uncertainties of position and momentum in a one-dimensional
infinite square well of width 2a obey the Heisenberg uncertainty principle.

Problems 8-9 and 8-10 provide the uncertainties. Work with (A z)? and (A p)?. Their product
is (AxzAp)?. Simplify your expression, take a square root of both sides to obtain the product
A xAp. Show that this product is greater than //2 for the ground state, and then notice that
all excited states must have A xz Ap larger than this to arrive at your conclusion.

8-21. Calculate the uncertainty in energy for a particle in a one-dimensional infinite square well
of width 2a. Explain the result.

Use F,, in position space and procedures closely resembling problem 8-10. Calculate

a) <FE>, b) <E?>, and c) AE for all n in one spatial dimension.
(a) p
P2 1 h? d?
Eo _ op _ = (_ 10 _ih o nhea
P 2m Zm( thV) (=ihV) — 2m dx?

in one spatial dimension. The n odd and n even integrals for < E> are the same as those used
to calculate <p?> in problem 8-10 divided by 2m. For < E?>,

2 o_pop o (DB RN rt o dt
op - TTePTTOP 2m dx? 2mdz? ) 4m?2 da?

Sines and cosines duplicate themselves when they are differentiated four times so this is not overly
arduous. The FE,, are eigenvalues (see problem 8-1). What do you anticipate for the uncertainty
of an energy eigenvalue?

A 4 X
Exercises 8-22 through 8-31 all refer to an infinite // ‘\\

square well of width 2a, where the wave function is
in a superposition of eigenstates such that the state TE
is a triangular wave centered in the well | i.e.

-a 0 a

W(m,O)zN(l—m> for |z| < a "
a

— 0 for |z| > a Figure 8-7. Triangular wave function
in an infinite square well potential.
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8-22. Calculate the normalization constant N .

The normalization condition for a continuous system in one variable for the given wave function is

T D PR N G

where the limits of integration indicate the wave function is zero outside the well. Express this
without the absolute value to clarify the integration. Treat it as a sum of two integrals describing
regions on both sides of zero,

!N!Q/_Oa(1+2)2dx + !Nfz/oa(l—g)de.

These integrals are straightforward. You may recognize that the integrals have the same magnitude,
so you can evaluate one integral and multiply it by 2 to get the same result. See problem 8-11.

8-23. Expand the initial state function ¥ (x,0) in terms of the position space eigenfunctions, and
use the time dependence of the v, (z)’s to write down the full time dependent ¥ (z,t).

You have done time evolution calculations for discrete systems. The difference for continuous
systems is that instead of two or three eigenstates there are an infinite number of eigenstates. Per
problem 8-8, determining which eigenstates contribute what amount is an exercise in calculating
Fourier coefficients. Integration is the challenging part of this problem. Here

= Soafren(E) ¢ 3 T (5

This W (z,0) is an even function. Cosines are even functions and sines are odd functions. Odd
functions, sine terms, will not contribute so all d,, = 0. You only have to find the b,’s, and

by = _alb() /\/jco mm 2?;[ —%’]dm

Remember that cosines correspond to the odd quantum numbers. To add time dependence

Z bn Qpn (l‘) e—iEnt/ﬁ

n odd

where the E,,’s are those for an infinite square well of width 2a, per problem 8-1.

3 = 1 nmwx im?hn?
N
2a %d nrz P\ ) P < 8ma? )

for this system. Problems 8-12 and 8-13 may also be illustrative.
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8-24. (a) Calculate the uncertainty in position for the particle in the state given as ¥ (z,0).
(b) Sketch the probability density versus = at ¢t = 0.

(c) Indicate values of <z> and Az on the sketch.

¥ (z,0) is potentially a superposition of infinite eigenstates, as are all continuous wave functions.
A continuous wave function contains all information about the “weighting” of the eigenstates.

Take advantage of the fact that W (z,0) is an even function, and use odd/even function
arguments. For instance, the requested expectation value is

<zr> = /_OO U* (z)z ¥ (z)de

SRECORECE

The integrand is a product of an even function, ¥* (z,0), and an odd function, z, and another
even function W (x,0). This composite function is odd. An odd function integrated between
symmetric limits is zero. Expect results for the second moment and the uncertainty that differ
from the analogous calculations in problem 8-9 because this exercise addresses differently weighted
eigenstates. The second moment is likely easiest calculated as

s :/_(’ag(Hg) ng(Hg) vt /0“\/5(1_3) 22 (1-2) @,

8-25. (a) Find the initial state momentum wave function v (p,0).

(b) Sketch v (p,0) versus p.

You need the “quantum mechanical” Fourier transform of chapter 5,

b (p,0) = ! +Ooe_ipw/h z,0)dz .
dw0) = —— [ ¥ (2,0)

The calculation is similar to problem 86, though the given W (x,0) is independent of quantum
number. Break the integral into two parts from —a to zero, and from zero to a, clearing the
absolute value in the process. Each of the parts is straightforward. You should get

Fp0) = 1 (1o (L)

which is the function you want to sketch.

250

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



8-26. Calculate the uncertainty in momentum for the particle in the state given as ¥ (x,0), then
show this system is consistent with the Heisenberg uncertainty principle.

Use the P,, sandwich in position space to find < p > like problem 8-10. The calculation for
< p? > is done below because it uses the theta function discussed in chapter 4. Attempt to
understand the use of the theta function and the fact that the theta function can be useful at

discontinuities. If we attempt a pr sandwich,

<p*> :/ ™ ( (—m )(—ih%)WI) dzx
3 " x|\ d? 3 T
) (1_T|> e %(“T')C“

|
|
>t
[\V]
|\g
N
|

) 1+§)(0)dac + /Oa(l—g)(o)dz}
- —32—712{/_0a(0)dz+/0a(0)dz}

which is not very satisfying. This allows us to ascertain only that <p? > = constant.

Consider the theta function, which is the integral of a delta function. Said another way, the
delta function is the derivative of the theta function. The theta function is

O(x—1") = {(1]’ i_i, zg . Now / d(x—a')der = 1. The integral

£g _ / Eg -
/ 5($—x’)dz:{(1]’ R / 5($—x’)dz:{1’ v m,>0 S0

e T >z 0, z—2' <0
/ S(z—2')de = ©(z—2") = 4d(z—2) = di@(:v—x’)
. x
. * d
We will use the form / 0(z)dr = ©(x) = d(z) = T O (x)
oo x

— [37\ (,_lel\" @ [3 |
2 _ 32 LR T A
Our integral is <p” > = h/ ( 2a> <1 a) 72\ 24 <1 . dx
30’ x|\ d [d z |
~ o [0 i )]

Consider just the expression in the square brackets.

d‘i (1—%) - %(1—2@(:5)).
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If you do not see this immediately, take the derivative on the left and apply the definition of the
theta function for the cases z > 0 and z < 0 on the right. Replace the expression in square
brackets by the right side of the last equation, or

3% ¢ x|\ d [1
25 = o2 1120 22 (-2 d
P> 2a _a< a )dx[a( @(m))] v
3n2 [ ||\ d
hQ a hQ hQ
) o e - ] %
—a z=0

This calculation uses a theta function to caste an integral into a form containing a delta function
so that the integral is then readily evaluated. Theta and delta functions can be useful at discon-
tinuities. The “tent” wave function is continuous, but its first derivative is discontinuous by a
constant amount which is why the second derivative is zero. Another approach not involving theta
functions is to find <FE>, then <p?> = 2m <E>, (exercise 8-29). It is straightforward
to now find Ap. You have Az from exercise 8—24.

8-27. Write a general time-dependent wave function in momentum space as a summation of the
momentum space eigenfunctions.

Exercises 8-27 and 8-28 are not coupled to the “tent” wave function, rather they are general
results located here as precursors to exercise 8-29.

You can decompose a wave function into its component eigenstates in momentum space just
as is done in position space. This exercise is answered below, in preparation for exercise 8-28, so
simply examine the argument below. Similar to problem 8-8,

> = T[> = ) |E,><E,|¢>
= <ply> = <np]Z|En><En|¢> = Y <p|Ey><E,|¢>
= U(p) = Z%Znn(p)<En|¢> = ZJ:(Z))<EnIII¢>
= Y0 ) <Bal (X Ip><pl) 10> = D ()Y <EBulp><plu>
ZZJn(p)Z(<En!p>)(<p!¢>)
= B0~ X [ (5:0) (T ) dp
= VW) = X hda)  whee 6= [HETE) D ad

U(p,t) = D Bothn(p) e Ent/M

which is a general time—dependent wave function in momentum space as a summation of the
momentum space eigenfunctions.
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8-28. Express a general time-dependent wave function in energy space, T (E,t), in terms of the
energy space eigenfunctions, v, (E)’s.

Can you use Dirac notation including insertion and resolution of the identity well enough to find
V(B t) = Y byt (E)e Pty
n odd
Follow problem 8-8 and exercise 8-27. Here <E|E, > = v, (E).

2

h
8-29. (a) Confirm <p?> = 3—2 for the tent wave function W (z,0).
a

(b) Write an initial state wave function W (E.,0).

(¢) Qualitatively sketch U (E,0) versus E.

Expectation value is

<PlQY> = <Q> = Y P(w)ws

1=1
= <E> =) P(E)E, = ) |<E,|¥>]|E, (1)
n=1 n=1

using the probability postulate. From problem 8-8

V() = S (@) <Balv> = () = 3 b (@)bn.

= Y n(z) <En|v> = ) tp(a)by = <E,|¢> = by,

n=1 n=1
so that equation (1) can be written <FE > = Z b, | > E,, . In exercise 823 you calculated
n=1
8 3 . . .
b, = 22\ 3 for the tent wavefunction. The FE,, are calculated in problem 8-1. Consider
n
only odd n. Form 1.3.1.5.11 in Handbook of Mathematical Formulas and Integrals by Jeffrey is
— 1 - 1 72
2 n2 Z(2k;—1)2 8
n odd k=1

which enables a solution for <E>, and then <p?> = 2m <E>

The initial state wave function W (E,0) is a two or three line problem using the delta function
arguments of chapter 4. You should find

U (E,t) = i 8\/§n217r2 §(E—E,).

n odd

The sketch will be a series of spikes; delta functions “finitized” by the coefficients of each eigenen-
ergy. Exaggerate the heights after ¢ (E), to simulate the envelope of 1/n?.
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8-30. (a) If the energy of the system is measured at time ¢, what results can be found

(b) and with what probabilities will these results be found?

(c) Describe the shapes of the wave functions ¥ (z,¢) and W (E,t) before an energy measurement,
then sketch them after measuring E3 at ¢ = 0.

This exercise illustrates the meaning of some of the postulates as they apply to a continuous
system. For part (a), the possible results of a measurement of energy are the energy eigenvalues
per the eigenvalue postulate. See problem 8-1. Examine the equations in the discussion of the last
exercise if it is not readily apparent how to do part (b). You should find a relationship involving
the coefficients b,, that enables a one line solution to part (b). Immediately before you measure
the energy, the wave function is W (z,0). Immediately after you measure the energy, the wave
function is 3 (z,t) per the eigenvector postulate. That is what you should sketch in part (c).
Remember that neither U (E,t) nor 5 (E) is continuous.

8-31. (a) Show that the probability of finding a system in its jth eigenstate is P (j) = |c¢;|?,
where c¢; is the expansion coefficient of the jth eigenstate.

(b) What are the probabilities of finding the particle given to be in the state ¥ (z,0) in its ground
state and in each of its first two excited states?

(c) What is the probability of finding the particle given to be in the state ¥ (z,0) in any excited
state greater than the second excited state?

This problem should reinforce both probability calculations for a continuous system and some
common terminology. For any continuous system, the probability of finding the particle in any
eigenstate is the magnitude squared of the expansion coeflicient of that eigenstate. Symbolically,

V(z) = Y cathnl(x) = Pln) = |eal®.

The ¢,’s are known as probability amplitudes or simply amplitudes because of this fact.

Part (a) is a small extension of the discussion for exercise 8-29. You can obtain numerical
values for part (b) because you have the expansion coefficients from exercise 8-30. Deciphering
which coefficients to use requires that you know the ground state is the lowest possible energy state.
It will correspond to the lowest possible quantum number, in this case, n = 1. The next lowest
energy or next possible quantum number corresponds to the first excited state meaning n = 3
for the given “tent function” system. The second excited state has n = 5. Add the probabilities
you obtained for the first three possible states for part (c). The complement is the probability of
finding the particle in any higher excited state. The probability of finding most systems in any
excited state is often very small, which your part (c) calculations will illustrate for this system.

Postscript: This exercise ends the “tent” wave function sequence.
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8-32. Given a particle in an infinite square well where the wave function is

\Il(x):{m+a —a < x<a

0 elsewhere

a) graph this wave function, then

b) normalize the wave function,

c¢) expand the wave function in terms of its eigenfunctions,

d) calculate the time dependent wave function,

e) calculate the probability of finding the particle in the ground state,
)

f) calculate the probability of finding the particle in the third excited state.

(
(
(
(
(
(

The wave function is neither even nor odd so both cosine and sine terms need to be considered.
The time dependent wave function is

2 /3 > (—l)nT_1 nmwx > (—l)nT_2 . (nTT 271
on - 23 ) (5o -
(2,1) TV 2a (n%d n €08 2a + nezven n S 2a P & 8ma?
which includes the answers to parts (c) and (d). This is the linear combination
U(z) = ch¢n(m) = a¢i(z) + e (z) + c3¢3(x) +
n=1

for the given wave function.

The last two parts ask for probabilities. For normalized wave/eigenfunctions

‘/_a—cos< 2@%) U () dr

for the second excited state for this continuous system. Recalling the orthonormality of the eigen-

functions (chapter 5 for sines and cosines),
2
3 s 2 /31 3 L 3 3T
—cos —x - —4/=— = cos dx cos? | =z | dx
37r 2a

2

P(n) = | <t 0> ey () W

‘ —a

—a\/_

where the integral is a for all n per problem 8-2, thus

2 2
\ﬁl _z\ﬁ
3s7V2 o Y T 37V 2

is the probability of finding the particle in its second excited state. The probabilities of finding
the particle in any given eigenstate are just the squares of the expansion coefficients/probability
amplitudes from which the parameter a cancels for all n.

= 2 ~ 0.0675
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8-33. What are the eigenfunctions for a particle in a two-dimensional infinite square well of width
2a on each side?

The solutions to a variables separable partial differential equation in two dimensions are the prod-
ucts of the two one-dimensional solutions, or ¥ (x,y) = f(z)g(y) = ¥n, () ¥n,(y) in this
case. This exercise requires no calculation. The one-dimensional solutions are found in problem
8-2. Simply write the four possible products. Eigenenergies are given in problem 8-14.

8-34. What are the eigenenergies and eigenfunctions of a particle in a rectangular two-dimensional
infinite square well of length 2a and width 2b7

Similar to the previous exercise. Simply replace a with b in eigenenergies and eigenfunctions for
the y dimension. Add the two component energies to obtain eigenenergies, and the eigenfunctions
are the four possible products.

8-35. (a) Find the eigenenergies of a cubic infinite square well of width 2a on each side.
(b) Find the sets of quantum numbers that yield the lowest seven eigenenergies.

(c) Identify the eigenenergies from part (b) that demonstrate degeneracy.
(

d) What are the ground state and first excited state eigenfunctions for this potential?

This exercise is practice in solving a PDE using a variables separable approach. You should find

2h2
Enr,ny,nz = Ez + Ey + Ez =

2 2 2
S (nz +ny, + nz) .

This result can be generalized from problem 8-14, however, the PDE’s that we will soon encounter
are not nearly so straightforward. Follow problem 8-15 to obtain eigenenergies using

242
9 T™h

By = n2 X%
" 8ma?’

meaning any one of the three component eigenenergies. The ground state is at 3FEy using this
convention. It takes 20 sets of quantum numbers to delineate the lowest seven eigenenergies. Notice
that degeneracy is more prevalent in the three-dimensional system than the two-dimensional case.

Degeneracy is the circumstance where different eigenstates have the same energy so that
eigenstates cannot be uniquely determined without additional information. It is a requirement for
realistic systems to uniquely identify the eigenstates for all energies including degenerate energies.
This is done using a Complete Set of Commuting Observables (CSCO), for which techniques
are addressed in chapters 12 and 13 for continuous systems. For the moment, realize that a
continuous system that can be addressed in two spatial dimensions has two quantum numbers,
and a continuous system that can be addressed in a three spatial dimensions has three quantum
numbers. Should an additional degree of freedom be encountered, like spin (chapter 14), four
quantum numbers are necessary. Any system with more than one degree of freedom has the
potential to be degenerate.
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Chapter 9

Scattering in One Dimension

The free state where V () = 0 is likely the simplest potential. The infinite square well with
impenetrable walls so ¥ (z) = 0 at the boundaries and V (x) = 0 within the well is likely next
simplest. Potential energy functions that are piecewise constant are likely next simplest.

A potential that is piecewise constant is discontinuous at one or more points. The potential
is zero in one region and is non-zero in other regions without a transition region. A discontinuity
in a potential is not completely realistic though piecewise constant potentials do illustrate some
realistic physical concepts and can be used to model realistic systems.

A discontinuous change in potential is generally more mathematically tractable than a con-
tinuous change. These problems are usually addressed in position space. The strategy is to divide
space into regions at the locations where the potential changes and then obtain a solution for each
region. The points at which the potential changes are boundaries. The wave function and its first
derivative must be the same on both sides of a boundary, so equating these provides a system of
equations that yields descriptive information. Remember that the time independent Schrodinger
equation in position space is simply a convenient form of the Schrodinger postulate.

A particle is in either a free state (chapter 7), a bound state (chapters 8, 10, and parts of
11, 12, and 13), or a scattering state. The bound state is described by a potential that holds
a particle for a non-zero time period. The scattering state can be described as an interaction of
a free particle with a potential that results in a free particle. If a free particle interacts with the
potential and does not become bound, the particle is in a scattering state. The electron can escape
from a hydrogen atom and enter a free state, but it cannot escape without the influence of an
external photon. Scattering concerns the situation where there is no external influence.

There are some new quantum mechanical behaviors introduced in this chapter. A particle has
a non-zero probability to appear on the other side of a potential barrier that it does not classically
have the energy to surmount. This is known as barrier penetration or tunneling. A particle
has a non-zero probability to be reflected at any boundary regardless of energy, meaning that a
particle possessing enough energy to surmount a potential barrier can be reflected.

9-1. Find the reflection and transmission coefficients |
for a particle of energy E > Vj incident from the region 1 T | region 2
left on the vertical step potential E |

1l
o

. 0 if 2 <0 regionl,
Viz) = { Vo if 2 >0 region 2. Vv

- - X

Figure 9-1. Vertical step potential.

The particle is free in region 1. Notice that region 2 extends to infinity. This is an approximation
to a finite potential that is very steep and of significant width. If the step is not actually vertical,
it is difficult to match boundary conditions, and if the step is not of infinite extent, “tunneling”
(problem 9-3) is possible.
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A particle incident from the left will either be reflected or transmitted. The reflection coeffi-
cient, denoted R, is classically defined as the ratio of intensity reflected to intensity incident. The
classical transmission coefficient, denoted T, is the ratio of intensity transmitted to intensity
incident. Quantum mechanically, intensity is analogous to probability density. Quantum mechan-
ical transmission and reflection coefficients are based on probability density flux (problem 9-2).
The reflection and transmission coefficients sum to 1 both classically and quantum mechanically.

The two physical boundary conditions applicable to this and many other boundary value
problems are the wave function and its first derivative are continuous.

A general solution to the Schrodinger equation for a particle approaching from the left is
Y1 (z) = Ae™® 4 Be ™ T 1 <0,
Yy (z) = Ce™® >0,
where the subscripts on the wave functions and wavenumbers indicate regions 1 or 2, and

9mE o (E — V.
klsz and  ky = m(h 0)

The k; are real because E > V. In region 1, the term Ae**® is the incident wave and
Be ™% describes the reflected wave. Ce*2* models the transmitted wave in region 2. A term
like D e~ 2%  modeling a particle moving to the left in region 2, is not physically meaningful for
a particle given to be incident from the left. Equivalently, D = 0 for the same reason. Applying
the boundary condition that the wave function is continuous at « = 0,

P1(0) = 9(0) = A + B =Ce® = A+ B =C.
The derivative of the wave function is
Y1 () = Aikye™® — Bikje ™" 2 <0,
Yh(z) = Cikye™™ 2 >0,
so continuity of the first derivative at = = 0 means
P1(0) = 95(0) =  Aik e®® — Bike ™0 = Cikye*® = ki (A-B) = kC.

We now have two equations in the three unknowns A, B, and C. Eliminating C,

B(A-B) = ke(A+B) = (k-k)A = (ki+hk)B = B = (Z;Zz)A

From this relation we can calculate the reflection coefficient. The incident probability density is

‘Aeiklzf _ 2’

(A eiklz)*(A eiklw) — (A*e—iklz) (A eiklw) — A*Aeo — ‘A

or the intensity of the incident wave is the square of the norm of the coefficient of the incident
2 . . .
, and the intensity of the transmitted

wave. Similarly, the intensity of the reflected wave is ‘ B

wave is ‘ C ‘2. In this specific problem the reflection coeflicient is

_ ‘B‘z (k1= k2 S 2 (ki — ke 2
= AP <k1+k2> ‘A‘/‘A‘ B <k1+k2> and
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2 2 2
R+T =1 :T:1_321_<M> :<M>_<M> :ﬂ%.
ki + ko k1 + ko (kl 4 kQ)

Postscript: Classicallyy, R = 0 and T =1 if E > V3. Figure 9-2 illustrates the quantum
mechanical analogy. What does it mean that R > 0 when FE > V37 For a single particle,
it means that a portion of the wave function is

transmitted and a portion of the wave function

is reflected. The probability postulate says that

you can calculate the probabilities for finding the 4R

particle in region 1 or 2 from the probability am-
plitudes, but can do no better. If you look, you
will find the particle in either region 1 or region
2 per the eigenvalue postulate, and the measure-
ment will leave the state vector in the eigenstate

|
|
|
| -
1

E
corresponding to the location that you measured VA
per the eigenvector postulate. The probability of
finding the particle in the other region is then zero. Figure 9-2. Reflection when E > V.

|
|
. . . E o
Notice that the particle will have longer wave- V V V U V U V |( / S \J e
length and thus less momentum in region 2 since T |
the energy relative to the “floor” of the potential E T»
=V

is less in region 2 than region 1.

&
¥
>

The classical trajectory of a particle is contin-
uous and a change in trajectory (the first deriva-
tive) must be continuous. Quantum mechanically,
refined arguments are necessary. The validity of
these two boundary conditions can be demon-
strated for a Gaussian wave function. Will a wave
packet that is quantized in wavenumber scatter from a potential with precisely the same reflection
and transmission coefficients as a Gaussian wave function? Yes, for a wave packet quantized in
wavenumber that is still smooth compared to the scale of the potential variations, though this is
a non-trivial calculation that is beyond our scope. The point is that the boundary conditions of
continuity of the wave function and its first derivative are justified quantum mechanically.

Figure 9-3. Longer wavelength
over potential step.
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9-2. (a) Calculate the amplitude C' of the transmitted portion of the wave function in terms of
the coefficient A for the vertical step potential of problem 9-1.

(b) Show that the ratio |C'|2/|A|? is # T from problem 9-1.

(c) Rectify the discrepancy between part (b) and the result of problem 9-1.

Parts (a) and (b) are intended to demonstrate a counterintuitive fact that is explained in part
(c). Use intermediate results from problem 9-1 to solve for C' in terms of A. Form the ratio
|C'|?2/|A|? which is not the same as T from problem 9-1. Part (c) requires that you know
that flux is velocity times intensity. Since the particle has a different height above the floor of the
potential in regions 1 and 2, it has not only a different wavenumber but a different velocity. These
velocities are related to the de Broglie relation. The ratio vy |C|?/vy|A|? is the transmission
coefficient found in problem 9-1.

(a) Using intermediate results from problem 9-1, the amplitude of the transmitted portion is

k1 — ko k:l—l—k:g) (k:l—k:2> ( 2kq )
C =A+ B =4+ A = A+ A = A.
<k1+k2> <k1+k2 k1 + ko k1 + ko
(b) The ratio of the squares of the magnitudes is not the transmission coefficient of problem 9-1,

2k )2 ) ) Ak? Akyky
A Al? = :
(kl + kQ | ’ / | ’ (]Cl + kg)z 7& (]Cl + kg)z

(c) Energy relative to the floor of the potential, and thus velocity, changes as the particle crosses the
step. Flux is intensity times velocity. Probability density flux, probability density times velocity,
. Bk,
is appropriate for a quantum mechanical description. Since wv; = bi _ D ,
m m

2 2 2 2
T uz\c\z _ hk;z/m\c\2 _ kz\c\z _ k2<k2k1k> a12 [k a7 = Ak ko 2’
Ul‘A‘ hkl/m‘A‘ kl‘A‘ 1+ ke (k1+]€2)

which is consistent with the problem 9-1.

Postscript: A reflected wave is the same height above the floor of the potential as the incident
wave so the reflected wave has the same energy, velocity, and wavenumber as the incident wave.
The velocities cancel in region 1 so are not considered in calculating the reflection coefficient, i.e.,

_wlB] _ |B
wlAl|af
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9-3. Determine the transmission coefficient for a

particle with E < V4 incident from the left on the region 1 region 2 region 3
rectangular barrier V=V, | T
Vo for —a <z <a E
Viz) = ’
() { 0 for J|z| > a. :V=0 V=0 «
-a a

Figure 9-4. Rectangular barrier potential.

3

If the energy of the particle is less than the height of the step, and the “ potential plateau” is of
finite length, the particle incident from the left can appear on the right side of a barrier. This is
a non—classical phenomena known as barrier penetration or tunneling. Classically, if a ball
is rolled up a ramp of height h with kinetic energy K , the ball will roll back down the ramp if
K < mgh. A quantum mechanical “ball” has a non—zero probability that the ball would appear
on the other side of the ramp even when K < mgh.

After zero is one boundary, so the next simplest geometry is two boundaries, and thus three
regions. The strategy is to require continuity of the wave function and its first derivative at all
boundaries and solve for the transmission coefficients in terms of the ratios of the squares of the
appropriate wave function coefficients.

(a) Divide “all space” into three regions at the boundaries of the potential +a. The wave
functions consist of a linear combination of waves in both directions in each of the three regions:

Y1 (z) = Aeth® 4 Be i@ for r < —a,
Yo (x) = Ce™ + De ™ for —a <z < a,
Y3 (z) = Fe™ 4 Ge ik for x> a,

where k& = v2mE /h and x = /2m (Vo — E) /h. Notice that x is defined so that it is
real for F < V. This is a technique that leads to minor simplifications. Conclude that G = 0
because it is not physically meaningful for a particle incident from the left.

(b) Apply the boundary condition that the wave function must be continuous at the boundaries.
This yields two equations. Differentiate the wave function and then apply the boundary condition
that the first derivative of the wave function must be continuous at boundaries. This yields two
more equations. Eliminating B from the two equations for the left boundary, you should find

2Ae e = <1 — %) Ce " + (1 + %) D e"*.
Using the two equations at the right boundary to solve for two of the unknown coefficients in terms
of the coefficient F', you should find

1 ik 1 ik

Ce™ = ~[1+ =) Fetke and De " = Z(1— 2 Fetke,
2 K 2 K

(c) Use the last two equations to eliminate the coefficients C' and D from the first equation so

i(k? —k?)

Aemtha — [ eika {cosh(le) + ST

sinh (2/«1)] .
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Remember that sinh (z) = —Te and cosh (z) = %

(d) The transmission coefficient is the ratio of probability density of that portion of the wave func-
tion which “goes through” the barrier, represented by | F'|2, to the incident probability density,
represented by | A|2. The reciprocal of this ratio, |A|2/|F|?, is

Vi 2a
-1 _ 0 .2 20 —
T =1+ 1E(Vo—E) sinh (h 2m (Vo E)) ,

which is a more conventional expression than 7" that still indicates 7" # 0 when E < Vj.

(a) For the region > a, ¥ (v) = Fe*® + Ge *® and G = 0 because it is the coefficient
of an oppositely directed incident wave that cannot be physical. So the wave function is

Ae*® + Be % for 1z < —a,

Y(z) = Ce™ + De ", for —a <z < a,
F etk for x> a,

where k = V2mE/h and k = /2m (Vo —E)/h.
(b) There are three regions so there are two boundaries. Continuity at the boundaries requires
Ae ke 4 Betkt = Ce "™ 4+ De"™, 2 = —a, and (1)
Ce" 4+ De " = Fetba 2 = q,
so there are two equations in five unknowns. The derivative of ¥ (x) is

Aike*™ — Bike ™ for 2 < —a,

Y (z) = Cre — Dre "%, for —a <z < a,
F ke, for T > a.
Applying the boundary condition of continuity of the first derivative at z = —a,
Aike ™ — Bike™ = Cke ™ — Dke™, andat z = a, (3)
Cre™ — Dre ™ = Fike'™, (4)

We have four equations in five unknowns. Multiply equation (1) by ik and solve for the term with
the coefficient B,

Bikek® = Cike " 4+ Dike ™ — Aike e,
Substituting this into equation (3) for B ik e??,
Aike ™ — Cike ™™ — Dike™ 4+ Aike ™ = Cke ™™ — Dke™

= 2Aike ™ = Cike ™™ 4+ Cre " 4+ Dike®™ — Dgket®
= C(ik + k)e " + D(ik—r)e"™

= 247 = (1 - %) Ce ™ + <1 + %) De™. (5)
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Multiplying equation (2) by x and solving for the term with the coefficient D,

Dre " = Fre*® — Cret
Substituting the right side into equation (4) for D ke "%,

Cke™ — Fre* 4 Cre™ = Fike*®
= 20ke™ = Fre* + Fike™ = F(k+ik)e™

=  Ce™ = % (1 + %) F etk (6)
Multiplying equation (2) by x and solving for the term with the coefficient C,

Cret = Fre* — Dpre

Substituting the right side into equation (4) for C'ke"*,

Fre*® — Drge ™ — Dre " = Fike'™®
—2DKke " = —Fre™ 4 Fike™ = F(—k+ik)e™
1 ik -
= De ™ = S (1-—|Fe™ 7
e = 5 (1-2) e 7)

(c) The signs on the exponentials in equations (6) and (7) are opposite those in equation (5), so

1 1k - 1 ik .
Ce"* = (14 7’_ Fezka = Ce " = Z (14 7’_ Fezkae—Zna’
2 K 2 K
1 1k - 1 ik .
Der — Z(1— 7’_ Fezka = Dee — Z (1= 7’_ FezkaGZHa’
2 K 2 K

and now the signs of the exponentials are consistent. Substituting these into equation (5),

- 5\ 1 1k - ik 1 1k -
= 24 e—zka — 1— E 1+ 7’_ Fezkae—Zna + 14+ E (1= 7’_ FezkaGZHa
k)2 K k)2 K

F etka 1 K n ik n Kk o n F etka 14 K ik n Kk ok
= - — — — le - - — — le
2 k K Kk 2 k K kk
F eika 1K ik 1K ik
— 2 —2Kka v —2ka v —2ka 2 2Kka v 2ka 2Kka
5 < e A + i + Ze + ¢ -
F eika iK> k2 iK> ik?
— 2 —2Kka 2Kka —2Kka —2Kka v 2ka "V 2ka
2 [ (7 + ™) = 5 TS T T ks ©
Feika —2kKa 2Kka il{éQ 2Kka —2kKa Zkz 2Kka —2kKa
= 2 2 (6 + ) + H (6 — € ) — R (6 — € )
_ Feika 5 62;1(1 4 6—2/1(1 N 7;(I<62 o k2) 62;1(1 o 6—2/1(1
2 kK 2
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i(k? —k?)

= A —tka _ F ika h(2
e e cosh (2ka) + T

sinh (2ka)

(d) The transmission coefficient is the ratio of intensity transmitted, represented by |F |2, to
the intensity incident, represented by | A|2. Tt is conventional to calculate the reciprocal of this
ratio to arrive at a compact expression. Both sides are in the polar form of complex numbers, i.e.,
magnitude and phase. The last result can be arranged as the ratio

Ae—ika Z'(KQ o k2) )
TR | = ‘ [cosh(Qma) + ST Slnh(2ma)] .
A e—tka Ae—tka  pAxgika 1/2 A A 1/2 [AA*]UQ ‘A‘
Now —_— | = . . = = = and
F etka F etka  [xo—ika F F* [FF* ] 1/2 ‘ F ‘
A7 _ h(2na) + S Gk (o) T h2(20a) + (LK) 2'1[12(2 )
’F’Q = COS Rra et S1n Rra = COS Rra et S1n ra),

where we have used the fact that the product of complex conjugates is the sum of the squares of
the real part and the imaginary part. Recalling that cosh® (z) = 14 sinh®(z),

A 2 4 —2]€2 2 k4
:F;Q = 1 4+ sinh®(2xa) + (K 4k222 il ) sinh? (2ka)
K — 222 4

1+ <1 + ) sinh? (2ka)

4k2K?
=1+ <4k2”2 + 'ikg:f’ﬁz + k4> sinh? (2ka)
=1+ <K4 + ZZEZE + k4> sinh? (2ka)
=1 + 7(KZ;522)2 sinh? (2ka) .

Substituting k = vV2mE /h and & = \/2m (Vo — E)/h,

2m 2m 2
NE —(VW—-FE) + < FE
A2, h h inh? (2
Fz - Y T am 2m s\ g v o= B
4 (h—E> (?WO ‘E)>
4m?
- (- E+EB) 2a
=1 + 4 5 Sinh2 (% 2m(V0_E)>
m
4B (Vp — B)
Al2 3 V2 . 2a
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Postscript: A tunneling wave function is depicted in figure 9—5. The transmission coefficient is
greater than zero at © > a. Now picture the probability density; the square of the wave function.
There is non-zero probability that the particle can be found at any z including —a < z < a.
These are classical impossibilities. That a quantum mechanical particle not having enough energy
to go “over” a barrier can be in it or go through it is a significant element in many aspects of
physics, chemistry, and engineering.

>
< - X

—a a
Figure 9-5. Real part of wave function for a particle of E < Vj.

Some texts use x = 0 to z = a for the size of their barrier. The physics is the same, the
mathematics is changed cosmetically, as is the precise mathematical description of the transmission
coefficient. The quantum mechanical facts remain that an electron can “appear” within a barrier
or on the far side of an electrical potential greater than its own energy.

9-4. Determine the transmission coefficient for a particle with E = V[, incident from the left on
the rectangular barrier defined in the last problem.

The intent of this problem is to further develop your skills applying boundary conditions. Require
continuity of the wave function and its first derivative at all boundaries.

The first step, which is non-trivial, is to write a proper wave function, which can be puzzling
in region 2 where E = V. The wave function must satisfy the Schrodinger postulate, thus

hod®y(z) - n )
—5m - + V(@) ¥(2) = E(x)v(2) Tom de?

but for £ = V|, this means
hod2y ()

T T dn2 + Voo (z) = Voo (o)

in region 2. Integrating twice
dy (x)
dx

where C' and D are constants of integration. The wave function can then be written

Y1 (z) = Aetk® 4 Be i for r < —a,

Yo (x) = C + Dx for —a<z<a,

Y3 (z) = Fet*® for x> a.
The wavenumber is the same in regions 1 and 3 because particle energy is the same height above

the “floor,” and is zero in region 2 for either possible definition because E = V. Follow parts
(b) through (d) of problem 9-3 to get the reciprocal of the transmission coefficient,

2mE
rr

+ Voy(z) = Ev(z)

Chod*g(a) 0 = d?y(z) _ 0

2m  dx? N dz?

=D = ¢(zr)=0C+ Dx

T =1+
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When E = Vj, the wavenumber in the region —a < z < a is k = /2m(Ww—E)/h = 0,

{ Aettr + Be~kr  for 1 < —a,

so the wave function can be written ¢ (z) = C + Dz for —a < z < a,
Fetkx for T > a.
Continuity of the wave function at £ = —a means
Ae~*e 4 Betke = C — Da, (1)
andat =z =a, C + Da = Fe'*. (2)
Continuity of the derivative of the wave function at * = —a means
Aike™ ™ — Bike** = D, (3)
andat = =a, D = Fike*, (4)

Multiplying equation (1) by ik and solving for the term with the coefficient B yields
Bike™™ = ikC — ikDa — Aike ™.
Substituting this into equation (3) eliminates the unknown coefficient B,

Aike™™* — ikC + ikDa + Aike ™ = D
=  24ike ™ = ikC + D(1—ika). (5)
Equation (2) can be written C = Fe*® — Da, and substituting this into equation (5),
2Aike "% = jk(Fe* —Da) + D (1 — ika)
= ikFe*™ — ikDa + D(1—ika)
= ikFe™ + D(1—2ika).

Substituting equation (4) into the last equation eliminates the unknown coefficient D,

2Aike” % = jkFe* + Fike™ (1 - 2ika)

= 24Ae ™ = Fef 4 Fett (1 - 2ika)
=  24e % = Fef (2 - 2ika)
=  Ae 7 = et (1 —ika)
Ae—ika .
= Foka 1 — ika
A —ika A A
and ‘ﬁ = ‘F‘ = H as previously shown,
A 2
= % = ‘l—ikaf = 1 + k%>
| £
AP 2mE
Substituting ~ k = Vv 2mE /h, :F:2 =71 =1+ 77:2 a? for E = V.
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9-5. Show as E — V|, from below, that the results of problems 9-3 and 9-4 are equivalent.

The intent of this problem is to demonstrate self-consistency by examining a limiting case. It is a
technique that is difficult to teach and important to learn. Start with the result of problem 9-3.
Expand sinh (z) and ignore the higher order terms so that sinh(z) ~ x since E =~ V. Of
course, in the limit F — Vj the results of problem 9-3 and 9-4 must be the same.

Start with the reciprocal of the transmission coefficient from problem 9-3. Ignoring higher order
terms as negligible in the series expansion of sinh(z) = sinh(z) ~ =z,

Vi 2a 2
TV =14+ —9% (=2 —E
+ 4E(VO—E)<h m (Vo )>
V02 4@2
=1 — [ =2 —F
+ 4E(VO—E)<h2 m (Vo )>
VOQ a2
2 2
=1+ TZVO a®
h°E
2mE
Remembering that E =~ V, T-!' ~ 1+ T;; a?.

9-6. (a) A particle of energy E > Vj is incident on a rectangular barrier of width 2a. Solve
for the value of the transmission coefficient and locate the positions of the maxima and minima in
terms of wave number. Plot transmission coefficient versus barrier width for a particle of constant
energy and variable barrier width.

(b) Locate the positions of the maxima in terms of particle energy. Plot transmission coefficient
versus particle energy where E > V and barrier width is fixed.

Problem 9-3 discusses the E < V[, case in order to address barrier penetration and tunneling.
The general solution to E > Vy case is left to the student as exercise 9-11. This problem uses
results from exercise 9-11 in order to introduce a phenomenon known as resonance scattering.
At certain values of particle wavenumber (energy), there is 100% transmission and no reflection.
Part (a) should illustrate resonance scattering for an incident particle of fixed energy and a barrier
width that is variable. Part (b) illustrates the same phenomenon where particle energy is variable
and barrier width is fixed. Start with an intermediate result from exercise 9-11,

1 1/k2—k2\?
7 =1+ (ﬁ) sin? (2kqa ) .

Solve for T instead of its reciprocal. The maxima occur where the sine term is zero at barrier
widths of 2a = nm/ky. The minima occur where the sine term is one, where the transmission

2
coefficient has the value T = % . Part (b) is started with
ks + k3
1 V2 . (2a
=14 —0 = 2m(E -
T T aEEo ™ (h m VO))’
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the result of exercise 9—11 in terms of energy. Again, solve for T' instead of its reciprocal. This
plot is more difficult because the independent variable E appears in five places including within
the square root of the argument of the sine squared term. The important part of this graph is the
shape. If you do not have access to a commercial graphing package, try to imagine what the graph
should look like, and skip to the solution. You should find the maxima at

You may recognize this result is closely related to the energy eigenvalues of the infinite square well.

1 1 (k2 —k2\° k212 kb — 2k2k2 + KA
() =1+ Z( s 2) sin” (2kea) = o 4 T = "2 Gin? (2hsa)
12 12 17v2
_ AKZR3 4+ (kP — 2k1K3 + K3) sin® (2kqa)
47313
R - 42K

4RIR3 + (kP — 2k3k% + K3) sin® (2koa)

nm
ko
are the barrier widths at which maxima occur, noting that the width of the barrier is given to be
2a. The minima occur where the sine squared term is one, so minima occur at

Maxima of 7 = 1 occur where sin?(2kga) = 0, i.e., where 2ksa = nm = = 2a =

_ A2 2 _ Ak2k2 L 2kiky )2
Ak3k3 + (ki — 2k3K3 + k3) -1 KD + 2K7k3 + K k2 + k3

T

A
1
2k, )
k? +k3
: : : » 24
0 T 2 3w

ky  ky ko

Figure 9-6. Transmission coefficient as width of barrier is varied.
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(b) In terms of particle energy,

1 V2 (2
e IR N— 2 om(E -
T T IEE—) ™ (h m VO))

2
AE (E — V) + V2 sin? (%l 2m(E—V0)>

AE(E = Vy)
AE (E = Vp)

> .
AE (E — Vp) + V2 sin? (%l om (E — v0)>

The maxima occur where the sine squared term is zero, so

2a nmh
- 2m(E—-Vy) = nm = 2m(E —Vy) = ST
wh* h?
= 2m(E-VW) = 12 " = E -V = S "
2h2
= En = T n2 + VO
8ma?

which are energies closely related to the eigenenergies of a particle in an infinite square well.

Figure 9-7. Transmission coefficient, fixed barrier width, increasing energy.

Postscript: Resonance scattering is the circumstance where 100% transmission occurs. There are
two significant things to observe in the last figure. First, as long as the barrier is finite, there will
be maxima. This means that 100% transmission occurs at selected energies for any barrier not
of infinite width. Secondly, the maxima are not periodic. Rather, the spacing between maxima
varies as n? for a fixed barrier width.

269

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



EBSCChost -

9-7. (a) Show in position space that
/ . 2m . €
A (@) = Z7 lin | V@)Y () dr

is the general value of the discontinuity in the first derivative for an infinite potential.

(b) Calculate the value of the discontinuity in the first derivative for a particle interacting with
the potential well V (z) = —ad ().

1 and 1)’ must be continuous at any boundary of a finite potential. There must, however, be
a discontinuity in the first derivative at all infinite boundaries. If the value of the discontinuity
can be calculated, the boundary condition for the first derivative is again useful. The method of
calculating the value of the discontinuity is to put the potential into the Schrodinger equation,
integrate around the infinite boundary, and let the limits approach zero from both sides.

For a general potential V (z), the Schrodinger equation in position space is

R dy(x)
2m  dz?

+ Viz)y(z) = E¢(x).
If we integrate around the point which is the discontinuity, this is

h2 € d2 € €
% _e%dx + /_€V(I)¢(:v)d$ = F _€¢(I)dx,
which assumes that the infinite boundary is at * = 0. The quantity e is infinitesimal. If we let
e — 0, the right side of the equation is zero. The integral of a finite quantity, v (x), over an
arbitrarily small interval is zero. The term with the potential does not vanish because the integral

of an infinite quantity, the potential, can be non-zero even for an arbitrarily small interval. So,

€ d2 €
d d 2 ‘
= ,fil(,'m) e—0 B ,fii'm) —e—0 - h—?lg% _€V(I)¢(I) dl‘
N A (¢/(I)) — 2_m lim /€ V(I)@D(I) dx (1)
hQ =0 J_.

is the general value of the discontinuity in the first derivative.

(b) A delta function potential is infinite, so employing equation (1),

2m ¢ 2m

= him [ (—ad(@)d(@)de = —=xap(0),

=0 h2 e—0 J_ h

Ay’ ()

because regardless of how closely e approaches zero, —e < 0 < €, meaning that zero is within
the limits of integration. Since the value of the delta function that makes its argument zero is
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within the limits of integration, the integral is the wave function evaluated at the point that makes
the argument of the delta function zero.

Postscript: An infinite potential models a perfectly rigid and perfectly impenetrable wall. The
wave function must be zero at an infinite potential barrier, such as the wall of an infinite square
well, because the product V (z) () in the Schrodinger equation would be infinite for ¢ # 0.
There is a non-smooth “corner” in the wave function as it goes to zero at any position other than
400, thus there is a discontinuity in the first derivative of the wave function. The delta function
potential with only “one wall” is useful to understanding concepts, is mathematically tractable,
and is a first approximation to an abrupt and large potential that is thin.

9-8. Calculate the reflection and transmission coefficients for a particle incident on the potential

V(z) = —ad(z) given E > 0.

This problem is intended to demonstrate how a potential

that includes a delta function is treated specifically, and 0 > X
one treatment of a discontinuity. First, write the wave

function for two regions because the delta function is of

“zero” width. The wavenumber is the same in regions 1 E
and 2 because the particle energy is the same height above

the potential “floor” in both regions. A 1 (0) is required.

Use either 1 (0) or 12 (0), because the condition of con-

tinuity of the wave function at the boundary ensures that

they are the same. We use 3 (0) because it has one fewer

term than ¢y (0). Classically, the reflection coefficient Figure 9-8. Negative delta
must be zero. The quantum mechanical result is non-zero. function potential.

The solution to the Schrodinger equation in position space is
Yy (z) = Aet*® + Be ™ 2 <0, Yy (z) = Ce™™ 2z >0,
where the infinite potential well is at * = 0. Continuity of the wave function means
Ae*O) 4 BemkO) — cek0) o 4 4+ B = C.
The first derivatives in regions 1 and 2 are
Y (z) = ik Ae*® — ik Be ™ Yo (z) = ikC e,

We calculated the general value of the discontinuity of the first derivative in problem 9-7. This is
the difference of the first derivatives in regions 1 and 2, meaning

$(0) — ¥ (0) = — 22

hg O”zz) (0)
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=  ikAe*) _ kB0 _ ket = _Z_ a9 (0).
Using ¢ (z) = ¢o(x), where (0) = Ce*0 = C
= kA — kB — ikC = —h—oz(]
= kA — kB = C(ik—zh—ma> ,
and we use the continuity condition, A + B = (', to eliminate C, so

ikA — ikB = (A+B) (ik—h—a>

The reflection coefficient is

B ‘B ‘2 B < maA* ) < maA ) 1 B m2a? B 1
N ‘A‘Q  \ —ikR? —ma ikh? —ma) |A|2 K2R+ m2a2 1+k2h4/m2a2 ’
The transmission coefficient is

T —1-R -1 m2a? B E2h* + m?a® — m2a? B k2ht B 1
B 0 kBR +m2e? B2+ m2e2 K2R+ m2a? 14+ m2a? /K2Rt

Postscript: Any curve that has a sharp corner has a discontinuity in it’s next order derivative.
Delta functions and theta functions can be useful in describing discontinuities. Techniques seen in
problems 9-7 and 9-8 are useful in a number of areas, the use of delta functions in particular is
becoming increasingly popular, and you will see these techniques in future chapters.

The negative delta function potential is an infinitely deep, infinitely thin potential energy well.
It is a limiting case of a finite square well (chapter 11), so will be encountered again.
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9-9. Qualitatively discuss how boundary value techniques may be applied to more realistic poten-
tial energy functions.

The vertical step potential and the rectangular barrier potential are idealizations having the ad-
vantage that they have exact solutions. A realistic potential energy function will vary smoothly
rather than have precisely square corners and vertical walls.

First, idealized potentials may be viewed as a limiting case of a smooth function.

7 A
o/ _ ‘1// \\=

¥

Figure 9-9. Idealized potentials as approximations to smoothly varying functions.

Any realistic potential energy function can be better approximated using multiple rectangular
barriers (and/or wells). While not completely prohibitive, there would be nine regions and five

//
/

/
. =] \ﬁ_.,.

)

i

S

Figure 9-10. A Gaussian barrier being approximated by seven adjacent rectangular barriers.

different wavenumbers to consider for the symmetric case sketched in figure 9-10. Should the
realistic potential be asymmetric, the number of wavenumbers increases.

A realistic potential barrier is better addressed using the Wentzel-Kramers—Brillouin
(WKB) approximation which will yield

IT|” = exp (—2/\/1—?(1/(:5)—]3)(195)

for a slowly varying potential energy function. The same approximation can be obtained from
multiple thin rectangular barriers in the limit of an infinite number of barriers that approach zero
width for large ka, and assuming that transmission through multiple barriers is multiplicative®.
The second book in this series addresses the WKB approximation.

1 Gasiorwicz Quantum Physics (John Wiley & Sons, New York, 1974), pp.84-86.
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Exercises

9-10. For a particle that encounters a vertical step potential of height Vj (figure 9-1), calculate
the reflection and transmission coefficients for the particle energies

(a) E =2V,

(b) E = 3W/2,

(¢c) E =11V, and

(d) E=1V.

(e) Explain the result of part (d).

This problem is intended primarily to reinforce the quantum mechanical effect that reflection occurs
at a step even when FE > V. It should further familiarize you with reflection and transmission
coefficients. The boundary value problem for a vertical step potential is solved in problem 9-1,
resulting in the general forms of the reflection and transmission coeflicients

ky — ko \ 2 4 &y ks
R = d T =1-R= """
<k1 i k:2> an (k1 + ko)?

Express the wavenumbers in terms of energies for parts (a) through (d) to obtain the reflection
and transmission coefficients using these equations. There is an increasing amount of reflection as
the energy of the particle gets closer to the energy of the potential barrier, until at £ = V,, the
transmission coeflicient is zero. The reason for this is there are artificialities built into the model to
make it more mathematically tractable. The barrier of figure 9—4 with +a — oo is the vertical
step potential of figure 9—1. Use this and the result of problem 94 to answer part (e).

9-11. Determine the transmission coefficient for a particle with E > V4 incident from the left on
the rectangular barrier defined in problem 9-3.

Reflection from a potential barrier, depicted in figure 9-4, of energy less than that of the incident
particle is another solely quantum mechanical phenomenon. Start with the wave function

AemiT 4 Be T for gz < —a,
Y(z) = Ceth2® + De 2% for —a < z < a,
Feihrr, for x> a.

Require continuity of the wave function and its first derivative at all boundaries. Follow the
procedures of problem 9-3. Define k; = vV2mE /h and ke = /2m(E—Vy)/h, to find

VQ

WO—%) sin? (2—:\/2m(E— VO)> .

T-' =1+
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9-12. Show in the limit E — V{; from above, that the result of problems 9-4 and exercise 9-11
are equivalent.

This exercise has the same intent as problem 9-5. Start with the result of exercise 9-11. Expand
sin (z) and ignore the higher order terms so that sin(xz) ~ z since F =~ V. You must find
that in the limit £ — V{, the results of problems 9-4 and exercise 9-11 are the same.

9-13. Sketch probability density versus distance for the particle/potential system of problem 9-3.

Figure 9-5 illustrates the real part of a particle wave function for a particle approaching a rectan-
gular barrier from the left. To obtain probability density, start with

Ae*® + Be % for 1z < —a,

Y(z) = Ce™ + De ", for —a <z < a,
F etk for x> a,
form the corresponding W (z) ‘2 = Y*(x)9 (x) in each region, and sketch these in each region

versus x . The coefficients A, B, C, etc., are constants. Assume D >> C.

9-14. A particle of E > 0 approaches the negative vertical step potential

————————— E>0
V=0
E
V(z) = 0, for z <0,
—Vo for x> 0. VeVp — — — ey
|
x=0
What are the reflection and transmission Figure 9-11. Negative vertical step potential.

coefficients if £ = V/3, and E = V,/87

This problem parallels the discussion of the vertical step potential. It is intended to reinforce
the methods of addressing a boundary value problem. It also illustrates another completely non-
classical phenomenon. Classically, we expect the reflection coefficients to be zero for any £ > 0.

(a) Write the wave function. You have only two regions to consider. You should recognize that
the general form of the wave function is

Y1 (z) = Ae™® 4 BemT for 2 <0,

Yo () = Ce*2% 4 De™™2% for 2 >0,
where k1 = V2mE/h and ko = /2m(E—(=Vp))/h = /2m(E+Vp)/h. Can you

conclude that D = 0 because it is the coefficient of an oppositely directed incident wave?

(b) Apply the continuity conditions to the wave function and its first derivative at = = 0. You
should have two equations in three unknowns. The square of the coefficient A is the intensity of
incidence, and the square of the coefficient B is the intensity of reflection. Since A and B are
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the two coeflicients you want to compare, you should combine your two equations to eliminate C'.
You should find that A (k1 —ks) = B (k1+k2) .

(c) The reflection coefficient is the ratio | B|2/| A|?, which you can form from your result of part
(b). Use the definitions of the wavenumbers to establish R in terms of E and Vj, then substitute
E = 1Vy/3 and E = V/8 to get numerical answers. You should find R = 1/9 and 1/4,
respectively, and the transmission coefficients follow directly using R + T = 1.

9-15. (a) Find the transmission coefficient
for a particle with E > 0 that encounters

the rectangular well V=0
=Wy, for —a <z <a, ET
Viz) = { 0, for lz| > a. ==V, | o

(b) Show that 7 = 1 in the limit a0 a

that Vo — 0. Figure 9-12. Rectangular well potential.

This is a finite square well (square corners) addressed in greater depth in chapter 11. The proce-
dures for this problem strongly parallel the boundary value problem 9-3. You should find
V02 .92 2@
—_ —/2m(E
AE(E+ Vo) ( RV +V0)>

using ki = V2mE/h and ke = /2m(E—(-Vo))/h = /2m(E+V,)/h. Consider

the width and depth of the well when V; — 0 for part (b).

T =1+

9-16. The transmission coefficient a particle of E < V, approaching a barrier of width 2a is

T = ! from problem 9-3.

V02 . 2 2@
1 e h —+/2 Vo—F
+ 1E(Vo—E) sin (h m (Vo ))

(a) Calculate the transmission coefficient for the case E = V;/2 and 2a = 2\.

(b) Draw a sketch of T" versus a for E = V;/2 for a single particle.
(¢) Find T for 2a = A\/4 and A\/2 at E = V;/2 for a single particle.

This exercise provides numerical context for barrier transmission/tunneling. The transmission
coefficient quickly becomes vanishingly small for barriers of even modest width for a single particle.

Substitute E = Vy/2 and 2a = 2X\. Use the de Broglie relation to express V{ in terms of
A. Remember that

x —T

et —e
—
The sketch should start at a = 0, which is no barrier, and will quickly approach the horizontal
axis as a gets larger. But it approaches only asymptotically, thus, 7" > 0 for all a. Offered
only as food for thought, how many would tunnel if an Avogadro’s number of single particles were
incident on a barrier of width 2a = 2\ at E = V,/27

sinh (z) =
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9-17. Plot barrier width versus transmission coeflicient for a particle incident on a rectangular
barrier of width 2a at EF = V. What widths of the barrier result in 10%, 1%, 0.1%, and
0.01% transmission when particle energy is equal to barrier height?

This exercise continues the context of the last, and illustrates that even a thin barrier prevents
most transmission of a single particle at particle energy the same as barrier height. Answers
should be in terms of wavelengths. A barrier a few wavelengths in width results in miniscule
transmission. Start with the reciprocal of the transmission coefficient from problem 9-4 expressed
in terms of energy and half barrier width a. Use the de Broglie relationship to express the energy
in terms of wavelength, then solve for the barrier width 2a. The barrier width that results in
10% transmission is slightly less than one particle wavelength.

9-18. Calculate the reflection and transmission coefficients for a particle incident on the potential

This exercise is quite similar to problem 9-8, though this potential is positive and is located at
x = a. Use the result of problem 9-7 (a) to obtain the value of the discontinuity of the first
derivatives. The fact that this potential is positive forces some sign considerations, and that the
delta function is located at other than zero requires carrying exponentials. For instance,

—ma 621ka

ikh? + ma

Remember that the square of a norm is just the product of the complex conjugates. You need
| A|2 and | B|? rather than just A and B.

What should differ from problem 9-8 in your overall answers just because the delta function
is inverted and displaced from zero? Do you expect to obtain the same reflection and transmission
coefficients as problem 9-8?
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9-19. (a) Qualitatively discuss what would be ex- — Vo
pected for a particle incident on a “saw tooth”
potential from the left with £ > V.

(b) Qualitatively discuss what would be expected
for a particle incident on a “saw tooth” potential
from the left with £ < V4.

V=0

(c) Draw a sketch approximating the “saw tooth”
potential with two rectangular barriers. Figure 9-13. Saw tooth potential.

Make no attempt to address this exercise quantitatively. The intent of problem 9-9 and
this exercise is to convey the concept that if quantum mechanical phenomena occur for rectangu-
lar barriers, and all barriers can be viewed as a sequence of rectangular barriers, then quantum
mechanical phenomena should be expected for all barriers. Answers to parts (a) and (b) should be
a few sentences describing reflection, transmission, barrier penetration, etc. A quantitative discus-
sion of realistic potential energy functions will ensue when the WKB approximation is addressed.

9-20. Briefly discuss the form of a wave function for a particle incident from the left on a rectangular
barrier for £ < Vj in the interval —a < z < a.

Tunneling means that a particle appears on the other side of a barrier that it does not have
the energy to surmount. Barrier penetration is often considered synonymous with tunneling,
though barrier penetration is really a more encompassing phenomenon. A particle has a non-zero
probability of being located within the barrier! A particle may penetrate the barrier’s leading
edge, be transmitted (tunnel) by leaving the trailing edge, or become reflected. The barrier can
be penetrated without the particle tunneling.

Problem 9-3 and figures 9-4 and 9-5 may be helpful. Notice that in region 2 of the rectangular
barrier of figure 9-4 the wave function is

Y(x) = Ce™ + De ™ for —a<z<a

where k = /2m(Vy — E)/h. Consider that £ must be real and positive for £ < V;. Then

this exercise amounts to explaining the meanings of the terms Ce™* and De™"*. It may be
helpful to shift the edges of the barrier to 0 < = < 2a to absorb the point of this exercise.

Given E < Vy for a particle incident from the left on a rectangular barrier of height Vj , there
is a non-zero probability the particle will be reflected, a non-zero probability that the particle will
be transmitted, and a non-zero probability that the particle could be located within the barrier.

The particle could penetrate the barrier and then be reflected. This is the phenomenon this
exercise intends to highlight. It is a quantum mechanical phenomenon associated with a particle
incident on any potential energy barrier that is not purely vertical and of infinite height and also
of infinite width. The infinite square well is the only potential energy well or barrier encountered
in this text for which barrier penetration, often resulting in reflection, does not occur.
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Chapter 10

The Simple Harmonic Oscillator

The infinite square well is useful to illustrate many concepts including energy quantization,
but the infinite square well is a limiting case of a realistic potential. The simple harmonic oscillator
(SHO), in contrast, is a realistic and commonly encountered potential energy function. It is one
of the most important problems in quantum mechanics and physics in general. It is often used
as a first approximation to more complex phenomena. It is dominantly popular in modeling a
multitude of cooperative phenomena. The electrical bonds between the atoms or molecules in a
crystal lattice are often modeled as “little springs,” so group phenomena is modeled by a system
of coupled SHO’s. The phonons of solid state physics and the quantum mechanical description of
electromagnetic fields in free space use multiple coupled phonons and photons modeled by simple
harmonic oscillators. The rudiments are the same as classical mechanics; small oscillations in a
smooth potential are modeled well by the SHO.

If a particle is confined in any potential, it demonstrates the same basic qualitative behavior
as a particle confined to an infinite square well. Energy is quantized in all bound systems. The
energy levels of the SHO are different than an infinite square well because the “geometry” of the
potential energy function is different. Look for other similarities in these two systems. For instance,
compare the shapes of the eigenfunctions between the infinite square well and the SHO.

Part 1 outlines the basic concepts and focuses on the arguments of linear algebra using raising
and lowering operators and matrix operators. This approach is more elegant than brute force
solutions of differential equations in position space, and uses and reinforces Dirac notation, which
depends upon the arguments of linear algebra. The raising and lowering operators, or ladder
operators, are the predecessors of the creation and annihilation operators used in the quantum
mechanical description of interacting photons. The arguments of linear algebra provide a variety
of raising and lowering equations that yield the eigenvalues of the SHO,

1
E, = (n + 5) hw,

and their eigenfunctions. The eigenfunctions of the SHO can be described using Hermite poly-
nomials (pronounced “her meet”) in position space.

Part 2 will explain why the Hermite polynomials are applicable and reinforce the results of
part 1. Part 2 emphasizes the method of power series solutions of a differential equation.
Chapter 8 introduced the separation of variables, which is usually the first method applied in an
attempt to solve a partial differential equation. Power series solutions apply to ordinary differential
equations. In the case the partial differential equation is separable, it may be appropriate to solve
one or more of the resulting ordinary differential equations using a power series method. The
power series method is often used to address the hydrogen atom. You should leave this chapter
understanding how an ordinary differential equation is solved using a power series solution.

We do not reach the coupled harmonic oscillator in this text. Of course, the SHO is an
important building block in reaching the coupled harmonic oscillator. There are numerous physical
systems described by a single harmonic oscillator. The SHO approximates any individual bond,
such as the bond encountered in a diatomic molecule like O or Ns. The SHO applies to any
system that demonstrates smooth, small amplitude vibration.
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Part 1, Ladder Operators and Hermite Polynomials

10-1. Justify the use of a simple harmonic oscillator potential, V (x) = kx?/2, for a parti-
cle confined to any smooth potential well. Write the time—independent Schrodinger equation in
abstract Hilbert space for a system described as a simple harmonic oscillator.

The sketches may be illustrative. Problem 2-19 addresses the Hamiltonian operator for an SHO.

1
The functional form of an SHO from classical mechanics is V (z) = 5 kz?. Tts graph is a

parabola as seen in the figure on the left. Any relative minimum in a smooth potential energy
curve can be approximated by a simple harmonic oscillator if the energy is small compared to the
height of the well meaning that oscillations have small amplitudes.

E &

—kx—»

Figure 10-1. SHO potential well. Figure 10-2. Relative potential energy minimum.

Expanding an arbitrary potential energy function in a Taylor series, where zg is the minimum,

v 1 d2V A% ,
V(z) = V(xg) + Tr wo(m—mo) + o gz wo(m—mo) + 3 et wo(m—mo) +
av

defining V (z9) = 0, ol = 0 because the slope is zero at the bottom of a minimum, and
T lx

0
if E < the height of the potential well, then = ~ xy so terms where the difference (z — xg)
has a power of 3 or greater are negligible. The Taylor series expansion reduces to

d2
zo(m — 1) where % o k.

1d%V

Vo) = 25m

1 1
The definition zp = 0 = V(z) = §k:ac2. Since k = mw?, V(z) = §mw2m2. Using this

potential to form a Hamiltonian operator, the time-independent Schrodinger equation is

2 1
Hl|p> = E,|v> = [P— + —mszz] > = E,|v> .
2m 2
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Postscript: Notice that this Schrodinger equation is basis independent. The momentum and
position operators are represented only in abstract Hilbert space.

10-2. Show that the time-independent Schrodinger Equation for the SHO can be written

hw(aTa—i—%) > = Bp|v> .

mw 1/2 1 1/2 'i' mw 1/2 'i' 1 1/2 'i'

For reasons that will become apparent, a is called the lowering operator, and ol is known

as the raising operator. Since X and P are Hermitian, xT = x and PT = P, so the
raising operator can be written

1/2 1/2
P (M (.t
“ 2h t 2mwh P.

Remember that & and P do not commute. They are fundamentally canonical, [X , 73] = th.

1 mw\ 1/2 ) 1 1/2 mw\ 1/2 ) 1 1/2 1
(st g) = nd [ (52) "% =4 () 7| | (5) " o (i) 7] 3

I 1/2 1 1
Px + (5o ) P

= h (mw)XQJr' ! 1/22(73—' !
- U "\ an? "\ an?

N—

2mwh 2
O LR S i(XP - PX) + !
B | 2h 2mwh 2h 2
B 1 9 mw o i 1
=M lamen” Tt rl P 2]
_ [ 1 9 mw o i 1
= hw _2mwh7) + 2hX + o7 ih + 2]
! mw 1 1 1 mw?
— 5 2 MY y2 _ 2 2= | p2 X2 =
N oman” o 3t 2] [Zmp T nt
1 _, mw? 1 1
- %7) + TX |v> = E,|¢v> <= §wla a+§ [ v> = E,|¢> .

Postscript: The Schrodinger equation is [732 + X 2] |v> = E, |v¥>, when constant factors
are excluded. The sum P? + X? = X2 4+ P? would appear to factor as (X + iP) (X — iP) , SO

[(PP+X2]|¢Y>=E, > = [X*+P?||y>=E,|¢Y> = (X+iP)(X—iP)|¢>=E,|¢>

This is only a qualified type of factoring because the order of the “factors” cannot be changed; X
and P are fundamentally canonical and simply do not commute. Nevertheless, the parallel with
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common factoring into complex conjugate quantities is part of the motivation for the raising and
lowering operators. In fact, some authors refer to this approach as the method of factorization.

1

1
Notice that ala = — H — =.
otice that ala th 5

Notice also that though X and P are Hermitian, a and al are not.

10-3. Show that the commutator [a, aT] = 1.

Problems 10-3 and 104 develop tools for the eigenvector/eigenvalue problem of the SHO.

We want [a, aT] = aal —ala in terms the definitions of problem 10-2. Letting

mw 1/2 d D 1 1/2 i .
C = (ﬁ) , an = <2mwh> to simplity notation,

[a, al] = (CX + iDP)(CX — iDP) — (CX — iDP)(CX + iDP)
- 072(2 — iCDXP + iDCPX + 1)7?2 - 072(2 — iCDXP + iDCPX — 1)7?2
= 2iCD(PX — XP)

. / 1/2
=2 (5)  (qn) [P7]

= o(—ih) = 1, siee [Px] = <[, P] = —in.

10-4. Show that Hal = ofH + alhw.

This is a tool used to solve the eigenvector/eigenvalue problem for the SHO, though it should also
build some familiarity with the raising and lowering operators and commutator algebra.

: fg 4 L Ho_ ey L
H hw <a a + 5 = ™ a'a + 5
[FRASN B R 11 Z tat LR N
{a’hw] {a,aa—l—z] aaa—l—a2 a'aa 5
= aT(aTa—aaT) = —aT[a, aT] S—
= [aT, H] = —aThw = aTH - HaJr = —aThw = HaJr = aTH + aThw.
Postscript: We will also use Ha = aH — ahw, though proof is left as an exercise.

282

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



10-5. Find the effect of the raising and lowering operators using the results of problem 10—4.

We have usually written the time-independent Schrodinger equation as H|¢ > = E,|¢>.
Since the Hamiltonian is the energy operator, the eigenvalues are necessarily energy eigenvalues.
The state vector is a linear combination of all energy eigenvectors. If we specifically measure the
eigenvalue F,, , then the state vector is necessarily the associated eigenvector which can be denoted
| E,,>. The time—independent Schrodinger equation written as H | E,> = E,|FE,> is likely
a better expression for the development that follows.

If H|E,> = E,|E,> where E, isan energy eigenvalue and [¢> = |E,>,

HaT]En> = (aTH + aThw)]En> = aTH|En> + aThw]En>
= aTEn]En> + aThw]En> = (En+hw)aT]En> or
H(aT]En>> = (En + hw)(aT]En>).
This means that o | E, > is an eigenvector of ‘H with an eigenvalue of FE,, + hw. This is exactly

hw more than the eigenvalue of the eigenvector | E, >. The effect of af acting on | E, > is to
“raise” the eigenvalue by hAw, thus al is known as the raising operator.

Again, given that H|E,> = E,|E,>,
Hal|E,> = (aH — alw)|E,> = aH|E,> — alw|E,>
= ab,|E,> — ahw|E,> = (En — hw)a!En> or
H(alBy>) = (Bn = tw)(al E.> ).
Here a|FE, > is an eigenvector of H with an eigenvalue of E,, — hw. This is hw less than

the eigenvalue of the eigenvector |FE, >. The effect of a acting on |FE, > is to “lower” the
eigenvalue by Aw, thus a is known as the lowering operator.

10-6. What is the effect of the lowering operator on the ground state, F,?

This is another step toward finding the eigenvalues of the SHO.

Given H|E;,> = E4|E;>, the effect of the lowering operator is to lower the eigenvalue by
hw, Hal|E;> = (Eg — hw) a| E,> . This is physically impossible; there cannot be an energy
less than ground state energy. The only physical possibility of the lowering operator acting on the
ground state is zero; this means that there is no physical system. Thus, a|E;> = 0.

Postscript: The quantum number n = 0 is the ground state of the SHO. The quantum number
of the SHO is sufficient to uniquely identify the eigenstate so |E3> = [3>, |Er> = |[7>,
and |E;> = |Ey> = |0>. A zero result is an absence of a physical system, which should not
be confused with the eigenstate |0> representing the ground state.
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10-7. Calculate a value for the ground state energy of the SHO.

Remember that a|0> = 0 from the previous problem. Orthonormality of eigenstates is required.
The strategy is to calculate the expectation value of the ground state two different ways.

H|0> = Ep|0> = <O0|H|0>=<0|Ey|0> = <0|H|0>= Ey<0|0>= E

because <0]|0> = 1 due to the orthonormality of eigenstates. This expectation value can
also be expressed in terms of the raising and lowering operators

1 h
Ey = <0|H|0> = <0]hw<aTa + 5) 0> = <0]hwaTa + 7“)]0>

h
= <0|fwalalo> + <017°"yo>

h h h
= <0]hwaT(a]0>) + 7w<0]0> =0+ TCU = 7“}

is the ground state energy of the SHO.

10-8. Derive the eigenenergies of the SHO

Per problem 10-5, H (a]L | B, > ) = (En + hw) (a]L | B, > ) so al | E,> is an eigenvector
of H with the eigenvalue FE,, + hw. Similarly, that al | E,> is an eigenvector of H,

= H {aT(a”En>>] = (En + hw + hw) {aT(a”En>>]

so al (a]L | B, > ) — alal | E, > is an eigenvector of H with the eigenvalue F, + 2hw. Suc-

cessively applying the raising operator yields successive eigenvalues. The eigenvalue of the ground
state is fixed at hw/2 so all the eigenvalues can be obtained in terms of the ground state eigenvalue.

h h
H|0> = Eo|0> = 7“’10> =  Hal|o> = (7” + hw) 10>

fql e

= Ha'a ’0> = 7 + 2hw ’0>
fotatjos = (M -

= Ha'ala'|0> = o + 3hw | |0> and in general
yn hw

= H(al) |0> = 7+nhw |0>

1
= FE, = (n + 5) hw are the eigenenergies of the SHO.

Postscript: Notice that the eigenvectors al |0>, alal |0>,..., (aT)n |0> are not identified.
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10-9. Find energy space representations for the eigenvectors of the SHO.

1 1 3 )
Explicit eignvalues given FE, = <n + 5) hw are FEy= §hw, E = §hw, By, = §hw,
7
E3 = §hw, ... . The eigenvector/eigenvalue equations must remain
H|0> = Ep|0>, H|1l> = Ey|1>, H|[2> = Es|2>, ..., H|n> = E,|n> .

Combining these eigenvalue/eigenvector relations with those obtained earlier using the raising
operator provides the ability to explicitly represent the eigenvectors.

3
H|1>:§hw11>:HaTyo> = |1> « ol 0>
H|2> = ghwl2> = HaTaT|O> = 2> x aTaT|0> x aT]1>
H|3> = ;hwl3> = HaTaTaT|O> = 3> x aTaTaT|O> x aT]2> and

Hlin> = <n + %) hw|n> = H(aT)n|0> = |n> (aT)n|0> x aT|n—1>

= C(n)ln> = al |n—1> in general, where C (n) is a proportionality constant.

Postscript: The relation of proportionality is appropriate for this argument because of the nature
of the eigenvalue/eigenvector equation. Any vector that is proportional to the eigenvector will work
in the eigenvalue/eigenvector equation. Consider

(2 0) whose eigenvalues are 2 and 1, corresponding to the eigenvectors <(1]> and <0> .

0 1 |
2 0) (1 1 9 5
(0 1) <0> = 2<0> = <0> = <0> , but any vector

. 1 . . . . .
proportional to < 0) also yields a true statement in the eigenvalue/eigenvector equation, e.g.,

GG =26~ @)-6)

In fact, the proportionality condition is equivalent to the normalization condition in this case.

The n in the equation C (n)|n> = al |n — 1> is one eigenstate higher than n — 1.
The raising operator acting on an eigenstate increases the state to the next higher eigenstate.
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10-10. Normalize C'(n)|n> = al ln—1>.

This problem is a good example of (a) forming adjoints and applying the normalization condi-
tion, (b) using commutator algebra, and (c) using eigenvalue/eigenvector equations. Remember

orthonormality requires that <n|n> = <n—1|n—1> = 1, and also that [a, aT] =1.

(a) C(n)|n> = aT]n—1> = <n|C*(n) = <71—1](CLT)]L = <n—1|a is the adjoint

equation = <n|C*(n)C(n)|n> = <n-—1| aal |n—1> are the innner products. We

have an expression for ala , but need to develop an expression for aal .

1 1 1
(b) thw(aTa+§> = aTa:%—§ = aTa—aaT:%—§—aaT
subtracting aal from both sides. [a, aT] =1 = [aT, a] = -1,
(P L S, T L
= [a ,a] o 5 aa = o 5 aa = aa o + 5
Returning to part (a)
2 H 1
() |[C(n)| <n|n> = <n—1‘% + §‘n—1>
1
= ‘C(n)‘zz<n—1‘£‘n—1>+<n—1‘—‘n—l>
hw 2
2 1 1 1
= |[Cn)|" = <n-1|— (n-1+<)hw|n-1> + - <n—-1|n—-1>
hw 2 2
where H acts on |n — 1> resulting in the eigenvalue in the first term on the right. Then
1 1 1 1
‘C(n)‘z = <n-1|n—5|n—-1> + - = <n—-1|n[n-1> — <n-1|z|n—-1> + =
2 2 2 2
1 1 1 1
:n<n—1]n—1>—§<n—1|n—1>+§:n— §+§:n,

= Cn) =vn = valn>= d|n-1>.

Postscript: An alternate way of writing this result is al In> = V/n+1|n+1> . The effect
of the lowering operator is a|n> = /n |n—1>, and is left as an exercise.
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10-11. Find a general relation for an arbitrary eigenstate of the SHO in terms of the ground state
and the raising operator.

The general relation for one state in terms of the higher adjacent state and the raising operator is
al In> = v/n+1|n+1> . Apply this relation to the ground state and adjacent states.

(aN)'0> = VOFT[04+1> = VI|1>

(a2 10> = alVT[1> = Vial|1> = VIVI+1[1+1> = VIV2]|2>

(@) 10> = ofVIV2ZI2> =VIV2al 2> =VIV2VZFT 241> =VIV2V3 3> .
For arbitrary n this pattern yields
(aN)" 0> = «fVIVZVEVE - V=1 |n—1>
— VIV2V3VA- vV —Tdl n—1>
= VIV2V3Va---vVn—1vn|n>

= vVnl|n>

= In> = L(a]L)n]0>.

vl

10-12. Develop a matrix operator representation of the Hamiltonian of the SHO.

It is convenient to use unit vectors to express eigenstates for the SHO. The first few are written

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 0

Notice that all the eigenkets are of infinite dimension and that they are orthonormal. This problem
is an application of earlier addressed mathematics applied to a realistic system.

The Hamiltonian is Hermitian so can be diagonalized to have unit vectors as basis vectors. The
Hamiltonian that is diagonal must, therefore, have eigenvalues on the main diagonal, i.e.,

/2 0 0 0 0
0 3/2 0 0 0
0 0 5/2 0 0
H=h| 0 0o 0 72 0
0 0 0 0 9/2
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10-13. (a) Develop the matrix representation of the lowering operator for the SHO.
(b) Lower the third excited state of the SHO using explicit matrix multiplication, and

(c) demonstrate equivalence to a|n> = /n|n—1> for n = 3.

An individual element of any matrix can be calculated using Dirac notation by sandwiching the
operator between the bra representing the row of interest and the ket representing the column of
interest (forming a braket). In general for the lowering operator,

= <n|vVm|m-1>
= vVm<nlm-1>
= Vmén,m—l)

where the lowering operator acted to the right in the first line. The Kronecker delta reflects
orthonormality. It says that the element in row n and column m — 1 is zero unless n = m — 1.

<nl|a|m>

(a) Trying a few values on the main diagonal,

<0]al0> = V0 d_1 = V0(0) =0,
<lla|l> = V1610 = V1(0) =0, and
<2la|2> = V26, = V2(0) = 0.

In fact, all elements on the main diagonal are zero. The Kronecker delta indicates that the column
must be one greater than the row to be non—zero, so

<0]a!1> = \/Téo’o = \/T(l) = \/T,
<lla|2> = V261, = V2(1) = V2,
<2]a!3> = \/gég’g = \/g(].) \/g,

and the pattern continues to yield

0 V1 0 0 0
0 0 V2 0 0
a= 10 0 0 V3 o0
0 0 0 0 V4
0o vi 0 0 0 0 0 0
0 0 VZ 0 0 8 \/03 (1]
b) al|3>=]0 0 0 V3 0 - = V3 = V32>,
0o 0 o0 0 Vi 1 0 0
bt ‘ 0 0 0

(c) which is the same as a|3> = V3|3 —-1> = V/3[2> . (Of course, these must be the
same. The relation used for part (c) is also the relation used to build the matrix representation).
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Postscript: The upper left element of matrix operators used to describe the SHO is row zero,
column zero. This is because the zero is an allowed quantum number for the SHO and |0> is
the ground state. The upper left element in most other matrices is row one, column one.

The matrix representation of the raising operator is similarly developed and is
0 0 0 0 0

OO OO

10-14. Find the matrix representation of X for the SHO.

The operators X', P, and H, correspond to position, momentum, and energy, which are dynam-
ical variables in classical mechanics, but operators in quantum mechanics. Remember

1/2 1/2
mw . 1
“= (ﬁ) v Z(Qmwh) P,

1/2 1/2
to_ (mw YO
a 2h X ¢ 2mwh P,

are the definitions of the “ladder” operators in terms of the position and momentum operators.

Since we have matrix representations of a and af , the matrix representation of X', P, and H,
are a matter of chapter 1 matrix addition and multiplicative constants.

Adding the equations for a and aT,

1/2 1/2 1/2 1/2
(P (LG IR VY moN Uy (L
a+a o7 + 1 ol P + o7 1 ST P
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Postscript: Subtract a from al to find the matrix representation of P | which is

~
Il
-
7\
3
&
>t
N———
—
~
Do
N e M e W an)
|
ooﬂoﬂ
)
p—

10-15. Use the position space representations of the position and momentum operators in the
lowering operator to obtain the ground state eigenfunction of the SHO in position space.

The position space representation of the lowering operator is

1/2 1/2
mw . 1
“= (ﬁ) v <2mwh> L
(mw 1/2 L 1 1/2 _-hi
- 2h v ! 2mwh ! dx
 mw 1/2 . A /2 4
- 2h v 2mw de

The idea is to use this to obtain a position space representation. The ground state will follow.

Just to simplify the notation, we are going to change variables. Let

o\ /2 e\ 172
B\ /2 B\ /2
= T = (—) Y and dr = (—) dy
mw mw

N mw\ % h\Y? n Y2 fmw\Y? d N 1 n d
a = | — — — — — a = — — .
2h mw Y 2mw h dy ) Y dy

The eigenkets |n> in abstract Hilbert space and 1), (y) in position space are equivalent expres-
sions, and we used the fact that a|0> = 0 to obtain eigenenergies earlier, so

In> = vn(y) = aln>=avo(y) = al0>=athp(y) = atp(y) =0,

therefore % <y+ d%/) vo(y) = 0
dio ()

= —yd
Yo (y) e
1
= Indo(y) = —5y° + C

(
=  Yo(y) = Ao e ¥"/2  where the constant of integration C' is
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absorbed into the constant Ay . Returning to the variable z,
Yo (x) = Agemem /"

is the unnormalized ground state eigenfunction of the SHO in position space.

Postscript: Notice that the ground state eigenfunction of the SHO in position space is a Gaussian
mw) 1/4 —mwz?/ 2k
— e .

function. The normalized ground state eigenfunction is g (z) = ( -
T

10-16. (a) Find a generating function for the eigenstates of the SHO in position space in general.

(b) Find the eigenfunction for the first excited state of the SHO in position space.

Employ the result of problem 10-11,
1 yn
n> = a 0>,
n> = —— (o)

using the position space representation of the raising operator,

t (mw)l/ 2 n\Y?d
a' = (— x — [ — —.
2h 2mw dx
This is cleaner using y as defined in problem 10-15. Use the result of part (a) for n = 1 to
complete part (b). Eliminate y to express 17 in terms of z to finish.

1 d
(a) Using y as defined in problem 10-15, of = — (y — d_> , the result of problem 10-11 is
Y

V2

i) = o= (7= (1-2)) ww
d

> = (G () G

(b) The first excited state of the SHO means n = 1, so

mwy\ /4 1 1 d\\' -
_ (T T O R —y?/
dy

eyt L
(e >““ (oo o
)

yey/2
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10-17. Find the eigenfunction for the ground state and first excited state of the SHO in position
space using Hermite polynomials.

Eigenstates of the SHO can be expressed using Hermite polynomials. The n'" eigenstate is

1/4 1 2
da(@) = (22) T B (@ where € =[5 (1)

and the H, are Hermite polynomials. The first few Hermite polynomials are

Hy(§) =1

H,y (f) = 2§

H, (f) = 452 -2

Hs (&) = 8¢% —12¢

Hy (&) = 166* —48¢2 412

Hs (§) = 3265 —160&3 +120¢

Hg (€) = 6465 — 480¢% + 720£% — 120

Hy;(€) = 12867 — 1344€° + 3360£3 — 1680¢
Table 10 — 1. The First Eight Hermite Polynomials.

Hermite polynomials can be generated using the recurrence relation

Hyi1 (€) = 22 Hy (€) — 2nHo s (€).

The Schrodinger equation in position space for the SHO is a naturally occurring form of Hermite’s
equation. The solutions to Hermite’s equation are the Hermite polynomials. We will solve this
differential equation thereby deriving the Hermite polynomials using a power series solution in
part 2 of this chapter. Using equation (1) with the appropriate Hermite polynomial is likely the
easiest way to obtain a position space eigenfunction for the quantum mechanical SHO.

, in agreement with our earlier calculation.

mw\ /4 1 [ mw 2 mw 1/4 2
_ et e —mwz®/2h _ ted —mwz”/ 2h
Yo(w) = (Trh) v/ 200! HO( h $>6 N (Trh) (1)6
mew
mh

e~mwe/ m also in agreement with our earlier calculation.

" = <2:;;>”4f—ﬂ (V7 =) = () G ()
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Postscript: Hermite polynomiézlls are not square integrable. The products of a Hermite polynomial
and the Gaussian envelope e~¢/2 are, however, square integrable over all space so are acceptable

. mw\ 1/4 1
wave functions. The constants (—)
v 2"nl

wh
The adjective form of Charles Hermite’s name is Hermitian, as in Hermitian operator.

are simply normalization constants.

10-18. Show that H; (§) is orthogonal to Hs (§).

The Hermite polynomials are orthogonal when both are weighted by e=€/2

Including the weighting functions, the orthogonality condition is

[ m@eerm@era = [ g -2

— 00

— /OO (863 —4g)e ¢ de = 8/_0;536—52d§—4/_0;ge—52d§.

— 00

The integrands are both odd functions integrated between symmetric limits. The integrands are
therefore, both zero, so their difference is zero. Since

/OO Hy(€) e /2 [, (&) e €/2d¢ = 0, H, (§) is orthogonal to Hs (&) .

Postscript: This is a calculation for two specific Hermite polynomials. To show the Hermite
polynomials are orthogonal in general, we need to show

|4]” / o, (&) e /2 Hy (€) e 6/2dE = bppm.

This calculation is done in Byron and Fuller!, and other texts. The weighting function is necessary
to demonstrate orthogonality which is a fact that is not always stated explicitly.

The infinite set of Hermite polynomials is complete. Table 10-1 shows that each successive
H, (&) contains the successive power of . This guarantees the uniqueness of the final expression
of a polynomial function in terms of H,, because there is exactly one way to represent the highest
power term of any given polynomial function. Any function (or eigenfunction) in polynomial space
can be constructed from a linear combination of Hermite polynomials (see problem 5-5).

The infinite set of unit vectors is orthonormal and is complete. The infinite set of sines
and cosines used for the infinite square well is orthogonal so can be made orthonormal and is
complete. The infinite set of Hermite polynomials used for the SHO is orthogonal so can be made
orthonormal and is complete. We will encounter infinite sets of associated Laguerre polynomials,

L Byron and Fuller Mathematics of Classical and Quantum Physics (Dover Publications, New
York, 1970), pp 261-273.
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Legendre functions, spherical harmonic functions, and other sets of polynomials and functions
which are orthogonal so can be made orthonormal and are complete. Each of these infinite sets
form a basis in the same sense as the unit vectors form a basis.

10-19. Sketch the first five eigenenergies on an energy versus position plot for an SHO potential.
Then superimpose the first five eigenfunctions on corresponding eigenenergies on a similar plot.
Finally, plot the probability densities of the first five eigenfunctions in the same manner.

Examine the three sketches that follow. The graphs for the wave functions and probability densities
are larger in scale than that for the eigenenergies so that the barrier penetration outside of the SHO

o\ / YAy
-\ /- N\
-\ ) SRV e
sta Ep N / 3
. d \\ // S = _ \ |

v N o \\/ - )
Figure 10-3. First five SHO eigenenergies. ] L ys .

Figure 10-4. First five SHO eigenfunctions.

potential well can be seen. The eigenfunctions and probability densities are sketched at the level of
the corresponding eigenenergy, however, each horizontal line represents zero amplitude in figures
104 and 10-5. Notice in all three figures that the ground state energy is hw/2 above zero, but
that the energy levels are evenly spaced by hw above FEj. Notice that the eigenfunctions do not
have an amplitude of zero at the boundaries. The eigenfunctions approach zero asymptotically
outside the potential well indicating regions of non-zero probability density outside the well, thus
there is a finite probability of finding the particle outside of the well. There are locations inside the
well where the probability density is zero for all wave functions except the ground state. Also, there
are regions of maximal and minimal probability which differ in position for each eigenfunction.
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B / \AA .
Dava &
N L

NS

Figure 10-5. First five SHO probability densities.

Ep

- X

Postscript: That there is a non-zero probability density outside the well is a feature of all but
infinite, vertical potential energy walls. Barrier penetration, though not necessarily complete tun-
neling, is a quantum mechanical phenomenon expected for all realistic potential energy functions.

10-20. Sketch the linear combination W (x) = 2o (z) + 1 (x) for the SHO.

A general wave function of the SHO is a superposition or linear combination of its eigenfunctions,

U(z) = cotbo(z) + c1v1(2) + 22 (x) + czhs(z) + -+ = chd)n(f), in general, or
n=0
U > = ¢|0> 4+ 11> + c2|2> + 33> + -+ = chln> for the SHO.
n=0

Imagine two parts of the big lump that is the ground state minus the negative portion of the first
excited state to the left of zero while adding the positive portion to the right of zero.
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i,

T/

Figure 10-6. Sketch of |¥U> = 2|0> + |1> for SHO.

Postscript: The ¢, are constants that provide the relative contributions of each eigenfunction.
The ¢, can be any scalars so ¥ (x) can have any shape. As before, if the general wave function
is normalized, ‘ U (x) ‘2 = 1, the relative magnitudes of the ¢, are fixed. Also as before, the
orthogonality of the eigenfunctions of the SHO ensures that the ¢, are unique.

Problems 10-21 through 10-27 use the linear combination of two eigenstates,
U> = A 210> + 512>],

which is the general linear combination of eigenstates for ¢ = 2, co = 5, and all other ¢, = 0.

10-21. (a) Normalize the wave function | ¥ > using row and column vectors, and

(b) using Dirac notation.

2
0
* ES 5
(2) <UIT> =1 = (20,500 44| o[ =1
0
= @ifAf =1 = A= = us = [2]0> + 5]2>].
V29 V29
(b) <U|U> =1 = <012*+<2y5*]A*A[2yo>+512>]:1

- 1A12[4<010> + 10<0[2> + 10<2[0> + 25<212>] - 1.

Orthonormality, <i|j> = §;; = <0|0> = <2|2> =1, and <0|2> = <2]|0> = 0,

= 1A12[4+25]:1 = A= = 1\11>:L[210>+512>].

1
V29 V29
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Postscript: The row and column vector representation is likely easier to visualize, but normalizing
A[5]0> 4 6]100> | or any large system using the row and column method would be awkward.
Both of these approaches are significantly easier than the same calculation in position space that
requires evaluation of at least two integrals.

A portion of the utility of abstract Hilbert space is that calculations are usually dramatically
simpler than in any specific representation, such as position space. Abstract Hilbert space also
allows maximum generality in that you can represent your work in any appropriate basis at any
time. Working in Hilbert space until a representation is necessary is the norm. Without a reason
to represent the results of the last calculation in any specific basis, it remains in Hilbert space.

10-22. Find the normalized wave function | V¥ > in position space.

Use procedures similar to those seen in problem 10-17.

va(o) = (Z2)" (2 g2 — 1) ement/

4rh h
using table 10-1. Combining with the ground state from problem 10-17,
1 mw\ 1/4 2 mw\ Y4/ mw 2
\\J = — |2 (_> —mwz*/ 2k (_) (2 e 2 1) —mwz”/ 2h
@) = 755 [ h) o no ¢

- () |2+ B g

10-23. Calculate the probability of measuring F = g hw for the | ¥ > given.

This is application of the eigenvalue and probability postulates. The only possible results of a

1
measurement of energy are the eigenvalues F, = <n + 5) hw. The state vector contains only

1 5
the two eigenstates |n=0> and |n=2>, so Ey = 3 hw and FEy = 3 hw are the only

possible results. Then P (E=E,) = | <n|¥U> |2.
9\ |2
1 0
P(E=F = 0’0’ ]_’0’... — 5
(E=E) = | ( )|

= | —(0+0+5+0+--1)| =

ol —
Nej
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using unit vector notation. The same calculation in Dirac notation looks like

2 1 2

P(E=FEy)) = | <2|¥> :‘<2—(2 0>+52>)‘
( 2) = | <2 | | o) | |

1 2 1 2 25

= —|2<2 212 - - 2

29\ <2]0> + 5<2]2> | 29\5\ 55

where the inner products are <i|j> = d;;, meaning <2[0> = 0 and <2[2> = 1.

10-24. Calculate the expectation value of energy for the | ¥ > given.

This problem demonstrates the calculation using matrix and Dirac notation. The calculation

using the position space representations is written, though not completed, in the postscript to
demonstrate the relative degree of difficulty.

3 00 2
<E> = <H>, = <¢|H|v> ——1_(2 0,5, )" 02 (5] o — 0
= w = - 29 ) ) 9y 0 0 § /29 5
3(2)
2(0)
h 2 ki 12 12
= (2,05 ) _ Mwfy 125 L 129,
29 5 (5) 29 2 58
2

The same calculation in Dirac notation using the direct action of the Hamiltonian is

<E> = <¢|H|p>
= [\/Lz_g(<oyz*+ <2y5*)]H[\/L2_9(210>+512>)] (1)
:2—g[<0!2+<2!5]{2<%hw>!0>+5<ghw>!2>] (2)
:2_19{2.2.<%hw><010>+5.5.<ghw><2!2>] (3)
:Z_;’{erl—;E)] 2%%,

where the Hamiltonian operating to the right on the two eigenstates in equation (1) results in
the energy eigenvalues times the corresponding eigenstate in equation (2). The orthonormality of
eigenstates results in equation (3) where the inner product of terms that are known to be zero are

298

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



excluded. Excluding known zeros is the norm, and in fact, inner products such as < 0|0> and
<2]|2> that are known to be one are normally not explicitly written.

Postscript: The calculation of expectation value for the given | ¥ > in position space would be

1 w4 5V2 /. mw > 1 d\> 1
R tded 2 Al ) Wind 2_1 —mwz“/2h | _~ —ih— Zk 2
/_oo\/zg (rrh) [ M ( nt )]6 om \dz) T2
e—mww2/2h dl‘,

v () [ (5

which is intended only as a statement that matrix methods and Dirac notation may be worthwhile.

10-25. Calculate the expectation value of energy for the | W > given using the ladder operator
representation of the Hamiltonian.

This problem is an explicit example of ladder operators calculations. It is not the easiest way to
calculate an expectation value. The ladder operators though, are prototypes for the creation and
annihilation operators used in field theoretic descriptions of photons, electrons, phonons, etc. In
other words, the raising and lowering operators become increasingly important as you progress.

1
H = (aTa + 5) fiw , aT]n> = VvVn+1l|n+1l>, aln> = n|n—-1>, and

<E> = <¢Y|H|y> are relations used in this problem.

<E> = [\/Lz_g(<oyz*+ <2y5*)] [(aTa—F%)hw] [\/%_9(2]0> + 512>)]

Few [ 2 5
= XWloco] + 5<2y] 2afa0> + safal2> + 20> + 22>
29 | 2 2
o [ , 5
- Xl <o +5<2y] 2%T0+5aT\/211>+10>+—12> (1)
29 | 2
h -
= 2—;’ 2<0| + 5<21H5\/2.\/212> + 10> + gyz>]

As before, the raising operator acting on the zero vector is zero so that term is struck in equation
(1). The only non-zero contributions are from the <0[0> and < 2|2> terms since these inner
products are 1, the <0[2> and < 2|0> products are 0, therefore,

h 5 h
<E>=2% 2<oyo>+5.5.2<212>+55<212>] e [2+5.5.2+55 = 22 hw.

o8

5 129
29 29
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10-26. Express the state of the system described by |V > at time ¢,
(a) in Hilbert space in terms of the abstract |n>’s,

(b) in position space in terms of the 1, (x)’s,

()
) I

(d) in energy space in terms of the @Zn (E)’s.

in momentum space in terms of the @Zn (p)’s, and

Do not evaluate the specific |n>’s, 9, (x)’s, U (p)’s, or i, (E)s.

Stationary state time dependence is

| (t)> = En: In><n|¢(0)> e Et/h where |4 (0)> = \/%—9 [2|0> + 5|2>] here.

(@) 191> = —=[10><0](2]0> +5|2>)e Ft/" 1 252 (2]0> +5|2> ) Eat/n]

1
V29

—1 3 .
75 [|0> (2 <0[0>+5 <0/2>,)e—1E0t/"1 + 2> (2 <2/0> 45 <2|2>)6—2E’2t/h]
1 . .
= |:26—on15/71|0> + 56—1E2t/h | 2>]

V29

retaining only the non-zero terms. Using the eigenenergies F, = (n + %) hw ,

1 . .
V(0> = 210> e /2 4 5|2>e—25wt/2].

Parts (b) through (d) require only operation on both sides of this equation with the appropriate
bra so are essentially exercises in notation.

(b) Remembering that <xz|¢(t)> = ¢ (x,t),

<I|1p(t)> = |:2<I|0>6—iwt/2 + 5<I|2>6—i5wt/2]

ol = ol =
© ©

= w(I,t) = [2 q;bO (I) e—iwt/Q + 5 ¢2 (I) 6—i5wt/2] )

(c) To transition to momentum space, <p|9(t)> = @Z(p, t),

<p|¢(t)> = |:2<p|0>6—iwt/2 + 5<p|2>6—i5wt/2]

~

[2 Yo (p) eiwt/2 4§ 7;2 (p) 6—i5wt/2] ‘

ol = ol =
© ©

=  Y(pt) =
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(d) To find the wave function in energy space, remember that <FE |y (t)> = ¢ (E,t),

1 : .
<E|Y(1)> = —= [2<EB[0> ¢7/2 4 5<B|2> ¢m1/?]
(0> = —=[2<E] |

= J(E,t) = \/% |:21;0 (E) e—iwt/Q + 5{)52 (E) 6—7j5wt/2] )

5
10-27. Calculate the probability of measuring F = 3 hw at time t for the |¥> given.

Likely the best choice of representation is the abstract state vector. You will find that the same
calculation is much more arduous in position space in one of the exercises at the end of this part.
Remember that the square of a magnitude is the product of the complex conjugates.

Since the state vector is normalized, probability is P (E = E,) = |<n|#(t)>|*, then

P (E = B) 2

[2]0> 712 4 5|2 et

1
<2 —==
‘ ’\/29

1 , , 2
- 2—9‘2 <2/0>e—“”/2 5 <2]2> eiowt/2

)

where the first term is struck because the eigenstates of the SHO are orthonormal so the inner

product of unlike vectors is zero. Orthonormality also means that <2|2> = 1. Then
1 , 2 1 - - 1 25

P(E=E - ‘ —i5wt/2 ‘ — _( z5wt/2) ( —z5wt/2) - (2 0) = =
( 2) 59 be 59 be be 59 be 59

necessarily identical to the time independent case for all stationary state probability calculations.

Postscript: This problem ends this sequence.

10-28. Calculate <P > using the SHO state vector

1 , . ,
’(I)(t)> = 2’0>6—1wt/2 4 ’1>6—7,3wt/2 4 5’2>6_Z5Wt/2].

V30

Time never appears in any probability of a stationary state. The exponential stationary state time
dependence does affect other calculations, however, such as an expectation value of a dynamic
variable. Weuse <P> = <& (¢)|P|®(¢t)> to demonstrate both (a) vector/matrix operator
and (b) Dirac notation/ladder operator calculation of a time-dependent expectation value. The
principles are the same for <H>, <X >, and <mw?X?/2>, or other classically dynamical
variables. This calculation using the two-dimensional | W > of the last six problems presents too
many zeros to be a good example, thus the three-dimensional |®>.
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(a) Using the matrix operator representation of P for the SHO given earlier,

0 —V1 0 0 0 0 . 9p—iwt/2
V1 0 —V2 0 0 0 . e iBwt/2
gz O V2.0 —V3 0 0o - . e~ ibwt/2
<P>=<®(t)]i <%> 0 0 V3 0 —vV4 0 - 0
2 0 0 0 Vi 0 - --[VB| o
0 0 0 0 V5 0 . 0
—7,'3wt/2
1/2 —Wt/Q 52 e~ i5wt/2
— L m_wh +iwt/2 +i3wt/2 +ibwt/2 \/_e—szt/z
() e e 0.

5v/3 e—ibwt/2

) 1/2
= L(m_wh) (—QG_M + 2ttt  _ B\/9ewt 4 5\ etiwt 4 0)

30 2

i mwh Y2 (etiwt — gmiwt) (etiwt — gmiwt)
= — [ — 2 (o~ ~ 7/ A

30( 2 ) Z( 2i + V2 2i )

_ L (%‘m)m (2sin (wt) + 5vZsin(wt)) = - <2+155ﬁ) (m;"h>1/2sin(wt).

AN
(b) The momentum operator is P = i <%> (aT —a) in terms of the ladder operators, so

<P> = <®(t)|P|o(t)

>
1/2
= <<1>(t)\i<m—m> (af —a)| _130 (2|0> T2 1> e B2 4 52> —ZM/?)

(2@T|0> e—iwt/Q _ 2a|0> 6—iwt/2 + CLT | 1> 6—i3wt/2

V30

—all> e~i3wt/2 4 5aT 12> e iBwt/2 5a|2> 6—i5wt/2)
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= <(I)(t)‘i<m—m>l/2#(2\/?]1> eTWH2 0 4+ V22> B2 1]0> e wH/2
2 V' 30

BVE|3> 2 L 5|15 12)

mwh\'? 1 ; ; ;
_ & ()i o —13wt/2 1 2 —iwt/2 2 —ibwt/2
< ()\Z( 5 > \/W( 10> e + | >[ e 5v2 e ]

+ 2> V2e B2 4 3> 5\/§e_i5“’t/2)

. 1/2
_ 3_@0<m;uh> <2<0’6+wt/2+ <1’6+7j3wt/2 + 5<2’6+i5wt/2> %

(yo> e 2] [ 1> 2072 = 522 12 5 [V 22 1 3> [5\/§e—i5wt/2]>

. A 1/2 ' ' ' '
_ % (m;u ) (_ze—zwt + 26+zwt . 5\/56_“% + 5\/§6+zwt) (1)

y 1/2 Tw —iw Tw —iw
_ i <mwh> / 0 (2 (eFiwt — gmiwt) 5B (eTiwt — e t))
2% 27

o <2+155\/§) (m;h>l/zsin(wt).

Postscript: This calculation is made shorter by dropping all but the [0>, |1>,and |2>
terms right after letting the ladder operators act. Only these terms will survive when the inner
products are calculated. Orthonormality of eigenstates is used to obtain equation (1) though other
economies are ignored in order to show the new “machinery” explicitly in this example.
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Exercises

10-29. Show that the time-independent Schrodinger equation for the SHO can be written

hw(aaT—%> |Yv> = E,|¢Y> .

Practice in operator algebra using the raising and lowering operators. See problem 10-2.

10-30. Show that a and aJr are not Hermitian.

More practice using the raising and lowering operators. Does af = a? Assuming that these
operators are Hermitian leads to a straightforward proof by contradiction.

10-31. Show that Ha = aH — ahw.

Parallel problem 10-4. Start with the H of exercise 10-29.

10-32. Normalize a|n> = C(n)|n—1>.

See problem 10-10. The answer is in the postscript.

10-33. Show that H|2> = g hw|2> by explicit matrix multiplication.

Use the unit vector |2> and matrix representation of H given in problem 10-12.

10-34. Express the matrix elements

5]
~—r

<nla|m>,

<n]a“m>,

<n|X|m>,

<n|P|m>, and

<n|H|m>, in terms of quantum numbers and Kronecker deltas.

NN N N N
o
~—

D

el
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The condition of orthonormality, <i|j> = J; ;, can also be expressed <n|m—1> = &, 1.

The action of al on a general ket |m > is given by a” m> = v/m+1|m+1> . Then consider
the inner product with the bra <n| to obtain

<n]aT]m> = <n|vm+1l|m+1> = vm+1l<nm+1> = vVm+1 6y my1-

In other words, <n]a”m> = +yvm+1 for n=m+1, and <n]a”m> = 0 otherwise.
Part (b) is now done for you. Part (a) is done in problem 10-13. Problems 10-2, 10-12, and 10-14
may be helpful. The &, P, and H operators can be expressed in terms of the ladder operators.
You should find

B\ /2
<n|X|m> = <—> (\/m On,m—1 + Vm+1 (5n,m+1) for instance.

2mw

10-35. Use the results of the previous exercise to calculate the matrix elements

(a) <T7|a|8>,

(b) <7|al|8>,

(¢c) <7|X|8>,

(d) <7|P|8>, and
(e) <14|H|14>.

This exercise illustrates that it may be useful to have skills with Kronecker deltas per exercise
10-34. One line suffices for each part. This process may negate the need to build a large matrix.

10-36. (a) Use the result of part (b) of exercise 10-34 to develop the matrix representation of the
raising operator for the SHO.

(b) Use the result of part (d) of exercise 10-34 to develop the matrix representation of the mo-
mentum operator for the SHO.

If you have successfully navigated the last two exercises, using <n | af Im> = vm+10d, me1 to

B\ 172
create the matrix operator ol and <n |Plm> =1 <%> (\/ m—+10n me1 — VM (5n,m_1)

to obtain the matrix form of P should be straightforward. Remember that since 0 is an acceptable
quantum number for an SHO potential energy function, the upper left element of pertinent matrices
is row 0, column 0; rather than row 1, column 1 as it is in most other matrix operators. Problem
10-13 provides the answer for part (a), and problem 10-14 provides the answer to part (b).

Exercises 10-37 through 10-45 concern a particle in an SHO potential that is initially in the state

|9 (t=0)> = N [3|]0> + 2|1> + 1]5>].
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10-37. Calculate the normalization constant using
(a) row and column vectors, and

(b) Dirac notation.

See problem 10-21.

10-38. Energy is measured at ¢t = 0.
(a) What results are possible and what is the probability of each possibility?
(b) Calculate probabilities using row and column vectors.

(c) Calculate probabilities using Dirac notation.

Apply the eigenvalue postulate for part (a), and the probability postulate for parts (b) and (c).
See problem 10-23.

10-39. Find the expectation value < FE>.

Use the matrix representation of the Hamiltonian derived in problem 10-12. It is convenient to
work in the six by six subspace that includes all of the non-zero elements of the given wave function.
No other dimensions will contribute. Problem 10-24 should also be helpful.

10-40. Find the uncertainty of energy.

Remember that A E = \é< Y| (H— <H>)* |¢>. Multiply <H> from the previous exercise
by the identity matrix to obtain the matrix form of <’H > . Subtract this from H and square the
result. You should find

2 0 0 0 0 0
o 2 0 0 0 0
o o0 38 o 0 0
(H— <H>pP = [0 0 0 4@ 0 0 h2w? |
0 0 0 0 Fg 0
o o o o 0o 32

Next calculate A E? = <u| (H — <H>)*|¢>, and take the square root to find

25
196

AE = \J<p| (H— <H>P |p> = h2w? A 1.288 ho.

306

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



10-41. Verify the results of the last two exercises by calculating

(a) <E> = > P(E)E; and (b) AE = \/ZP(EZ-)[EZ-—<E>]2.

Another way to get <FE >, also denoted <H >, is to multiply each of the possible eigenvalues by
the probability of measuring that eigenvalue and add the products. Calculating uncertainty using
probabilities is common. Of course, you must obtain the same answers.

10-42. Sketch your calculated probabilities P (E;) versus E. Show your expectation value and
uncertainty on the plot. Explain how the expectation value and the uncertainty are related to the
outcome of a series of energy measurements.

The range of probability is 0 to 1 on the vertical axis. Use units of Aw on the horizontal axis.
The requested graph has only three discrete spikes at the energies of the eigenvalues, a discrete
value at < E> , and a lower and upper limit for A E. FExpectation value is simply a weighted
average, and uncertainty is simply a measure of spread. Where should these be located on a graph
with three discrete values of different heights?

10-43. Calculate the state of the system at time ¢. Express your answer
(a) in the Hilbert space in terms of the abstract |n>’s,
(b) in position space in terms of the v, (x)’s,

(c) in momentum space in terms of the U (p)’s, and
(d) in energy space in terms of the ¥, (E)’s.

Do not evaluate the specific |n>’s, 9, (x)’s, Un (p)’'s, or tn(E)s.

This exercise is designed to help you assimilate the notation of quantum mechanics using an SHO
state vector as a vehicle. It is largely an exercise in notation. This exercise is asking only for the
form of the state vector in different spaces. See problem 10-26.

10-44. Calculate the time-dependent expectation values

a) <H>,

b) <P>,

c) <X>,

d) <P?/2m>,
e) <mw?X?/2>.

This exercise demonstrates that the factor e~ *#»t/" can be consequential for stationary states

when describing dynamic variables. There are multiple options to calculate the five expectation
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values. Matrix arguments are likely the most straightforward. Part (a) is < (¢) | H |y (t) >
where H is seen in problem 10-12. In ket form, the state vector is

36—7§wt/2
2 e—3wt/2
1 0
t) = — 0
v V14 0
p—illwt/2

< H > 1is independent of time and the same as previously calculated. You should find that
<P?2m> = <mw?X?/2> = 4hw/ 7. You will also find

o\ /2 1/2
<P> = —g <%> sin (wt) and <X> = g<—> cos (wt)

See problems 10-14 and 10-28.

10-45. (a) Show that this state vector obeys the quantum mechanical virial theorem for the SHO,
which states that the expectation value of the kinetic energy is equal to the expectation value of
the potential energy, <T> = <V >.

(b) Show that your values of <7'> and <V > are consistent with previous calculations of < E>.

The general virial theorem is deeper than the statement given here, but this is a simple example
that the expectation value of the kinetic energy will equal the expectation value of the potential
energy. Examine the parts (d) and (e) of the last exercise. If you can recognize kinetic and
potential energy in those expectation values, you have essentially completed both parts (a) and
(b). Part (b) means that the expectation values of kinetic and potential energies must sum to the
expectation value of the total energy which you have from exercise 10-39.

This is the final exercise in this sequence.

10-46. (a) Write the time-independent Schrodinger equation for the SHO in position space, and

(b) in momentum space.

This is primarily an exercise in notation and representation. The time-independent Schrodinger
equation is H|¢¥ > = FE|v¥> in abstract Hilbert space, where the Hamiltonian is the total
energy operator H = 7 + V. Remember that in position space,

P - _ihag’ X — z, and <z|[¢p> — P (z),
T

0 ~
and in momentum space, P — p, X — iha—, and <plY> — ¢ (p).
p
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10-47. Find the ground state energy for a 1 gram mass on a k& = 0.1 N/m spring. Calculate the
approximate quantum number of this oscillator if its energy is kp7/2 where T = 300 K and
kp is Boltzmann’s constant. At what temperature would this oscillator be in its ground state?

This numerical problem should give you some appreciation of the magnitudes involved. Ground
state energy, also known as zero point energy, means n = 0 for an SHO. You should find that the
ground state energy is on the order of 10734 .J for this system, and that ground state temperature
is on the order of 107! K. T = 300 K is approximately room temperature where the quantum
number is just less than 2 x 10'2.  Notice that n is inversely proportional to hw to calculate the
quantum number at large n, i.e., at 300 K. MKS units are likely easiest given that the spring
constant is in N/m. kp = 1.38 x 1072 J/K and h = 1.06 x 1073* J - s in MKS units.
The assumption that the energy is kgT/2 is a statement of the equipartition theorem?. Finally,
remember that w = \/k/m, E = kgT/2, and E, = (n+3)hw.

10-48. (a) Find 19 (z) for the SHO using the Hermite polynomials given in Table 10-1.

(b) Verify this eigenfunction using the generating function of problem 10-16.

Hermite polynomials are well known so part (a) is likely an easier method to obtain an excited
state of the SHO in position space than using the generating function. The eigenfunction s (z)
is given in problem 10-22. Use the procedures of problem 10-17 to obtain this.

Problems 10-15 and 10-16 address the generating function for part (b). The generating
function for the second excited state in position space is

1 1 d 2 mw 1/4 2 1 mw 1/4 d\? 2
- = (= _ 4 bt e v/2 — - (X _ ) evi/2
v = 7 (77 () G = g G) (o)

R
The two terms in the operator <y — d_> do not commute. The operator can be applied as
Yy

Yy Yy ry ydy dyy dy dy’ ut n Yy ydy dy?

Remember that y = 1/% x to obtain the final form. Parts (a) and (b) must agree, of course.

10-49. Show that Hj (£) is orthogonal to Hs (¢£) when both are weighted with the factor e~ /2.

To be useful for quantum mechanics, a basis must be orthonormal. If the basis is orthogonal, it can
be made orthonormal. The intent of this problem is to2 demonstrate orthogonality for a selected
pair of Hermite polynomials. When weighted by e~¢ /2, the recurrence relation immediately

2 Atkins Quanta (Oxford University Press, Oxford, 1991), pp 111-112.
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below table 10-1 leads to a differential equation that is self-adjoint and the solutions to a self-

adjoint differential equation are orthogonal®. Byron and Fuller show by methods of integration
2

that Hermite polynomials are orthogonal in general when weighted by e=¢/2 per footnote 1.

Like problem 10-18, wenghting each Hermite polynomial by e€/2 means to multiply both
H,(¢) and Hs3(¢) by e ¢/2 in the orthogonality condition which may be written

/ T (6 e € H () e 2 e

This results in a difference of two integrals that are both even. These are equal to twice the same
integrand from the limits zero to infinity. Both integrals can be evaluated using

e 2n — 1)
/ 22" e P gy = H E, p >0, n=0,1,2,...
0 2(2p) p

10-50. Express the position space state function

b

U(x,t) = NG}

31 () e iwt/2 + 24 (2) e~ 13wt/ 2 + 5 (2) e—illwt/Q]

in functional form in terms of the independent variable x .

This question was deliberately not addressed in the sequence exercises 10-37 through 1045 to first
provide greater exposure to Hermite polynomials. This exercise caps that sequence.

Express the three 1, (z)’s in terms of z. You have ¢y (z) and ; (z) from previous exercises.
You need only to find 15 (), which is likely easiest using table 10-1, and then substitute the three
eigenfunctions into the given wave function. Remember 0! = 1, and let our answer

mw\1/4 2 3 ; 4 rmw\1/2 .
v J,‘,t = (—) e mwT /271{— 6_7'Wt/2 + (_) T 6—13wt/2
e:t) mh V14 V14 \ 2R

o ) )+ B

guide you in organizing constants and concluding numerics. Obtaining representations in various
spaces is a necessary skill, however, the relative inelegance of this answer may serve as additional
encouragement to prefer bras and kets in Hilbert space over representations where possible.

3 Arfken Mathematical Methods for Physicists (Academic Press, New York, 1970, 2nd ed.), pp
424-432 and 611.
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10-51. What are the ground state, and the first two excited states of a one-dimensional SHO in
momentum space?

The intent of this exercise is to address the momentum space description of the SHO, but also
to demonstrate the use of the raising operator in a momentum representation. First employ a
quantum mechanical Fourier transform to g () to find g (p). The Fourier transform is

—~ 1 o0 . o0 2 2 2 2
v (p) = \/ﬁ/ Y (x) e ™P*/" dx which is of the form / e VT b gy = ﬂeb /4a

a

for the ground state. You can also obtain t,, (p) from the Fourier transform of v, (). Rather,
use the raising operator in momentum space which is

o (menNTP o 1 N (@) 4 (L i
N 2 Op 2mwh p= 2 dp 2a P
where a = mwh is used to reduce clutter. Calculate @Zl (p) using this raising operator on 7;0 (p),
a\1/2 9 1\ ]~
(5) ap - <ﬁ> p | %o (p)
and then obtain 1;2 (p) by raising @Zl (p). You should find

by (p) = V2 [(mwn>l/2 - <i>1/2p2] e P/ 2mwh

(m)V/4 (mwh)/* 2 mwh

~

G1(p) = al gy (p) = i

You should see that you can form @Znﬂ (p) from @Zn (p) for any n. This is often more economic
than evaluating integrals created from a Fourier transform for even moderate n .

10-52. Use the raising operator in position space to find v (z) from g ().

We hope that this exercise cements the utility of the ladder operators, the predecessors of the
creation and annihilation operators. You were asked in the previous exercise to use the raising
operator in the momentum basis, here you are asked to employ the raising operator in the position
representation. You should use

1/2
b (mw\t2 o (T d
a (271) v 2mw dx

in position space. You have g (x) and 1 () from the numerous problems and exercises. Of
course, this must work, and is intended as a demonstration that it does work.
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Part 2, Power Series Solution to the SHO

10-53. Show that Schrodinger’s equation in position space can be written

d2
75) gm) + (>\ - 042:52) P(x) =0 for an SHO in one dimension.
T

Part 2 emphasizes the procedures for solving an ordinary differential equation (ODE) using a
power series solution. Power series solutions to ODE’s are useful in numerous areas of physics.

The Schrodinger equation for the SHO potential in one dimension in position space is

( he d? + %kﬁ)zp(m) = Ey¢(z) = 49 () + 2_m<E_%k$2>w(m) -

" 2m da? dx? A2

2mE mk d* (x)
2 and o = rea = 2 + (A=a2®) ¢y (z) = 0.

Let M\ =

10-54. Discuss the procedures for solving an ODE using a power series solution.

Power series solutions to ODE’s are longer problems. Breaking longer problems into smaller
segments will often make the overall solution more accessible, so here is a six step procedure.

Power Series Solution Road Map

1. Find the solution as x approaches infinity, ¢.e., the asymptotic solution.

2. Assume that the product of the asymptotic solution and an arbitrary function, f(x),
is a solution. Use this solution in the homogeneous ODE and simplify.

3. Assume the arbitrary function can be expressed as an infinite power series, i.e.,

f(x) = ap + a1z + agx® + azz® + - = Zaimi.
i=0

4. Evaluate the derivatives where f (x) is expressed as the power series of step 3, and
substitute these into the ODE.

5. Group like powers of x such that each power of = has its own coefficient.

6. The expressions that are the coefficients must vanish individually. Express this fact as
a recursion relation in closed form if possible.
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Postscript: The fact given in step 6 “The expressions that are the coefficients must vanish
individually,” is not obvious. Each power of & may be viewed as a basis vector. The different
basis vectors cannot mix, so in the homogeneous series ag + a1z + asx® + azz® + --- = 0,
each term must be zero individually. The coefficients are usually expressions like ()\ — n) rather
than individual scalars so that each coefficient can vanish individually. Arfken? provides a more
formal discussion. Problem 10-59 in this sequence will likely be illustrative.

g . : : 4?9 () 2,2 _
10-55. Find the asymptotic solution to 2 + ()\— o‘r )@D(m) = 0.
x

An asymptotic solution means the solution as |z| > 0. The solution is a wave function. A
wave function over all space must approach zero as |z | > 0 to be normalizable.

d2
2| >0 = o?2® > ), soat large 2 the ODE approaches % —a*2*Y(z) = 0. (1)
x

The solution to this asymptotic form of the rearranged time independent Schrodinger equation is
Qp(l‘) — Ae—az2/2 + Beaz2/2 — Ae—az2/2’ (2)

where B = 0 because the exponential term with the positive argument approaches infinity so is
not normalizable and is discarded. To show that equation (2) is a solution to equation (1),

d 2 d? d
—(z) = —azdAe /2 = 4 (z) = —
dx dx

dx? (_O‘IA 6—(1372/2) = a2z Ae 0" /2 aA%—azQ/z

where the last term is struck because it is negligible under the assumption = > 0. Substituting
into equation (1) yields
aQJ:QAe—azZ/Q o a2x2Ae—az2/2 =0,

so equation (2) is the asymptotic form sought. Now we know the “long distance” behavior. Step
1 of the road map is complete.

d2
10-56. Caste % + (A—a”z?) ¢ (z) = 0 into an ODE valid over the entire domain.
x

The domain is —oco < & < co. Step 2 is substitute

Y(z) = Ae /2] ()

and reduce. The asymptotic behavior is modeled by the exponential term, and the unknown
function f(z) is assumed to model the behavior of ¢ (x) within and near the potential well. It
is not known if such an f (x) exists. Further it is also not known that 1 (x) can be expressed as

4 Arfken Mathematical Methods for Physicists (Academic Press, New York, 1970, 2nd ed.), pp
267-270.
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a product. Should a solution be found subject to these assumptions, the assumptions are valid. If
a solution cannot be found, at least one of the assumptions is incorrect and another approach is
necessary. In this case, however, this approach does work.

Substituting the product of an unknown f (z) and the asymptotically decaying exponential
into the problem 10-53 form of the Schrodinger equation,

j—; e_awz/zf (x) + ()\ — a2x2) e—aﬁ/zf () = 0, (1)

where we have divided both sides by the constant A so it does not appear. The second derivative
of the composite function is required, so
d2
da?

d

e—az2/2f (z) = i (—axe_awz/zf (z) + e_awZ/Q—f($)>
dl‘ dl‘

— _ae—azZ/Qf(l,) + 0421‘26_aw2/2f (JI) _ OéIe_azZ/Qf/ (JI) o OéIe_awZ/Qf/ (JI) + e—az2/2f// (JI)
Using this in equation (1),
—az?/2 2.2 —ax?/2 —ax?/2 d
—ae f(x) + a“z%e f(z) — 2axe d—f(m)
X

—az? d2 —ax?
+ e /QEf(x)—l—()\—azxz)e /zf(x)zo

Each of the six terms on the left contains the same exponential. Dividing both sides by the
exponential and striking terms that sum to zero,

2

~af () + PP f(2) 20 [ (@) + o f(x) + M (@) — 2T (@) = 0

02 d
(@) - 200 f(@) + (A—a)f (@) = 0,

and that concludes step 2.

Postscript: Notice that though the exponential factor is no longer part of the equation, it was
necessary to the reduction. The second derivative, which requires the use of the chain rule, would
be invalid without it. We are left to find f(z) assumed to model the behavior of ¢ (z) within
and near the well. The exponential factor remains a portion of ¥ (z).

10-57. Change the independent variable to ¢ = /o z.

A change of variables is used to caste an expression or equation into a more favorable form. This
is an optional technique prior to step 3.
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¢ = Var = d=vad = L _ &

dx
To change variables, also needed is %f(m) = dig%f(f) = dig\/Ef(ﬁ) = \/Edigf(f)
d? d d d d& d d d d?
gz (@) = E\/Ed_gf(é) = d_gﬂﬁd_gf(f) R TR (§) = T (€,
therefore, d—;f(x) - 20@%]‘“(53) + (A—a)f(z) = 0 becomes

2

d — ozi ozi —Q =
@ e [ (©) 2\/5\/_d§f(5)+(A )F(&) =0

d? d A
@l © 21O+ (3 -1)1o = o,
and this is Hermite’s equation. The arbitrary function f () is often represented H, (£), or
d? d A
GO — 2 (O + (2-1)H.0) = 0.

The solutions to Hermite’s equation are the Hermite polynomials denoted H,, (§).

10-58. Express Hermite’s equation in terms of an infinite power series.

Solutions to Schrodinger’s equation with the SHO potential are ¢ (z) = AH, (&) e—az’/2
where a normalization constant A and an exponential factor e=2%"/2 have been divided from
the ODE. Should Hermite’s equation be recognized, the H,, (£) are the solutions and the rest of

the road map is unnecessary. We continue the process to illustrate the remaining procedures of
completing a power series solution. Generally,

f(x) = a + a1x + a2x2 + a3x3 4+ . = Zaimi’
i=0
but in terms of £,
f&) = ap + a1 € + axé® + az€® + - = Zaifi.
i=0
d ) , <
d_§f(€) = a1 + 2a2& + 3a3& + 4aq&” + - = Zzaié ’
i=1
d? oo '
de? (&) = 1-2a2 + 2-3a3¢ + 3-4as&” + 4-5a56> + -+ = Z(i—l)iaifl_?
i=2
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Inserting these derivatives into Hermite’s equation,
1-2a0 + 2-3a3& + 3-4a,6% + 4-5a58 + -
— 26 (a1 + 2a2¢ + 3a3&® + 4as & + )

+ <§—1> (ao 4+ a1 & + CLQ&Q + a3§3 + ) =0

«

is the power series form of Hermite’s equation, completing steps 3 and 4.

10-59. Find the coefficient of each power of ¢ in the power series form of Hermite’s equation then
develop a recursion relation summarizing all coefficients.

Steps 5 and 6 in the power series solution road map follow.

1-2a5 + 2-3a3€ + 3-4as &2 + 4-5a58 + ---
—26a; — 26226 — 2€3a38% — 26das & — -

+ <§—1>a0 + <5—1>a1§ + <§—1>a2§2 + <§—1>a3§3 + - =0
a a a a

=  1-2a + 2-3a3¢ + 3-4a4€2 + 4-5a5&% + -
—2a1§ — 2-2a08 — 2-3a38® — 2-dag&t — -

+ <i—1>a0 + <5—1>a1§+ <5—1>a2§2 + <i—1>a3§3 + - = 0.
a a a e

Examining each power of £ reveals

A
coeflicient of 50 : 1-2ay + (— — 1) ap
«
. 1 A
coefficient of £ : 2-3a3 + (——1—2)a;
«
. 9 A
coefficient of £ : 3-dag + | ——1—-2-2 a9
. 3 A
coefficient of £° : 4-5a5 + | ——1—2-3)ag
. a .

A
The pattern is  (n + 1)(n + 2)an42 + (——1—2‘n>an for n =0, 1, 2, 3,...
«
A
Each coefficient must vanish individually, or  (n+1)(n+2)anta + (— -1-2. n) a, = 0
«

(Ma—1-2-n)
(n+1)(n+2)

=  Gpyo = — anp form=0,1,2,3,....

is the recursion relation that completes step 6.
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Postscript: The statement that says each coefficient must vanish individually is
A
(n+1)(n+2)apnt2 + |——1-2-n)a, = 0.
@

Notice that because the subscripts of the coefficients differ by two, the recursion relation will
actually yield two series, one for a, ¢ven and a second for a, oqq , that can be generated separately.

10-60. Find the eigenenergies of the SHO from the recursion relation.

The eigenfunctions do not approach zero at |z | > 0 quickly enough to be normalizable if the
power series does not terminate®. The numerator of the recursion relation will be zero for special

values of A and a and the series will terminate = A/a — 1 — 2n = 0 for such values.
A
~——1-2n=0 = XA = (2n+1)a.
a
Also o B L
A= ::2 and o = 7;:_2
from problem 10-53,
2mkE, v mk
= e (2n+1) —
= B, = (2n+1)1h—2\/mk
" h 2m

° Gasiorowicz Quantum Physics (John Wiley & Sons, New York, 1974), pp 101-105.
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Exercises The Three-dimensional SHO

Guidance for problems 10-61 through 10-64 is given following the statement of problem 10-64.

1
10-61. Consider the three-dimensional SHO with the potential V (r) = §mw27“2 . Separate the

three-dimensional, time-dependent Schrodinger equation into time and spatial variables in Carte-
sian coordinates, and then solve the time-dependent portion of the separated equation. Discuss
the meaning of the differential equation dependent only on time.

10-62. Solve the time-independent Schrodinger equation in Cartesian coordinates by separating
spatial variables. Find the eigenenergies and the degree of degeneracy for a three-dimensional SHO
in the arbitrary excited state n.

10-63. Solve the time-independent Schrodinger equation in spherical coordinates in three dimen-
sions for the SHO. Separate radial and angular dependence. Solve the radial equation using a
power series solution. Find the eigenenergies for an arbitrary excited state.

10-64. Compare your solutions for the Cartesian and spherical models by showing that the eigenen-
ergies and total degeneracy are the same. Relate the eigenstates expressed in Cartesian coordinates
and the eigenstates expressed in spherical coordinates.

We are going to address these four problems as one problem with 21 parts. This set of exercises is
designed to guide you through two different differential equation solutions to the three-dimensional
harmonic oscillator problem, namely the solution in Cartesian coordinates which is precisely like
solving the one-dimensional problem three times, and the solution in spherical coordinates which
involves a separation of the radial and angular degrees of freedom which is very similar to our
solution of the hydrogen atom—specifically, there is an effective radial potential governing the
radial dependence, and spherical harmonics govern the angular dependence. This problem contains
several important pedagogical issues:

(1) You should be able to separate the time and space dependence of the wave function. You
should understand how the energy eigenvalues emerge as the separation constant during
this separation of time and space, and how this separation of variables leads from the time-
dependent Schrodinger equation to the time-independent Schrodinger equation.

As we saw for the one-dimensional harmonic oscillator, only special values of the separa-
tion constant terminate the power series—these special solutions to the time-independent
Schrodinger equation are the “stationary states”. When you solve the time-independent
Schrodinger equation to get the stationary states, remember that there are only a few special
values of the separation constant (the energy eigenvalues) that produce these very special time
and space separated stationary solutions. For an arbitrary energy, you cannot separate the
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wave function into a single function of space times a single function of time! In fact, there
are infinitely many linear combinations of the stationary states with any given expectation
value of the energy. However, you can always uniquely separate any given initial state (which
will always have a definite expectation value of its energy F at t = 0) into a sum of the
stationary states times their respective time dependences. Of course, that’s why we spent so
much time expanding the initial ¢ = 0 wave function in terms of the energy eigenstates. ..

You should be able to separate three-dimensional problems in Cartesian coordinates or in
spherical coordinates. The 3D SHO is one of the few problems that is so easily soluble in
both coordinate systems, and it gives us a good chance to compare the two approaches.

You should be able to make the separated differential equation dimensionless. Once you have
a dimensionless equation, you should be able to solve it in the asymptotic limit. Then you
should be able to separate the asymptotic behavior. Finally, you must be able to solve for the
dimensionless asymptotic-behavior-removed stationary state wave functions. Of course, the
point is that by making the equation dimensionless, and by removing the asymptotic behavior,
you will find a complete set of finite polynomials that solve your problem. The special values
of the separation constant that terminate these otherwise infinite series solutions are the
dimensionless energy eigenvalues. And, of course, you must be able to use the recursion
relations you obtain to deduce the polynomials and the corresponding energy eigenvalues.

Finally, you should realize that no matter what set of coordinates you use to solve the problem,
you must get the same answer! For this problem your answers will look very different, but
there is nevertheless a fairly simple way to relate them to each other: linear combinations of the
Cartesian stationary states are the energy eigenfunctions of the radial and angular momentum
description, and, of course, linear combinations of the radial and angular momentum stationary
states are the energy eigenfunctions of the Cartesian description. . .

10 — 61. Separating Variables for the 3d SHO

(a)

Write down the time-dependent Schrodinger equation in the position space representation

1
using V(r) = §mw2r2. Then separate the time and space dependence of this equation

using separable product eigenfunctions of the form W, (¥,t) = ¥, () g, (1) .

Use 72 = 22 4+ 1% + 2% and the Cartesian form of the Laplacian to express the time-dependent

Schrodinger equation in Cartesian coordinates. Then separate the time and space dependence
using separable product eigenfunctions of the form W, (z,y, z,t) = ¥, (z,y,2) gn (t). The
resulting time dependent g, () must be the same as part (a).

Parts (a) and (b) illustrate how the time-independent Schrodinger equation can be constructed
from the time-dependent Schrodinger equation in a position space representation. The time-
independent Schrodinger equation only applies to the stationary states—all wave functions
obey the time-dependent Schrodinger equation, but only the stationary states obey the time-
independent Schrodinger equation!
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()

Show that the time-dependent functions are given by g, (t) = e *#»*/" by solving the
differential equation that you obtained for g, (f) when you separated the time and space
dependence. This is the differential equation version of the origin of the exponential phase
describing time-dependence of the stationary states!

10 — 62. The 3d SHO in Cartesian Coordinates

(d)

Express your time-independent Schrodinger equation in Cartesian coordinates, ¢.e., in terms
of x, vy, z, py, Py, and p,, and then separate the x, y, and 2z dependence of this equation
with eigenfunctions of the form 1, (¥) = ¥, (z,y,2) = f(x)g(y) h(z). Thisis a little
trickier than parts (a) and (b) since we considered only two degrees of freedom but have three
degrees of freedom and a constant term here. Consider the Hamiltonian for the SHO

P 1 2.2 PZ 1 2,2 P 1 2.2
H—Hz+Hy+HZ—<%+§mwx + %+§mwy + %+§mwz
and you should be able to conclude what the separation constants must be. The final form
of your separated equations for f(z), ¢g(y), and h(z) are time-independent Schrodinger
equations for the one-dimensional SHO.

Show that the eigenenergies for the three-dimensional harmonic oscillator are just the sum of
the eigenenergies for the three separated directions, i.e., show that

3
E, = E(ng, ny,n,) = <n+§> hw, where n o= ng + ny, + n,.

Make a table of all possible combinations of the component and total quantum numbers for
the ground state and for the first three excited states. Show that the degeneracy of the n-th
stateis d(n) = 3(n+1)(n+2) andlist n,, n,, and n.. This can be tricky. You may
want to use form 1.2.2.1 in the Handbook of Mathematical Formulas and Integrals by Jeffrey,

mz_(a—i-k:d) = % 2a+(m—1)d].
k=0

10 — 63. The 3d SHO in Spherical Coordinates

(2)

Express your time-independent Schrodinger equation in spherical coordinates, ¢.e., in terms
of r, 8, and ¢. Use the Laplacian in spherical coordinates,

v 1 0 (5,0 n 1 0 <ind 0 n 1 0?
= - — "= ——— — [ sinf— _— .
r2 Or or r2sinf 00 00 r2sin? 6 O¢?
Separate the radial dependence and the angular dependence of this equation using product
eigenfunctions consisting of radial wave functions times the spherical harmonics, i.e.,

Vrim () = Yrim (1,0,0) = Ry (1) Yim (0, 0).
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The subscripts are important but not particularly useful at this point so just use ¥ = RY .
Spherical harmonics are another family of orthogonal polynomials dependent only on polar
and azimuthal angle for the moment. We will discuss the spherical harmonics fully in chapter
12. Use [ (I +1) as the separation constant. The reason for this choice should become clear
in chapters 12 and 13.

(h) Show that your separated radial equation has the form

21 d? 1 1(l+1)h?
- = 7“—1-—77”Lu)27“2-i-L

om T dr? 2 2 mr? Bia(r) = By B (r).

Again, the subscripts will become important but since we have placed little emphasis on their
meaning, they are largely cosmetic at this point.

(1) Set Ry (r) = r~tuy (r) and ey = 2mEj/h* to obtain the corresponding dimensionless
energy version of the time-independent Schrodinger equation
& g2 [({l+1)
dr? 72

+ le] ug (1) = 0, where B = mw-

(j) Show that at large r, your asymptotic differential equation becomes

d2
[p — 547“2] ug (1) = 0.

Solve this asymptotic differential equation to obtain the asymptotic solutions eAm*/2 and
e~P*r*/2 _ Discard the solution that diverges at infinity since the wave function must go to
zero at infinity. It is likely easiest to “guess” a proposed solution and differentiate to show
that it is, in fact, a solution. See problem 10-55.

(k) Separate variables again to remove the Gaussian asymptotic behavior by substituting

up (r) = 6_,32r2/2ykl (1)

into the differential equation for wuy; to obtain the corresponding differential equation for yy; ,

d2
dr?

d I(l+1
- 2527“5 + e — B — % yr (r) = 0.

Again, it is good that you see the subscripts, but they are still cosmetic at this point.

(1) Now substitute the power series yi (1) = r°)> a,r? into the differential equation to
obtain the recursion relation for the coefficients. See problems 10-58 and 10-59.

(m) Show that [s(s—1) — I(I+1)]ap = 0, and that this requires s = [+1 so that ag # 0.
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(n) Show that [s(s+1) — I(I+1) + 2s]a; = 0, and that this requires a; = 0.

(0) Show that for the coefficient of the r9"* term to be equal to zero we must have
[(g+s+2)(g+s+1) —L(l+1)]ags + [em — B —26°(¢+s)] ag = 0
or equivalently, after using s = [ + 1, that
[(q+2)(q+ 20 +3)]ag2 = [(2¢ + 21 + 3) 3% — €] aq.

(p) Show that all the coefficients with odd subscripts ¢ are zero.

(q) Explain why the interesting values of the separation constants are those that terminate the
series. Replace ¢ with the index k to reflect the result of part (p) denoting only even integers
can be used as indices. Then show that the series terminates when ¢y = (2k + 21+ 3) 52
where k and [ are non-negative integers.

(r) Show that the eigenenergies are given by
Ekl = <k+l+g> hw = (n—i—%) hw.

(s) Show that the allowed values of {k,l} for a given n depend on whether n is even or odd
and are given by

For n even: {k,l} = {0,n}, {2,n—2}, ..., {n—2,2}, {n,0}.

For n odd: {k,l} = {0,n}, {2,n—2}, ..., {n—3,3}, {n—1,1}.
10 — 64. Comparison of the Cartesian and Spherical Solutions

(t) Show that when the 2[4 1 degeneracy of the angular momentum states is included, the total
degeneracy of each state of the three-dimensional harmonic oscillator described in spherical
coordinates is exactly the same as the degeneracy that you already calculated in Cartesian
coordinates, g(n) = 3(n+1)(n+2). Use the formula for a finite arithmetic progression
given in part (f). You must cast these sums into the same form where the index starts at zero
and is consecutive. The forms that are comparable to the given finite arithmetic sum are

D (2+1) = > (4i+1)  and d@@+1) = > (4i+3).
leven % [ odd %

We would like to have you show that you can form a linear combination of the Cartesian
stationary states to produce one of the spherical stationary states and vice versa, but we will
not ask that here because we have not developed spherical harmonics sufficiently to create the
spherical stationary states. Please be assured that the Cartesian stationary states are simply a
linear combination of the spherical stationary states and vice versa. Not surprisingly, likely the
easiest way to show this is using Dirac notation. ..
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Chapter 11
The Finite Square Well

Like chapter 9, this chapter concerns primarily potential energy functions that are piecewise
constant. These problems are also usually addressed using the position space, time-independent
form of the Schrodinger equation, which is just a convenient form of the Schrodinger postulate.
The wave function and its first derivative must be the same on both sides of a boundary. Chapter
9 addresses primarily scattering states, this chapter addresses primarily bound states.

Equating the wave function and its first derivative at boundaries is a process that can be
somewhat long and tedious. The finite square well problem is no exception. The finite square well
is further complicated by the fact that an algebraic solution does not exist; only numerical (to
predetermined precision) or graphical solutions are possible.

All potential energy wells have at least one bound state, regardless of how shallow or thin.
Deeper and wider wells will have more bound states, though a finite number. The infinite square
well, with infinite bound states, is a limiting case of a finite square well. The impenetrable walls
of an infinite square do not allow barrier penetration, though barrier penetration was evident for
scattering states and the SHO potential well, and is anticipated for all potential energy functions
except the infinite square well. The concepts obtained in this chapter apply generally to potential
energy wells that do not have precisely square corners, meaning the qualitative features of (1) at
least one bound state and (2) a finite number of bound states extend to finite wells of any shape.

11-1. Show that a complex number divided by its conjugate has modulus 1.

Problems 11-1 and 11-2 are math problems
used in the development of the finite square
well. The Euler equation

10

e’ = cosf+isind = a+bi = re?

b
where r = vVa2+b2 and 6 = tan™! —.

a

For a complex number, 7 is obtained

r=|a+bi|=+/(a+bi)(a—bi) = a?+ b

Figure 11-1. The complex number z = a4+ bi.

and modulus 1 means ‘a—i—bi‘ =lorr=1.

a+bi  a+biat+bi a? 4 2iab — b? a? — b2 2ab

a—bi a—"bia+bi a? + b2 a? + b2 az—i-bQZ

bi 2 b2 2ab
so the real part of Zi_ bz is ZQ e and the imaginary part is T—T—b? . The modulus is the
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square root of the sum of the squares of the real and imaginary parts, or

B [ (0 — 12 2+ 2ab \?
B a? + b2 a? + b2
[a* — 2a%b% + b* + 4a?b? 1/2

i a* + 2a2b2 + b4

[at + 2a20% + 54717
_a4+2a2b2+b4] = Vi =1

1/2
a—+bi /

a—bi

11-2. Obtain the phase of a complex number divided by its conjugate.

, b
For a complex number a+bi = r(cos @ +isinf) = re?, the phaseis 6 = tan~! <—> .
a

For a complex number a4 bi = re’, the conjugateis a—bi = re” ", so
: i0
a+bi _ "€ _ 20 _ i2tan"'(b/a)
a—bi re=i0
a+ bi

and thus the phase of

- is 2 tan! <9> .
a—bi a

Postscript: Notice that this is a second proof that the modulus of a complex number divided by
its conjugate is 1 because

a+ b , ,
— 627,9 — 1_627,9

a—bi

shows that » = 1.

11-3. Apply the boundary conditions for the wave
function and its first derivative to the rectangular well

=W, for —a <z <a, ~
Vie) = { 0, for J|z| >a V=0
for —Vy < E < 0 to show that -V, ET
- | —
(m—i-ik:)Q ke a0 a
, = e .
Kk — ik Figure 11-2. Finite square well.

Notice that though the vertical extent of the potential energy well is limited, the horizontal extent
is infinite. Notice also that zero is placed in the center of the well which is consistent with our
treatment of the infinite square well, most barriers, and the simple harmonic oscillator.
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The first step is to define the geometry as seen
in figure 11-3. The next step is to write the wave | |

function for —Vy < E < 0 which is region1 | region2 | region3
Vo0 | |
Ae"® 4+ Be "  for r < —a,
Y (x) = Cek* + De ™ for —a < x < a, ET
Fe" 4+ Ge ™  for T > a, ==Vp i ~
-a 0 a
where £ = v—2mE /N and Figure 11-3. Regions for finite square well.

k= +2m(Vo—(-E))/h = /2m(Vo+E)/h.

Notice that for E < 0 the wavenumbers are real in regions 1 and 3 so that the wave functions
indicate exponential decay, thus non-zero probability density outside the well, which is barrier
penetration. “Wave” behavior is apparent only inside the well.

That the wave function must be bounded means B = 0 in region 1 (because = < 0 makes
B e "* an increasing exponential) and F = 0 in region 3, so

Aeh® for r < —a,
Y (x) = Ce*® + De % for —a < = < a,
Ge™"* for T > a.

Continuity of the wave function means
Ae 0 — (Ceika 4 pgika (1)
Ce*e 4 De e = Gere (2)
at the boundaries. Continuity of the first derivative means
Axe ™ = Cike ™™ — Dike't (3)

Cike™ — Dike ™ = —Gre ", (4)

Notice that there are four equations and four coefficients. This means that all four coefficients can
be eliminated to arrive at a relationship that is dependent only on the wavenumbers and the well
width. The strategy is to solve for C', D, and G in terms of A, substitute appropriately, then
divide the resulting equation by A.

Multiply equation (1) by ik,
Aike " = Cike " + Dike™

and add to equation (3) to obtain

A (I‘& + ik)e_'{a = 201k e—ika = C = A K + ik e—na-l-ika ]
2ik
Multiply equation (1) by —ik,
_A’l/k e_na — —Cike_ika‘ —_ Dikeika
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and add to equation (3),

. _ ik .
A (K — ik)e_”a — —2Dike** = D = —A~ : W o—ra—ika
2ik
Substitute these expressions for C' and D into equation (2),
Kk + ik . Kk — ik , :
A —ka+ika jitka —ka—tka ,—tka __ G e e
2ik ¢ 2ik ¢ ¢

K+1k o K=tk _opal
= A[%ke 2ik ¢ =G

Substituting the same expressions for C' and D into equation (4),

Kk — ik

K+ ik
A
2ik

o e—na-l-ika(ik)eika + A

e—na—ika(ik) e—ika = —Gre Ho

g [EE ik n k—ik gika| _
2K 2K

Equating the two expressions for G,

k+ik o Kk —1k , k+ik o Kk — ik ,
A 2tka —2ika| _ —A 2ika —2ika
[ 2ik 2ik © ST T
k+1k yika k—tk  K+ik g, Kk — 1k
2ik 2k 2m ¢ 2k
K+ ik K41k  tika Kk — 1k Kk — 1k
e = —
2ik 2K 2ik 2K

1 N 2 L A

= (ﬂ + %> (k+ik)e = <2ik: 2/@) (k —ik)
K+ ik . sika [ K — ik .
(e ) s et = () (o=t

N 2
N (K+ik)2€4ika _ (m—ik)z N (m—i-zk:) _ dika

which is a relationship containing only wave numbers and the width of the well.

ik’ .
11-4. Analyze both possible cases for (K + Z}g) — o dika
K—1

. . .. .. K+ ik .
This relationship is quadratic in — , thus either
K—1
K+ Zk _ p2ka . KT Zk _ _o-2ika
Kk —1k Kk —1k
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after taking a square root of both sides. The left side of both cases is a complex number divided
by its conjugate so the results of problems 11-1 and 11-2 will be useful.

We are going to define k2 = k? + x%. Realize that

2m (E + V 2mE 2 2
b = R = \/ m(h2 0) n (_ m ) _ mVo _ v 2mly

K2 h? h

so kg is a convenient constant that serves to encode the depth of the well.

" '
If /s—l—z.k = 6_2“““, the phase is
K—1
k k k k
2 tan~? <—> = —2ka = tan(—ka) = — = —tan(ka) = — = tan(ka) = ——
K K K K

which means tan(ka) < 0 because the definitions require wavenumbers that are positive. The
constant kg encodes the depth of the well. Consider

k:_g B+ 1+ IQ_Q 14 1 _ tan®(ka) + 1 sec?(ka) 1
k2 k2 B k2 tan? (ka) ~ tan®(ka) ~ tan®(ka)  sin®(ka)
k? k
= sin’(ka) = 5 = sin(ka) | = — for tan (ka) < 0.
k2 ko
If /s—l—z.k = —e %% the phase is more involved. €™ = cos(w) + isin(7) = —1, so
K—1
/@-HZZ _ _p-%ika _ im —2ika _ i(—2ka+T)
K—1

so using the result of problem 11-2 the phase is

k k
2 tan~ ! <;> = —2ka+7m = - = tan (—ka—i—g) = —tan (ka—g) = cot (ka)
1 K
tan(ha) =  tan(ka) = p

which means that tan(ka) > 0. Then

k2 k? 4 K2 K> 9 9 1
ﬁ = ]{;2 = ]. + ﬁ = ]. + tan (]CCL) — SecC (]CCL) = m
) kY’ k
=  cos”(ka) = [ — = cos(ka)| = — for tan (ka) > 0.
ko kO
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11-5. Create a graphical solution from the results of the previous problem.

The pertinent results of the last problem are

k
= for tan(ka) < 0.

cos (ka)
0

sin (ka)

k
= — for tan(ka) > 0 and
ko

The two equations are transcendental, meaning that an exact algebraic solution is not possible.
Only numerical or a graphical solutions are possible. The graphical solution is illustrative. The
final compilation of arcs and lines and the overall interpretation can be perceived as formidable,
so the graph will be built in steps starting with a cosine curve.

k
The lowest energy solution is from | cos (ka)| = . for tan(ka) >0, so the cosine curve

is examined first. Figure 11-4 is a cosine curve as a function of k. The wavenumber encodes
the energy, an energy lower than the bottom of the well is not possible, so the cosine curve and
those that follow all start at & = 0. Figure 11-5 shows the absolute value of the same cosine

0 - K
-1 I | I I I |
o &~ & 3 2 St
2a a 2a a 2a a
Figure 11-4. Cosine (ka ).
1
0 1 T I T ! K
o6 & & 3 zm 51
2a a 2a a 2a a
Figure 11-5. | Cosine (ka)|.
1
0 1 T I T I ™k
o & & 3 2 S5x 3m
2a a 2a a 2a a

Figure 11-6. ‘ Cosine (ka) ‘ and tangent (ka) > 0.
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curve. Figure 11-6 shows the absolute value of this cosine subject to the condition tan (ka) > 0.
The sine curve is the same as the cosine curve shifted to the right by 7/2, thus the absolute value
of the sine curve looks the same as figure 11-5 shifted to the right by /2. The absolute value of

AN

0 ] 1 | | | » K
0 I g 3 21 Sx 3
2a a 2a a 2a a

Figure 11-7. | Sine (ka)| and tangent (ka) <0.

the sine curve subject to the condition tan(ka) < 0 is seen in figure 11-7. Solutions address
both the absolute value of the cosine and sine of ka subject to different conditions on tan (ka),

so figures 11-6 and 11-7 are consolidated in figure 11-8.

0 ! T !
JT g 3 27 S 3
a 2a a

Figure 11-8. ‘ Cosine (ka) ‘ and ‘ sine (ka ) ‘ with tangent (ka) conditions.
k

Both equations indicate that the absolute value of the cosine and sine of ka are equal to T

0

which is linear in k& and has slope 1/ko. An overall graphical solution is shown in figure 11-9.

0 | - Kk
JT I 3 2 S5 3
o = = = = 2 2
2a a 2a a 2a a

Figure 11-9. Overall graphical solution to the finite square well.
The open circles are the intersections of the trigonometric and linear curves so represent the

wavenumbers of the bound states of a finite square well.
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The right side of the constructive rectangle is at k = kg since the maximum of both
trigonometric equations is 1 = . & k= ko, and there are no other solutions for a given
0
ko . Recall that ky encodes the depth of the well,

so k=ky < FE = 0 relative to the well, which is at the top of the well, so is not bound.

Figure 11-9 indicates seven bound states for the given ko . Notice that the line k/kq is from
k=0 to k = ko, from lower left to upper right along the diagonal of the bounding rectangle.

Postscript: Our definition of a finite square well is that the top of the well is E = 0, the
bottom of the well is at —Vj, and the well is of width 2a. Other definitions are possible. Many
authors use V = 0 as the bottom of the well, V' = V|, at the top of the well, and a well width
of a placing 0 in the center or at the left edge.

Also, figure 11-9 is not unique. Graphical solutions to the finite square well can made using
tangents, cotangents, and/or a wide variety of parameters that encode the wavenumbers.

11-6. Show graphically that a finite square well must have at least one bound state.

This problem is a primary reason to examine the finite square well. Any potential energy well, no
matter how shallow or thin, must have at least one bound state.

The well has —V[; < 0 wusing our conventions. If Vy = 0, a well does not exist. The left
edge of the bounding rectangle is at k& = 0, and the right side isat kg > 0 for an existing well.

Should 0 < ky < 7/2a, a figure analogous RD
to figure 11-9 is seen at the right. The line k/kq is
from k£ =0 to k = kg, from lower left to upper 1

right along the diagonal of the bounding rectangle,
but with steeper slope than in figure 11-9 because
ko is smaller. The first branch of the | cosine (ka) |
curve will intersect this line regardless of steepness of
the line k/ko. The slope of 1/ky cannot become
purely vertical because that would require V5 = 0,

meaning that a potential energy well does not ex- 0 I >
ist. Thus, figure 11-10 graphically shows that a finite 0 s
square well must have at least one bound state. 2a

Figure 11-10. Finite square well, 0 < kg < 7/2a.
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11-7. Estimate the energy of a particle in a finite square well with exactly one bound state.

There is an assumption and two approximations in this reduction. The assumption is that
k = ko/2, which looks slightly low for figure 11-10, but choosing the center of the range of
possible bound wavenumbers seems reasonable. It is the usual assumption for this problem which
will be closer as kg — 0. The series form of a cosine is

x? z? 8 x?

COS(CU):l—E—FZ—a—i-”‘%l—?

for small x. The binomial series is

ala—1)z2 n ala—1)(a—2)23

5] 30 + oo~ 1 4+ ax

(1+2)* =1+ azr +

again for ¢ <« 1. The first cosine branch is the only one involved for a well with exactly one
bound state, per figure 11-10. An additional unusual technique in this problem is that though &
appears twice in the first equation, the assumption k = k¢/2 is used only once within the cosine
term, allowing a solution for the energy in question.

k k
cos (ka) = o for a particle in a potential well with exactly one bound state, and &k =~ ?0
0

koa 1 [koa\’ k2a? k
) a1 - o () =1 - = =
- COS(z) 2!(2) 8 ko

and in terms of energy this is

(VIR /0 /2B FVa) /h

1 — =
8 vV 2mV0 /h
mVpa? E+V,
= 1 - —— =
412 Vo
N (1 . mVo;LQ)Q _ E+V0
4h Vo

and applying the approximation for a binomial series to the left side, this is

mVya? E mV§a?
1 - = —=+1 = FE = -
2h Vo 2h

Postscript: Briefly review figure 11-2. With width on the horizontal and the depth of the well
on the vertical, the product 2a Vj is analogous to the area of our well. The above result indicates
the energy of a single bound state is proportional to the square of this area analog.
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11-8. How does the number of bound states vary as a finite square well of width 2a is deepened?

The constant kg = /2mV{ /h encodes the depth of the well. Review figure 11-10 for one bound
state. As the well is deepened, the constant kg moves to the right. What happens as the constant
ko moves past successive graduations of nm/2a, evolving toward figure 11-9, as Vj gets larger?

0 < kg < 21 = 1 bound state
a
2
il < ko < ] = 2 bound states
2a 2a
2
] < ko < 3_7r = 3 bound states
2a 2a .
6 7 ’ .
o < ky < — = 7 bound states, like figure 11-9, and
a a .
-1
u < ko < nr =  n bound states
2a 2a

thus, the deeper the well the larger the number of bound states for a given well width.

11-9. Obtain the lowest eigenenergies for a very deep finite potential energy well of width 2a.

A very deep well is indicated by a large V;; which means a large ky. Picture a graph like figure

11-9 for large ko. The line k/ky approaches the horizontal axis as kg is increased. Thus, the
lowest eigenenergies are approximately at

which is the same as a very deep finite square well with Vy = 0 as it was defined for the infinite
square well. The infinite square well is a limiting case of a very deep finite square well.

Placing the top of the finite square well at £ = 0 and the bottom at —V{, has the advantage
of making the energy for bound states negative. This convention is used for many physical systems
so that a negative energy is an indicator of a bound state. Placing the bottom of the infinite square

well at Vo = 0 as done in chapter 8 allows the picture of a free particle within the well, and is
more mathematically accessible than placing Vp = —oo.
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11-10. Sketch the three eigenfunctions of a particle in a finite square well with three bound states.

A limiting case of a finite square well is the infinite square well of chapter 8 so the eigenfunctions
of the finite square well must converge to
1 (nTr )

——cos(—x), n odd,
la) = 4 V"

ﬁ sin (% x) , neven,
for large n per problem 8-2. Half of a finite square well resembles the step function of problem 9-1,
or if the step does not extend to & = oo, the barrier function of problem 9-3. Within the barrier
(or the step), exponential decay of the wave function is expected. This is barrier penetration. In
fact, we expect the wave function to exhibit exponential decay in any classically forbidden region.
Thus, we expect cosine-like and sine-like behavior inside the well and exponential decay in the
classically forbidden region.

Each eigenfunction is a cosine or a sine with exponential decay near and past the edges. The
energy levels for a finite square well should be slightly closer than n? Egouna as they are in the
infinite square well. Figure 11-9 shows seven bound states. The line k/kq intersects each successive
cosine or sine branch slightly closer to the nmw/2a graduation than the last. As the constant kg is
moved to the right, meaning the well is being made deeper, the slope of k/ky decreases until at
Vo - oo = 1/ky — 0, and the energy level spacing converges to n? Egrouna - For all n,,

(n—1)m nro (n —1)2w2h? n2m2h?

< k < — - Vo < E <
2a 2a 8ma? 0 8ma?

_VO

so approximate n? Egound spacing of energy levels is anticipated.

—d 0 da
Figure 11-11. Eigenfunctions for a finite square well of depth V,; with three bound states.
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Exercises

11-11. Show that z = a + b

Analogous to problems 11-1 and 11-2 using the same interpretation of Euler’s equation. Find the
modulus which is 7 in re?®, then establish that the phase is the inverse tangent of —b/a so the
argument of the exponential is negative.

11-12. Consider a finite square well of width 2a possessing exactly one bound state.
(a) Find the maximum depth of the well.

(b) Compare the result of part (a) to the ground state eigenenergy of the infinite square well

2+2 242
m°h m°h
2
E, =n = Eground =

8ma2

(c) Can the single bound state eigenenergy be at the part (a) maximum depth?
(d) Calculate the maximum Vj for an electron in this finite square well for a = 0.5 A

(e) Calculate the eigenenergy for the well of part (d) (¢ = 0.5 A, maximum Vp) using the
estimate of problem 11-7,
_mvoza2

2h?2

(f) Where does the part (e) answer place a bound electron above the floor of the well (a = 0.5 A |
maximum Vp ) to the nearest percent?

The intent of this exercise is to provide some perspective for a finite square well possessing one
bound state. Examine figures 11-10 and 11-9. The depth of the well is encoded in the constant
ko . Should ko be larger than 7/2a, there will be two or more bound states. Thus, m/2a is the
maximum wavenumber for one bound state. You should find the part (b) comparison the same
for n = 1 in an infinite square well. Examine figure 11-10 for part (c) which is asking only for a
qualitative answer. We use he = 1.24 x 10*eV - A and the electron mass = 0.511 MeV/c? for
parts (d) and (e) rather than convert from CGS or MKS units. The diameter of a small atom is
on the order of one Angstrom. You should find that the bound state eigenenergy is closer to the
floor of the well than the top in part (f).
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11-13. (a) Does the number of bound states vary as a finite square well of depth V}, is widened?

(b) Does the number of bound states vary as the product Vja is increased?

Answer qualitatively concerning the number of the eigenenergies. Examine figure 11-9. That the
depth of the well is fixed means V| is a constant which means that kg is a constant. How would
figure 11-9 evolve if kg remained in the same location but a got bigger? It is commonly stated
that there are increasing bound states as a finite well gets deeper. The width of the well is often
overlooked. The number of bound states of a finite well must also increase with width.

The area analog Vjpa mentioned in the postscript to problem 11-7 may be viewed as the
expression most pertinent to the number of bound states rather than just the depth or just the
width individually. Your answers should be a sentence or two for each part.

Some use a well of width a with 0 at the left edge so that the area analog is Vha. Our well
is of width 2a with 0 in the center to be consistent with our treatment of the infinite square well,
barriers, and other topics. The area analog for our well is actually 2Vj a, however, the number of
bound states in a finite square well is proportional to the product Vja in either case.

11-14. Calculate the number of possible bound states for an electron in a finite square well of
a=6A and V; = 100 eV .

Problem 11-8 indicates bound states at ko < nm/2a for which the given information allows a
solution for n. The answer must be an integer. When a graduation of nw/2a is included in the
constructive rectangle bounded on the right by kg, another bound state is allowed.

11-15. (a) Calculate the eigenenergy for the bound state of a delta function potential

V(z) = =Vhad(z) given E <0.
(b) Compare your answer to the estimate of problem 11-7,
_ mVia?
2R

(c) Find and sketch the associated normalized wave function.

This exercise develops another limiting case for a finite

square well. It intends that you apply the boundary value

conditions of the wave function and its first derivative at
boundaries. Delta functions can lead to relatively direct E
solutions, for instance, there is only one boundary so there

are only two (instead of three or more) regions.

The units of a delta function depend on the space in I
which it is employed. The potential given is in one spatial

dimension, for which a delta function is defined
Figure 11-12. Negative delta

> 1 ifz =0 . )
= ) function potential.
.Km5@”“ {0 ifx £ 0, P
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the differential dx has units of length, so the delta function must have units of inverse length in
position space. Thus, the potential written V (z) = —Vpad () is dimensionally consistent while
—a 0 () may be less clear because it leaves units as an implied portion of the constant «.

First, write the wave function for two regions, for instance,

P1(x) = Ae™ + Be ™™, <0
Yo (x) = Ce™ + De ™, x>0

where k = /—2mE /h. The coefficients of two of the four terms must be zero because the
associated exponential factors are not normalizable.

The delta function is a discontinuity. The value of the discontinuity in the first derivative was

found in problem 9-7,
2m

A (¢’ (x)) = im [ V(2)¢(z)da,
he =0 J_,
which allows you to write an equation for the first derivatives (see problem 9-8). Together with
the condition of continuity of the wave function, all coefficients can be eliminated allowing solution
for the part (b) energy. The part (b) comparison may be surprising. Normalize the wave function
and prepare a sketch for part (c¢). The normalization condition is
0 2 0 2
/ ‘ngb(x)‘ dz + / ‘Nﬂb(m)‘ dr = 1
oo 0
avoiding the discontinuity, and you should conclude that the two integrals must be identical so the
normalization constant can be obtained by doubling the integral from zero to infinity. Use

& 1
/ e Ay = .
0 b

Notice that part (a) asks for “the eigenenergy” in the singular. The delta function potential
well has exactly one allowed bound energy state. This fact reinforces the statement that all
potential energy wells have at least one bound state.
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Chapter 12
Orbital Angular Momentum

Angular momentum comes in three flavors, orbital angular momentum, spin, and total angular
momentum, which is the vector sum of orbital angular momentum and spin. This chapter is
primarily about orbital angular momentum.

Classical orbital angular momentum is a vector quantity denoted L=7X p. A common
mnemonic to calculate the components is

I . . ~
L= |z vy z|= (ypz - Zpy)i + (sz - fUPz)J + (l‘py - ?/Pz)k
Pz Dy Dz

= Ly + Lyj + L.k.

Let’s focus on one component of angular momentum, say L, = yp. — zp,. On the right side of
the equation are two components of position and two components of linear momentum. Quantum
mechanically, all four quantities are dynamic variables which are operators. The components of
quantum mechanical orbital angular momentum do not commute. Thus, we are forced to seek
another operator, like £2 that does commute with the component operators, to obtain a complete
set of commuting observables. As with the SHO, raising and lowering operators will be useful.
Unlike all other systems encountered where one quantum number uniquely identifies the state,
two quantum numbers are required to uniquely identify the quantum state of orbital angular
momentum because two operators are required for the complete set of commuting observables.

The first part of this chapter is dominated by arguments from linear algebra and commutator
algebra. The middle portion is calculus-based arguments in position space. Problems concerning
angular momentum often use, some practically require, spherical polar coordinates. The spe-
cial functions known as spherical harmonics are of particular importance in the description of
quantum mechanical orbital angular momentum in position space. The final portion of this chap-
ter revisits material from the first six chapters demonstrating its utility in C® and applying the
Heisenberg uncertainty relations to non-commuting operators.

The next chapter is the quantum mechanical description of the hydrogen atom. The electron
orbits the proton, and defining the proton as the origin in a spherical polar coordinate description,
the three parameters to consider are azimuthal angle, polar angle, and radial distance from the
origin. The azimuthal angle and polar angle portions to the quantum mechanical description of
the hydrogen atom are addressed largely in this chapter.

12-1. What are the component orbital angular momentum operators in position space?

Since the product of two operators is an operator, and the difference of operators is another
operator, we expect the components of angular momentum to be operators. Quantum mechanically,

These are the component operators. Angular momentum is the vector sum of the components.
The sum of operators is another operator, so angular momentum is an operator. We have not
encountered an operator like this though it is comparable to a vector sum of operators.
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Equation (1) is in abstract Hilbert space and is devoid of a representation. In position space

X — =z, Yy — and Z — z, and

. 0 . 0 L 0
Pr — —zh%, Py — —zha—y, and P, — —zh&.

Equation (1) in position space would then be written

L, 0 L, 0 L 0 L 0 L, 0 L, 0
L, = —zhy& + zhza—y, L, = —zhz% + th&’ L, = —zhma—y + Zhy%. (2)

Postscript: The operator nature of the components promise challenges, because unlike their
classical analogs which are scalars, the component angular momentum operators do not commute.

The orbital angular momentum operator is conventionally written just £, and the component
nature of quantum mechanical angular momentum is only implied and not explicitly written.

12-2. Show that the components of angular momentum do not commute in position space.

Let the commutator of any two components, say [Ew, Ey], act on any function. Pick a simple
function like x, to show [Ew, Ey] # 0.

[Ez,ﬁy]m = (Ewﬁy—ﬁyﬁz)x
L, 0 0 L, 0 0 . 0 0 . 0 0
— (—zhy& + zh28—y> (—zhz% + zh:v&) x — (—zhz% + zhm&> (—zhy& + zh28—y> x

L, 0 0 . L, 0 0
= (—zhy& —i—zhza—y) (— zhz) — (—zhz% + ZFLCU&) (0)
= ((=in)’y) = —r?y#0,

therefore L, and £, do not commute. The other components of angular momentum can be
shown not to commute similarly.

12-3. Represent equation (1) in the momentum basis.

In momentum space, the operators are

9 y—whi and Z—>iha

X — Zh 5 )

, and

Pr — Dz, Py — Dy, and P, — p,.
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Equation (1) in momentum space would be written

0 0 0 0 0 0
Ly = ih—p, — th—1p,, L, = th—p, — th—p,, L, = th—up, — th— p,.
Ipy ap. " Y 9p- Op Y dp

12—4. Develop the canonical commutation relations in three dimensions.

In one dimension, the fundamental canonical commutator is [X , Pw] = 4¢h. In position space,

(X, P.] @) = (XPy — Pod)fe) — x (—ih%) f@) — (-m%) v f(z)

— ihaf(@) — () fa) — e 0
= —ihaf'(x) + ihf(x) + iha/f'(x) = ih f(z)

where the terms that sum to zero have been struck. Orbital angular momentum generally requires
three dimensions.

The generalization to three dimensions is
[Xi, Xj] =0, (3)
meaning any position component commutes with any other position component including itself,
[P, P;] =0, (4)

which means any linear momentum component commutes with any other linear momentum com-
ponent including itself, and
[Xi, PJ] — ihéi’j . (5)

The meaning of this equation requires some discussion. This means a position component will
commute with an unlike component of linear momentum,

[X) Py] = [X, Pz] = [y,Pw] = [y) Pz] = [Z, Pw] = [Z) Py] = 0)
but a position component and a like component of linear momentum are canonical commutators,

(X, P.] = [V,P,] = [2,P.] = ih.

Postscript: Much depends on commutator algebra. The derivations of equations (3), (4), and (5)
are left as exercises. The solutions to these exercises are modeled by the prescript to this problem.
The differences are the three dimensional cases require partial derivatives, and the function needs
to be more general, for instance f = f(z,y,z2).
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12-5. Show that for any operators A, B, and C,
[A, BC] = [A B]C + B[AC],

In order to use equations (3) through (5), we need to develop some relations for commutators in
excess of those discussed earlier. For any operators A, B, and C, the relations below, some of
which we have used previously, may be a useful list.

[A, Al =0
(4.B] = —[B.4)
[A c] =0, for any scalar c,
[A, cB] = c[A B], for any scalar c,
[A+B,C] = [AC] + [BC]
[A,BC] = [A B]C + B[AC] (6)

(A [B.c]] + B [, A]l] + [¢, [4,B8]] = o0.

Equation (6) is a relation we want to develop further.

[A, BC] = ABC — BCA
= ABC — BAC + BAC — BCA
= (AB — BA)C + B(AC — CA)
= [A B]C + B[AC],
where we have added zero, in the form —BAC + BAC, in the second line.

Postscript: You may have encountered relations similar to these in classical mechanics where
the brackets are Poisson brackets. We are interested in quantum mechanical commutators and
there are two important differences. Classical mechanics is concerned with quantities which are
intrinsically real and are of finite dimension. Quantum mechanics is concerned with quantities
which are intrinsically complex and are generally of infinite dimension.

12-6. Develop a relation for [AB, C ] in terms of commutators of individual operators.

The double operator in equation (6) is the second operator in the commutator. This problem
develops a similar relation where the double operator is the first operator in the commutator.

[AB,C] ABC — CAB
= ABC — ACB + ACB — CAB
= A(BC — CB) + (AC — CA)B
= A[B,C] + [A C]B.

where zero in the form —ACB + ACB is added in the second line.
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12-7. Develop a relation for [AB, C D] in terms of commutators of individual operators.

Problems 12-5, 12—6, and 12-7 are intended to build some familiarity with commutator algebra,
but are really motivated to reach the result of problem 12-8. Here the results of the last two
problems are used to arrive at a third relation that will be useful in problem 12-8.

Using the result of problem 12-5,
[AB,CD] = [AB,C]D + C[AB, D],

and then using the result of problem 12-6 on both of the commutators on the right,

[AB,cD] = (A[B,c]+[A C]B)D + c(A[B D]+[A D]B)

= A[B,C]D + [AC]BD + CA[B,D] + C[A, D]B,

which is the desired result.

12-8. Show [L,, L,] = ihL..

Given the relations of equations (3) through (5) and the thus far developed commutator algebra,
it follows that

(Lo, L£y] = ihL.,  [Ly, L] = ihLy,  and  [L., L,] = ihL,. (7)

These are known as the orbital angular momentum commutation relations, or more com-
monly just the angular momentum commutation relations.

(Lo, Ly] = [YP.—ZPy, ZPr — X P.]
(vP.—zp,) (2P - xP.) - (2P - xP.)(VP. - 2P,)

= VP EPy— VP XP,—ZPyZPut+ ZPyX P ZP VPt ZPZ Py + X P.Y P, — X P2 P,
- (ypzzpz—zmypz) + (ZPyXPZ—XPZZPy)

+ (2P.2P,— ZP,2P.) + (XP.YP. - YP.XP.)
= [YP., ZP,| + [EZPy, XP.| + [ZP., ZPy| + [XP., YP.].

Now applying the result of problem 12-7, the plan is to express these commutators in terms of
individual operators, and then evaluate those using the commutation relations of equations (3)
through (5). In problem 12-7, one commutator of the products of two operators turns into four
commutators. Since we start with four commutators of the products of two operators, we are going
to get 16 commutators in terms of individual operators. The good news is 14 of them are zero
from equations (3), (4), and (5), so will be struck.
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(Lo, Ly] = VI[P, Z] Py + [y/Z]PZPz + Zy[PZ/PI] + Z[y/Pz]PZ
+ Z[Py/X]PZ + [Z,/X]PyPZ + XZ[Py,/P.] + X[Z,P.]P,
+ Z[Pw/Z]Py + [Z,/Z]Pzpy + Zz[Pz/Py] + Z[Z/Py]Pz

+ X[P.JY]P. + [X/y]PZPZ + yX[PZ/z] + y[x/z]n

= YV|[P., Z]P. + X[Z2,P.]P,
= Y(—ih)P, + X(ih)P,
= ih(XPy—YP,) = ihL..

Postscript: The other two relations, [Ey, EZ] = th L, and [EZ, Ew] = th L, can be
calculated using similar procedures.

The operators £, , £,, and L, are abstract operators in an infinite dimensional Hilbert
space. Practical calculations can be accomplished in the much simpler subspace C3. In other
words, we want 3 X 3 matrix operators that satisfy the angular momentum commutation relations.
The component angular momentum operators do not commute meaning that we can diagonalize
one, but only one. The most popular choice is to diagonalize £, . So, in the L. basis

01 0 L (0 =i 0 10 0
L, - — |10 1)|n, £,— —|i 0 —i|ln, £.— |00 0 |h (8
V219 1 0 V2 \o i o 00 -1

In a basis which makes £, or £, diagonal, the angular momentum matrix operators are different
than those seen in relations (8). This is the most popular representation of these matrix operators.

12-9. Show [L,, £,] = ih L. using relations (8).

L [0 10\ ; /0 =i 0 , [0 —i 0 , [0 10
(L., Ly] = —= |1 0 1|h—=|i 0 —i|h— —|4i 0 —i|h—=|1 0 1|h
V2\op 1 0/ V2 0 V2 o) v2lo 1 0
p2 [ 0 —1 52 [ 0 —1 2 [i+1 0 —i+73
= 5|0 —i+i 0 -5 [0 i-i 0] =—=| 0 0 0
i 0 =i i 0 i i—i 0 —i—i
g2 (2000 10 0
= 5|00 0 | =ihf0 0 0 )h—ihLl,
0 0 —2i 00 -1
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12-10. Define £2 = £2 + £2 + £2. Show L% = 2R’T.

The component angular momentum operators do not commute. The sum of the squares of the

component angular momentum operators, L2 + EZ + L2, does commute with the component

angular momentum operators. This sum is denoted £? for convenience. Also conveniently,

1 0 0
L% = 2R*T — 2r° |0 1 0 (9)
0 0 1
in C3?. This is a simply an exercise in matrix arithmetic.
L2 = L2+ L)+ L2
L [0 10 L (0 10 L [0 —i 0 L [0 —i 0
— |10 1|ln—=111 0 1]r+—=|i 0 —i|lh—=1i 0 —il]n
V2o 1 0/ v2\o0 1 0 2\ 0 V2 \ 0
1 0 0 1 0 0
+ 1o 0o o anlo o o |n
0 0 -1 0 0 -1
Lf(1 0 1 A 0 -1 1 0 0
:§Ol+10h2+§ 141 0 |»*+ (0 0 0]|n
1 0 1 -1 0 0 0 1
1/2 0 1/2 1/2 0 —1/2 1 0 0
=0 1 0 |n*+ 0 1 0 |»+ |0 0 0]n?
1/2 0 1/2 -1/2 0 1/2 0 0 1
1 0 0 1 0 0 2 0 0
=10 2 0|2+ [0 o0 0|r =10 2 0]nr = 2K°7.
0 0 1 0 0 1 0 0 2

Postscript: The Hamiltonian for a spherically symmetric potential commutes with £? and the
three component angular momentum operators. So H, £2, and one of the three component
angular momentum operators, conventionally L., is a complete set of commuting observables for
a spherically symmetric potential.

We will use a Hamiltonian with a Coulomb potential for the hydrogen atom. The Coulomb
potential is rotationally invariant, or spherically symmetric. We have indicated H, £?, and
L. form a complete set of commuting observables for such a system. You may be familiar with
the principal quantum number 7, the angular momentum quantum number [, and the magnetic
quantum number m for hydrogen from other studies. We will find there is a correspondence
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between these two sets of three quantities, which is n comes from application of H, [ comes
from application of £2, and m comes from application of £, . A significant portion of the reason
to address angular momentum now is for use in the next chapter on the hydrogen atom.

12-11. Show that £? commutes with Ly, in C3.

This is a partial proof that £? commutes with £,, £,, and L, .

2 0 0 L [0 —i 0 L [0 —i 0 2 0 0
(c* c,] — (0 2 0fr*—=|i 0 —i]h——|i 0 —i|rR|0O 2 0]A
002/ V2 i 0 V2 \ o 0 0 0 2
0 -2 0 5 [0 =2 0
n? h
= —|l2 0 -2 - —=12 0 -2¢0|] =20

Postscript: The fact that £? commutes with component operators of orbital angular momentum
is of fundamental physical importance in creating a complete set of commuting observables for the
hydrogen atom (and other systems with spherical symmetry if you want).

Mathematically, we expect the identity operator and a scalar multiple of the identity operator,
like £2= 2h*T, to commute with any other operator in the same space.

12-12. Show L2 + LI # (Lo +iLly)(Le —iLy).

We are going to address angular momentum, like the SHO, from both a linear algebra and a differ-
ential equation perspective. We are going to assume rotational invariance, or spherical symmetry,
for the hydrogen atom so will have H, £2?, and £, as a complete set of commuting observ-
ables. The linear algebra arguments will be first, working only with the components and £?. The
Hamiltonian for a Coulomb potential is added in the next chapter.

The four angular momentum operators are related as

L= L0+ L)+ L2 = LP- L =L+ L.

4

The sum of the two components L2 + EZ would appear to factor
(Lo +iLy) (Ly —iLy), (10)

and they would if the factors were scalars, but they are operators which do not commute, so this is
not actually factoring. Just like the SHO, the sometimes named factorization method is useful
for the development of arguments using linear algebra. Also like the SHO, raising and lowering
operators will be useful.
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(Lo +iLy) (Lo —iLy) = L3 — iloLy + iLyLy + L

L2 — i(LoLy — LyLy)

L2 — i[La, L]

— i(inL.)

L3+ hL, (11)

[
U

+ 4+ 4+ + +
2

Postscript: The expression in the next to last line is a significant intermediate result, and we will
have reason to refer to it.

Like the SHO, the idea is to take advantage of the angular momentum commutation relations
from equation (7). We will use the notation

Ly = L, +iL, and L = L, — iLl,. (12)

The operator L is known as the raising operator and the operator L£_ is known as the
lowering operator. They are commonly denoted together as £ and are called the ladder
operators for orbital angular momentum.

12-13. Show that £ £, = L£* — L2 — RKL,.

The intent is to develop this operator that we will need later in a calculation similar to the last.

L_Ly = (Lp—iLly)(Ly+iLy)
= L2 + il L, — iL,Ly + L
= L5 + L + i(LoLy — LyLy)
= L2 + L2+ i[La, L]
= L2 + L + i(ihL.)
= L5 + L, — hL.
L= L2+ L2+ L2 = LD+ L =L - L2
= L. L, =L~ L2~ DRhL,.

_l_
_l_

12-14. Show that [£% Li] = 0.

Problems 12-14 and 12-15 develop the commutators for £, . In general,
(L% Ly] = 0. (13)

(L2, Ly = [£% Lo +iLly] = [£7, Lo] + i[£% L,] = 0 + i(0) = 0.
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12-15. Show that [L., Ly] = KL, .

This problem uses the expression in equation (11) from problem 12-12. In general,

(L., Ly] = £hLy. (14)

(L., £4] = [Loy Lotily] = (Lo Lo] +i[La, £,] = iBL, +i(—iRL,) = B(Lo+iLy) = ALy .

Postscript: The linear algebra arguments that follow rely heavily on equation 14.

12-16. Show £? and £, commute using commutator algebra.

Remember that all operators commute with themselves and powers of themselves. The reduction
uses the result of problem 12-6 and the angular momentum commutation relations.

(£%, L.] = [£3 + L) + L2, L]
22, L] + 22 L] + [cz/cz]
= [Lo Lo, L] + [Ly Ly, L]
Lo [Loy L] + [Loy L) Lo + Ly [Ly, L] + [Ly, L] L,
= L.(—ihLy) + (—ihLy)Ls + L, (iRL,) + (ihLy)L,
(—ihLy Ly +ihLy Ly) + (—ihLy Ly +ihLy Ly) = 0.

Postscript: That £2 and £, commute means they share a common eigenbasis.

Prelude: The next six problems are really one problem broken into a sequence of smaller parts.

The intent is to show
L2, m> = RPIl+1D]|L,m> 1 >0 (15)

L,|l,m> = mh|l, m>, -1 <m <1 (16)

using eigenvector/eigenvalue arguments. The general eigenvector/eigenvalue problem is
Alv> = alv>, (17)

where |v > is the eigenvector and « is the eigenvalue of the operator A. Equation (15) and
(16) are comparable to equation (17) for the eigenvector |, m >, where the eigenvalue of £? is
h?1(1+ 1) and the eigenvalue of £, is mh.

Here is an outline of the process. We know that £? and £, share a common eigenbasis,
but they will likely have different eigenvalues when they operate on the same basis vector, thus
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an index is needed for each operator. The first unknown index is the eigenvalue for £?, where
we will use the symbol «a for the eigenvalue. The second non-specific index is the eigenvalue for
L., denoted by the symbol 3. Two indices are necessary to represent the eigenvalues of the two
commuting operators. The generic eigenvector/eigenvalue equations for £2 and L. are

£2]a,ﬁ> = ala, B>,
‘CZ’O"5> = ﬁ’a’ﬁ> .

The intent of problems 12-17 to 12-22 is to show « = h*I(I+1) and 3 = mh while discovering
the meaning of the quantum numbers [ and m.

12-17. Show that L, |«, > is an eigenvector of £, with eigenvalue (§ + h.

From problem 12-15
[LZ,£+] = £z£+ - £+£2 = h£+

= £z£+ = £+»CZ + h£+

Combine this with the generic eigenvector/eigenvalue statement L. |«a, 6> = [|a, 3> . Re-
member from chapter 1 that the product of an operator and a vector is a vector.

L.Lila, B> = (LyLo+hLy)|a, B>
=Ly L. |a, B> + hLy|a, B>
= Ly fla, > + hLi]|a, B>
= (B+h) Ly, B> .

Summarizing,

,CZ(»C+’OZ,5>) = (ﬁ+h)(£+’0&,ﬁ>),

which means £, |, > is itself an eigenvector of £, with eigenvalue (ﬁ + h) .

Postscript: The effect of £, is to increase the eigenvalue of £, by the amount %, so it is called
the raising operator. A better name would be the raising operator for £, , but the convention
is simply to call it the raising operator.

Similarly, £_ |a, > is itself an eigenvector of £, with eigenvalue (ﬁ - h) . The effect of
L_ is to decrease the eigenvalue by the amount 7, so it is called the lowering operator. Again,
the convention is to refer to the lowering operator without reference to L, .
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12-18. Show |a, B> is an eigenvector of L£2.

Problem 12-14 showed £? and £, commute, that is
[;CQ,;C_F] = £2£+ - £+£2 = 0

= £2£+ = £+£2.

Combine this with £?|a, 8> = ala, 8> .

£2£+’Oé,ﬁ> = ,C+;C2’Oé,ﬁ> = ,C+Oé’0[,ﬁ> = Oé,C+’Oé,ﬁ>,

or summarizing

£2(£+’a)ﬁ>) = Oé(,C+’Oé,ﬁ>),

so Ly |a, 3> isitself an eigenvector of £? with eigenvalue «.

Postscript: Similarly, £_|a, 8> is itself an eigenvector of £? with eigenvalue «.

It is important that £, |a, 8> is itself an eigenvector of £2?, but notice that the rais-
ing/lowering operator does not affect the eigenvalue of £2. The eigenvalue of £? acting on an
eigenstate or a combination of the raising/lowering operator and an eigenstate is «.

12-19. Establish a relation between « and (3 using the generic eigenvector/eigenvalue equations.

Recalling the definition of the square of the angular momentum operator,
£L2=L0+ L+ L2 = L£P-L2=L+ L.

The left side of the last equation conveniently contains only £ and £, . The fact that the right side
is the sum of the squares of two Hermitian operators is pertinent. The sum of the squares of the
eigenvalues, corresponding to operations by £2 and EZ must be non—negative. In mathematical
vernacular, the sum of £2 and EZ is positive definite.

(EQ—Eg)]oz,ﬁ> = L%, B> — L2|a, B>
= ala, > — L.B|a, B>
= ala, > — o, B>
= (a—ﬁz)]a,ﬁ>.

Forming an adjoint eigenstate and a braket,

<a,ﬂ]ﬁ2—ﬁila,ﬁ> = <Oé,ﬂ’04— 52’04,5>
= (a—-p%) <a,B|a, B>
= o — 52
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using orthonormality of eigenstates <o, |a, 3> = 1. Since £2 — £2 = £2 + EZ,
<a,B|L=L2]a, B> = <a,B|LE+ L], B> > 0.

Thus <o, BILP—L%|a, B> =a — B >0 o o> (2.

Postscript: Again, the difference o — 32 is non-—negative since the braket can be expressed as a
sum of £2 and EZ. Both £, and £, are Hermitian, so their eigenvalues are real scalars. The
sum of the squares of two real scalars is non-negative, i.e., a?+b> > 0 forall @ and b € R.

The condition o > (3% means [ is bounded for a given value of «. Therefore, there is an
eigenstate |, fBmax> which cannot be raised, and another eigenstate |c«, Omin> which cannot
be lowered. In other words, the ladder for the z component of angular momentum has a bottom,
like the SHO, and a top, unlike the SHO.

12-20. Solve for Bhax in terms of Bnin -

We found £ L, = £? — L2 — KL, in problem 12-13. Notice in the expression £_ L, |«a, 3>
that the raising operator acts on the eigenket first. So, if we let £_L, act on the eigenket at the
top of the ladder, |, OBmax>, Wwe necessarily obtain the zero vector. Similarly, £, £_ acting on
| v, Brin > yields a zero vector, just like the lowering operator acting on the bottom of the SHO
ladder. Together, these will yield relations that allow us to solve for B.x in terms of Guyin -

'C—'C+|05) ﬁmax> = 6
= (L2 L2~ hL.) |0 B> = O

= L%, Buax> — L2, Puax> — BL.| @, Bumax> = 0

= ala, Bmax> — B2 @ Bmax> — B Bmax | Bmax> = 0

= (0= Bhax = 1 Bmax) | & Brnax > = 0

= o — B — hBmax = 0 because | @, Bmax > #0 for an existing system

= a = ﬁxznax + hﬁmax‘
Similarly, £,£_ |, Bmin> = 0 = a = (2, — hfBmn. Equating these relations for o,
IQHaX + hﬁmax = ﬁ?nin - hﬁmin = ﬁxznax + hﬁmax - 12nin + hﬁmin =0

which is quadratic in By - The quadratic formula yields

1 1
e = —51 & 512 = A=+ i)
1 1 5 5
= —gh 5\/zwmin 41 Bonin +
1 1
— —h + =/ — )2
Lt 2/ =)
1 1
— —Ch 4 ~(2Bum—h
Lk 22— 1)
= ﬁmax = _ﬁmin and ﬁmax = ﬁmin - h.
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12-21. Express the eigenvalues of £2 using the B rrax
orbital angular momentum quantum number .

The relation 1=2
2 I=1
a:ﬁmax—i_hﬁmax IZO
was developed in the last problem. Examine the l=-1
figure at the right. Unlike the SHO for which the |=-2
bottom of the ladder is n = 0, the z-component .
of orbital angular momentum quantum number :
Il = 0 is the center quantum number, where [
is simply an integer index. Then up one step is Bin
[ =1, down one step is [ = —1, up two steps is
[ =2, down two steps is [ = —2, and so on. Figure 12-1. Z—component of orbital angular
momentum quantum number ladder.
Bmax = —Pmin from the last problem. The second solution, Bnax = Bmin — b, is discarded

because there cannot be an eigenstate below the bottom of the ladder. Thus, Gnax — Bmin = 28max
because there are [ steps above [ = (0 and [ steps below [ = 0. The raising and lowering operators
indicated the steps for the z-component operator are separated by % in problem 12-17, so

20maz = 2hl = PBmax = hl, SO
@ = Bax + MBmax = a = (W) + a(nl) = RPE+H1 o
a = hI(l+1)

which is the conventional expression for the eigenvalues of £2 in terms of the orbital angular
momentum quantum number [ .

Postscript: Remember that [ is simply an integer index used to label the rungs of the
z-component ladder. The z-component ladder has negative values, however, [ is strictly non-
negative because a > (32 from problem 12-19, and 3?2 is strictly non-negative.

The vector sum of the orbital angular momentum and spin angular momentum, using
quantum number s, is total angular momentum, denoted by quantum number j. Spin and
total angular momenta are discussed in Quantum Mechanics II.

12-22. Express the eigenvalues of £, in terms of the magnetic quantum number m .

Figure 12-1 is motivated by
L (Lyla, B>) = (B+N1)(Ly |, B>), Bmax = lh, and B = —Ih,

and the fact that an eigenstate having a z-component of angular momentum that is zero is phys-
ically required. We shall use the above equation, the known top of the ladder, and the known
bottom of the ladder to find the value of the generic eigenvalue of £, previously labeled (.
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Starting on the eigenstate with the z-component of angular momentum Sy, = —lh,

EZ(£+ |, —lh> ) = (—lh+ h)(£+ |, —lh> ) .
Operating on this eigenstate,
EZ(£+ |, —lh+h> ) = (—lh+h+h)(£+ |, —lh+h> ) = (—lh+2h)(£+ |, —lh+h> ),
then
L, (£+ | o, —lh+2h> ) = (—lh+2h+h) (£+ | a, —lh+2h> ) = (—lh+3h) (£+ | a, —lh+2h> ) .
The eigenvalue increase by one unit of % for each successive application of the £, £, operator. An
eigenstate having a z-component of angular momentum that is zero is physically required. Thus,
we have eigenvalues which climb from —IA to [ in integral increments of h. The eigenvalue
of the z-component of orbital angular momentum is just an integer times A, from minimum to
maximum values. The symbol conventionally used to denote this integer is m , so

L.la, B> = mh|a, >, 1 <m<l

is the eigenvalue/eigenvector equation for the z-component of angular momentum. Picture figure
12—1 with the rungs separated by A and m as the integer index.

Postscript: Early quantum effects were seen in various sorts of spectra. The effects of the L,
operator were seen as spectral splitting only when the sample being observed was immersed in a
magnetic field, thus, the name “magnetic quantum number.”

The magnetic quantum number m is occasionally denoted m; , indicating that it is bounded
by the orbital angular momentum quantum number.

Using ! within the ket to denote the state of orbital angular momentum, realizing %>l (l +1 ) is
the actual eigenvalue of £2, and m as the ket’s second index to denote the state of the z-component
of angular momentum, realizing the eigenvalue of L, is actually mh, the eigenvalue/eigenvector
equations for £2 and L, are

L2 L,m> = RPII+1)lL,m>, 1 >0

L.ll,m> = mh|l, m>, -1 <m<l
which are the conventional forms of the eigenvalue/eigenvector equations for £2 and L. .

Again, | and m are not eigenvalues of £2 and £,. The eigenvalues are h%l (l+1)
and mh where [ and m are simply integer indices used to easily compute the actual eigenval-
ues. Should an eigenstate be denoted by using the eigenvalues in the ket, it would look like
| h21 (I+1), mh>, however, |l, m> is more economical, identifies the eigenstate uniquely, and
is preferred, just as |n> is preferred for the SHO rather than | (n + %) hw>.
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12-23. (a) What are the possible results of a measurement of £2?
(b) A measurement of £? yields 6h%. What are the possible results of a measurement of L, ?

(c) A measurement of £, yields 2. What are the possible results of a measurement of £2?

The only possible results of a measurement are the eigenvalues, which are A?1(1+ 1) for £?
and mh for £, per the eigenvalue postulate. The orbital angular momentum quantum number
is non-negative and integral, i.e., [ = 0, 1, 2, 3, ..., and is unbounded. The magnetic quantum
number may be positive, negative, or zero; is integral, but is bounded between —[ and [.

(a) B2 1(1+1) = 0, 2K, 6K%, 12h*, 20R7, ...

®) R2l1(l+1) = 6R* = [ =2 = m= -2, -1,0,1,2 = —2h, —h, 0, h, 2h
are possible results of a measurement of L, .

(c)mh = 2h = 1 > 2 = 6h%, 12h*, 20h?, ... are possible results of a measurement
of £2, though 0 and 2A* are not possible.

12-24. For the eigenstate |l, m> = |3, m>, what measurements are possible for £ and L£.?

The only measurements that are possible are the eigenvalues.

The eigenvalue of £2 is A*I(I+1) = A*3(3+1) = 12h°.

For [ = 3, the possible eigenvalues of £, can range from —3hi to 3k in increments
of h. Explicitly, the measurements that are possible for £, for the eigenstate |3, m > are
—3h, —2h, —h, 0, h, 2h, or 3h.

12-25. What are the eigenvalues of the raising operator £, ?

Problems 12-17 to 12-22 developed much of the mathematics for this problem. Use the facts
that £ |l,m> is an eigenstate of £, increasing the eigenvalue by % to obtain a symbol for the
eigenvalue of £, , then form a braket. We also know L£_L, = o — (3?> — hB for which «
and [ are now known, which will allow us to solve for the eigenvalues of L .

The fact L4 |I,m> is an eigenstate of £, can be written
L.Ly|L,m> = (mh+h)Ly|l, m> .
The effect of £, operating on the ket |I, m+ 1> is
Lo|l,m+1> = (mh+h)|l,m+1> which together

= Lill,m> o« |l,m+1>
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Let v be a proportionality constant. Then

Li[l,m> =y [l,m+1>
is the eigenvalue/eigenvector equation for the raising operator, where = is evidently the eigenvalue,
and the eigenvector is raised by one element of quantization in the z-component. This means if
the z-component of the state on which the raising operator acts is mh, the new state has a

z-component of mh + h = (m+ 1)k, and thus the index m+1 is used in the new eigenket. The
adjoint of the last equation is

<l,m]£1 = <lI,m+1[y" = <Im|L. = <I,m+1|y"

because ETF = L_ . Forming a braket,
<l m|L_Ly|l,m> = <l,m+1[y"y|l,m+1>.

Though we did it only for Bpax, the maximum eigenvalue of L£,, the algebra remains the same
for any [, any eigenvalue of L, , so

L. L, =a— (% - k8 =nKI11+1) — m*h® — mh?.
Using this in the braket,
<z,myh2((z+1) m —m)yz m> = <l m+1[vy|l,m+1>
= h2(5(5+1)—m(m+1)) <lL,m|l,m> = |y <L, m+1|l,m+1>

= h2(5(5+1)—m(m+1)) = |v/?

= = VIl+1)—m(m+1)h,

where we used the orthonormality of eigenstates. The eigenvalue/eigenvector equation is then

Lill,m> = JIl+1)—mm+1)h|l,m+1>.

Postscript: Were we to do the similar calculation for £_, we find

L_|l,m> =Il+1)—m(m—-1)k|l,m—1>.

These are often expressed as one relation,

Lill,m> = Il+1)—m(m+ Dh|l,m+ 1> .
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12-26. What are the final states when (a) £4 and (b) £_ operate on the eigenstate |2, —1>7

This is a numerical application of the previous result.

(a)  Ly]2,-1> = /22+1) - (-D(-D)+1)h|2, 141>

= /2(3) = (=1)(0)n|2, 0>
= V6h|20>.

b))  L£_]2, 1> = /22+1) - (-1)((-1)=1)h|2, -1 —1>

= V23) = (-1)(-2)h|2, 2> = V6—-2h|2, —2> = V4 hK|2, —2>
= 2h|2, —2>.

The next six problems are intended to apply calculations developed previously and the postulates
of quantum mechanics to eigenstates of orbital angular momentum. Problems 12-27 through 12-32
all refer to the linear combination of two eigenstates for the ¢ = 0 state vector

|9(t=0)> = A(]2,1> + 3|1, -1>) (18)

12-27. Normalize the state vector of equation (18).

This normalization is done twice. The first calculation is done in a two dimensional subspace. The
second calculation is more general and done solely in abstract Dirac notation.

There are two eigenstates, so we can work in a two dimensional subspace. We can model the

first eigenstate <(1]> and the second <(1]> . Then the state vector can be written

oo =4[} + 2 ()] - 4(3)

Another way to look at it is the state vector is two dimensional with one part the first eigenstate
and three parts the second eigenstate. Proceeding with the normalization,

(1,3),4*,4(;) = [A]2(149) = 10|42 = 1
S oa=- 2 S y¢(0)>:L<1> - L (21> 3]0 1)
V10 V10 \3 Vit ’ ‘

In abstract Dirac notation,
<yYlY> = (<2,1]+3<1, —1])AA(]2,1>+ 3|1, -1>) =1
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= (<2,1yz,1>+3<2,1/1,—1>+3<1,—1/r/2,1>+9<1,—1]1,—1>)1Ay2 =1

1
= (1+040+9-1)|4]> =1 = 10[/4]’ =1 = A= ——

V10

yielding the same normalization constant, and thus the same state vector, as above.

Postscript: Recognizing the orthonormality of eigenstates is required in the second calculation.

12-28. What are the possibilities and probabilities of a measurement of £2?

Apply the postulates. “What are the possibilities?” and “What are the probabilities?” are likely
the two most fundamental questions for any application of quantum mechanics.

The possibilities are the eigenvalues. There are two eigenstates, each with its own eigenvalue.
If we measure and put the system into the first eigenstate, we measure the state corresponding
to the quantum number [ = 2, which has the eigenvalue A*I1(l +1) = Kh?2(2+1) = 6h*. If
we measure and place the state vector into the second eigenstate corresponding to the quantum
number [ = 1, the eigenvalue measured is h%I(1+ 1) = R*1(1+ 1) = 2h*%.

Since the state function is now normalized,

2

p(L? = 6h?) = | <¢2,1W)> |* = ‘(1’ 0>¢%<;>

P(L? = 21%) = | <trafu> %= ‘(0’ 1”%—0(;)

1 , 1

2 1
pr— _ 2:
= 1510+3]

E .

12-29. What are the possibilities and probabilities of a measurement of L, ?

The possible results of a measurement of £, are m =1 = h is the first eigenvalue, and

m = —1 = —h is the second possible eigenvalue. Using exactly the same math,
1 9
P(Lz—h) = 1 P(LZ——h) = 10

12-30. What is the expectation value of £2?

9 6 18

1
<[?> = Pla;) oy = — 6h2 — oK% = —p? W2 = =K% = 2412
> Plaa 10" T 10 0" 1 10 10
12-31. What is the uncertainty of L£2?
1/2
2 ]. 2 2\ 2 9 2 2\ 2
AL = \/§ Plai)(ai— < £2>)" = [1—0(671 —2.41%)7 + ﬁ(2h — 2.41%)

9 1 2 9 2 1/2 2 1/2 2 2
=h 1—0(3.6) + —(-04) = h°[1.296 + 0.144] " = h*V 144 = 1.2h°.
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12-32. What is the time dependent state vector?

[W(t)> = Y [5><j|e(0)> e E
= (é) (1, 0)\/%—0 (;) e—iBit/h (?) (0, 1)\/%_0 (;) o—iEat/h

L 1\ _iE/m 3 <0> —iBat/h
- = e 1 4+ = e 2
V10 <0> V10 \ 1

1 . 3 .
= —— (2, 1> e B/h L |1, —1> et BR/R

V10 V10

which is as far as we can go with the given information. We need an energy operator, a Hamiltonian,
encoding the potential energy function of a specific system to obtain non-generic F;.

The central portion of this chapter uses calculus-based arguments to describe quantum mechanical
orbital angular momentum. Special functions become focal. The special functions used in our
development are families of solutions to differential equations.

The conservation of angular momentum, or rotational invariance, implies circular or spherical
symmetry. We want to examine spherical symmetry, because spherical symmetry is often a rea-
sonable assumption for simple physical systems. We will assume a hydrogen atom is spherically
symmetric, for instance. Remember in spherical coordinates,

= rsinfcos ¢, r = (x2+y2+22)1/2
= rsinfsing, 0 = tan! («/xz—i—gﬂ/z)

z = rcosb, ¢ = tan~! (y/m)

From these it follows that position space representations in spherical coordinates are

L, — ih <sin¢)% + cosqﬁcot@i),

o¢
. 0 . 0
Ly — il (—COS(ﬁ% + Sln¢COt08—¢>,
L, — —ih%, (19)
0? 1 0 1 9?
2 529 9 o
£ h <802 T tanoas T sin208¢2>’ (20)
Li — + het® (% + icotﬁ%). (21)
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12-33. Derive equation (19).

All five of the above representations are addressed in problems or exercises.

From equation (2),

0 0
L, — ih|—-2z— + y— | .
( oy 7 856)
Developing partial differentials from the relation between azimuthal angle and position coordinates,

¢ = tan"'(y/x) = y = xtan¢

oy B s, T
rie x(‘)(tanqﬁ) = xsec’¢p = =
_ x09
= Oy = o2
The same relation gives us
Yy cosd .1
v tang ysingi) = ycosgsinT o
= g—z = y(—singi) sin™'¢ 4+ cos¢(—1) sin_2¢cos¢)
cos? ¢ sin® ¢ + cos? ¢ y
= I —— | = y|l—=—— ) = ——=
sin” ¢ sin” ¢ sin” ¢
= OJr = — y@;ﬂ) .
sin” ¢

Using the partial differentials in the Cartesian formulation,

L, = zh( x cos® ¢ ?M) (—sm ¢yg¢>>

= —ih(cos® ¢ + sin’ ¢)8% = —ma%

12-34. Obtain L given the spherical coordinate representations of £, and L, .

£+ = Lz + Z,Cy

. . iy 0 0
— ih <51n¢8 + cos ¢ cot@(%)) + 1 [zh (—COS¢80 + sin ¢ cot08¢>]

=h _isinqﬁ(% + zcosqﬁcot@(;)(;5 + cosqﬁ% — 51n¢cot088¢]
=h (cosqﬁ—i—isin(;ﬁ)2 + (icosqﬁ—sinqﬁ)cot@g]
i o0 ¢
=h (cosqﬁ—i—zsm(;ﬁ)2 + z(cosqﬁ—i—zsmqﬁ)cot@%]
= h _(ew)% + i(ei¢)cot0%] = he'? (% + zcotG%)
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Postscript: Notice that the position space representations of all angular momentum operators in
spherical coordinates are functions of angle only, f = f(6,¢). Length or distance from an origin
in terms of spatial variables such as =, y, z, or r is not addressed.

12-35. What are spherical harmonics?

The Laplace equation

0? 0? 0?
sz:0©<%+87y+%>f:0 or

W + cot 6 W + m W
in spherical coordinates. All solutions to Laplace’s equation are known as harmonic functions.
Remember that the first derivative of a function is related to slope, and that the second derivative
is related to curvature, thus Laplace’s equation is useful in many applications involving curves and
spherical symmetry. The portion of the Laplace equation in spherical coordinates involving only
angular derivatives is the Legendrian. A function f(6,¢) that satisfies

or? r or r2

2 2 2
8f+28_f+1<8f of 18f>:0

9> f of 1 0*f
o f 190t oF _
902 T %0 T 29 92

is a perfect sphere. The function satisfying the equation V2f 4+ A f = 0 can be used to describe
a non-perfect sphere. When A = [(I 4+ 1), it is the Legendre equation having the solutions
known as Legendre polynomials. The reason to write the constant A as [ (I + 1) is that the
solutions can be expressed in terms of non-negative integers, equivalent to polar periodicity. Prob-
lems having spherical symmetry with azimuthal dependence require the associated Legendre
equation where

m2

A =1(l+1) "y
which is satisfied by the infinite set of functions known as associated Legendre polynomials.
Again, the reason to write it this way is that it describes azimuthal periodicity when m is an
integer. Notice that the associated Legendre equation reduces to the Legendre equation when
m = 0. Spherical harmonics are closely related to associated Legendre polynomials. The first
few spherical harmonics are listed in table 12—1.

358

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

1
Yo,0(0,0) = In
3 . +ip
Yi41(6,0) = —sinfe
T
3
Y1,0(0,¢) = {/-—cosb
T
1
Yaia(0,6) = 375 sin? § 2
T
15 . +id
Y2,141(0,¢) = {/-—sinf cosfe
T

5
Yoo(0,¢) = Ton (3cos® 0 —1)
Y3 13(6,0) = 63—5 sin® @ e30¢
T
1 )
Y3 12(6,0) = 32& sin? 6 cos f eT2'?
T
21 . 2 +i
Y3 11(6,0) = o1 sin ¢ (5 cos” 0 — l)e
T

|7
Y30(0,0) = Ton (5 cos® § — 3 cos 0)

Table 12 — 1. The First Sixteen Spherical Harmonic Functions.

Nodal lines of some spherical harmon-
ics are illustrated in figure 12—2. The
sphere is static when [ =0, m =0.
If struck on the top, the upper hemi-
sphere may compress and the lower ex-
pand, and if allowed to oscillate, each
hemisphere may alternately contract
or expand where the equator is a nodal
line as depicted for [ =1, m=0. If
struck on the left side, it may oscillate
by hemispheres similarly around longi-
tudinal lines asseen for [ =1, m =1.
Another mode of vibration is that the
top third may compress if the sphere
is struck on the top, the middle third
may expand as the lower third con-
tracts where two lines of latitude are
nodes per [ =2, m=0.

It is common to refer to spherical
harmonic functions without explicitly
indicating that the arguments are po-
lar and azimuthal angles, for instance
Y5, rather than Y51(6,¢). Notice,
for instance, Y37 and Y5 _; are ex-
actly the same except for the sign of
the argument of the exponential. This
means that the drawings are the same
for —m and are comparable to strik-
ing the | = 1, m = 1 sphere on
the right side, for example. The —m
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Figure 12—2. Nodal lines for spherical
harmonics with non-negative m.
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spherical harmonics simply swap areas of azimuthal compression and expansion relative to those
with positive m where nodal lines are unaffected. Notice that when m # 0, the Y7 ,,, and Y, _,,
are adjoint functions. Some texts place a negative sign leading the spherical harmonic functions
for which m < 0, which is a different choice of phase. We will use the convention denoted in table
12-1, where all spherical harmonics are positive. Used consistently, either choice is reasonable and
both choices have advantages and disadvantages.

A taut string will vibrate when plucked with nodes at the ends. It can also have nodes at
1/2,1/3,1/4, ... of its length which are called harmonics. The idea here is the same for the more
complex and three-dimensional geometry of a sphere. While it may be easiest to picture spherical
harmonics as different modes of vibration on a sphere, our use is to describe the angular dependence
of the possible wave functions of an electron in a spherically symmetric hydrogen atom. Spherical
harmonics describe regions of higher and lower probabilities quantum mechanically rather than
classical modes of vibrations.

Postscript: The strategy to describe the hydrogen atom is to separate the Schrodinger equation
into radial and angular equations. The solutions to the radial equation can be expressed in terms of
associated Laguerre polynomials, which will be introduced in the next chapter. The solutions
to the angular equation are the spherical harmonic functions. Wave functions for an electron
confined within a hydrogen atom are the product the radial and angular solutions. More explicitly,
wave functions for an electron confined within a hydrogen atom are the product of associated
Laguerre functions and spherical harmonics.

Spherical harmonics are orthogonal and complete. The spherical harmonics listed in table
12—1 are normalized so are orthonormal. They are also complete in the sense that angular space
is spanned by an appropriate linear combination.

12-36. Derive Y5 ; and Y5 _; using the generating function.

A generating function for spherical harmonics is

20 +1)(1 — m)
A (l 4+ m)!

| .
- P (cos ) eime, m > 0,

Yim(0,6) = <—1>m\/ (
and
Yiom(0,6) = Yin(0,6), m <0,

where the P ,,(cosf) are associated Legendre polynomials. Associated Legendre polynomials
can be generated from Legendre polynomials using

Pin(w) = (-1 a7+ ().

where the Pj(u) are Legendre polynomials. Legendre polynomials can be generated using

(~1)! d .
o g T

Bi(u) =
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(1)}

P(u) = sy o1 —u?)? = ﬁ d%[za —uz)(—Zu)] - (3u — 1)

N —

d
@(US —u) =

N —

is the appropriate Legendre polynomial. The appropriate associated Legendre polynomial is

Pyi(u) = (=1)* (1—u2)1%P2(u) = —\/(l—uz)diu%(&ﬂ—l)
= —% (1 —u?)(6u) = —3uy/(1—u?).

The spherical harmonic in terms of this associated Legendre polynomial is

= — ELE;Z((;))" ( — 3 cosfy/(1— cos? ¢9))ei‘Zs

=3 LCOS@ sinfe'® = ﬂcosﬁ sin 6 ¢
~ Vair- 32 ~ Vir 32

M .
= 15 cos @ sinf e,

8

which is identical to Y5 ; in table 12-1. Then,

)

* 15 : —1
Yo 1(0,0) = Y5,(0,0) = Yo 1(0,0) = \IS—WCOSG sinfe"?,

also identical to the listing in table 12-1.

Postscript: Notice the generating function for spherical harmonics contains the restriction
m > 0. Our strategy to obtain spherical harmonics with m < 0 is to find the correspond-
ing Y; ., , then to obtain Y; _,, by creating the adjoint. The advantage of this strategy is we
do not need to consider associated Legendre polynomials with m < 0, though those also have
meaning and can be obtained using

Pl,—m(u) =

in our phase scheme.

Notice that all angular dependence is in the term P ,,,(cos §) e in the generating function
for the Y7 ,, . Notice also that the expression underneath the radical consists entirely of constants
or factors formed from the indices [ and m , which is simply a normalization constant. The Y} ,,
listed in table 12—1 are properly normalized.
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12-37. Show that < Yl,l ’ Yl,l > = 1.

Problems 12-37 and 12-38 provide some evidence that the spherical harmonics listed in table 12-1
are orthonormal. A general proof of orthogonality of Legendre polynomials is given in Byron and
Fuller'. They then use that result to show that associated Legendre polynomials and spherical
harmonics are orthogonal. Of course, if a system is orthogonal, it can be made orthonormal.

Having selected a representation, the appropriate form of integration for spherical angles is
with respect to solid angle, df2 = sinfdfd¢, and the normalization condition is
2T ™ 2
[ Y00 Yim0.00a2 = [ ds [ avsino]Yim0.0)] = 1.
0 0

<Yi1|Yi1> = /Yf‘jl(e, ¢) Y1,1(0, ¢) dS2

3 2T T
= — do / df sin® 6
87'[' 0 0

Notice that since e~ .¢e® = €% = 1, the exponential dependence on ¢ vanishes. We are left
with the product of two single integrals which can be evaluated at the same time, so

s

2T
1
<Yi1|Yi1> = 8%[(;5]0 [—5 cos@(sin29+2)]0
= i[27r—0] —1 cosw(sin27r+2) + 1cosO(si1120—i-2)
8T 3 3
3 1 1 3[4
2 -z (-1 2) + = (1 2)| = 22| = 1.
s e v gmoen] = 37

12-38. Show that < Yl,l ’ Y2’0> = 0.

27 s
<Yi1|Ye0> = /0 dgf)/o df sinf (\/ 8% Sinee_w) ( 16% (3C052 _1))
= 1/i/%dqﬁe_i‘i’/wdﬁsin20(3c052—1)
12872 J, 0

L Byron and Fuller Mathematics of Classical and Quantum Physics (Dover Publications, New
York, 1992), pages 235-236.

362

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



EBSCChost -

Notice the form is constants times a definite integral in ¢ times a definite integral in 6. If either
of the two integrals is zero, the product is zero. Focusing solely on the integral in ¢,

27 27 27 27
—i¢p s _ o .
/0 doe = /0 do ( cos ¢ zsmgb) /0 d¢ cos ¢ Z/o d¢ sin ¢

27
— 4| —cos¢
0

Since the definite integral in ¢ is zero, the product is zero so <Y |Ys0> = 0.

= sin¢

27
0) = sin2w — sin0 + i(cosQTr—COSO) =0-0+ i(l—l) = 0.

Postscript: While not rising to the level of a proof, problems 12-37 and 12-38 are intended to
show the plausibility of the spherical harmonics being orthonormal. Both problems seem to suggest
that the integral in ¢ will require < Y] ., | Yy > = 0 any time m # m' as it did in problem
12-38. In fact, that is the case. The calculation where m = m’ but [ # [’ is substantially more
difficult. The literature supports that the spherical harmonics are orthonormal in any event.

The spherical harmonics are also complete in the sense angular space is spanned by an appro-
priate linear combination. While this statement is again supported by the literature, the proof is
formidable. We shall say only that the starting point is the Weierstrass theorem of approximation
of a continuous function by a sequence of polynomials that converge uniformly on an interval.

The integrals in ¢ and 6 became separate in both problems 12-37 and 12-38. This fact
suggests the two variables may be separable for all spherical harmonic functions. The next three
problems exploit this idea in hybrid calculations combining calculus based arguments with earlier
arguments from linear algebra.

12-39. Show that Yi,.(6,¢) = A(sin6)'e™® for m=1.

Spherical harmonics can be derived from the spherical coordinate form of the eigenvalue/eigenvec-
tor equation, L, |l, m> = mh|l, m>, and use of the raising operator for |I, m> — Y.

The spherical coordinate system form of £, and the functional forms of the eigenstates yields

0

8¢) ) )
We are going to assume the spherical harmonics are separable, that they can be expressed as a
product of a function of 6 and a second function of ¢, as suggested by the last two problems, or

Yl,m(e’ @Z)) = fl,m(e) gl,m(¢)‘

Remember that there is a top to the ladder for a given [. The top of the ladder is at m = 1.
Acting on an eigenstate on the top of the ladder yields zero, meaning L4 |l,1 > = 0. Using
the spherical coordinate form of the raising operator, this equation can be developed to obtain the
polar dependence f ,,(6). The product of the azimuthal dependence and the polar dependence
provides a solution to both partial differential equations that are posed in this development, so is
itself a solution correct to within a normalization factor.
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Using Y;m(0,0) = fi.m(0) 91.m(¢) in the differential equation built from the £, operator

i L (®) (@) = M fm(8) (@)

99
I fl,mw)a—fbgl,mw) = i (0) gin(9)
= i n(8) = man(o)

=  Ingm(¢) = ime
= gl,m(¢) = 6im¢.

Notice the exponential has no dependence on [, so we can write
gm(¢) = 6im¢ )
which is the azimuthal dependence.

Remember that there is a top and bottom to the ladder for a given [. The top of the ladder
is at m =1. If we act on an eigenstate on the top of the ladder, we get zero, meaning

Li|ll> = 0.

Using the spherical coordinate forms of the raising operator and the separated eigenstate, this is

) o .
P . g _
he |:—80 + 2cot 0_3¢):| fl,l(G) (& 0

= ei“ﬁ% fr1(0) + i f1u(0) cotO(il)e™ = 0
= 2f(<9)—lf¢9 t0 = 0
By, 1,1 l,l( )CO = U.

The solution to this is f;;(6) = A(sin 0)l . To see that it is a solution,

0 0 ) . _
%fl,l(e) = %A(smﬁ)l = Al(smG)l ' cos,

and substituting this in the last differential equation,

Al(sinﬁ)l_lcosﬁ — Z[A(sinﬁ)l] cos 6 = Al(sin@)l_1 cosfh — sin@cose

sin 6

= 0.

sin 6
So the unnormalized form of the m =1 spherical harmonics is

Yim(6,6) = A(sing)'e™? .
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Postscript: The ket |I, m> is an eigenstate of the commuting operators £? and L., but it is
an abstract eigenstate. That |l, m> is abstract is irrelevant for the eigenvalues, since eigenvalues
are properties of the operators. We can form an inner product with an abstract vector to obtain
a representation. Using a guided choice, the angles of spherical coordinate system will yield an
appropriate representation. Just as < z|¢> = ¥ (x),

<80, ¢’l, m> = Yl,m(0>¢))

where Y is chosen as the symbol conventionally used to represent the spherical harmonics.

12-40. Show Y;; = A(sinﬁ)leim‘i’ yields the Y; ; of table 12-1 when normalized.

This problem is evidence that the solution of the last problem is correct. Also, the probability
postulate will eventually require that a state vector is normalized.

To normalize Y;; = A(sin@)lei(lw = Asinfe'?,

1 = /(Yl,l)*yl,ldfz = /A* sinf e Asinf e dQ
2m m
= ]A]Q/sinQGeOdQ = ]A]Q/ d¢/ df sin® 6 sin #
0 0

s 27 s
= ]A]Q/ desin3e/ dop = 27r]A]2/ df sin® 6
0 0 0

0

1 " 2
= 21| A|? —§cosﬁ(sin20+2)] = %’A’Q[COSG(SiHQG-FQ)]
0

s

_ %’A]Q_COS(O)(Sifé(O)"‘Q) — COS(TF)(Si//Q(TF)—i—Q)]

= arme) - (e = 2a

REs 3 3 ,
5 14 87 LL =\ ge mres

which is identical to Y;; in table 12-1.
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12-41. Derive Y7 o from the result of the previous example.

Use the lowering operator in spherical coordinates on Y7 ; to obtain Yjq.

A lowering operator acting on an abstract eigenstate is L_|l,m > = Bl|l,m —1>,
where B is the eigenvalue. Using the spherical angle representation on the eigenstate Y7 i, this
eigenvalue/eigenvector equation is

—he ' (% — icot@%) Yipn = BYip,

again, where B is the eigenvalue. Using the unnormalized form of Y7 ;, we have

BY,y = —he ¥ (% — icot@%)Asim@e“ZS

= —Ahe ® (ew% sinf — icotf sinﬁé% ew)

. . 0 .
= —Ahe (e“Zs cosf — ic?se sin@(i)ew)

S1n

= —Ah(cosG + COSG) = —2Ah(cos¢9) = Y9 = Ccos0,

where all constants have been combined to form C', which becomes simply a new symbol for the
normalization constant. We normalize this using the same procedure as the previous example,

27 ™
1 = /C*COSQCCOSGdQ = ]C]Q/ d(;S/ df cos® 6 sin 0
0 0

T 39 T 2 0
:27r]C]2/ d@coszesin0:27r]0]2[—cos ] = —”1012[@539]
0 3 0 3 i

= 2—W’C’2[COS3(O) - cos3(7r)] = 2%!0!2[1 - (_1)] = 23_7”0’2[2]

3
4m 2 3 /3
?]Cl =1 = C = I = Yo = ECOSQ)

which is identical to Yj o listed in table 12-1.

The third portion of this chapter returns to matrix operators, and continues the interpretation of a
braket as a matrix element which was introduced in the discussion of the SHO. The culmination is
an application of the general uncertainty relation to the component angular momentum operators

which are related  [£;, £;] = ihly = ALIAL > g‘<ck>‘.
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12-42. Derive the £, matrix operator for [ =1.

The component angular momentum operators in C® have been given to be

1 01 0 1 0 - 0 1 0 O
Ly - — |1 0 1]h, Ly - — |1 0 —i|h, L, — {0 0 0 |h
V2 010 V2 0 2 0 0 0 -1

without proof. This and the next problem derive £, and £, , and L, is left as exercise 12-65.

The eigenvalues are properties of the operator. Knowing the eigenvalue/eigenvector equation
linking an eigenvalue to a specific eigenstate, in this problem L, |l, m> = mh|l, m>, enables
the construction of the operator. This problem continues the interpretation of a braket of the
form < i|A|j> as the element a;; of the matrix form of the operator A. In this case,
<1,m;|L.|1, m;> are the elements of £, for [ =1.

=1 = m=1,0,o0r —1,and L, can be represented

<1,1|L,|1,1> <1,1|L.|1,0> <1,1|L,|1,-1>
L, = <1,0|L,|1,1> <1,0|L.|1,0> <1,0[L,|1,-1>
<1,-1|L,|1,1> <1,-1|L,]1,0> <1,-1|L,|1,-1>

There are three eigenvalue/eigenvector equations in this matrix, namely
L.]1,1> =1-A|1,1> = h|1,1>,
L.]1,0> =0-A|1,0>=0,
L,]1,-1> = —1-h|1,-1> = —h|1l,—-1>.
Using these in the above matrix,

<1,1|Al1,1> <1,1|0 <1,1|—-"h|1,-1>
L, = <1,0|Rr[1,1> <1,0/0 <1,0|—-nh[1,-1>
<1l,-1|R|1,1> <1,-1]|0 <1,-1|—-h|1,-1>

h<l,1|1,1> 0 —-h<1l,1|1,—-1>
=| h<1,0]|1,1> 0 —-h<1,0|1,—-1>
h<l,-1]1,1> 0 —-hA<1l,-1|1,-1>

Orthonormality dictates <1,1|1,1> = <1,—1|1,—-1> = 1, and all other inner products
are zero. Thus

h-1 0 —h-0 L 0 0 1 0 O
L, =|h-0 0 -R-0)] =0 0 0 |]={0 0 0 |h.
h-0 0 —h-1 0 0 —-h 0 0 -1

Postscript: Since [ = 1 does not change, the index for m alone will uniquely identify an
eigenstate, and the notation can be simplified to 1,1 > — |1 >, [1,0> — |0>, and
|1,—1> — | — 1> for the next and other problems/exercises.
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12-43. Derive the £, matrix operator for [ =1.

It appears that we do not have an eigenvector/eigenvalue equation for £, , but remember that
Ly = Lo+il, and L_ = L,—if, = L.—L_ =2L, = L, = % (L — L)

and we can proceed as was done in the previous problem knowing

Lill,m> = JIl+1)—m(m=+1)h|l,m+1>.

Remembering that [ =1 and does not change in this problem,
L]1,1>— L_|1> = JI1+1)-1(1-1)h|0> = V21h|0>

L_]1,0>— L_]|0> = JI1+1)—00-1)h|—1> = V2h|-1>
L_]1,-1>— L_|—1> = 0 because it cannot be lowered.

Li]1,1>— Li|1> = 0 because it cannot be raised.
L£i]1,0>— L, ]0> VIA+1) —00+1)h|1> = V2h|1>
Li]l,-1>— Ly|—1> = V11 +1) = (-1)(-1+1) h|0> = V2]|0>

The matrix representation of £, is

<1|Ly|1> <1]Ly|0> <1[Ly|—-1>
L, = <O|Ly|1> <O0[Ly|0> <O[Ly|—-1>
<-1|L,|1> <—=1|L,[0> <-1|Ly|—-1>

; <1|L_—Li|1> <1|L_—Ly|0> <1|L_—-Ly]|—-1>
= —-| <O|L_—Ly|1> <0|L-—L4]|0> <0|L_—Ly|—-1> =
<=1|L_—Ly|1> <—=1|L_—Ly|0> <—-1|L_—-Ly|-1>

<U|L_o|1>—=<1|Ly|1> <1|L_|0>—=<1|Ly]|0> <1|L_|—-1>—-<1|Ly|—-1>
<O|L_o|1>—=<0|L4|1> <0|L_|0>—=<0|Ly]|0> <0|L_|—-1>—-<0|Ly|—1>
<L 1> — <=1|L4]1> <—=1|L_[|0> — <—=1|L4|0> <—1|L_|—1>— <—1|L4]—-1>

; <1|V2Rh|0>—<1]0 <1|V2h|-1>—-<1|V2Aa|1> <1|0—-<1|V2Ah|0>
=—| <0|V2Rh|0>-<0]0 <0|vV2h|-1>—-<0|vV2Ah|1> <0|0—<0|V2Ah|0>
<—1V2Rh|0>— <—1|0 <-1]v/2h|—-1>—<-1V/2h|1> <-1|0—- <-1|vV2 h|0>

. <1]0>-0 <l|—-1>-<1|1> 0-<1]|0>
V2 h
= ! <0[0>-0 <0|-1>-<0[1> 0-<0]|0>

20\ <1105 -0 <—1|-1>—<—1|1> 0- <-1|0>
/0 0-1 o0 0 —i 0
SN T S R A

ﬁOl—OO ﬁOiO
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12-44. Find the matrix form of the £, operator for [ =1.

This problem demonstrates another method of obtaining a matrix representation of an operator.

L (0 10 L [0 —i 0
Ly =Ly +iLy, = — |1 0 1|h +i—=|7 0 —i]h
V2 1oy 1 o V2 \o i o

s [0 10 0 1 0 p [0 20 0 1 0

= — (1 0o 1] +([-1 0 1 = — (0o o0 2| = v2(0 0 1|n

vV2i\g 1 0 0 -1 0 vV2\o 0 0 000

12-45. Apply the general uncertainty relation to the three component [ =1 operators.

From chapter 6, the general uncertainty relation is
1 ~ = 1
(LA (AB) = <ol [AB] 4> + ; <v|C|v>
for observables related by operators such that [A, B| = iC. The product of uncertainties can

1 P
only be minimized if 1 <y| [A, B]+ |1p>? = 0, thus, consider only

(A A (BB) = 1 <vlC|v>?

for [Ew, Ey] = thL, and its cyclic permutations.

For (AA)’(AB)® > i<¢10|¢>2, and  [L,,L,] = ihL., A — L,,

B — L, and C — hL,. When the component angular momentum operators are
substituted, the minimal product general uncertainty relation reads

(ML) (DL,) > i<¢yhczy¢>2

h
= AL AL, > §‘<£Z>

)

where the absolute value is appropriate because its square is positive definite. Remember that the
expectation value <L, > is understood to be dependent on a state vector. Similarly,

[L,,L.] = ihLy = ALAL, > %‘<cw>‘ and
(L., L,] = ihL, = ALAL, > §‘<cy>‘.

h
These are frequently written as one relation, AL;AL; > 5 ‘ <Li> ‘ where subscripts

are understood to be the cyclic permutations of =, y, z.
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12-46. Find <L,>, <L,>, and <L,> given > = — |1

This is the first in a sequence of problems intended to provide numerical evidence of the minimal
general uncertainty relations of the previous problem for the component angular momentum op-
erators. The sequence also revisits material from the first six chapters demonstrating its utility in
C3. The first step is to find expectation values using <L;> = < | L; |+ >, which is completed
without eigenvectors or probabilities.

L 1 [0 10O . 3
<Ly> = (3,1, =2i) — 1 0 1|h— |1
VIE V2 \g g o) VI o
I 2 6k 2 3V2
= —— (3,1, -2i) [3+2 | = 34+3+4+2i—2i) = = h
14\/5(” i) +Z) g (3H3+2i-2i) 28 14
11
<Ly> = (3,1, =2i) — — i
Y ( ) /—14\/5 0 )
h i 2 2 V2
:—31—2'32:——3322: = h
2y (81 ) o (-3i+3i+2+2) 23 7
. 10 0 . 3
<L.> = (3,1, -2)— [0 0 0 |h—|[1
M \g o 1) v \9
3
h h 5
= = 1, -2 = — 4) = =n
14 (31, —2i) 02. g (910-4) = o
— 41
. 3
12-47. Find <£L2>, <[2>, and <[?> fo > = — |1
m T Yy n z r ’d) \/ﬁ 9
The next step is to calculate <L2> = < |L;L;]|>.
L 1 [0 10 L [0 10 . 3
<L:> = (3,1, -2)——=|10 1]h—[1 0 1]|h— |1
VIAV2 {1 \/5010 V14 \ 9
;2 01 0 3+ 2
= 2—8(3,1,—2¢) 1 0 1 3+2z 3,1, —2i) 2
01 0 3+ 2
R 15
= 2 — 4) = —n?
55 (9+6i+2—6i+4) 53
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L 1 [0 —i 0 L (0 —i 0 . 3
<L> = (3,1, -2)——|i 0 —i|h—=|i 0 —i|h—|[1
! WV2lg 5 o) V2\o & o) VI \y
12 0 —i 0 —i ;2 3— 2
= 2—8(3,1,—2¢) i 0 —i 3i+2 = 2—8(3,1, 2i) 2
0 i 0 i —3+2i
h? 15
= o5 (9-6i+2+46i+4) = 2—8h2
10 0 1 0 0 3
<Ll> = (3,1, —zz')L 00 o nfoo o|at [
VI \g o -1 00 -1/ VI \y
2 1 0 0 3 2 3
= —(3,1,-2i) {0 0 0 0 = —(3,1,-2i)| 0
14 00 —1) \ -2 14 2i
2
13,
= ﬁ(9+0+4) v
Postscript: £? = L2 + L2 + L2 = <L?> = <L2> 4 <L’> + <L?> whichis
;—th + ;—th + ;—ZFLQ = g_gh2 = 2h* for this system, reinforcing problems 1-16 and 12-10.
12-48. Find AL,, AL,, and AL, for this system.
Now compute AL; = [<£?> — <£i>2]1/2.
15 3vz v 105 18,12 87 1Y% VST
AL, = |=n*> - [==h = |—=h - —Rr*| = |——=h ~
28 14 196 196 196 14
15 7\’ v 105 8 ,]Y? 97 1Y% Vor
AL, = |==h? — [ T2 = |—n® — — R} = |=—n ~
28 7 196 196 196 14
13 5 72177 ise 25 1Y% 157 Y2 V1Y
AL, = | =K — | =h = |—n* - ——=n} = |—=hn| = -1—-nh
14 14 196 196 196 14
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h
12-49. Show that AL;AL; > 3 ‘ <Lp> ‘ for this systern.

This is the primary reason to calculate the three uncertainties.

NERYAY ) h ho5 )
ALy AL, 11 I 11 I 0.46871Hh° > 2‘<E >‘ 21471 0.1786 I
VT . V157 , h h3V2 ,
AL, AL, 11 I 11 I 0.6296 = > 2‘<Ew>‘ 5 14 h 0.1515%
V157 | /87 h hv2

Postscript: Notice that the minimal general uncertainty relation from problem 12-45 applied
here to the component angular momentum operators is between the product of two uncertainties
and a multiple of an expectation value, rather than involving three uncertainties.
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Exercises

12-50. Show that (a) £, does not commute with £, , and

(b) L, does not commute with L, .

Component orbital angular momentum operators do not commute. See problem 12-2.

12-51. Show (a) [X, Y] = 0,
(b) [Pz, Py] = 0, and

(¢) [X,Py] = ik in position space.

Let the indicated commutators operate on an arbitrary function, say f(x,y,2), to obtain all
three results. These three commutators are a representative sample supporting problem 12—4.

12-52. Show (a) [X, Y] = 0,
(b) [Pz, Py] = 0, and

(¢) [X,Py] = ik in momentum space.

Similar to the last exercise, this time using the representations of component operators in momen-
tum space. The arbitrary function should be ¢ (pz,py,p.) for momentum space representations.

12-53. Show that
[A+B,C] = [AC] + [BC].

Follow the processes of problems 12-5, 12-6, and 12-7.

12-54. Prove that

A [B.c]] + B [c,A]] + [c [4B]] =o0.

This relation is known as the Jacobi identity. Again, follow problems 12-5, 12—6, and 12-7.
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12-55. (a) Given |l,m> = |4,m>, what measurements are possible for £? and L, ?

(b) For the eigenstate |Il,m> = |l,—3>, what measurements are possible for £? and L, ?

Measurements must yield eigenvalues! See problems 12-23 and 12-24.

12-56. What are £, and L£_ operating on eigenstate |3, —2>7

Ladder operators become increasingly important. See problems 12-25 and 12-26.

12-57. Find < £,> and A L, for the state vector
[ Y(t=0)> = A(|2,1> + 3]1,-1>)

used for problems 12-27 through 12-32.

These two details finish the sequence completely. You have eigenvalues and probabilities from
problem 12-29. Calculations are procedurally similar to those of problems 12-30 and 12-31.

12-58. For the state vector of orbital angular momentum

[ Y(t=0)> = A(4]2,2> + [3,-2>),

a) normalize the state vector.
b) What are the possibilities for a measurement of £2?
c) What are the probabilities for a measurement of £2?
d) What are the possibilities for a measurement of £, ?
e

f

) What are the probabilities for a measurement of £, ?
) What is the expectation value of £2?

g) What is the expectation value of L, ?

h

1

)
) What is the uncertainty of £2?

What is the uncertainty of L, ?
j) What is £, |[¢(t=0)>7

k) What is £_ |¢(t=0)>7

(
(
(
(
(
(
(
(
(i)
)
(

(

1) What is the time dependent state vector given that a Hamiltonian operator is not specified?

The sequence from problem 12-27 to 12-32 may be helpful. Part (1) intends that you write the
state vector in terms of generic FE;, as was done in problem 12-32.
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12-59. Consider the state vector of orbital angular momentum
[ Y(t=0)> = A(3]2,2> + 2[3,-2> + 5/0,0>).
a) Normalize the state vector.

)
b) What are the possibilities for a measurement of £2?
c) What are the probabilities for a measurement of £2?
d) What are the possibilities for a measurement of £, ?
e

f

) What are the probabilities for a measurement of £, ?
) What is the expectation value of £2?

g) What is the expectation value of L, ?

h

1

(
(
(
(
(
(
(8)
(h) What is the uncertainty of £2?
(i) What is the uncertainty of L, ?
(j) What is L4 |¢(t=10)>7

(k) What is £_|¢(t=0)>7

(

1) What is the time dependent state vector given that a Hamiltonian operator is not specified?

Again, see the sequence from problems 12-27 to 12-32, and part (1) intends that you write the
state vector in terms of generic FE;, as was done in problem 12-32 and exercise 12-58.

12-60. (a) Find D? given D = x(% + (‘%
(b) Find K? given K = x(% + y%

(c) Find £* = L2 + L + L2 in spherical coordinates.

This exercise highlights the necessary use of the chain rule for differential operators, exposes some
common notation, and is a practical conclusion to the position space representations in spherical
coordinates for angular momentum operators.

Remember that an operator acts on a function, so for f = f(z, y),

0 0 0 0 o of 0 Jf o Jf 0 Jf
D? = _ 4+ = _ 4+ = - g — gL — L — =L — L
<$8y+3x> (xay—i_(‘)x)f m(‘)yx(‘)y + x(‘)y(‘)m + (‘hm(‘)y + Ox Ox

0? 0? 0 0? 0?

Y R T R )

Oy? o Oyox Ay v Oxdy da?
0 0 0?
f f n f

where the chain rule is required to evaluate —ax— =

oxr Oy 8_y v 0xdy

Assuming that the
cross derivatives are interchangeable,

0% f of 0% f
0x0y + Ay + da?

0% f
D? = 2= 4+ 2
Oy?
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The function is normally only implied both in the reduction and the conclusion, so

28_2 o 0’ 4 8_2 4 ﬁ
Oy? Oxdy 02 oy

is how this operator would normally be written. Part (b) will have six terms which become five
under the assumption that the cross derivatives are interchangeable. The real operator of interest,
£? | will have 15 terms initially that reduce to equation (20) on page 356 given that cross derivatives
are interchangeable.

12-61. Find the spherical harmonic Yy .

This exercise intends that you use the generating functions of problem 12-36. Start by finding the
(' d
21 dut

fourth Legendre polynomial Pj(u) = (1 —u?)". Use this to find the second associated

Legendre polynomial
dm

P, = (=1)"/(1 —u2)"——PR ,
() = ()™= @) Pi(u)
from which Yo can be calculated using
B m | 2U+1)(1—m)! ime
Yim(0,0) = (-1) \/ (i + m)! P, (cos)e™?, m > 0.

You should find % 1/ 2i sin®(6) (7 cos®(6) — 1) ¢*?® . These calculations have some value in
T

assimilating the meanings and uses of these and other generating functions. The actual impact of
this and the next exercise may be to convince you to see Table of Spherical Harmonics in Wikipedia
or another source for higher Y; ,,,(0, ¢).

12-62. Find the spherical harmonic Y5 _3.

See problem 12-36 and exercise 12-61 for guidance. The numerics for exercise 12-61 are somewhat
involved and are more challenging for this exercise. It may be more valuable to find the answer
online to become familiar with that resource rather than wading through the actual numerics.
You must be careful with phase conventions when using online resources. The Table of Spherical
Harmonics in Wikipedia has the same phase convention as adopted for this text. In fact, should you
have the fortitude to suffer through the numerics, confirm your answer using this online resource.

12-63. Express the state vector of exercise 12-58 using spherical harmonics.

Use table 12-1. Interpret the eigenstates of angular momentum in Hilbert space into a position

space representation. ¥ = —— ( 412, 2> + |3, —2>) is the appropriate state vector.

V1T
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12-64. Express the state vector of exercise 12-59 using spherical harmonics.

Similar to exercise 12-63 except slightly bigger, brighter, and shinier since the state vector is a

linear combination of three eigenstates. Use ¢ = —(3 |2, 2> +2|3,-2> +5]0, 0>) i

V38

12-65. Derive the £, matrix operator for [ =1.

Follow the processes of problems 12-42 and 12-43. The orthonormality of eigenstates is essential
to the treatment of <i|A|j> as the element a;; of the matrix form of the operator A.

12-66. Find the matrix form of the £_ operator for [ =1.

A different method of obtaining a matrix form of an operator. See problem 12—44.

12-67. Verify that for

1 010 1 0 —¢ 0 1 0 0
L, - — |1 0 1]h, Ly - — |1 0 —i]|h, L, — [0 0 0 |h,
V2 010 V2 0 4 0 0 0 -1

the eigenvectors for each eigenvalue are

1 L 1 L 1 L
L.: |-h>=-|V2], 0> = — | 0 |, A> = = | V2 ],
2 5 2
1 1 1
1 1 1 (1L 1 X
Ly: |-h>=-|-V2i], 0> = — (0], > = - [ V2i ],
2\ V2 4 2\
0 0 1
L,: |-h> = (0], 0> = [ 1], |h> = [0
1 0 0

Intended is that you show A |v> = «;|v> for appropriate operators and vectors. The longer
alternative is to solve the eigenvalue/eigenvector problem for all three operators. Realize that for
the eigenvalue 0 you have significant latitude in choosing eigenvector components.
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12-68. (a) Find the probabilities of obtaining —h, 0, or h from a measurement each of the

3
component angular momentum operators given that the state vector is |y > = 1

V14 \ 9,

(b) Find <L,>, <Ly>, and <L.> using <L;> = Y P(o;)oy.

The state vector is the same as used in problems 12-46 through 12-49. This is a confirmation of
problem 12-46 as well as a reminder that a check for a calculation of </£;> is available.

h
12-69. Show that ANLiNL; > 5 ‘ <Lp> ‘ for the state vector 1
21

This exercise is the general uncertainty relation applied to the three component [ = 1 angular
momentum operators. First, (a) normalize the state vector. Then (b) find <L£;> . We get

24/ 2
ih’

9 and <L.,> = 0.

<Ly> = <Ly,> =
(¢) Then find

<LI> = <Li> = - R, and <[> = ghz,

and (d) obtain uncertainties using AL, = [<L?> — <L;>? ]1/2 . Finally, (e) obtain the

required products. Problems 12-46 through 12-49 should be good guides.

12-70. Find
<LP> = <LI> 4+ <L> + <LI>

using your numerical results from exercise 12—-69.

Per the postscript to problem 12-47, you must get 242.
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Chapter 13
The Hydrogen Atom

All atoms are “boxes.” The hydrogen atom with but one electron is a “particle in a box.” The
“box” is spherical. It has electrostatic walls. Electrostatic walls are “soft walls” rather than the
“hard walls” examined earlier in our study of the infinite square well. The electron in a hydrogen
atom is electrostatically bound to the nucleus composed of one proton. The electron can escape
should it obtain enough energy from the process of absorbing a photon, but other than that, it is
trapped in its spherical, electrostatic “box.” Maybe a better description would be a “particle in
a ball with indistinct, fuzzy walls.” The electron in a hydrogen atom is a particle in a box with
spherical, soft walls.

The hydrogen atom is one of the few realistic systems which can be solved analytically. The
solution to the radial equation for a central potential is the only feature actually added in this
chapter. This will not, however, be a short chapter because there is no easy solution to the
radial equation for a central potential. One popular approach uses a power series solution. Our
approach is to cast a portion of the radial equation into a form that can be recognized as the
associated Laguerre equation which has a family of solutions known as associated Laguerre
polynomials that are a major component to the solutions of the radial equation. The solutions
to the radial equation will be combined with the spherical harmonics of the last chapter to obtain
solutions in three dimensions for a central potential, which are the solutions to the hydrogen atom.

13-1. What is the Schrodinger equation in spherical coordinates?

The Schrodinger postulate and spherical symmetry dictate this step.

The time independent Schrodinger equation is
H|El> = Ei|Ei>, (].)

where E; are eigenvalues and | E; > are energy eigenstates. We earlier developed a one dimen-
sional position space representation of the time independent Schrodinger equation, using notation
where E; — E,and |FE;> — 1. In three dimensions the Schrodinger equation generalizes to

hQ
(——vz + v)w = Ev,
2m

where V? is the Laplacian operator. Using the Laplacian in spherical coordinates, this is

R [1 0 (,0 1 9 /(. ,0 1 02

Postscript: In spherical coordinates, ¥ = 1 (r,0,¢), and we shall seek a variables separable
solution where 9 (r,0,¢) = R(r)Y (6,¢). We will find solutions where Y (6, ¢) are the spherical
harmonic functions and R (r) is expressible in terms of associated Laguerre functions.
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13-2. Show that the Laplacian can be expressed

Oor? r Or r2

V2—8_2_|_28 1 8_24_#24_#8_2
N 002 tanf 00 = sin®60¢? )

in spherical coordinates.

It is imperative to find a complete set of commuting observables. The previous chapter on orbital
angular momentum and the postscript to problem 13-1 suggest £? and £, will suffice for the an-
gular portion. Our intent is to show that the Hamiltonian commutes with both of these operators,
so that H, £? and £, form a complete set of commuting observables for the hydrogen atom.
This problem is an intermediate step in that process that makes calculation toward this end both
more convenient and more accessible.

Starting with the Laplacian included in equation (2),

VQ — ig 22 + #2 si 92 + #8_2
~ 2o \" or 2sinf o0 \>" " 99 r2sin? § 0¢?

= L (27“g + 7“28—2) + L <COS¢92 + Sin08—2> + #8—2
r2 or Or? r2sin@ 00 062 r2sin?  O¢?

0?29 19 1 0 1 92

"oz T ror T 2o T wanoo0 T r2em?0 06

e t e T elae

902 T tan000 T 5?6042

0? 20 1(82 1 0 1 82>

which is the form of equation (3).

13-3. Express the Schrodinger equation in terms of £2.

This is another step in finding a complete set of commuting observables. The position space
representation of £2 in spherical coordinates is given as equation (20) on page 356.

The terms in parenthesis are —£2/ %, so the Laplacian can be written

0? 20 L2

v £ £
Or? r Or r2p?’

when spherical symmetry is intrinsic. The Schrodinger equation becomes

~—

[_rF(aZ 20 L

o T rar T

) + V(r)]d) = Ev. (4

2m
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13-4. Show [H, £?] = 0.

This is a necessary step to establish a complete set of commuting observables. Though not yet
explicitly introduced, the Coulomb potential is

7 e? 2
Vir) = - Te in general =V (r) = _67

for the hydrogen atom. Notice the potential has no angular dependence, and is a function solely
of the radial component.

[H, L% = HL? — LPH

z[—h—2<82+28 £2>+V(r)]£2—£2{—h—2<82+28 £—2>+V(T)]

am \ar? T rar am\ar? T rar

o, K20 ., K L

_ e v e 2
- 2m Or2 2m r Or 2m r2h2 + VL
h? 2 h? 52 h® L
_28_ —2—2——£2—£2V(7~)
2m  Or? 2m 7 Or 2m r2h,
0% 20 ., 5 h? 5 02 h? 520 5
= Tomart T oamrat TVOLE 0l es Tt — £V

where the third and seventh terms in £* sum to zero. The spherical coordinate representation of
L2 is o2 5 o2
1 1
062 tanf 00  sin® 6 0¢?
and has angular dependence only. The partial derivatives with respect to the radial variable do
not affect terms without radial dependence. Partial derivatives with respect to angular variables

do not affect the potential which is a function only of the radial variable. Therefore, the order of
the operator products is interchangeable, and

h? ., 02 h? 520

27 _ I L 2
[H’ £ ] - 2m£ Oor? 2m£ r or + LV()
h? ., 02 h? 520 5

Postscript: Instead of the verbal argument, we could substitute the angular representation of
L2, form the 18 resultant terms, explicitly interchange nine of them, and get the same result.
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13-5. Show [H, £.] = 0.

This is the last step in obtaining a complete set of commuting observables for the hydrogen atom.

(M, L.] = HL. — L. H

(ot 20 [ (ot 20 [P
= o (g ) VO e g (g b o ) V0]

RL K220 h? L2,
= Tamor™ T amrar t am e V(05
hQ 2 hQ 2 h? . 2
— Za— — 2—3 — _552 — L.V (r)
2m = Or? 2m "~ r Oor 2m r2p
h? 92 h2 20 h? . 92 B .20

where the third and seventh terms in £? £, sum to zero, since we already know that those two
operators commute. The spherical coordinate representation of L, is

L 0
EZ == —’I/ha—¢

and has angular dependence only. Again there are no partial derivatives which affect any term of
the other operator, or the potential V (7), in any of the operator products. Therefore, the order
of the operator products is interchangeable, and

R 92 2 20

[P L] = = onlegm ~ amberar + 5V
2 92 B2 20

13-6. Merge the results of the first five problems with those from chapter 12.

We have simply complicated the system of orbital angular momentum by adding a radial
component. Without the radial variable, we have a complete set of commuting observables for the
angular momentum operators in £2 and £, . Including the radial variable, we need a minimum of
one more operator, if that operator commutes with both £? and L£.. The total energy operator,
the Hamiltonian, satisfies the requirements, since

(Ho£2] =0, and  [H.L.] =0,

so the Hamiltonian is a suitable choice. A complete set of commuting observables is H, £2, and
L. , which is the conventional choice for the hydrogen atom. We have all the eigenvalue/eigenvector
equations, because the time independent Schrodinger equation is eigenvalue/eigenvector equation
(1) for the Hamiltonian operator, thus the eigenvalue/eigenvector equations are
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H|Yy> = E,|¢>,

L2 > = 11+ 1A% | >,

L.|Y> = mh|>,
where we subscripted the energy eigenvalue with an n because that is the symbol conventionally
used for the energy quantum number (per the infinite square well and the SHO). Then the solution

to the problem is the eigenstate which satisfies all three, denoted |n,l,m > in abstract Hilbert
space. The representation in position space in spherical coordinates is

<T)0)¢’n)l)m> - ¢nlm(T,9,¢) .

13-7. Separate the radial and angular dependence of equation (2)

In this and the following three problems, we illustrate how the angular momentum and magnetic
moment quantum numbers enter the symbology from a calculus based argument. Equation (2) is a
representation in position space, so is no longer in abstract Hilbert space. One of the consequences
of the process of representation is the arguments of linear algebra are obscured. They are still there,
simply obscured because the special functions we use are orthogonal, so can be made orthonormal;
and complete, meaning the space is spanned. The primary reason to proceed in terms of a position
space representation is to obtain a position space description.

As noted, we assume a variables separable solution to equation (2) of the form

¥ (r,0,¢) = R(r)Y(0,0). (5)

An often asked question is “How do you know you can assume that?” You do not know. You
assume it, and if it works, you have found a solution. If it does not work, you need to attempt
other methods or techniques. Here, it will work.

Using equation (5), equation (2) can be written

10 0 1 o/, ,0d
e (7‘25) R(r)Y (6,9) + 5=—25 <sme%> R(r)Y (6, ¢)

1 02 2m
—— —— R("MY (8 S —
r2 sin? 6 0> (r) Y (6,9)

10 0 1 0 0

1 0? 2m
PR Gy am Y (6.0) — S5 V() = E|R(r) Y (6,6) = 0.
Dividing the equation by R(r) Y (6, ¢), multiplying by r?, and rearranging terms, this becomes
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{wea () =00 = G [v -]

1 a (. ,0 1 92 -
+ [W@ <81H0—> Y(0)¢) + Y(0’¢) Sin203¢2 Y(0’¢) — 0

The two terms in the curly braces depend only on 7, and the two terms in the square brackets
depend only upon angles. With the exception of a trivial solution, the only way the sum of the
groups can be zero is if each group is equal to the same constant. The constant chosen is known
as the separation constant. Normally, an arbitrary separation constant, like K , is selected and
then you solve for K later. In this example, we are instead going to stand on the shoulders of
some of the physicists and mathematicians of the previous 300 years, and make the enlightened
choice of (Il + 1) as the separation constant. It should become clear [ is the angular momentum
quantum number introduced in the last chapter. Then

R}T)d% (Tzdii)R(r) - 2:52 Vo) - B| =1+ )

which we call the radial equation, and

1 02 v
Y (6, ¢) sin? § 942

19 (sinﬁ)m,qs) + (0,6) = —1(I+1),  (7)

Y (0, ¢)sinf 80 o0

which we call the angular equation. Notice the signs on the right side of equations (6) and (7)
are opposite so they do, in fact, sum to zero.

13-8. Separate the angular equation into azimuthal and polar angle equations.

The solutions to equation (7), the Y (6, ¢), are the spherical harmonic functions, and the [ used
in the separation constant is the same used as the index [ in the spherical harmonics Y ,,,(6, ¢) .
In fact, it is the angular momentum quantum number. But where is the index m? How is
the magnetic moment quantum number introduced? To answer these questions, remember the
spherical harmonics are also separable, i.e., Y} .,(0,0) = fim(0) gm(¢). We will use such a
solution in the angular equation, without the indices until we see where they originate.

Using the solution Y (6,¢) = f(6) g(¢) in equation (7),

1 0?

7(6) 9 (0) st ag | () 9le) = ~lI+1)

! 0 (. .9
1 (6) g(9) sinf 99 (Sln9_> F(0)g(e) +

Lo ; 1 82 0
N0 sin@%(sm _>f( )+ 9 (¢) sin? 0 062 9(¢) = —l+1).

Multiplying the equation by sin? 6 and rearranging,

sinf 0 (. O .
g (smogg ) 10) + 1 Do+ () = 0
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The first two terms depend only on 6, and the last term depends only on ¢. Again, the only
non—trivial solution such that the sum is zero is if the groups of terms each dependent on a single
variable is equal to the same constant. Again using an enlightened choice, we pick m? as the
separation constant, so

;i?ei% (shﬁ%) F(0) + U1+ 1)sin?0 = m?, (®)
ﬁjf& 9(¢) = —m?, )

and that is how the magnetic moment quantum number is introduced. Again, (8) and (9) need to
sum to zero so the separation constant has opposite signs on the right side in the two equations.

13-9. Solve the azimuthal angle equation.

The solution to the azimuthal angle equation, equation (9), is

g(@) = ™ = gul(e) = M, (10)

where the subscript m is added to g(¢) because it is now clear there are as many solutions as
there are allowed values of m .

Solving differential equations is an art. Likely one of the easier methods used is to “guess”
the answer, then show it is a solution. The quality of the “guess” is likely proportional to the
experience of the person doing the guessing. A person with experience may recognize the form of
an equation that makes them try a solution of a particular form. The discussion of orbital angular
momentum in the last chapter may help justify our current “guess.”

To show gn(¢) = €™? is a solution to equation (9),
d2 d2 3 d - im - im
dTSQQmW) = dTSgelmd) = d—¢(zm)e P = (im)?e™? = —m? g (o).

Using this in equation (9),

L (@) = —m? = ——(—ma(9) = —m® = —m® = —m?
gm () d¢? gm(9) ’
therefore g,,(¢) = €™? is a solution to equation (9).
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13-10. Solve the polar angle equation.

This problem is a little more substantial than the last. Equation (8) can be written

sine% <sinei>f(0) + I(I+1)sin®0f(0) — m?>f(0) = 0.
We can evaluate the derivative in the first term. We are then going to change variables to
x = cosf for the purpose of obtaining an elementary form which will reduce to the associated
Legendre equation introduced in the last chapter. The solutions to the associated Legendre
equation are the associated Legendre polynomials, which are well known and are, in fact,
solutions to our polar angle equation remembering x = cosf in our development.

Evaluating the first term,

sin @ % <sin¢9 di;) f(0) = sinf % <sin¢9 %ﬁ)
= sin6 <cos¢9d“gé0) + sin6 de@§9)>
= sin’6 dzdj;ge) + sinf cosd %{gm
Using this, equation (8) becomes
sin® 6 def;@ + siné cosf d{;) + 11+ 1)sin®0f(0) — m* f(0) = 0. (11)
Changing variables to = = cosf, we need the derivatives with respect to z instead of 8, so

is the first derivative, and the second derivative is

cfe)  d cadf(x)) df(x) ., d df(x)
—z = @<—sm9 7 ) = —cosd e 51119@ .
d f(z) . d dx df(x)
= —COSG 7 — Slne %@ d],‘
= —cosf dfix) — sind %(— 5111(9) “Zim)
g @) P E (@)
T dx?

Substituting just the derivatives in equation (11),

sin29<sin29d2f(m) — cosﬁdf(m)> + sin@cos@(—sin@d{i(m)>

dx? dx x

+ 11+ 1)sin®0f () — m* f(z) = 0,
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which gives us an equation in both 6 and =z, which is not formally appropriate, however, it
becomes difficult to keep track of the terms if all the substitutions and reductions are done at once
so this intermediate step may be illustrative. Dividing by sin® 6, we get

2
f(x) = 0.

sin29d2df(m) — COS@%(I) — COS@%(I) + 1(l+1) f(x) —

2 x x sin® 0

The change of variables is complete upon summing the two first derivatives, using cosf = z, and
sin?0 = 1 — cos?0 = 1 — 22, which is

(1—:32) /() - QIM + I(l+1) f(z) — m72f(:v) = 0.

dx? dx 1— 22

This is the associated Legendre equation. It reduces to Legendre equation when m = 0.
The function has a single argument so there is no confusion if the derivatives are indicated with
primes, and the associated Legendre equation is often written

(1-2%) (@) = 22 f'(x) + 11+ 1) f(2) -
and becomes the Legendre equation,

(1—:52) F'(x) — 20 f'(x) + 1(1+1)f(z) = 0,

when m = 0. The solutions to the associated Legendre equation are the associated Legendre
polynomials discussed briefly in the last chapter. To review that in the current context, associated
Legendre polynomials can be generated from Legendre polynomials using

m

Pin(z) = (-1 =27 2 B(2).

where the P;(x) are Legendre polynomials. Legendre polynomials can be generated using

Sy
21 dz!

Pz) = (1-a?).

The use of these generating functions was illustrated in the last chapter as intermediate results in
calculating spherical harmonic functions.

The first few Legendre polynomials are listed in table 13-1. Our interest is to generate
associated Legendre functions. Some associated Legendre polynomials are seen in table 13-2.

Py(z) =1 Py(z) = §(52% — 3x)
P(z) = = Py(z) = £(35z* — 3022 + 3)
Py(z) = $(322 —1) Ps(z) = £(632° — 702° + 15z)

Table 13 — 1. The First Six Legendre Polynomials.
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Pyo(z) =1 Pyo(z) = 3(32% - 1)

Pii(z) = —VI—a? Pyg(z) = —15(VT—22)°
Pio(z) =2 Pss(z) = 152 (1 —2?)

Pyo(z) = 3(1—a?) P;i(z) = —%(5x2—1)m
Pyi(x) = =321 —22 Pso(z) = 35(52° — 3x)

Table 13 — 2. The First Few Associated Legendre Polynomials.

Postscript: Notice P, = P o. The solutions to the Legendre equation and the associated Legen-
dre equation must be the same when m = 0. Also, many authors will use a positive sign for all
associated Legendre polynomials. This is a different choice of phase. We choose to include a factor
of (—1)™ with the associated Legendre polynomials, for the purpose that the sign of all spherical
harmonics will be positive as a result.

The change of variables x = cosf was done to put the differential equation in a more ele-
mentary form. A dominant use of associated Legendre polynomials is in applications where the
argument is cosf. One example is the generating function for spherical harmonic functions,

20+1)(1—m)
A (I 4+ m)!

Yim(0,¢) = (—1)m\/ : P n(cos®) ™ m >0, (12)

and Vi n(6,6) = Y/ (6,6), m <0,

where the P, ,,(cosf) are associated Legendre polynomials. Calculate a spherical harmonic with
m < 0 by obtaining the spherical harmonic with m = |m| and forming the adjoint.

To summarize, the angular equation is separated into an azimuthal and a polar portion. The
solutions to the azimuthal angle equation are exponentials including the magnetic moment quantum
number in the argument. The solutions to the polar angle equation are the associated Legendre
polynomials including both orbital angular momentum and magnetic moment quantum number.
Both quantum numbers are introduced into the respective differential equations as separation
constants. The solutions to the original angular equation (7) are proportional to the products
Py m(cos@)e™? .  These products P, (cosf)e™® o Y;,(0,¢) are the spherical harmonic
functions; the alternating sign and radical serve only to make the orthogonal set orthonormal.

13-11. What are associated Laguerre polynomials and Laguerre functions?

There is no easy way to solve the radial equation. A power series solution is often used. (See
Griffiths!, or Cohen—Tannoudji?). Our approach will be to relate the radial equation to the asso-
ciated Laguerre equation, for which the associated Laguerre polynomials are solutions.

L Griffiths, Introduction to Quantum Mechanics (Prentice Hall, Englewood Cliffs, New Jersey,
1995), pp. 134-141.

2 Cohen—Tannoudji, Diu, and Laloe, Quantum Mechanics (John Wiley & Sons, New York,
1977), pp. 794-797.

388

printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Laguerre polynomials are solutions to the Laguerre equation
wLj(x) + (1—z)L;j(x) + j Lj(z) = 0.

The first few Laguerre polynomials are listed in table 13-3.

=1

—x+1

= 2> —dx+2

—23 4+ 922 - 182+ 6

xt — 1623 + 7222 — 96z + 24

—25 4+ 2524 — 20022 + 60022 — 600z + 120

= 26 — 362 + 4502* — 240023 + 540022 — 4320z + 720

NSNS S

OO0

S N e N e N
I

Table 13 — 3. The First Seven Laguerre Polynomials.

Laguerre polynomials of any order can be calculated using the generating function

d’ ,
Li(z) = e"=— e "a’.

dxd

The Laguerre polynomials do not form an orthogonal set. The related set of Laguerre functions,

¢j(x) = e /% Ly(x) (13)

is orthogonal on the interval 0 < x < oco. Laguerre functions are not themselves solutions to the
Laguerre equation.

Just as the Legendre equation becomes the associated Legendre equation by adding an ap-
propriate term containing a second index, the associated Laguerre equation is

L (2) + (1—a+k) L¥(z) + j LF(2) = 0, (14)

which reduces to the Laguerre equation when k£ = 0. Some associated Laguerre polynomials are
listed in table 13—4.

L§(z) = Lo(x) L3(z) = 2
L0(z) = Lu(x) LY(z) = Ly(x)
Li(z) = —22+4 Li(x) = —4a®+ 4822 — 144x + 96
Li(z) =1 L3(z) = 60z2 — 600z + 1200
LY(z) = Lo(x) L3(z) = —12023 4 216022 — 10800z + 14400
Li(z) = 322 — 18z + 18 L3(z) = —20x3 + 30022 — 1200z + 1200
L3(z) = 1222 — 96z + 144 L3(x) = —24x + 96
L3(x) = —6z+ 18 L3(z) = 6
Table 13 — 4. The first few Associated Laguerre Polynomials.
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Postscript: Notice Lg’ = L; . Either index may assume any non-negative integral value. We will
be interested only in L;“(x) where k < j for hydrogen atom wave functions.

The Lf(m) can be calculated from Laguerre polynomials using the generating function

k k dk
Li(z) = (-1) o Livk().
d’ ;
13-12. Calculate Li(z) starting with the generating function for L;(z) = e” P e Tal.
x

Given the intent to relate the radial equation to the associated Laguerre equation, this problem is
a straight forward numerical calculation consistent with our approach.

We first need to calculate Ly(z), because

& g dF 1 1 d! d
Li(z) = (-1) s Lije(z) = Liz) = (—1) oy Lyiqi(z) = - Ly(z).
Similarly, if you want to calculate L3, you need to start with Ls, and to calculate L3, you need
to start with L;. So using the generating function,

d4
Ly(z) = ewﬂ e gt
T
d3
= wﬁ ( — e_wlA + e_w 41:3)
T
d2
= ewﬁ (e_wx4 e T4 —e T4 e 12532)
T
= ezd—Q (e_g”:v4 —e T8 47" 12x2)
dz?
d
= ezd— ( —e Pt e At e T8t —e T U — e 1222 47 24x)
T
d
= ezd— ( —e Pt e 1223 —e 7?3622 + e ® 24x)
T

= ¢ (e_g”:v4 —e 4 — e 122 4+ 67362 + e T362 —e T T2 —e T 24x + e 7 24)
— e (m4 —164° + 7222 — 962 + 24)

= 2% — 1623 + 722% — 96z + 24,
per table 13-3. Then to get Li(z),

Ly = —— Ly(z)
d

= (2" = 1627 + 7207 — 96z + 24)

= —(42® — 482> + 144z — 96)
= —4a® + 4822 — 1442 + 96,
per table 13-4.
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Postscript: Associated Laguerre polynomials are not orthogonal. Associated Laguerre
functions k _ —x/2 k/27k
Qi(z) = e 2" LY ()

are orthogonal on the interval 0 < z < o0, so can be made an orthonormal set. Again, the
@?(m) are not themselves solutions to the associated Laguerre equation.

We are specifically interested in a slightly different associated Laguerre function than the usual
first choice indicated above, i.e., we are interested in

yH(z) = e /2 T/2 Lh(g), (15)
These are also not solutions to the associated Laguerre equation, but they are solutions to
" 1 2j+k+1  k2-1
k k —
y; (z) + (— 1 + 5 iy ) yi(z) = 0. (16)

Equation (16) is a form of the radial equation with solutions given by equation (15), so the radial
functions R (r) we seek are R, ;(r) = Ayl (r), where A is a normalization constant.

13-13. Show equation (15) satisfies equation (16).

This is a critical connection. The result is a direct link to the solution of the radial equation. We
are going to simplify the notation to minimize clutter, and will explain as we progress.

To obtain the second derivative, we need the first derivative, and use the notation

y = e ®/2gkH0/2,
for equation (15) where v = L¥(x), because the indices do not change and only serve to add
clutter, and we can remember the independent variable is . The first derivative is
y = _%e—w/Z PERD/2 a2 (k_;l> PE-D/2, o2 (k)2
b (EELY Lo eezperne
2 2z
N (ez/QI—(k—l-l)/Q) y = _lv N k:+1v vy
2 2z

Notice we adjusted the second term on the right to do the factoring. Using the same adjustment
technique, we will factor these terms out of the second derivative as we go. These are also factors
common to equation (15). Since the right side of equation (16) is zero, after we substitute the
second derivative and the function into (16), we will simplify the equation by dividing by common
factors, therefore, none of the common factors will enter into the final solution. The exponentials
and powers still need to be considered in differentiation, but their inverses will appear on the left
and only the terms which have impact will appear on the right (see appendix D).

1 1hk+1 1 1k+1
z/2 —(k+1)/2) no_ —. _ = Y A
(6 v y 1Y T 979y VT 9V T 9Ty
PR Lk SRR S SPRS VRN R ,
2% 2r 20w 2" 2 ¢
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Substituting the second derivative and the function into equation (16),

g ( 1 N 2j+k+1 k2—1>y

4 2z 42

y o+ =0,

and dividing by the common factor of e~*/2z*+1)/2 = the remaining terms are

1 1k+1 1, 1k+1 E+1k—-1 E+1 , 1, E+1 , /
-V — ————UV — U — = v+ v+ v o— —v v+ v
4 2 2z 2 2 2z 2 22 2z 2 2z
N 1, 2j+k+1 k2 —1 .
1 2 wr )" T
N ,,+1 1k+1 1, 1k+1 +k;27L1 +k:+1, 1,+k:+1,
v v — = v— -V — < v v v— - v
2 2z 2 2 2 Y2 2 2 2
: 2
—1v+ 2j+k+1v_ k:flvzo
2x Y2
k41 1 k41 E+1 1 ' k41
= - v — —v — ¥v—i— +v’——v’—i—lv—i— v =20
x 2 Ax x 2 x x
kE+1 '
= " -+ +v’+lv:0
x x
= zv -z + (k+1)v + juv =0
= zv' + 1—-z+k)v + ju =0 (17)

which is the associated Laguerre equation. Since v = L¥(z), equation (17) is

xL;“”(x) + (l—x—i-k:)L?,(m) + jL;“(x) =0, and

y = e /2D 2y

= e %/2pk+1)/2 Lf( x) are solutions to equation (16).

Postscript: Equation (2) describes a single particle in a central potential. The hydrogen atom
is not actually a central potential, rather it is a two body problem. Were we able to anchor
the nucleus to a stationary location, equation (2) would be an accurate description. This is not
possible, but we can reach a similar end by picturing the center of mass being anchored to a fixed
location. If we use the reduced mass in place of the electron mass,

po= —ele
My + Me
the radial coordinate r accurately describes the distance between the center of mass and the
electron. The effect in equation (2) is largely cosmetic; where there was an m representing m. ,
it is replaced by p. Because the proton is about 1836 times more massive than the electron, the
reduced mass is nearly identically the electron mass. Many authors simply retain the electron
mass. The details of reducing a two particle problem to a one particle problem are covered in
numerous texts, including Cohen-Tannoudji®, Levine*, and many classical mechanics texts.

3 Cohen-Tannoudji, Diu, and Laloe, Quantum Mechanics (John Wiley & Sons, New York,
1977), pp. 784-788.
4 Levine, Quantum Chemistry (Allyn and Bacon, Inc., Boston, 1983), pp. 101-106.
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13-14. Solve the radial equation.

The plan is to explicitly use the Coulomb potential in equation (6), then rearrange the radial
equation into a form comparable to equation (16) for which we have the solutions, which are the
family constructed using associated Laguerre polynomials denoted in equation (15). We will make
three substitutions to obtain this end. There is a significant amount of algebra in this problem.

An advantage to proceeding in this manner is that we will be able to glean additional infor-
mation by comparing different equations term by term. The energy levels of the hydrogen atom
and the meaning of the indices of the associated Laguerre polynomials, which will be quantum
numbers for the hydrogen atom, will come from the comparison of individual terms.

The radial equation (6) using the reduced mass and the Coulomb potential, is

1 d [ ,d 2/17“ 62
— — — — l(l+1) =
R(r)dr (T dr) { r ] + 0
d ([ 5d 2/17“ e? B
= 50«5) - [ = - ]R ) — I+ 1)R(r) = 0
d ([ 5d 2412 €2 2ur2 B
= o <7“ dr) R(r) + [ R + h2 I(l+1)] R(r) = 0. (18)

We will make three substitutions to get equation (18) into the form of equation (16). The first is

y(r) = rR(r) - R(r) = y(r) (19)

Making this substitution in the first term and evaluating the derivatives

% (ﬂ%) R(r) = % (ﬂ%) (r )y (r)

d N dy(r
= 57“2 |:(—7“ 2)3/(7“) + (r ") Zi )]
= dir[ y(r) + ngily)]
Cay) |, dyl) | @y()

dr dr dr?
_ Py
dr?

The substitution serves to consolidate the first derivatives. Equation (18) becomes

d?y (r) 2ure®  2ur’ y(r)
r—s +[h2 + th—l(lJrl)] =0

d%y(r) N 2412 N 2uE I(i+1)
dr2 T2 52 2
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The second substitution is essentially to simplify the notation, and is

where the negative sign on the right indicates we are looking for bound states such that £ < 0.
Including the negative sign here lets us have an € which is real. The radial equation becomes

d?y(r) 2ue? €2 I(i+1)
dr?

T = T€ = r=2 , (21)
€
dz d’y(r) ddy(r) d dy(x) 2%y (2)
d = _— = e =
= " = dr? dr dr dr  dx € Tz
so our radial equation becomes
d? 2pe? 2 (141
2 y(l‘) /"’626 o € o 62 ( + ) y(m) =0
dz? xh 4 2
d*y (z) 1 21> I(i+1)
_ — = 22
dz2 4 + R 2er 2 y(x) 0, (22)
and equation (22) is equation (16) where
k2 —1
(l+1) = 1 (23)
and
2 .
2/1,26 _ 2j+k+1’ (24)
h-e 2

As demonstrated earlier, the solutions are equation (15),

y]k(m) _ 6—z/2x(k+1)/2 L;C(l‘)

Postscript: Evaluation of these results is completed in problem 13-16.
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13-15. Show ag = 0.529 A, using both the electron mass and the reduced mass.

We are going to take what appears to be a slight diversion to evaluate the particular set of factors
in equation (24), h?/pe?, which recurs repeatedly. Going back to the old quantum theory, this is
called the Bohr radius, that is

hQ

ag = — = 0.529A. (25)

e
This example is intended to illustrate three things. First, ag = 0.529 A, second is to work out
the CGS units for e?, and then to show the electron mass is a good approximation to the reduced
mass in hydrogen. The Bohr radius is a natural length for the hydrogen atom.

The electrostatic force in MKS and CGS systems is defined

2 2
L evks _ F — Scas

dmeyg 12 72

2
= g = 64M—KS — (1.602 x 10719 C)*(8.988 x 10° N - m?/C?)
TEN

= 2307 x 1078 N -m? = 2.307 x 1071 dyne - em?
= 2307x 10" Yerg-em = 1442 eV -A.

So
2 2 4 L R)2
o — o1 (e 1 (1.240 x 10* eV - A) o 05986 A
mee? 412 mc?e? 472 (0.5110 x 10%eV)(14.42€V - A)

The reduced mass is

My Me 1.673 x 10~24
- - . = 0.9995m,,
T mp+me T T6T3x 102 £ 0.110x 10-5 "
h? h? 0.5286 A
— = = = 0.5288A.
T a? T 0099%m.e 09995 | P

Postscript: There is 0.03% difference between the electron mass and reduced mass values. Many
authors simply use the electron mass and it yields a good approximation. The CGS value of e?
can be mysterious for those who have worked primarily in MKS units. By the way, the square root
e = 3.797 (eV - A)l/z can be a convenient way to express the charge on the electron in CGS units.

13-16. Find the eigenenergies of hydrogen from the solution of the radial equation.

Eigenenergies of hydrogen follow directly from equation (24). This problem also shows how the
principal quantum number for the hydrogen atom emerges from the mathematics.

Starting with equation (23)
k?—1
4

= 1(1+1)
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= k2 =4(+1)+1
= 4 + 41+ 1
— (2+1)°
= k =2+1.
Equation (24) gives us the eigenenergies of the hydrogen atom, but requires some development.
Since k = 2l +1,
27 +k+1 2+ (20+1)+1
2 B 2
From the discussion on associated Laguerre polynomials, the indices j and k are non—negative

integers. The sum j + 1+ 1 can, therefore, assume any integer values of 1 or greater. We are
going to rename it n, or

— j4I+1.

n =7 5+101+1. (26)

The new integer index n is known as the principal quantum number. Equation (24) is

212 2j+k+1

h2e 2

2 2
= j4+l+1=n=""L"
hee

2 2

= e

hn

4p%et

2 _
= ¢ =~

Substituting equation (20) to eliminate € and insert energy explicitly,

4 2uE 4p%et

R 2
2,432 2\ 2 32
L g _H 6471 _ % h
2uh*n? h 2un?
72
= EbE, = 5.
2103 n?
Inserting numerical values,
B o1 (he)?
" 2pagn?  4w2? 2(uc?)agn?
1 (1.24 x 10% eV - A)? _136eV
472 2(0.511 x 106 V) (0.529 A)2n2 n?
SO summarizing,
h? 13.6eV
E, = ———= = — 27
210302 n? (27)
are the eigenenergies of hydrogen.
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Postscript: The quantity 13.6 eV is called the Rydberg, and is usually denoted R or Ry.
Notice that n = j+1+1 where j and [ are non-negative integers, thus lnh.x = n— 1.

Remember that the observables postulate indicates that these are the only energies of hydrogen
that can possibly be observed. Indeed, the numerical expression

_ 13.6eV

E, =
n2

was developed from the spectra of visible light long before any explanation existed.

13-17. Create the radial wave functions from the solution of the radial equation.

The state vector postulate indicates that eventually we are seeking an | n, [, m> which represents
the possible states of hydrogen. In abstract Hilbert space, this is

<T) 0)¢’n)l)m> - Rn,l(r) Yl,m(0)¢)
for our development in position space. This is conventionally denoted

wnlm(r) 0) ¢) = Rn,l(T) Yl,m(e) ¢)

in position space. The next step is to develop the possible radial wave functions. Once those are
obtained, our wave function is a simple product of the R, ;(r) and the spherical harmonics.

To obtain the R, ;(r), start with
y]k(l,) _ 6—z/2 J:(k—l-l)/Q Lf(l‘)

which are the family of solutions to the radial equation. Since z = er, we need to convert back to
7, to be consistent with the spherical coordinate system. Then y (r) = r R (r), and the solutions
can be expressed as radial functions R (r). The final step for this problem will be to express
the indices in the family of solutions in terms of the principal and angular momentum quantum
numbers remembering k£ = 2/ +1 and n = j+1+1.

The family of solutions of the radial equation is given by equation (15)
y]k(l‘) _ 6—z/2 J:(k—l-l)/Q Lf(l‘) ]

The independent variable is still x = er. We need an independent variable r, or at least in terms
of 7, to be consistent with the spherical coordinate system. Using equations (20) and (27), we can
solve for € in terms of the Bohr radius and the principal quantum number,

(e>2 o 2uE 2 h? 1
2/ B B2 2uain?) — ain?
4 2
= 62 = ) = € = —, and
agn apn
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2r
T = e€r = r = —),
nagp

and this is in terms of the desired independent variable. Upon substituting

k+1)/2
(20 e (20 (20
7\ nag nag 7 \ nag

Remember y(r) = rR(r), so

(k+1)/2
F Ry (r) = em/nas <E> L <E>
nag nag

(k—1)/2
= Ryu(r) = <i> e—7/mao <E> rk (2_T>
nagp nag nag

after dividing both sides by r. Expressing the indices in terms of the quantum numbers n and [,

kE—1
kEk=24+1 = T:l and j+l+1 =n = 4 =n—-1-1, thus

2\ 2r
Rn,l(T) = Ae—r/nao <E> Lilj_ll_l <—>
0 nag

in terms of the quantum numbers. We have added a normalization constant A which has absorbed
the factor 2/nay from the power term when we divided through by the factor of . This still needs
to be normalized. We want the radial functions to be individually normalized so the products of
the radial wave functions and spherical harmonics, the hydrogen wave functions, are normalized.
The normalized radial wave functions are

3 7 | l
Ry i(r) = i) L2 o 3) 2 2—T>. (28)
’ nao ) 2n[ (n+1)!] nag ) " nag

The first few normalized radial wave functions are listed in table 13-5.

Ryio(r) = 2a5°/%e "/
Rop(r) = %a&g’m <1 — 2%‘0> e—T/2a0
Roa(r) = \/%agg’/za% e~ "/2a0
R3o(r) = \/12_76153/2 (1 — 3277; + 227728) o—"/340
R3q(r) = 27%(153/2 (1 _ 6%0> aioe—r/zao
Rso(r) = 813@%3/22_; o—T/3a0
Table 13 — 5. The First Six Radial Wave Functions for Hydrogen.
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13-18. Show equation (28) is properly normalized.

The probability postulate is of diminished usefulness without normalized wave functions. The
complicated radical in equation (28) is simply a normalization constant. This calculation is retained
in the body of the text to illustrate a general normalization processes in position space. Should you
have a particular interest in mathematical physics and special functions, the details of this problem
may be interesting. Otherwise, briefly scan the arguments and proceed to the next problem.

We want to normalize

2\ 2r
Rn,l(T) = Ae—r/nao <—> Lilj_ll_l <—> .

nagp nagp

The normalization condition for a function of the radial variable in spherical coordinates is

<o) =1 = [ (Rurl0) Rustr) 2

where the factor of 72 is the radial portion of the volume element in spherical coordinates. Using
the radial wave functions, this is

00 l * l
]. — / (A e_r/”ao (2—T> Lilj_ll_l <£>) Ae—r/nao <£> Lilj_ll_l <E> T2 dT
0 nag nao nao nag
o] 21
= [T ara e (2_> (r?) L2 (2_> L2 (2_> dr
0 naop nagp na
3 poo op \ 242 9 9 9
A e () e () () () o
0 nag nao nao naog

where the cubic factor preceding the integral comes from the fact we have grouped the factor of
r2 with the other powers of 7, and also have expressed the differential in terms of the argument
of the associated Laguerre polynomial. We are going to borrow two relations from Morse and

Feshbach?®, the first of which is

[T(a+b+1)]°
T(b+1)

/ 2%e * LY (2) Le(2z)dz = pe (30)
0

There are some things to notice about equation (30). The Kronecker delta 6, . reflects the orthog-
onality of the associated Laguerre polynomials. The integral is zero unless the lower indices of the
two associated Laguerre polynomials are identical. Also, we expect all indices to be integers, so
expect the gamma functions to become factorials. Comparing (29) and (30), the argument of the
associated Laguerre polynomial, the base of the power term, and the differential are all the same
in both equations. The upper index of the associated Laguerre polynomials and the power term

5 Morse and Feshbach, Methods of Theoretical Physics (McGraw—Hill, New York, 1953), pp.
784785
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are the same in (30), but differ in (29). We can adjust (29) using a recursion relation from Morse
and Feshbach,

PHL pe ) — (a+0) LY ().

ZLZL(Z) = (a+2b+1)L$(2) — m b1

If we take one factor of the power term and group it with the first associated Laguerre polynomial,

. 2041
‘A‘ (nao)3/ /s <2_T> {( 2r >Lil+ll—1 <2_T>}Lilfll_1 <E> d <E> )
0 nag nag nag o nao

which makes the exponent of the power term match the upper index of the associated Laguerre
polynomial, we can evaluate the term in braces using the recursion relation. For a = 24+ 1 and
b=c=n-1-—1, thisis

2 2 2
()i, () - weremenzeniz, (2)

nag nagp nag
n—1—1+1 og1 [ 27 212141 2r
- L — ] = (2141 —1-1)"L —
A+l+n—1-1+1 " \na (i tn—l=1) L5

2r n—1 2r 2 2r
— op [2H1 ar oy 2 (25 ()Pl U

=i nag n+l+1 """ \nag (n ) n=1=2\ nag
We are going to ignore all but the first term. We could substitute all three terms into the integral,
distribute other factors, break the integral into three integrals, and evaluate each one using equation

(30). But the Kronecker delta tells us integrals with unequal lower associated Laguerre polynomial
indices will be zero. The only non—vanishing integral will come from the first term, so

~ 2+1
() [ e (2 e (20 g (2 (2,
o nag nag nao nao
~ 2+1
= |Af 2n(mo)3/ e2r/mao (2T paney (20 oy (20020
2 0 nao n=l=1\ nay ) 1\ nag nag )’

and we are ready to evaluate this integral using equation (30) where

z = <2—T>, a = 20+1, b=c=n-1-1,

nagp

and for integers I'(j) = (j —1)!. Then

1= \A\an(”_gf)f [F(2l1f(71:7_—1£:)+1)]3
= Jaftan (f) L
- (5 s
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B 2\’ (n—1-1)!
-4 (nao> 2n[ (n+1)!]°

3 7 | l
= Rn l(’r) _ i (n l ]-) . e—r/nao E LQlj—ll_l Q_T .
’ nao ) 2n[ (n+1)!] nag ) " nag

13-19. Calculate R31(r) from equation (28).

Once the indices are established in terms of the quantum numbers n and [, most of the calculation
is arithmetic. The associated Laguerre polynomial is a look—it—up factor using table 13—4.

For n=3,1=1,
2 \° —1-1)! o0\ ! 5
- [T it (2) ()
Sa0 /) 2(3)[ (3+1)!] 3ag 340
2 23 1 T 2r
30 e ()
3 3&0 23[(432)] ap 3ag
2 2 —-3/2_—r/3 T 2r
I () (—24 () +96
3\/34[26.33.23] @ € o 500 ) *
2 22 —3/2 r ro
= 96- - e — | — 1) — r/3ag
3\/29737 ao 6&0 ag € 9
and because 96 = 2°-3,

26 1 ~3/2 r T r/3a0
Rl = g o (1) e

8 —3/2( 7“>7“ —r/3
= ——ua 1— ) I emr/3ao,
276 6ag ) ag

in agreement with table 13-5.

13-20. Sketch the first six radial wave functions.

The radial wave functions listed in table 13-5 are sketched in figure 13-1.
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A
A
a5
3R
0.74 Rz.o(r)xao
32
F{1 ,om X ag 0.21
2aO 4aO
0 | —- I
0 r \ /—__r
0o & 5a, -0.096 12a,
Figure 13-1a. Radial wave functionforn=1,1=0. Figure 13-1b. Radial wave function for n= 2, 1= 0.
4
3 ? 1.9:;1O
0.15 3p
Rs,o{r) X a,
3R 7.1a
UREN 0
0.026
0 \E—» r
05 — > ! -0.051
24, 10a, 0 3.5a, 11.5a,

Figure 13-1¢. Radial wave functionforn=2,1=1.
g ' Figure 13-1d. Radial wave functionforn=3, 1= 0.

F 3
F 3
0.084
0.044
6a
R, (N Xxa)” | 0 a2
31 0 R
L0 Xa
10.2a
0 2 >
1.8a -
-0.029 0 0 — '

0 6::1O 24:;1O

Figure 13-1e. Radial wave functionforn=3,1=1. Figure 13-11. Radial wave functionforn=3, 1=2.

Figure 13-1. The first six radial wave functions for hydrogen.

Each graph is R (r) x ag/ % versus r. The factor of ag/ % is a constant so acts only to scale
vertical magnitudes. The functions R (r) listed in table 13-5 have dimensions of length=3/2 so the
product R (r) x ag/ * (and each vertical axis) is dimensionless. The vertical and horizontal scales
are different between the six illustrations because the magnitudes and distances vary significantly,
particularly between n =1, n =2, and n = 3. Many of the qualitative features, such as the

basic shape of the graphs, are suppressed when they are drawn to the same scales.
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13-21. (a) Find the functional description for radial probability density for n =3, [ = 2.
(b) Find the location of the maximum.

(c) Find the functional value of the maximum.

The radial wave functions are all individually normalized, so the probability is
<Y(r) | Y(r)> = <Ry (r)|Rp(r)> = / Ry, (1) Ry () r2dr = / Ri’l(r) r2dr,
0 0

where the factor of 72 in the integrals is from the volume element in spherical coordinates. The
functions 72 Ri’l(r) are the radial probability densities for the hydrogen atom.

Visually squaring the graph of R3 o from figure 13-1f, a single maximum is expected for Rg’g ,
and since r is intrinsically non-negative, r? Rg’z should have a single maximum. Thus part (b) is a
straight forward max/min calculus problem, which makes part (c¢) a straight forward substitution.

@) R3o(r) = A 6_3/2ﬁ6_r/3“° = r2R2, = 7“2< : a_S/Qﬁe—r/i*'“O)z
= St e = (e
16 —3T_i 6—27‘/3110

196,830 ° 4

(b) The single maximum is found by setting the first derivative equal to zero, so

d 16 10 —2r/3aq __ 16 5 (67° —2r/3aq rf 2 —2r/3aq
dr 196,830 " af ~ 196,830 \a? © T\ T34 )¢

and setting this equal to zero,

5 6 5 6
16 (ﬂe_zr/gao L r (_i) 6_zr/3ao> _0 = 6% _

196,830 “* \ al ad \ " 3ag ad ~ 3a]
= 3 - S 0 = r = 9ag.
3&0
(c) 16 5(990)° 30u0)/30p _ _ 16 531,441af  _ 0.1071
196,830 ©  al 196,830  af ag

using an electronic calculator.

13-22. Sketch the probability densities of the first six radial wave functions.

Probability density r? Ri’l(r) has units of inverse length which are canceled by the units of
length on the differential dr in a probability integration. Multiplying r? Ri’l(r) by ag provides
dimensionless functions. Thus, 72 Ri’l(r) ao are the functions sketched on the next page.

The sketches for probability density do not suffer from the same disparities of scale as the
radial wave functions, thus the horizontal and vertical scales are consistent in all six illustrations.
The six graphs are aligned vertically to facilitate comparisons. Maxima, minima, and appropriate
functional values are indicated. The techniques of the previous problem apply, though those
probability densities with more than a single maximum require solving higher degree equations, so
some values are obtained numerically. The horizontal coordinate is r in all six illustrations.
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Figure 13-2. The first six radial probability densities for hydrogen.
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13-23. What is 3 1,-1(r, 6, ¢) for the hydrogen atom?

The product of the azimuthal, polar, and radial wave functions are the hydrogen wave functions.
The product of the azimuthal and polar wave functions are the spherical harmonics, so the hydrogen
wave functions are the product of the radial wave functions and spherical harmonics,

wnlm(r) 0) ¢) = Rn,l(T) Yl,m(e) ¢) .

You can construct the desired hydrogen wave function by selecting the appropriate radial wave
function from table 13-5, or calculating it from equation (28), and multiplying it by the appropriate
spherical harmonic from table 12—1, or calculating it from equation (12). The relation

<T) 0)¢’n)l)m> - Rn,l(r) Yl,m(0)¢)

denotes representation from Hilbert space.

From tables 13-5 and 12-1,

o 8 _3/2 T T —7‘/3(10 o 3 . —i¢
Rsi(r) = 27\/6% (1 6a0> aoe , Yi_1(0,0) = ”87r sinf e %,

77b3,1,—1(7“, 0, ¢) = R3,1(7“) Yl,—l(e, ¢)

8 —3/2< 7“>7“ —rf3a0 | B g —ig

= —— ¢ 1—— | — e /2% 4/ —sinfe "
27\/6 0 6ag / ag 87

= 8v3 ~3/2 <1 " ) r e~ /300 gin g e~ 0

__Sv9 -
27681 ° 6ag / ag

2 —3/2 r roo. —r/3an—i
= 1— — | — 0 r/3ag—1i¢p )
o7y ( 6a0> a TV E

SO

13-24. Explain common chemistry terminology in terms of quantum numbers.

Another perspective of our development explains common chemistry terminology in terms of the
quantum numbers n, [, and m. These quantum numbers apply to all atoms.

This may be slightly premature because we have not yet addressed spin. Until we add spin,
we hope that is suffices to say that an electron can only be in one of two spin states, namely, spin
up or spin down. The impact is that there are two quantum states for each n, [, and m. The
intent is that this problem is an insight into all elements of the periodic table, given your recent
appreciation of the quantum numbers n, [, and m.

The ground state of hydrogen is n =1, | =0 and m = 0. Common chemistry designations
for the ground state are the K—shell and the 1s subshell. Remember the K—shell may house two
electrons in many electron atoms. This means the one electron in the hydrogen atom can exist
in one of two possible states, though there is only one possible combination of the three quantum
numbers n, [, and m. There is, however, a fourth quantum number associated with spin. For
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each set of the three quantum numbers n, [, m, there is a possibility of spin up or spin down,
and thus two possible states associated with the quantum numbers n =1, [ =0, and m = 0,
therefore two states associated with the K—shell. The point of the moment is the designation
K-shell and quantum number n = 1 have the same meaning. The quantum number n = 2 is
the same as the chemical designation of L—shell. The L—shell has subshells 2s and 2p, where s
corresponds to I =0 and p corresponds to [ = 1, which are possible quantum numbers for n = 2.
For I =1, m = —1, 0, or 1 so there are three states possible in the p subshell. Each of the
four L—shell states may have spin up or spin down, so there are eight possible eigenstates in the
L—shell. The M-shell corresponds to n = 3, the N—shell corresponds to n = 4, and the O-shell
corresponds to n = 5. As the quantum number n becomes larger, the quantum number [ can
take on a greater range of values. The quantum number [ = 0 corresponds to the s—subshell, the
quantum number [ = 1 corresponds to the p—subshell, the quantum number [ = 2 corresponds
to the d-subshell, the quantum number [ = 3 corresponds to the f-subshell, and the quantum
number [ = 4 corresponds to the g—subshell. Each subshell has 2] + 1 states. The total states in
each shell is n?. Figure 13-3 summarizes this discussion.

total

shell n?

O n= 5s 4 5p _5d 5 E’)f7 59 4 25

N n=4 _4s , 4dp , _4d 5 4f . 16

T M n= 3s 1 3p ., _3d ; 9
E L n=2 _2s , 2p . 4
K n= 1s 1

=0 [=1 [1=2 1[=3 1=4

Figure 13 — 3. Quantum Number, Chemical Designation Correspondence.

The subscripts on the underbars of the subshells indicate the number
of states 2l 4+ 1 in that subshell.

Postscript: Since the energy, to this point, depends only on n, the quantum numbers [ and
m  having no effect on energy, we have an n?-fold degeneracy in energy using this picture. A
magnetic field removes this degeneracy, the same magnetic field that will define the z-axis and
provide orientation to the scheme. This was explored by Pieter Zeeman, so is known as the Zeeman
effect. Pragmatically, a magnetic field is necessary if the orientation is to make sense.

Accepting that each state has a possibility of spin up or spin down, the number of states in
each shell is 2n? when spin is considered. The sum of the total number of states is 55 for n <5
from figure 13-3 without spin, but is 110 with spin. Of course, n > 5 are possible. Hydrogen
is the only element that can be treated as a purely central potential, though once ionized helium
or twice ionized lithium (or other hydrogen-like ions) may be so addressed. Nevertheless, the
correspondence between common chemical designations and quantum numbers is intriguing.
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The last eight problems refer to the ¢ = 0 state vector of a hydrogen atom

W(r,0,¢) = 24100 + ¥2,10- (31)

13-25. Does equation (31) make any sense?

Why does equation (31) make sense? What postulate? What does equation (31) mean?

Yes, equation (31) is a possible state vector. The state vector postulate indicates that the state
vector can be any linear combination of eigenstates. The state function is a superposition of 2 parts
ground state, 1y 0, and 1 part of the first excited state, 121 9. The orbital angular momentum
and magnetic moment quantum numbers are consistent with the limitations l,.x = n —1 and
-l < m < 1. We expect a system’s state vector to be a linear combination of eigenstates until
a measurement establishes the state vector as one of the eigenstates.

13-26. Normalize equation (31).

The probability postulate is of diminished use unless the state vector is normalized. There is a
wide variety of techniques possible to accomplish the normalization.

The state function is composed of 2 parts ground state and 1 part of the first excited state,

SO we can write
voo = 2(g) + (V) = (1)

which is an abstract statement of the orthonormality of eigenstates. The normalization condition
can be written

2 2 1
1 = A*(2, 1) A — AP +1 A= —
eua(]) = rary - a-
2 1
ﬁ%,o,o + —=1210

= U(r,60,¢) =
(r:0:0) 75
is the properly normalized wave function or state vector.

Postscript: Easiest is to proceed as shown or using another statement of <i|j> = §;;, such
as <n,l,m|n/,I',m" > = Onim nim . Other methods to normalize the state function for a
hydrogen atom is to represent it in position space,

U(r,0,¢) = 29100 + Y210 = 2R10Y00 + Ro1Y1i0-

The radial wave functions are not orthonormal, but they are normalized. This means
oo
/ Ri’j Ri,jTQ dr = 1.
0
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If integrated over solid angle, the indices must be identical or the integral is zero because

/Yi,j YiidQ = 6;16;,,

meaning the spherical harmonics are orthonormal, which actually ensures the orthonormality of
eigenstates for hydrogen.

The most obvious method may be the most laborious. Represent the hydrogen wave functions
for the eigenstates in position space and do the integrations explicitly. This method is not pro-
hibitive, and it will work, but is mentioned solely to encourage you to favor the abstract arguments.

13-27. What are the possible results of individual measurements of energy, orbital angular mo-
mentum, and the z—component of orbital angular momentum?

The eigenvalue postulate contains the answers to these questions.

The possible results are the eigenvalues. For
2 1
ﬁ%,o,o + \/—5%’1’0

we could measure a state with a principal quantum number of n =1 or n = 2. The corresponding
eigenenergies are

U(r,6,¢) =

13.6eV 13.6eV
E, = -——5— = E = —136¢€V, or By, = — — = —3.4eV
n
are the possible results of a measurement of energy. For a measurement of angular momentum,
we could measure a state with orbital angular momentum quantum number of [ =0 or [ =1, so
anticipate a measurement of

00+1)h =0 or 11+1)h = V2h

because the eigenvalues of the square of orbital angular momentum, £2, are I(I+1) A2, so a mea-
surement of L is the square root. The eigenvalues of the z—component of angular momentum are
mh , and both eigenstates of the state vector have m = 0, so the only possibility of a measurement
of the z—component of angular momentum is 02 = 0.
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13-28. What are the probabilities of the possible results of individual measurements of energy,
orbital angular momentum, and the z—component of orbital angular momentum?

The probability postulate is featured in these calculations.

The probabilities are | < | ¥ >|?, so the probability of measuring E; = —13.6¢eV , corre-
sponding to measuring the eigenstate with n = 1, and the probability of measuring orbital angular
momentum of 0, corresponding to measuring the eigenstate with [ =0, is

2

P(E:—13.66V) = P(,C: \/,C_QZO) = <77Z)1,0,0| (% |¢1,0,0> + % |¢2,1,0>>

9 2

1
= | —= <%1,00|Y1,00> + ﬁ <P1,0,0| V2,1,0>

2

5

(1) +0

ENE

where we have used the orthonormality of eigenstates in Dirac notation as an efficient method.
Similarly, the probability of measuring Fs = —3.4eV, corresponding to measurement of the
eigenstate with n = 2, and the probability of measuring orbital angular momentum of /2 f,
corresponding to measuring the eigenstate with [ =1, is

9 2

P(E=-34¢eV) = P(L=VL2=V2h) = |<ta1,] <\/g

1
| 1,0,0> + ﬁ |¢2,1,0>>

2

2 1
= |—=< >+ —=< >
\/g qu)Q,l,O | ¢1’0’0 \/g ¢2,1,0 | ¢2,1,0
1 2 1
=0 + —(1 = —
\/g( ) 5

The use of the normalized state vector is a practical necessity, though the bra serves only to identify
the eigenstate being used for the calculation.

Lastly, there is but one possibility for z—component of angular momentum, corresponding to
m = 0 in both eigenstates, so we can conclude P (EZ = 0) = 1 without calculation. Just to
illustrate a calculation for which two eigenstates have the same eigenvalue, P (EZ = 0) is

2

2 1 2 1
‘<¢1,0,0! (ﬁ | 100> + 7 |¢2,1,0>> + [ <210 (ﬁ | 1,0,0> + 7 |¢2,1,0>>

2

2

2
= ‘ﬁ <100 V100>| +

arLl
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13-29.  What are the expectation values of energy, orbital angular momentum, and the
z—component of orbital angular momentum?

Expectation values follow from the probability postulate.

<E> =Y P(E)E, = %(—13.66‘/) + %(—3.461/) — —10.88¢V — 0.68¢V = —11.56eV.
4 1 V2h
<L> = <V[2> = ZP(ai)ai = g(0) + g(\/Eh) =

(2

The expectation value of the z—component of angular momentum is 0, since that is the only
possible result of a measurement of L, .

13-30. What are the uncertainties of energy, orbital angular momentum, and the z—component of
angular momentum?

Uncertainties also follow from the probability postulate.

ANE = N PE) (B~ <E>)
4

1/2
- [g (—13.6eV — —11.56¢eV)° + %(—3.461/ - —11.566V)2]
1/2 1/2
- [%(—2.04)2 + %(8.16)2] eV = [%(4.16) + %(66.59)] eV
= [3.33 + 13.32]% eV = [16.65]"/% eV
= 4.08 V.

AV = %

The uncertainty in the z—component of angular momentum is 0, since there is only one possibility.
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13-31. Express the ¢t =0 wave function in terms of r, 6, and ¢ explicitly.

The state vector is composed of 2 parts ground state and one part of the excited state 12 1 ¢.
Remembering that W, ; (1, 6, ¢) = Ry, (r)Y,m(0, ¢) for the hydrogen atom, the intent
is to obtain the radial parts from table 13-5, the angular parts from table 12-1, and multiply
them together appropriately to obtain the eigenstates and then add them while including the
normalization constants to obtain the desired hydrogen wave function.

47 2
Yo 1,0 — Roa(r)Yio(0, ¢) = L a7 % L gmr/2a0 3 cos 6
T ’ o v2a % a V 4x

1 1 -3/2 T _,r/2q
= Z\/%ao / a—oe /200 o5 0

2 1 —=3/2 _—r/ag 11 1 -3/2 T ag
= U(r 0, ¢) = ﬁ%ao [2emrlao 4 ﬁi“%ao / a—oe /280 ¢os 6

_ ~3/2 g=r/a0 1 1 a3/? L e~ "/200 cog 0

/5 0 AV1070 ™ a

- 1 1
Y100 — Rio(r)Yo0(l, ¢) = 2“03/26_T/a° <_> = _a03/26—7‘/a0

13-32. What is the time dependent state vector in terms of r, 6, and ¢?

Each eigenstate will exhibit the time dependence e~ *#»*/" = We have the E,, from problem 13-27.

1 32 —i(— L1 g _ —i(—
i} 0 t) = r/ag i(—13.6)t/h - /2 r/2ag 0 i(—=3.4)t/h
(T) 3 ¢’ ) 7'['\/3 Qg € € + 1 107 aq %0 e cosve

1 =3/2 —r/ao+13.6it/h 1 L7 3 —r/2a0+3.4it/h
— r/a .67 4 oo = = 0 r/2a0+3.4it/
e a, e 1 1/ 07 a a, cosf e

411

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



Exercises

13-33. Confirm the Legendre polynomial P4(x) from table 13—1 using the generating function
immediately preceding the table.

See problem 13-10. You are required to take a fourth derivative of a polynomial. Knowing
(1—2?)* = 2% —4a® 4 62* —42? +1

may help. The numerics, even for just the fourth Legendre polynomial, are not trivial. The
coefficients become large enough to be inconvenient. Using symbolic multiplication and powers of
prime numbers, per problem 13-19, may aid organization in many of these exercises.

13-34. Find the associated Legendre polynomials (a) Py o(x),
(b) Pya(z),
(c) Py o(x), and

(d) Py s(z), using your result from the previous exercise.

The formula desired is in problem 13-10 and is immediately above the one used to complete the last
problem. Obtaining associated Legendre polynomials using the generating function are straight
forward given that you already have the appropriate Legendre polynomial.

13-35. Confirm the Laguerre polynomial Ls(z) in table 13-3 using the generating function im-
mediately following the table.

This is largely an exercise in differentiation. See problem 13-12.

13-36. Calculate the associated Laguerre polynomial Li(x).

Use the generating function immediately following table 13-4 and your result from the previous
exercise. The result is in the table. Again, see problem 13—12.

Notice that the generating function for associated Laguerre polynomials requires the Laguerre
polynomial with the subscript that is the sum of the subscript and superscript of the desired
associated Laguerre polynomial.

13-37. Briefly describe the roles of the associated Legendre polynomials (which lead to spherical
harmonics) and the associated Laguerre polynomials in the solution to the hydrogen atom.

Briefly means three sentences, or one sentence if you use three clauses.
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13-38. Briefly describe the calculations required to obtain L3(x) using generating functions.

Do not do any actual calculations! Rather, think about what would be required and answer in a
few sentences. Just the consideration of this question may illustrate why hydrogen wave functions
for n > 3 are rarely seen in texts and difficult to find on the internet.

13-39. Calculate the lowest five eigenenergies of hydrogen.

The eigenenergies of hydrogen are dependent only on the principal quantum number n. Use the
result of problem 13-16.

13-40. Confirm Rj3 o(r) in table 13-5.

Use equation (28) from problem 13-17 per the procedure of problem 13-19.

13-41. Calculate the hydrogen wave functions for
a) 1,0,0(r, 0, @),

b) Y21,-1(r, 0, ),

c) ¥s1,1(r, 6, ¢), and

(
(
(
(d) ¥s,2,-2(r, 0, ¢).

Remember W, ; (7, 0, ) = Ry 1(r)Y; m(6, ¢). Multiply the appropriate radial wave func-
tion from table 13-5 and the appropriate spherical harmonic from table 12-1 to obtain the desired
results. That the radial wave functions and the spherical harmonics are individually normalized
means that a product hydrogen wave function is normalized. See problem 13-31.

13-42. For the ¢t = 0 hydrogen wave function

U (r,0,¢) = 51100 + 29311
(a) Normalize V.

(b) What are the possible results of individual measurements of energy, orbital angular momentum,
and the z-component of orbital angular momentum?

(c) What are the probabilities of the possible results of individual measurements of energy, orbital
angular momentum, and the z-component of orbital angular momentum?

(d) What are the expectation values of energy, orbital angular momentum, and the z-component
of orbital angular momentum?

(e) What are the uncertainties of energy, orbital angular momentum, and the z-component of
orbital angular momentum?
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f) Express the ¢t =0 wave function in terms of r, 6, and ¢ explicitly.

h) If the z-component of orbital angular momentum is measured with a result of %, what is the

(
(g) What is the time dependent state vector in terms of r, 6, and ¢?
(
time dependent state vector in terms of r, 6, and ¢?

(i) What is the result of a subsequent measurement of the orbital angular momentum?

Problems 13-25 and beyond should be helpful. Employing the postulates is a continued emphasis.
This exercise embeds all six postulates in one manner or another. Remember that the discussion
concerning the hydrogen atom started with the Schrodinger postulate, so they are all here.

13-43. For the ¢t = 0 hydrogen wave function
U (r,0,¢0) = 69100 + 39211 + Y322

(a) Normalize V.

(b) What are the possible results of individual measurements of energy, orbital angular momentum,
and the z-component of orbital angular momentum?

(c) What are the probabilities of the possible results of individual measurements of energy, orbital
angular momentum, and the z-component of orbital angular momentum?

(d) What are the expectation values of energy, orbital angular momentum, and the z-component
of orbital angular momentum?

(e) What are the uncertainties of energy, orbital angular momentum, and the z-component of
orbital angular momentum?

(f) Express the t =0 wave function in terms of r, 6, and ¢ explicitly.
(g) What is the time dependent state vector in terms of r, 6, and ¢?

(h) If the orbital angular momentum is measured with a result of v/ 2 i, what is the time dependent
state vector in terms of 7, 6, and ¢ 7

(i) What is the result of an ensuing measurement of the z-component of orbital angular momentum?

The same ideas and mathematical mechanics as the last problem, except bigger, brighter, and
shinier with three eigenstates composing the initial state function.
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13-44. Find the associated Legendre polynomials (a) Fs o(z),
(b) Ps 1(z), and
(c) P 2(2)

using the Legendre polynomial and the associated Legendre polynomial generating functions.

Exercises 13-33 and 13-34 cover this material for Legendre/associated Legendre polynomials with
lower indices. The numerics, repeated differentiation and subsequent arithmetic, are challenging.
Again, coefficients become large enough to be inconvenient if conventionally multiplied. Using
symbolic multiplication and powers of prime numbers may facilitate organization.

13-45. Calculate L2 (z) using the Laguerre polynomial and the associated Laguerre polynomial
generating functions.

See problem 13-12 and exercises 13-35 and 13-36. Exercise 13-38 is intended to encourage thought
into some of the difficulties of this type of calculation. Calculate Ls (z) using the chain rule of
differentiation. The coefficients are all 1200 or below so conventional multiplication is appropriate.
Nevertheless, this exercise should provide some insight into the generation of the radial wave
function of hydrogen R4 3 (r) which would require the Laguerre polynomial L7 (z).

13-46. Calculate (a) the radial wave function for hydrogen for n =4 and [ =0, and
(b) the hydrogen wave function for n =4, =0, and m =0. Then
(c) find the total number of hydrogen wave functions for n =4, and

(d) find the total number of hydrogen wave functions for n =5.

There are a multitude of tables and graphs for the radial wave functions for hydrogen for n < 3.
Information about the radial wave functions of hydrogen for n =4 are difficult to find, even on
the internet, and for n > 5 are genuinely challenging to locate. This exercise should partially
answer the question why this is so. Realize that [ = 0 is likely the simplest possibility for part
(a), and there are three other n =4 radial wave functions. Part (b) is for completeness as the real
point to calculating the radial wave function is to obtain the corresponding wave function for the
hydrogen atom, again [ =0 is likely simplest. Parts (c) and (d) hope to illuminate the breadth
of calculation required should a person want to obtain a wave function of hydrogen for n > 4.

13-47. Verify the locations of the maxima and functional values for 7R}, and r?R3, of
figure 13-2.

Both radial probability density curves have a single maximum so obtaining maxima and functional
values for those maxima are straight forward using the techniques of problem 13-21. Start with
the appropriate radial wave function from table 13-5. You should notice that multiplying the
functional values of the maxima by ag, which is done in figure 13-2 to obtain 72 R%’O ap and
72 Rg’l ag, yields dimensionless numbers.
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Appendix A Arithmetic with Complex Numbers

A—-1. What is the imaginary number?

The imaginary number is the solution to z?+1 = 0 or z? = —1. The solution is usually
denoted by a lower case “72” asin ¢ = v/—1. The idea is (\/—1 )2 = -1, or i* = —1.

The field of electrical engineering will frequently use “j” asin j = v/—1, so denoting i as
the imaginary number is not universal.

A-2. Where do imaginary numbers occur?

Imaginary numbers occur in any circumstance that requires any root of a negative number,
however, they are intrinsic to the values, components, and elements of quantum mechanics.

A-3. How are v/—4, +/—25, and +/—7 expressed?

V=T = VAT = 2, =3 = VB V=T = 5i, and =T = V7T = V7i.

A—4. What are complex numbers?

Complex numbers are those with both a real and imaginary part, often written in a binomial
form such as 2+ 5i and 6 —7¢, or in general a4 bi. Complex numbers are often denoted using
the letter z.

A-5. Find the real and imaginary parts of 2z = 24+5i, 20 =6—-Ti, and z = a+bi.

The real part of a complex number, denoted Re(z), is self explanatory. The imaginary part,
denoted Im(z), is the coefficient of the imaginary number. Thus,

Re(2+5i) = 2, Im(2+5i) = 5,
Re(6—7i) = 6, Im(6-Ti) = —7,
Re(a+bi) = a, Im(a+bi) = b.

A—6. Add 2+5i and 6 — 7i, then subtract 6 — 7¢ from 2+ 5¢.

The real part and imaginary part of complex numbers are different degrees of freedom, thus
add/subtract the real parts and add/subtract the imaginary parts. In general

a+bi + (¢c+di) = a+c + (b+d)i and a+bi — (¢c+di) =a—c + (b—d)i.
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245 4+ 6-Ti = (246) + (5-7)i = 8—2i,  and
245i — (6—7i) = (2—6) + (5+7)i = —4+12i.

A-7. Multiply 2+ 5i and 6 — 7i.

The given complex numbers are in binomial form so this is binomial multiplication.
(a+0bi)(c+di) = ac+ adi+ bei+ bi(di)
but bi(di) = bdi-i = bd(—1) = —bd, so

(a+bi)(c+di) = ac—bd+ (ad+bc)i.

(24 5i)(6—7i) = 2-6+2(=7i)+ (5i) 6+ 5i (—T7i)
= 12— 14i 4+ 30i — 35i%> = 124+ 16i+ 35 = 47+ 16i
where —35i> = —35(—1) = +35.

A-8. Form the complex conjugates of 2+ 5i and 6 — 7i.

If 2 = a+bi, the complex conjugate is z* = a — bi. Leave the real part the same, form the
negative of the imaginary part, and that is the complex conjugate.

z1 = 2450 = 2 = 2-05i, and 29 = 6—-Ti = z3 = 6+T7i.

Postscript: The complex conjugate for z is denoted Z in some texts.

A-9. Find the products zz* for 2+ 5; and 6 —7i.

2 zf = (245i)(2—5i) = 2-242(=5i)+5i(2) +5i (=5i) = 4—10i+10i+25 = 29,

2z = (6—7i)(6+7Ti) = 6-6+6(7i)—7i(6) —7i(7i) = 36+42 —42i +49 = 85.

Postscript: The imaginary parts sum to zero so that zz* is a real number in both cases.
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A-10. Prove that the product zz* is a real number in general.

(a+bi)(a—bi) = a-a+a(=bi)+bi(a)+bi(=bi) = a* —abi +abi+b*> = a®+ b

Fra—

which does not possess an imaginary part so is a real number.

Postscript: That zz* = a® +b?, the sum of the squares of the real and imaginary parts, is a
general result and is a frequently used efficiency.

A-11. Divide 2+5i by 6—7i, and 6 —7i by 2+ 5i.

Division of complex numbers is a form of rationalization that expresses the quotient in the form
a+0bi. Multiply the quotient by 1 in the form of the complex conjugate of the divisor and simplify.

EBSCChost -

245 245 6+7  124+14i+30i—35 _ —-23+44i 23 44

6-71  6-—Ti6+T7i 36 + 49 N 85 85 85"

6-71  6-Ti2-5  12-30i—14i—35 —23—440 23 44

2+5i  2+5i2-5i 1+25 - 29 T 29 29

] 23 44 23 23 44 . 44
Postscript: Re <_§+§Z> = ~35 Im <_§+§Z> = 35 and

23 44 . 23 23 44 . 44 ,
Re (—2—9—2—9z> = 39> m<—2—9—2—92> = ~39° thus, both are of the form a + bi.

A-12. Plot 2+ 5i and 6 — 7¢ on an Argand diagram.

An Argand diagram is a two dimensional graph using

the horizontal axis to indicate the

real part of a complex

number and the vertical axis to display the imaginary
part. A complex number can be pictured by drawing an
arrow from the origin to the ordered pair representing
that complex number, comparable to depicting a vector

quantity on the zy plane.

Figure A-1. Argand diagram.
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Plots are seen at the right. Im(z)

Figure A—2. 2+ 5i and 6 — 7i.

Postscript: Jean-Robert Argand published his geometric interpretation of complex numbers in
1806. An Argand diagram is made in the complex plane, or z plane.

A-13. Find the moduli of 2+ 57 and 6 — 7¢

The modulus of a complex number is equivalent to the length of the corresponding vector on an
Argand diagram. If z = a+bi, |z| = V22" = /(a+bi)(a—bi) =V a>+b>.

|2+5i| = \/22+52 \/4+2 = V29 and
|6 —T7i|] = /62+ = V36 +49 \/

Postscript: The modulus of a complex number is also called an absolute value or norm.

A-14. What is Euler’s equation?

Sometimes called Euler’s formula, Euler’s equation is ¢'? = cos () + i sin ().

A-15. Express 2+ 5i and 6 — 7¢ in polar form.

Polar form, sometimes called exponential form, expresses a complex number as a product of
its modulus and phase angle using Euler’s equation. If z = a + bi,

z = ret? = \/T—I—IJQ(COS(G)"‘ism(G)) where 0 = tan™ <9> ‘

a

6; = tan~ ! <g> =119 = 245 = V29119,
0y = tan! (%) = —08 = 6-—7Ti = /85 1086
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Postscript: Imagine figure A-2 in polar coordinates. 2+5i = /29 €' means that the mag-
nitude is v/29 rotated 1.19 radians counterclockwise from the positive horizontal axis. Similarly,
6—7i = v/ 85 e 1086 means that the magnitude is v/ 85 rotated 0.86 radians clockwise from
the positive horizontal axis.

T
The inverse tangent function on most calculators returns the principal value between —3 and

g . Thus, phase angles for complex numbers that fall in the 2nd and 3rd quadrants on an Argand
diagram require adjustment from the inverse tangent value returned by an electronic calculator.

A-16. Find the product of z; = v/29 €117 and 2z, = V85 e %8 Show that the answer
is consistent with problem A-T7.

2129 = V20 119/ 85 ¢—1086 _ \/9q (/85 ¢ (1.19-0:86) _ /9465 (i0-33
= /2465 (cos (0.33) + i sin(0.33)) = /2465 (0.946 + i0.324)
= 46.97 + 16.097 ~ 47 + 16i.

A-17. Divide 2z = v/29¢e'11? by 2z, = v/85¢ 108  Show that the answer is consistent
with problem A-11.

2 /29 29 i(1.194+0.86) _ 129 o005 _ [29 .
& " Teoowm - Vs =\ 5 =\ 5 (cos (2.05) + i sin (2.05))
23

29 14
— /2 (—0.461+i0.887) = —0.269 + i0.518, A-11 = —= 4 =i ~ —0.271+0.5184.
5 ( +10.887) +10.018, RO TR +hals

A-18. Find the complex conjugates of z; = v/29 e''19 and 2z, = /85 e #1086

Just like binomial forms, change the sign of all i’s with no other changes, thus

2 = V29 et and 25 = /85086,

A-19. Show that zz* € R for z; = V29 €19 and 2z = /85 e %0:86,

2 ZT — @6i1.19 @6—i1.19 — 296i1.19—i1.19 — 2960 = 929 ¢ R’
2225 — @e—io.% \/geio.SG — 856—i0.86+i0.86 — 8560:85 c R.

Postscript: The fact that arguments of the exponentials of the complex conjugate quantities sum
to zero and €® = 1 is seen routinely in quantum mechanical probability calculations.
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A-20. (a) Find the product of z3 = 3—5i and z4 = —4+3i.
(b) Convert z3 and z4 to polar forms.
(c) Find the product of z3 and z4 using the polar forms of part (b).

(d) Show that the products of parts (a) and (c) are consistent.

The second remark of the postscript following problem A—15 warns that the inverse tangent func-
b
tion on most calculators will return values between —— and — . Notice that z4 will fall in the

second quadrant, thus adjustment is required to obtain a proper phase angle.

(a) 2324 = (3—=5i)(—4+3i) = —12+91+20i+15 = 3+29;.

(b) 63 = tan~! (?) = —1.03 = 23 = /324 (=5)2T10) = /341037,
0, = tan~! (%4) = —0.644, which indicates the 4th quadrant rather than the 2nd, so
s = —0.644+ 7 = 2498, then 2z = /(—4)>+32 (249 = 5219810

(C) 2324 = /34 6—1.031’ 562.4981' — 29.1561'468i .
(d) 29.15€'4687 = 29.15(cos 1.468 + i sin 1.468)
= 29.15(0.103 +140.995) = 3.004i29.00 ~ 3+ 29i.

Postscript: The adjustment of a phase angle concerns the manner in which a calculator is used.
It seems best to form a mental picture from which the manner of adjustment should be clear. This
precalculus point may occur on any occasion a calculator is used to evaluate an inverse tangent.
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Exercises

Use 21 = 2451, 29 =4—31, z3 = 26i37r/4, 24 = Te "27/3 for following exercises.
A-21. Find the real and imaginary parts of z; and zs.

A-22. Find z; + 22 and z1 — 25.

A-23. Find the products z1 zo and z32z4.

A-24. Form the complex conjugates of all four complex numbers.

A-25. Find the products zz* for all four complex numbers. (Notice that all are real numbers).
A-26. Divide z1 by 2z and z3 by z4.

A-27. Plot all four complex numbers on an Argand diagram. ( z3 is 2 units long and rotated

3 4 2
Zﬂ , Z4 is 7 units long and rotated ?ﬂ or —% . Alternately, convert the polar forms to

binomial forms).
A-28. Find the moduli of all four complex numbers. (The modulus of a complex number written

O s r).

in polar form, such as ¢’
A-29. Express z; and 2z in polar form.
A-30. Show that the product of your results from A—29 is consistent with the result of A—23.
A-31. (a) Express z3 and 24 in binomial form.
(b) Find the product z3z4 using the binomial forms of part (a).
(c) Show that the product of part (b) is consistent with A-23.
A-32. (a) Find the product of z5 = —2+4 37 and z¢ = 4 —bi.
(b) Convert z5 and zg to polar forms.

(c) Find the product of z5 and zg using the polar forms of part (b).

(d) Show that the products of parts (a) and (c) are consistent.

Postscript: Binomial and polar forms of complex numbers are most frequently used in physics,
however, an ordered pair is one other notation that is used occasionally. It is understood that the
second component of the ordered pair is imaginary, thus z = a4+ bi may be written z = (a, b) .
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Appendix B Linear Independence and the Gram-Schmidt Orthonormalization Process

Linear independence is a property of a set of vectors meaning that none of the vectors in the set
can be formed using a linear combination of two or more vectors in that set. Linear independence
is a sufficient condition for a set of vectors to form a basis given that the set of vectors is the same
dimension as the space. Any linearly independent set of vectors can be made orthonormal using
the Gram-Schmidt Orthonormalization Process.

Since all observable quantities are represented by Hermitian operators and the eigenvectors of
all Hermitian operators are orthogonal so can be made orthonormal, thus inherently forming a basis
set, the mathematical concept of linear independence has little consequence for our development.
This appendix is included only for completeness of traditionally presented material.

1 1 -1
B-1. (a) Are |ug > — (1|, |[ue> — [ 3], and |ug > — 0 | linearly independent?
2 1

—_
—_
w

(b) Are |v1 > —

o
[\

, v > — , and |vg > — linearly independent?

O =
[a—
[a—

—_
—_
o

—_
o
—_

(c) Are w1 > — , Jwe > — , and |ws > — linearly independent?

o
—_
—_

A set of vectors is linearly independent if and only if
Zai|vi> # 10> unless all a; = 0.
i=1

Likely the most straightforward way to determine linear independence is proof by contradiction.
For example, assume the set of vectors given in part (a) is linearly independent. Then

1 1 -1 0
a; | 1 + as | 3] + a3 0 = 0
0 2 1 0

if and only if a3 = as = as3 =0. But the components form the simultaneous equations

aq + g — (g — 0
a1 + 30&2 =0
20&2 + a3 =
for which a3 = 3, as = —1 and a3 = 2 is a solution. This contradicts our assumption.

Therefore, the given vectors are not linearly independent, or are linearly dependent.
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(b) Assume the vectors are linearly independent. Then

1 1 3 0
a; | 1 4+ a0 4+ az| 2 = 0
0 1 1 0
where a; = as = az3 = 0 would be the only coefficients that could make this equation true.

Performing the scalar multiplications, the above condition means

aq as 3as 0 ap + az + 3az3 =0
aq + 0 + 2a3 = 0 = aq + 2a3 =0
0 a9 as 0 az —+ as =0

that is, the individual components must sum to zero. This particular system has an infinite number
of solutions such that a; # 0, for example, a3 = 1, as = 1/2, and a3 = —1/2. Therefore,
in contradiction to the assumption, |v;>, |vy>, and |vs> are linearly dependent.

(c) However, consider

1 1 0 0 aq a9 0 0
ar | 1| + a2 0| + a3 |1 =10 = aq + 0 + | as =10
0 1 1 0 0 as as 0
ar+ay =0 a; = —as a1 = —as
= ar+a3 =0 = a; = —ag = —as = —as = as = as
as+az3 = 0 as = —as as = —as

The last equation can be true if and only if a3 =0 = a3y =0 = a3 = 0. Since all
a; =0, |w;>, |we>, and |ws> are linearly independent.

Postscript: Our definition of linear independence has an upper limit on the summation of n.
The upper limit can be any number including oo. In other words, though the vectors in this
problem are in three dimensions, the concept generalizes to any including infinite dimensions.

When the number of vectors in a linearly independent set is the same as the dimension of the
linear vector space, all of the other vectors in the space can be formed using a linear combination
of this basic set, or set of basis vectors. When all other vectors in the space can be formed using
a linear combination of a set of vectors, that set of vectors is said to span the space.

There are an infinite number of sets of vectors that will constitute a basis for any linear vector
space. A vector |v> exists in the Hilbert space as an abstraction. Said another way, |v> is an

1 —1
abstract ket vector. The statements |v> — | i | or |v> — 1 are representations
0 i

that are basis dependent. A choice of basis is analogous to a choice of coordinate system and
reference frame within the context of classical mechanics.

The number of components in a column or row vector effectively determines the dimension
of the space. The dimension of a linear vector space is more generally defined by the number of
linearly independent objects required to span the space.
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B-2. Orthonormalize the vectors

| I > — <_§> and |11 > — (i),

and check to ensure that your resulting vectors are orthonormal.

You can make an orthonormal basis from any linearly independent set of vectors using the Gram-
Schmidt orthonormalization procedure. Given a linearly independent basis, the Gram-
Schmidt orthonormalization procedure has you

(1) choose a vector |I > at random and normalize it to obtain the unit vector |1 >.

(2) Choose a second vector |II > and subtract its projection on the first vector meaning

12> = |II> — |1><1|I]>. Normalize this vector.

(3) Choose another vector |II1I > and subtract its projection along the first two vectors, or

13> = |[[II> — |1><1|II]> — |2><2|II]> . Normalize this vector.

(4) Repeat the procedure until you exhaust all the vectors in the linearly independent set.

ai + 3&2 ==
—3a1 + 4&2 = 0

so the vectors |1 > = (_;) and |11 > = <2>

are linearly independent. First, normalize one vector.

[an}

= 9as + 4ay = 13as = 0 = as =0 = a; = 0,

* X 1 2 2
<I|A*A|T> = (1, =3)A A<_3> = [AP(1+9) = |A['10 = 1,

:>A—L = |1>—L<1>
V10 V10 \-3

is normalized. Next subtract the projection of the second along the first,

12> = [I[> — |1><1|I]>
- () - w0l
“()-w(3em -
- (fj297//1100> - (?%18) - 1_3<
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where the square brackets in the second line are used only to indicate that we are going to do that
vector multiplication first. Normalizing this vector,

30 ara 3 (3) _ a1 e, _ (AP 19 _
25 1A A1—0<1> = AP (941) = [A[PER
N [ AU N E A A U

13 13 10\1) 10 \1

is the normalized vector. Here, we have exhausted all the vectors in the linearly independent, two
dimensional set, so have completed the Gram-Schmidt procedure.

Are these vectors now orthonormal? Checking

<112> = (1 _3)¢L1_0“1—1_(f’<i1”> - Li-s - L) -,

so they are orthogonal, and since they are normalized, they are also orthonormal.

B-3. (a) Show that the vectors

3 0 0
| I> — (0], |II>— 1], |III> — |2 are linearly independent.
0 2 )

(b) Show that the system of three vectors in part (a) is not orthogonal.
(c) Use the Gram-Schmidt process to form an orthonormal basis from the vectors in part (a).

(d) Show that the vectors resulting from part (c) are orthonormal.

This is numerical evidence that linear independence of a set of vectors is a sufficient condition for
orthonormality. Notice that orthogonality of the original set is not necessary.

Use the strategy of demonstrating linear independence seen in problem B-1 for part (a). Part
(b) requires you to form inner products. This system is not orthogonal, but only one of the nine
possible inner products disqualifies it. Part (c) is the Gram-Schmidt process. Part (d) answers
the question “does this Gram-Schmidt process really work?” Yes it does, and you really need
only check that the inner product analogous to that which was non-zero in part (b) is zero after
the Gram-Schmidt process has been applied. The other properties of orthonormality are satisfied
because of the nature of normalized vectors and two of the results of part (b).

(a) The condition of linear independence is
n
Z a;lvi> # |0> unless all a; = 0. Here this means
i
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3 0 0 0 3a; 0 0 0

ar |0 +ax| 1] a3 2] = |0 = 0 + as + | 2a3 =10
0 2 5 0 0 2a9 Sas 0
3&1 =0 aq =0
= as+2a3 =0 = as = —2as
2a9 +bag = 0 2a9 = —bag

The first line says a; is zero. Substituting the equation from the second line into the third line,
2a0 = —bag = 2 (—2613) = —4az = —bag,

which can be true only if a3 = 0. Then since ay = —2a3, as is also zero. The unique solution
for all coefficients is that all a; = 0, therefore, the three vectors are linearly independent.

(b) To show the three vectors are not orthogonal, we need to show only that any inner product of
different vectors does not vanish. In fact

0

<II|III> = (0,1,2) (2] =0+2+10 = 12 # 0,
5

so this system of three vectors is not orthogonal. By the way, <I|II > = <I|III> = 0.

(c) First normalize |1 >,

3
<1]A"Al1> = (3,0, 0)a"A (0| = [A[*(9+0+0) = [A["9 = 1
0
. 3 1
:A:§: 1> =510 = {0
0 0
Then construct |2 >,
0 1 0 0 1 0
2> = (1] - [o (1,0,0) 1] =(1] - (o]w+o+0) = |1
2 0 2 2 0 2
and then normalize |2’ > to obtain |2 >,
0 2 2
<2|A*A|2> = (0, 1, 2)A*A 1] = \A\(0+1+4) = A5 =1
2
0
1 1
= A=-—— = 2> = — |1
75 ' 75\
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Finally, construct |3’ >,

0 1 0 0 L 9 0
13> = (2] - [o (1,0,0) o| - [1/v5 (0, ., —> 2
5 0 5 2/V5 5 v5/ \5
0 1 0 2 10
=12 - |0o]O+04+0) — [1/V5 <0+—+—>
5 0 2/V5 5 5
0 1 0 19
= (2] =10 - |1/V5 | =
5 0 2/V5 ) VB
0 0 0
= (2| - |12/5] = [-2/5
5 24/5 1/5
and then normalize |3’ > to obtain |3 >,
0
2 1 2 4 1 21
A*A = —Z 2 ) AfA | =2 = |A —+—) = |A]"Z =1
<3| 13> (0, = 5) /5 \ \(0+25+25> | \5

1/5
0 0
= A=+V5 = |3>=V5|-2/5] = |-2/V5
1/5 1/vV'5
Summarizing, the application of the Gram-Schmidt procedure yields the three vectors
1 0 0
1>= (o], J2>= (18], I3>= -2/
0 2/\/5 1/V5

(d) Each inner product with itself is 1 because all three vectors are normalized. Then
<I|II> = <I|IIIl > = 0, as before, because all inner products of the form

0
(a, 0,0) b | =0+0+0 = 0.

C

However, <II|III > was non-zero, but

0
<2[3> = (0, 1/v5, 2/V5) | —=2/V5 | = _2 + z_ 0,
1/v5 5 5

so the three vectors in the summary of part (c) are orthonormal.

Postscript: Material of this nature is traditionally presented in QM I because linear independence
of a set of vectors of appropriate dimension establishes the existence of the orthonormal basis.
Once linear independence is established, orthonormality can be assumed. The validity of this
assumption can be based on the Gram-Schmidt procedure, though the Gram-Schmidt process is
rarely demonstrated. Our development, where the eigenvectors of a Hermitian operator are proven
to be orthogonal so can be made orthonormal through the process of normalization, effectively
supersedes this material for introductory quantum mechanics.

430

EBSCChost - printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



EBSCChost -

Exercises

B-4. Which of the following sets of vectors are linearly independent?

1 0 1
(a) 0], 1], 1
1 -1 0
7 1 1
(b) -11, -11, —1
1 —1 1
) /) )
(c) i, (], 0
0 ') 7
—1 ') 0
(d) 1], -11, 0
-1 0 1

Use the procedures of problem B—1. The vectors of parts (b) and (c) are linearly independent.
The vectors of parts (a) and (d) are linearly dependent.

B-5. (a) Show that the vectors

0 ] 1—1
[ I> — | =i |, |[II> — | 1+4+4i]|, [III> — 0 are linearly independent.
0 0 2+1

(b) Show that the system of three vectors in part (a) is not orthogonal.
(c) Use the Gram-Schmidt process to form an orthonormal basis from the vectors in part (a).

(d) Show that the resulting vectors are orthonormal.

This problem is a complex number analogy to problem B-3. See problem B-3 for procedures. The
actual value of this exercise and problem B-3 is to reinforce that linear independence is a sufficient
condition for orthonormality. The Gram-Schmidt procedure is a mathematical mechanism through
which an orthonormal set can be realized given a linearly independent set. Orthonormality is
a practical necessity for quantum mechanical calculations. Linear independence is a property
intrinsic to the eigenvectors of all Hermitian operators.
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Appendix C The Gaussian Wave Packet Centered at k = kg.
The normalized distribution of a plane wave within a wave packet is given to be
—z2/2a?

ezkoz e

Y(z) = (ra2)l/4
(a) Find the normalized distribution in wavenumber space for ko # 0

(b) and the wave function as a function of position and time.

(c) Show that

1 iht \ '/ hkot — (= hikot/m)"”
t) = ——— (1 + — ko (@ — —— :
vlot) = ey ( + maz) exp [z 0 (“”” om )] P\ 202 1 2iht/m

(d) Find the wave function at t =0,

(e) the probability density as a function of position and time,

(f) and the uncertainty in position as a function of time.

2 2
e~ T / 2a
The normalized Gaussian distribution ) = ———F rovides the most straightforward
(ma2)1/4 p g
T
development of a Gaussian wave function. It has the physical limitation that the resulting dis-
tribution in wavenumber space is centered at k¥ = 0 = p = 0. Thinking classically for

a moment, this would mean that you are traveling with the particle. The given distribution is
centered at k = kg, or p = pg, which is a more realistic reference frame. The amount of algebra
required conspires to make this problem appear more difficult than the concepts involved.

This problem parallels the development of the Gaussian wave function centered at kg = 0.
Find the Fourier transform of the given distribution which is the distribution in wavenumber,
g (k). Using the same integral and procedure as used in problem 7-9, you should find

[0 2 2
_ —(k—ko)2a2/2
for part (a). Multiply this by a plane wave solution e***=«Y) which constitutes a Gaussian wave
packet. This is how time is introduced. Integrate the product over all wavenumbers using the
dispersion relation w = hk?/2m to obtain v (w, t). Parallel problem 7-7 to find

1 _a?k2 iht —1/2 (ZI + 042]€0)2
t) = —— a“ky/2 1 - = 7
Vi) (ra2)l/4 © < * moﬂ) P 202 1 2iht/m

for part (b). Part (c) is a substantial algebra problem. Reduce the amount of algebra by letting

2iht hkgt
k and c = 2 Express the exponentials
m

b = 202 +
m

in terms of one argument. Complete the square of that argument by multiplying by 1 in the form

o | 2ikotz 2hkotz RARZE2 RER2 2
*P mb mb m2b m2b
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There are eight terms that form the argument of the exponential. The term in 22 and two
—(z - hkot/m)2
2a2 + 2iht/m
the second exponential desired for part (¢). The two remaining terms that are linear in z reduce
to ikox. The other three terms reduce to —ihk3t/2m. These combine to be the argument of

the first exponential desired for part (c). % (x,0) is now straightforward to calculate.

of the terms introduced to complete the square are

This is the argument of

etkoz 6—172/2&2 1 1

_ _ > ikox —x?/2a% —ikx
@) ¢@ = g = 90 = = /_Ooe e/ 207 ke g

1 1 > —z?/2a% —i k—ko)x
= —27r 7(%042)1/4 /_Ooe / e~ )% do

00 1
e PPetar g0 VT et/ 4p° sousing  p? = — q = i(k—ko)
. p 202"’ '

1 k—ko)]?/4(1/202 — —(k—ko)2a?/2
ors (Wa2)1/40“/ T eli( 241/ ):WG( ) a®/

which is a Gaussian wave packet centered at k = kg.

(b) The integral over wavenumber of a plane wave weighted by the dispersion relation, which is
the distribution in wavenumber from problem 7-6, yields the wave function.

_ @ T —(k—ko)2a?/2 pika—ihk?t/2m
1 o a? 2 9 a?k? , ihk?t
_ \/ﬁ (7ra2 1/4 exp[ ? + a“kok — thkx — 5 dk
1 o—a?k3/2 o a? iht\ o
= \/ﬁ(ﬂaz i€ /Ooexp[ < 5 )k + (zx—i—oz k:o)k: dk
a? tht
The same integral applies where p? = (3 + 2—) and q = iz + ko,
m
1 2,2 y Qk 2
V(@) = —— k)2 VT ox (Hja o)
V2r (ma?)t/4 o2 iht) Y2 NE . iht
(7 - %> 2 " 2m
. —1/2 .
_ 1 e—okd/2 (1 iht / exp (iz + a?ko)? .
(ra?)l/4 ma? 2a2 + 2iht/m
1 2, int \~? —2? + 2iakox + atk?
(c) V(2,0 = (ra?)l/4 e <1 + ma2> P 2a2 + 2iht/m ‘ (1)
2iht hkot
implify the notation by letting = 2a° + ! and c = —0, then
Simplify th by 1 b 202
m m
1 int \ 2 a?k? x? 2ia’kox atk?
w(l‘,t) = W (]. + ma2> exp |:— 5 :| exp |:—7 + b + b :| .

434

- printed on 2/14/2023 12:03 PMvia . Al use subject to https://ww.ebsco. conltermns-of-use



Complete the square by multiplying by 1 in the form

2hkotx 2hkotx R k2t? R k2t? 2cx 2cx c? c?
SPLTT T Tmb T m2b m2y | P ’

The overall argument of a single exponential is the eight terms

a?kd atk? 2ia’kox 2cx c? x? 2cx c?

2 b b b

B _ozzk:g n atk? n c? n 2ia’koz _ 2cx n _mz n 2cx c?
B 2 b b b b b b b

where we have formed three groups. The last group is

x? 2cx c? —(z —c)? —(x — hkot/m)?

B = . 2
b + b b b 2a2 + 2iht/m )

This is the argument of the second exponential in the desired wave function. The middle group is

2ia’kox 2cx 2(iaky — hkot/m)x

b b 2a% + 2iht/m

(ia? — ht/m)kox  i(o® + iht/m)kox
a2 + iht/m a? + iht/m

which is a portion of the first exponential in the desired wave function. The first group is

k3 N k3 N ¢ o’k N k3 N h2k2t?
2 b b 2 202 + 2iht/m m?2 (202 + 2iht/m)
ok} o*kgm? N h2k2t2
2 20°m? + 2ihtm 20°m? + 2ihtm

—a?k3(a®m? + ihtm) + o*k3m? + RPkEt?
202m? + 2ihtm
—atfgm? — ia®hkitm + o*fgm® + h2k3t?
202m? + 2ihtm
—ihk3t (a?m + iht
- (azm + iht)

2m

—ihk2t
- 0 (4)

2m

which is the other portion of the first exponential. Adding expressions (3) and (4),

ihk2t hkot
ikol‘—ZQO :ik()(l‘— 0),

m 2m

so in combination with equation (2), all the exponentials in equation (1) may be written

2
hkot —(x — hkot
exp [iko <x — 277(; )] exp [ 2(22 n 2;;1;/7:3 ] . Using this in equation (1) yields
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1 iht \ 7 ? hkot —(z — hkot/m)
t) = ——— |1+ — ik — .
Vi) (ra2)l/4 < * ma2> P [z 0 (m 2m >] P 902 2iht/m
Including the e™*°® term adds substantially to the algebra required which is why the Gaussian

wave function was initially developed without it. The e?*0® term centers the Gaussian wave
packet at ky # 0 so may be essential. The algebra is insignificant compared to the concept.

(@) 2
—(z-0)

v (2,0) = 202 + 0

. 2 2
etkoz p—z7/ 20

(ma2)i/4
eipoz/h 6—z2/ 2a?

which is the initial distribution, v (z) . It will often be seen v (z,0) = ¢ (x) = (ra?)i/d
e

(e) This part is similar to problem 7-8 (a) with two exceptions. The first is that the product of
the first exponential and its complex conjugate is 1,

hkot hkot
exp |—iko |z — 0 exp [tho | x — 0 = =1,
2m 2m

so does not affect the final answer. The other is the numerator of the argument of the remaining
exponential is a two-term square instead of the simpler 22 term. All else is identical so

1 12 172 —(z — Rkot/m)?
’qzb(l"t)’Q = Oé\/F <1+Wt2> exp ( hOQ/ )
a? + 5 2t2

m2a

(f) Uncertainty is the square root of one half the denominator of the argument of the exponential

1/2

A—A(t)—i%rhgt? T P
v v _ﬂa m2a? _\/5 m2a?

per problem 7-8 (b). The uncertainty is increasing as time advances, or wave packet “spreading”
is apparent for a Gaussian wave packet centered at k = kg .

1/2
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Appendix D Second Derivative of the Associated Laguerre Function Used for Hydrogen

r— L ez ke, o e (E) PE-D/2 o2 (k)2
2 2

1 1 kE+1 1
oy = . o t/2,(kt1)/2 ) : o /2 (%) =172, : o= /2 Lkt 1)/2

_ %e—w/Q (k‘2|71> ED/2 ) 4 /2 (k; 1) (k;1> sE=9)/2 ) 4 /2 (k; 1) L1720

_ %e—w/Q SBED/2 1 L )2 (k—zir 1) SED/2 0 /2 (k)2

_ ez Loz, L (ERIN e, L2y
1 2 \ 2z 2

C L REIN ey, o (EELY (EZLY oz, o (EELY sz
2 2x 2x 2x 2x

B %I(k+1)/2 . (%) SRED/2 0 (k1)/2 U//:|
X

1 1 (k+1 1 1 (k41
— —z/2 (k+1)/2| = . Y A
c " [4“ 2<2x>“ 2" 2(2:5)“
(R (RN (RELY L (RN
2 20w )" 20w ) T 2 20 )"
N (ew/zm—wﬂ)/z) gl Ly iErL L, kAl
1" 7 2 o 2" T2
k+1k—1 LR UVRS SVRNY ) SR
2% 2r 20x 2" 2 ¢
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Index

Addition/subtraction
bra vectors 6-7, 45, 46
complex numbers 417-423
ket vectors 57, 45, 46
operators  13-14, 47
Adjoint of an operator 22, see Hermitian operator
Adjoint of an operator product 36-37, 88-90
Adjoint of a vector 5, see bra vector, ket vector
Angular equation for hydrogen 384
Angular momentum commutation relations 113, 198, 338, 341, 369-372
Angular momentum operators 20, 113, 198, 337-339, 341-342, 356, 367368, 375-376, 377, 378
Anti-commutator  193-197, 210
Anti-Hermitian operator 110
Associated Laguerre equation 389, 392
Associated Laguerre functions 360, 379, 391
Associated Laguerre polynomials 360, 388-391, 412-413, 415, see radial equation for hydrogen
generating function 390
Associated Legendre equation 358, 386-387
Associated Legendre polynomials 358, 360-361, 386-388, 412, 415, see spherical harmonic functions
Azimuthal equation for hydrogen 385, 388

Barrier penetration  261-265, 275, 276-277, 294-295, 325, 333

Basis  37-39, 41, 42-44, 67-69, 98-99, 107, 426

Bohr radius 395

Boundary conditions 228, 257258, 261-266, 324-326

Bound state 257, 329-333, 334-336

Braket/bracket 5, 10, 131, 132, 146-147, 177-180, 288, 367, see inner product, matrix (deriving elements)
Bra vector 58, 45, 46

Canonical commutator 21, 188, 195, 198, 210, 339
Change of basis 38, 49, see diagonalization, Fourier transform, simultaneous diagonalization, unitary transformation
Characteristic equation 26, 28
Collapse of a wave function 53, 99
Commutator 21, 187-189, 339-342, see canonical commutator, fundamental canonical commutator
Commutivity 18, 21, 47, 48, 87, 96-97, 109
Completeness relation 65, 67, 68, 129-130, see identity operator, insertion of the identity, inverse operator, resolution of
the identity, unitary operator
Complete set of commuting observables 87, 98-100, 102-104, 113, 114, 343, 382-383
Complete set of vectors 38, see basis, span
Complex numbers
arithmetic ~ 417-423
complex conjugates 418, 421
polar/exponential form 420
product of complex conjugates 9, 195, 418-419, 421
Component angular momentum operators 20, 113, 198, 337-339, 341-342, 356, 367-368, 375-376, 377-378

de Broglie relation 151, 169, 207, 214, 215, 218, 260, 276277

Degeneracy 87, 96-98, 102-104, 112, 114, 246, 256, 320, 322

Delta function  118-125, 129-130, 143-144, 178, 251-252, 270-272, 277, 335

Derivative of a delta function  127-129, 145-146, 178

Determinant of an operator  23-34

Diagonal operator 19, 23, 32-44, 50, 84, 109, see diagonalization, simultaneous diagonalization, unitary transformation
Diagonalization of an operator  34-37, 42-44, 49, see simultaneous diagonalization, unitary transformation

Dirac delta function  118-125, 129-130, 143-144, 178, 251-252, 270-272, 277, 335

Dirac notation 4-13, 36, 66, 90, 108, 115, 129-133, 146, 147, 151, 177-180, 237, 253, 288, 296-303, 306, 354, 367, 368, 409
Discontinuity at an infinite potential 270

Dispersion relation 216, 218

Dual space 8

Dyad 65

Ehrenfest’s theorem  187-190, 202, 211
Eigenenergies
finite square well  331-332, 334
hydrogen  395-396, 413
infinite square well ~ 227-228, 231, 245-246, 247, 256
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simple harmonic oscillator 284, 294, 317
Eigenfunctions
finite square well 333
hydrogen 405, 411, 413-414, see radial wave functions for hydrogen, spherical harmonic functions
infinite square well  229-230, 232, 247, 256
orbital angular momentum  358-366, see spherical harmonic functions
simple harmonic oscillator ~ 290-294, 309, see Hermite polynomials, Hermite functions
Eigenket 25
Eigenvalue 24-37
Eigenvalue/eigenvector problem
general  24-37, 48
for hydrogen  382-383
for orbital angular momentum 346-351
for SHO 284
Eigenvalue postulate 2, 52, 53-57, 74, 81-82, 173-175
Eigenvector (introduction and initial application)  24-35, 54-57
Eigenvector postulate 2-3, 52, 53-57, 74, 81-82, 173-175
Energy operator  see Hamiltonian operator
Error function 140, 142, 150, 225
Euler’s equation 420
Even/odd functions — 124-126, 145
Expansion coefficients 6769, 254, 255, see probability amplitudes
Expansion in an eigenbasis  67-69, 101, 242-243, 249, 255, see basis, time dependent state vector, time evolution
Expectation value  60-61, 80, 82, 83, 84, 112-113, 130, 132, 147, 179, 180, 210, 298, 306-307
graphic depictions 136, 138, 141

Factorization method = 281-282, 344
Finite square well 276, 323-336
Fourier
integral 176
series/coefficients 162165, 185, 237, 242-243, 249
transform 161, 165-175, 177-179, 186, 207208, 218, 220, 222, 233-236, 250
Free particle 213-226
Free state  213-226, 257
Fundamental canonical commutator 21, 188, 210, 339

Gaussian function  139-142, 169, 199-201, 203-209, 212, 217-222, 290-291
Gaussian wave packet 202, 203-209, 217223, 433-436
General uncertainty relation  195-197, 369
Gram-Schmidt orthonormalization procedure  425-431
Ground state
hydrogen  395-397, 413
infinite square well 230-231, 246
simple harmonic oscillator ~ 283-284
Group velocity  215-217, 223

Hamiltonian/energy operator 34, 53, 69-72, 181, 287, 379-383
Harmonic functions 358
Heaviside step function (theta function) 126-127, 251-252
Heisenberg uncertainty principle 62, 85, 191, 196, 198, 206, 248, 251, see uncertainty
Heisenberg uncertainty relations 168, 191-198, 248, 366, 369-372, 378, see uncertainty
Hermite equation 156, 315
Hermite functions 156, 160, 293, 315
Hermite polynomials  156-158, 183, 184, 292-293, 309-310, 315
generating function 160, 183, 291, 292
recursion relation 184, 292
Hermitian operator 22, 48, 109, 110, 160, 184, 191-193, 210
properties 2, 3, 22-23, 34, 36-37, 41, 52, 94, 105-108
Hilbert space 8, 39, 53, 70, 131, 297, 426

Identity operator 18-20, 34, 67, 88, see completeness relation, insertion of the identity, inverse operator, resolution of the
identity, unitary operator
Infinite dimensional vector 33, 115-117
Infinite square well 134, 136, 147, 148, 149, 227-256
eigenenergies  227-228, 231, 247
eigenfunctions  229-230, 247
three dimensional 256
two dimensional — 244-246, 256
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Inner product 10, 12-13, 41, 47, 91-93, 111, 132
Insertion of the identity 67, 88, 89-93, 95, 132, 177-180, 237, 253
Inverse operator 88, 89

Ket vector 4-8, 45-46, 115-117, 130-131
Kronecker delta 41, 66-67, 129-130, 304-305, see orthonormality condition

Ladder operators
for orbital angular momentum 345, 353, 356, see lowering operator, raising operator
for SHO 281, 288-289, see lowering operator, raising operator
Laguerre equation 389, 391-392
Laguerre functions 160, 389
Laguerre polynomials 159, 160, 183, 389-390, 412, 415
generating functions 160, 389-390
Laplace equation 358
Laplacian, spherical coordinates 379, 380
Legendre equation 182, 358, 387
Legendre polynomials 182, 183, 358, 360-361, 387, 412, 415
Linear independence/dependence — 425-431
Lowering operator, orbital angular momentum 345, 347, 353, 354, 356, 364, 366, 368, 374, 375, 377
Lowering operator, SHO 281-283, 286, 288-290, 304
Lz basis 342

Magnetic quantum number  346-347, 350-351, 352-355, 384-385
Matrix operator 13

addition/subtraction  13-14, 20, 47

deriving elements  288-290, 304-305, 367, 368, 377

multiplication, operator  17-18, 47-48

multiplication, scalar  13-14, 47

multiplication, vector 15-16, 4748

singular 24, 88
Method of factorization  281-282, 344, see ladder operators
Momentum operator 21, 70, 151, 161, 177, 180, 186, 290
Multiplication

complex conjugates 9, 195, 264, 418-419, 421

inner product 10, 12-13, 41, 47, 91-93, 111, 132

operator/operator ~ 17-18, 47-48

scalar/operator ~ 13-14, 47

scalar/vector  7-8, 46

vector/operator  15-16, 47-48

vector/vector 9, see inner product

Norm  9-10, 41, 92-93, 111, 112, 420
Normal function 139, 199-201, 212, 225, see error function, Gaussian function
Normalization
condition 11, 41, 133, see square integrable
constant 10, 11, 46, 283, 361, 398
process  10-13, 46, 134-135, 137, 140, 399-401
Normal modes  30-32

Observables postulate 2, 51, 53-57, 191
Odd/even functions 124-126, 145
Operator
addition/subtraction  13-14, 20, 47
adjoint 22, see Hermitian operator
anti-Hermitian 110
components of orbital angular momentum 20, 113, 198, 337-339, 341-342, 356, 367-368, 375-376, 377-378
degenerate 87, see degeneracy
determinant of 23-24
diagonal 19, 23, 32-44, 50, 84, 109, see diagonal operator
diagonalization  34-37, 42-44, 49, see simultaneous diagonalization, unitary transformation
energy/Hamiltonian 34, 53, 69-72, 181, 287, 379-383
Hermitian  see Hermitian operator
identity  18-20, 34, 67, 88, see identity operator
inverse 88, 89
ladder  see ladder operators
lowering  see lowering operator
matrix 13, see matrix operator
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momentum  see momentum operator
multiplication  see multiplication
position  see position operator
powers 20, 108
projection 65, 66
raising  see raising operator
unitary  see unitary operator
Operator/operator product — 17-18, 47-48
Operator/vector product  15-16, 47-48
Orbital angular momentum commutation relations 113, 198, 338, 341, 369-372
Orbital angular momentum operators 20, 113, 198, 337-339, 341-342, 356, 367-368, 375-376, 377-378
Orbital angular momentum quantum number  343-344, 346-351, 352-354, 367-369, 384-385, 386-388
Orthogonality  39-40, 41, 152-157, 160, 182-183, 185, 293-294, 309-310, 360, see orthonormality
definition  39-40
of eigenvectors of Hermitian operators 41, 94
of sines and cosines  152-155, 241
of vectors 39-40
Orthonormality 39-40, 48, 50, 66-67, 129-130, 151, 182, 288, 293-294, 303, 367, see orthogonality, orthonormality condition
Orthonormality condition 41, 48, 66-67, 129-130, 151, 288, 296, 298, 305
Outer product 65

Particle in a box 134, 149, 227-256, 379

Phase of a Gaussian wave function 207

Phase velocity 215218

Polar equation for hydrogen  384-385, 386-388

Position operator 21, 70, 151, 176, 179, 184, 186, 289

Postulates 1, 51

Power series solution to SHO 312-317

Principal quantum number for hydrogen 395-398, 405-406, 413

Probability
amplitude 52, 67-69, 254, 255, see expansion coefficients
calculating process, continuous systems  130-131, 133-142, 147-150, 173-175, 186
calculating process, discrete systems  53-59, 67-69, 73-86, 99-100, 104, 112, 114
definition 2, 10, 45, 53, 130-131
density 72, 133, 134, 136, 138, 139, 141, 201, 204, 220, 232, 246, 258, 260, 275, 295, 403-404, 415
postulate 2, 52, 53-59, 74, 133

Product  see multiplication

Projection operator 65, 66

Quantum number
chemistry terminology  405-406
hydrogen atom  343-344, 346-351, 382-383, 384-388, 395-398, 405-406, 413
magnetic 346, 350-351, 352-355, 384-385
one-dimensional infinite square well =~ 229-231
orbital angular momentum  343-344, 346-351, 352-354, 367-369, 384-385, 386-388
principal (for hydrogen)  395-398, 405-406, 413
simple harmonic oscillator 283, 284
three-dimensional infinite square well 256
two-dimensional infinite square well =~ 244-246

Radial equation for hydrogen 384, 393-397

Radial wave functions for hydrogen = 397-403, 413, 415

Raising operator, orbital angular momentum 345, 347, 352-354, 356, 357, 363-364, 369

Raising operator, SHO  281-291, 304, 309, 311

Reduced mass 392

Reflection coefficient — 257-260, 271-272, 274-278

Representation 4, 70, 129-133, 157-159, 177, 181, 183, 188, 224, 237, 297, 308, 310, 319, 356-358, 383, 397, 405

Resolution of the identity 67, 88, 95, 237, 253, see completeness relation, identity operator, insertion of the identity,
inverse operator, unitary operator

Resonance scattering — 267-269

Rydberg 397

Scalar
definition 7, 13
multiplication of an operator  13-14, 47
multiplication of a vector  7-8, 46
Scattering state  257-278
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Schrodinger equation, general 3, 52, 70-71, 181
free particle 213-215, 224
infinite square well ~ 227-228, 244-245, 256
scattering state 258, 265, 270-271
simple harmonic oscillator 280, 281, 304, 308, 312-317, 318-322
spherical coordinates/hydrogen atom 320, 379-380, 383-388, 393-396, 397-398, 402, 405, 414, 415
time dependent  71-72; see time dependent state vector
time independent 3, 70-71, 181
Schrodinger postulate 3, 52, 187, 265
Schwarz inequality 193, 194-195
Self adjoint operator 23, see Hermitian operator
Separation constant for PDE 245, 320, 321, 384-385
Separation of variables for ODE ~ 71-73
Separation of variables for PDE  244-245, 256, 319-320, 363, 383-385, 397
Simple harmonic oscillator (SHO)  279-322
one dimensional  279-317
power series solution  312-317
three dimensional  318-322
Simultaneous diagonalization  95-98, 102-104, 112, 114, see complete set of commuting observables
Sinc function 168, 171-173, 236
Singular matrix operator 24, 88
Space 8
dual 8, 47
Hilbert 8, 39, 53, 70, 131, 297, 426
subspace 8, 13
Span 38, 107, 426
Special functions, definition 157
Spherical harmonic functions  358-366, 376-377, 379, 384, 388, 405, 407408, 411, 413
Square integrable 133, 134, 137, 140, 147, 148, 160, 161, 184, 227, 293
Standard deviation = 61-62, 201, 212, 226, see uncertainty
State vector postulate  1-2; 51-52, see superposition
Stationary states 51, 69, 71-72, 76
Subspace 8, 13
Superposition 52, 72, 241-244, 248-254, 295-303, 305-308, 354-356, 374-375, 407411, 413-414

Theta function (Heaviside step function)  126-127, 251-252

Time dependent state vector — 71-72; 73-80, 83-84, 101, 112, 114, 244, 249, 252, 255, 300-301, 307, 319, 356, 411, 414
Time evolution 69, 70-72, see time dependent state vector

Transmission coefficient — 257-278

Transpose conjugate of an operator 22, 160, see Hermitian operator

Transpose conjugate of a vector 5, see bra vector, ket vector

Tunneling  261-265, 275, 276-278

Uncertainty  61-65, 83, 85, 112-113, 133-141, 147-149, 191-198, 201, 238-241, 248, 250, 251-252, 306, 307, see Heisenberg
of Gaussian wave function 201, 204-206, 211, 220223, 226, 433-436
general relations 168, 191-198, 248
applied to components of orbital angular momentum 366, 369-372, 378
graphic depictions 136, 138, 141
minimal relation  196-198
principle 62, 85, 191, 196, 198, 206, 248, 251-252
Unitary operator 34, 42, 89-94, 95, 98, 103, 105-107, 111-112
Unitary transformation  34-35, 36-37, 38, 42-44, 49, 78-79, 90-94, 95, 98, 103, 105-107, 111-112
properties  92-94, 95
Unit vectors  33-34, 37-39, 43-44, 49, 50, 99, 177, 287

Variance 62, 63, 64, 83, 85
Vector
addition/subtraction 5, 6, 45, 46
bra vector  5-8, 45, 46
infinite dimensional 33, 115-117
ket vector  4-8, 45-46, 115-117, 130-131
multiplication  see multiplication
norm  9-10, 41, 92-93, 111, 112, 420
Velocity, group/phase  215-217

Wave functions for hydrogen 405, 411, 413, 414, 415
Wave packet 190, 199, 202-205, 206209, 217, see Gaussian wave packet
Weighting function 157, 160, 182-183, 293, 309-310, 389, 391
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