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Preface

Quantum mechanics (QM) is still quite a mysterious theory. In contrast to the
theory of relativity, for example, it did not evolve out of some basic idea, some
physical principle. Only reluctantly, physicists had to accept its claims which are
completely counterintuitive. Many aspects regarding its interpretation are still a
matter of debate nowadays.

I tried to write a textbook I would have liked to read as a student; a book that
avoids many misunderstandings, unclear and vague ideas, and the questions that
have settled in my mind for quite a while, at that time; or confirms that some of my
questions belong to the issues of interpretation which are considered unclear by the
entire physics community and are under heavy debate. The resulting book differs in
some points from most of the other QM textbooks.

First, the mysterious properties of the theory are emphasized and discussed in
detail. For that reason, it starts with Bell’s inequalities as a foretaste of what we
embark on. Other QM books often treat QM as something that became
common-place and self-evident, just as a part of the physics canon. But this is not
the case. The conceptual basis of QM has been under steady research and fiery
debates throughout all the decades from 1900 until today (in contrast to special and
general relativity whose foundations have been understood for 90 years), with new
and surprising insights coming up again and again. By now, there is a whole bunch
of interpretations of the theory which fundamentally differ in their world view.
A separate chapter is dedicated to these interpretations.

Second, the book develops its matter from the general to the specific. At first, the
general postulates of QM are presented and discussed in detail. The wave function
as a special case of a quantum state follows later. This has the advantage that the
main hurdle is taken right in the beginning, and a double run-up is avoided. For
many books develop the matter twice: first by means of Schrdodinger’s wave
mechanics and later again under the title of “abstract formulation.” From my
point of view, it is better to begin with the abstract part and thereby avoid the
misunderstanding that QM is only a theory of wave functions.
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Third, the general postulates and basic notions are all explained by means of the
simplest nontrivial quantum system: the two-dimensional state space of the electron
spin, also called qubit.

Also for wave functions we stick to our principle of the simplest example.
Instead of following most books which directly jump from one to three dimensions,
we take a stopover in two dimensions. For there it is easier to explain the separation
of variables and in particular some features of a rotation symmetric potential
(namely without spherical harmonics).

Fourth, there is a strong focus on the clarity of notions and understanding of the
mathematical background. This clarity helps to avoid misunderstandings from the
beginning.

For example, a large part of QM takes place in the infinite-dimensional space of
wave functions. Many theorems known from linear algebra for finite-dimensional
vector spaces are no longer valid there. These peculiarities are discussed in detail.

Tensor products also get enough space, since they play an enormously important
role in QM, e.g., for the notion of an entangled state, and for the combination of
wave function and spin state.

Fifth, the exercises are not gathered at the end of each chapter, but are embedded
in the main text. This is supposed to encourage the reader to think about and to
recalculate things during his read. The solutions to the exercises are gathered at the
end of the book.

The focus of this book is on the general postulates of QM, its interpretation, its
basic notions, and its mathematical formulation. The first and most extensive part
of the book is dedicated to this topic.

In the second part, an important special case is treated: the QM of wave func-
tions in one, two, and three spatial dimensions, under the assumption that the
Hamiltonian operator consists only of a kinetic term and a time-independent
potential. Here, the most important examples are the harmonic oscillator and the
hydrogen atom. Scattering theory is also discussed within this context.

The third part encompasses further topics which belong to the canonical material
of a lecture on QM: combination of spin and angular momentum, QM with elec-
tromagnetism, perturbation theory, and systems with many particles. Here we only
develop the basic ideas and methods, as well as some simple examples. For
applications like the fine and hyperfine structure of hydrogen, or the theory of
atomic transitions, we refer the reader to the literature. Finally, we provide a short
explanation of the notion of a path integral and discuss the relativistic theory of the
electron (Dirac equation).

The target audience of this book is, of course, in the first place students of
physics who study QM in the context of a course on theoretical physics. But due to
the axiomatic, deductive approach and the detailed discussion of the mathematical
background, it is also very well suited for mathematicians who want to understand
QM. In some places we explicitly try to overcome the “cultural barrier” between
mathematicians and physicists.
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Some topics which are exciting but not mandatory for the further reading (and
for exams) are placed in a dedicated text environment—the so-called “nerd’s cor-
ner”—for curious readers.
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Part I
Formalism and Interpretation



Chapter 1
Introduction: Nonlocal or Unreal?

Abstract Via Bell’s inequality, it is shown that a world described by quantum
mechanics must be either nonlocal or unreal, and what that even means.

Quantum mechanics with its counterintuitive claims has created many controversies.
In particular, many physicists could not accept the idea that a value measured in an
experiment was not determined prior to the measurement but arises spontaneously at
the moment of observation. This has lead to speculations about “hidden variables”
(also called “hidden parameters”) which render a measurement deterministic.

Only in 1964, 38 years after the formalism of quantum mechanics was formulated,
John Bell could show that hidden variables, if they exist at all, must have a certain
“ugly” property which makes them quite unattractive to a majority of physicists:
they must be “nonlocal”, i.e. the change of a variable in one place has instantaneous
effects on the rest of the world, without respecting the limit given by the speed of
light for the transmission of signals.

In general we assume the reality and locality of physical phenomena. Here, real-
ity means that the properties of an object are valid independent of whether or not we
observe them in that moment. In particular, a property is not created by its measure-
ment. The result that a measurement would give corresponds to a real property of the
object, which exists independent of whether or not the measurement actually takes
place. Locality means that the consequences of events can only propagate through
space, and that maximally with the speed of light.

Bell has demonstrated that quantum mechanics cannot be simultaneously real and
local, i.e. that at least one of the two assumptions has to be false. For the proof he
made up an inequality, Bell’s inequality, which has to be valid in a real and local
world, and then showed that this inequality is violated for quantum phenomena. We
want to present his argument for the example of photons passing through polarization
filters.

An electromagnetic wave moves in z-direction and is polarized in x-direction. In
the (xy)-plane a polarization filter is set up which lets only that part of the wave
pass which is polarized in the direction of r, where r encloses with the x-axis an
angle ¢. The transmitted amplitude E’ is the projection of the original amplitude E

© Springer International Publishing Switzerland 2016 3
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Fig. 1.1 Electromagnetic wave at a polarization filter in r-direction

in r-direction; its norm is therefore E/ = E cos ¢, and the intensity is I’ = [ cos? ¢
(Fig.1.1).

But taking a closer look, we find that the wave actually consists of photons,
the quanta of the electromagnetic field. This circumstance alone has far-reaching
consequences. For each single photon can pass the filter either completely or not at
all (Fig.1.2).

If N is the number of photons before and N’ the number of photons after the
filter, then N’ = N cos® ¢ is required for the equation regarding intensity to hold
(the intensity is proportional to the number of photons). Therefore each photon has
the probability cos® ¢ to pass the filter. The question arises if this is decided in an
“absolutely random” way for each photon, i.e. not just in a seemingly random way,
due to our missing knowledge about the exact state of the photon. In other words:
whether the photon’s destiny is only decided at the moment when it reaches the filter,
or whether there are “hidden parameters” which determine the decision already prior
to that, or which could explain it.

Since the arrival of the photon at the filter can be understood as a measurement
with two possible outcomes, a proponent of the reality principle has to assume that
such hidden parameters exist. For in his view, the ability of a photon to pass the filter
is a property that is not just created at the moment of measurement, but must be given
already before that.

-->8

one photon one or no photon

filter

Fig. 1.2 Single photon at a polarization filter in r-direction
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To decide the question, we have to investigate the combination of measurements
of several properties, more precisely their correlation. Consider a set of objects all
of which have three binary properties A, B and C, where binary means that for each
object, each of A, B and C can either have a value of true or false. In the example of
photons with hidden variables, A could be the ability of a photon to pass a polarization
filter in the direction of r4, and B and C similarly for filters in the directions rp and
rc, respectively. It doesn’t matter if there is an actual polarization filter filtering in
any of these directions. A only means that if a filter is set up in direction ry4, the
photon will pass it. We denote the negation of A (photon will not pass the filter) by
nA, and similarly for B and C.

In the set under consideration, some objects will have the property A, others will
not. If an arbitrary object is picked up, there will be a certain probability p(A) that
A is true for it, and a certain probability p(A, B) that both A and B are true for it
etc. The variant of Bell’s inequality we are going to use here reads:

Bell’s Inequality
P(A, B) < p(A,C) + p(B,nC) (1.1

It follows from a simple set theoretical consideration: one has p(A, B) =
p(A, B,C) + p(A, B,nC), since for each object with the properties A and B, C
is either true or not. Similar relations hold for the other two terms. In this way, the
inequality can be rewritten to

p(A, B,C) + p(A, B, nC)
< p(A,B,C)+ p(A,nB,C) + p(A, B,nC) + p(nA, B,nC).

The two terms on the left hand side also appear on the right hand side. Since proba-
bilities are always >0, this inequality always holds, and (1.1) is thus proven.

The experimental check of Bell’s inequalities is however nontrivial. The problem
is that one cannot simultaneously measure the polarization of a photon in two different
directions. If a filter in r 4-direction is set up, one cannot simultaneously filter in r p-
or rc-direction. The subsequent application of two filters does not help either, since
the measurement in the first filter influences the photon, so that the effect of the
second filter is not the same as if the first filter would be missing (Fig. 1.3).

Fig. 1.3 A measurement of
polarization in two directions
r4 and rp is only possible 4
subsequently. But the first b5
measurement influences the
state of the photon

ra

photon

rp
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Assume a ray of photons is polarized in x-direction. If the first filter encloses an
angle of 45° with the x-axis, exactly half of the photons pass. If behind that a second
filter is set up in y-direction, again half the photons pass, altogether a quarter of the
original ray. However, if already the first filter is set up in y-direction, no photons pass
at all. This can be easily understood in the wave picture: at the first filter, the wave
is projected into the direction of the filter. Before, it was polarized in x-direction,
afterwards in the direction of the angle bisector between x- and y-axis. During the
projection at the second filter, the amplitude has now a contribution in y-direction,
and so a part of the wave passes the second filter. The intensity decreases at each filter
by a factor cos® 45° = %, so altogether it remains 4—1‘ of the original intensity. If instead
the wave meets the filter in y-direction already in the beginning, it is annihilated by
the projection, since it has no contribution in y-direction.

Therefore the filter in y-direction, if placed behind the filter in x-direction, cannot
be used to measure the original ability of a photon to pass a filter in y-Richtung.

However, Bell’s inequalities can be checked using entangled photons. Entangled
photons are created by certain atomic transitions, for example in calcium. Thereby
two photons are emitted in opposite directions such that the following holds: If
on opposite sides of the photon source polarization filters are set up, both of them
filtering in the same direction r, where each of the two photons runs into one of the
two filters, then either both photons pass their respective filter, or none of them.

In our terminology for assumed hidden parameters this implies: the second photon
has the property A if and only if the first one does. The measurement of such a property
on one of the photons is thus equivalent to the same measurement on the other photon.

This observed behavior is remarkable and seems to be an argument in favor of
hidden variables. This was first pointed out by Einstein in 1935 (together with his
colleagues Podolsky and Rosen), by means of a variant of the phenomenon described
here. Without hidden variables, photons would make a spontaneous decision at the
moment of measurement whether or not to pass their filter. But how should one
photon know what the other one has decided? It is as if the first photon shouted to the
second one: “Hey, here was a filter in x-direction, and I passed it, so you have to do the
same.” Einstein spoke of a “spooky action at a distance”, an impossibility (Einstein-
Podolsky-Rosen paradox), and concluded there must be hidden parameters.

So, let’s consider a source which emits entangled photons in £z-direction. Assume
for the moment that Einstein’s conclusion is correct, i.e. that hidden parameters exist.
As before, we denote by A, B and C the ability of a photon to pass a polarization
filter in some chosen directions ry4, rp and rc, respectively. These properties are
assumed to exist independently of whether there is actually a filter in any of these
directions. Due to entanglement, we can consider A, B and C as properties not of
an individual photon, but of a photon pair (since both photons always give the same
result at the same kind of filter). Now one can measure two properties simultaneously
and therefore determine correlations (Fig. 1.4).

For checking Bell’s inequalities (1.1) itis not necessary to measure three properties
simultaneously. One only has to measure the combinations (A, B), (A, C)and (B, C)
sufficiently many times to infer the probabilities p(A, B), p(A, C) and p(B, nC)
from the relative frequencies.
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Fig. 1.4 Two entangled photons are emitted in opposite directions. On one photon, the polarization
is measured in direction r4, on the other one in direction rg

Before that, one can also set up both filters in the same direction rp and vary
rp to verify that the photons are really entangled: either both photons pass their
respective filter or none of them. It turns out that independent of rp one always has
p(D) = 1/2,1i.e. the ray of photons emitted by the source is completely unpolarized:
for any filter direction, half of the pairs pass, the other half does not.

Now the probabilities occurring in Bell’s inequalities can be determined. To mea-
sure p(A, B), one photon is filtered in direction r4, the other one in direction rp.
The other probabilities are determined similarly. The measurement yields

1
(A, B) =2 cos® pap, (1.2)

where ¢ 4p is the angle between r4 and rp. Equivalently one finds

1
P(A,C) =3 cos® pac, (1.3)

1 [
p(B,nC) = p(B) = p(B, C) = - (1 —cos® ppc) = S sin® bpc. (14)
Plugged into Bell’s inequality (1.1) this gives

cos? OAB < cos? dac + sin’ dBC. (1.5)

If rp is chosen as the bisection between r and rc, e.g. with
dap = ¢pc = 30°, pac = 60°, one gets

(1.6)

Bl

+

EN

=

B~ w

which is obviously not true. Bell’s inequality is not fulfilled! Our assumption of
hidden parameters has led us to a contradiction.
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This contradiction can be avoided in two ways:

1. Giving up reality: Prior to the measurement, the photons have none of the prop-
erties of type A, B, C. Only at the moment of measurement (arrival at the filter) a
photon decides spontaneously to pass the filter or not. In the case of an entangled
photon pair, the pair decides as a whole, so that both individual measurements
are consistent with each other.

2. Giving up locality: the measurement on one photon instantaneously influences
the other photon, without respecting the limit given by the speed of light. The
second photon is thereby “perturbed”, and the second filter no longer measures
the original property (e.g. B) but a modified one, similar to the subsequent mea-
surements on a single photon.

No matter which variant one chooses, quantum mechanics must be quite a “crazy”
theory if it is able to describe such a reality (or a lack of it). Nowadays, a majority
of physicists chooses the first variant (giving up reality), but there are also theories
with nonlocal hidden variables. In addition, there is an interpretation of quantum
mechanics which cannot be assigned to any of these two categories, because it sheds
a new light on the entire matter: the Many Worlds Interpretation. Alone the fact that
a scientific theory leaves so much room for interpretations is remarkable. We will
come back to this issue in Chap. 4.


http://dx.doi.org/10.1007/978-3-319-24526-3_4

Chapter 2
Formalism I: Finite-Dimensional Hilbert
Spaces

Abstract The weird formalism of QM is introduced, at first in the context of
finite-dimensional Hilbert spaces, where the known theorems of Linear Algebra
hold. The qubit is used as an example.

2.1 The Postulates of Quantum Mechanics—Overview

At first we want to get a short overview over the postulates of quantum mechanics
and their basic meaning, which we will later fill with mathematical and physical life
by means of examples. All the terms used in this overview will be later explained in
more detail. Our intention is to get a panoramic view on the whole mountain before
we dare climbing it.

Yes, we start very axiomatically with the abstract part of QM, because I think it’s
a good idea to take this hurdle right in the beginning, and it helps to avoid potential
misunderstandings. Mathematically the whole thing isn’t too complicated for our
present purpose: All we need is Linear Algebra, and this is not considered to be
the most difficult topic in mathematics. You should be familiar with Linear Algebra
from previous semesters, but we will also refresh its notions and theorems as far as
we need them. The more difficult task is to recognize what kind of physics is hidden
inside this formalism, i.e. what the postulates mean physically. It will take some time
to figure that out.

In Chap. 3, when we meet wave functions, the physics will become clearer (finally
it’s about positions and momenta!), but as a tradeoff the math becomes more com-
plicated. For then we need to understand wave functions as vectors in infinite-
dimensional vector spaces, for which the somewhat more difficult field of functional
analysis is responsible. Everything has a price.

Furthermore it is important to mention that we are dealing with vector spaces
over the field of complex numbers—and this is already one of the most important
differences with respect to classical mechanics, where everything behaves nicely
real.

© Springer International Publishing Switzerland 2016 9
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Here are the Postulates of Quantum Mechanics:

1. States: The state of a physical system is represented by aray in a Hilbert space /.
A Hilbert space is a vector space over the field of complex numbers with a scalar
product. In quantum mechanics, a Hilbert space vector is written in the form |v),
the scalar product of two vectors |u#) and |v) in the form (u|v).

A ray is a set of vectors {«|v)|a € C}. In case of a real vector space one would
say that a ray is a line through the origin. But since C rather corresponds to a
plane, the notion of a line is misleading here. Anyway, the assignment of a state
to a ray implies that vectors differing only by a (complex) factor represent the
same state.

Since it is easier to perform calculations with vectors rather than rays, one usually
chooses an element |v) of the ray having norm 1, (v|v) = 1, and denotes this
element as the state vector. As a language convention, the state vector is often
identified with the state itself, i.e. one speaks of the state |v).

So, a state in quantum mechanics is a quite abstract object, and doesn’t seem to
match anything we can see in the world around us. The space in which the states
“live” is completely different than the three-dimensional space we know. The
notion of a distance (“near” and “far’’) between states needs to be defined and has
nothing to do with the distance between points in three-dimensional space. This
is already the seed of the nonlocality in quantum mechanics. In the first place it is
totally unclear how to obtain our three-dimensional space from the Hilbert space.
Only when the state vector takes on the form of a wave function (as we will see in
Chap. 3), a connection is made between the two spaces, giving the states a more
visualizable interpretation.

The unintuitive character of the notion of a state in quantum mechanics has
provoked countless debates about the meaning and the status of reality of the
entire description.

2. Measurement: The measurement of an observable, i.e. of a measurable physical
quantity of the observed system, is represented by a linear, hermitian operator.
The measured value X is an eigenvalue of the operator. After the measurement,
the observed system is in the state |v) ), where |v)) is the projection of the original
state vector onto the eigenspace with eigenvalue .

Here, an operator A is a function H — ‘H which maps each Hilbert space vector
to a Hilbert space vector, [v) — A|v). An operator is linear if

A (alu) + Blv)) = aAlu) + BA|v). (2.1)

A linear operator A is hermitian if (1) it has only real eigenvalues and (2) the
Hilbert space has an orthonormal basis of eigenvectors with respect to A. These
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two properties are crucial for quantum mechanics. Details about hermiticity will
be discussed in Sect.2.3.

An eigenvalue of A is a number \ for which a vector |v) exists (a so-called eigen-
vector), such that the eigenvalue equation A|v) = \|v) holds; i.e., the effect of
the operator A on the vector |v) is the multiplication by A. The eigenspace H ) for
the eigenvalue \ is the subspace of the Hilbert space H in which this eigenvalue
equation is valid. This is indeed a subspace: from the linearity of A follows that
if the eigenvalue equation holds for two vectors |u#) and |v), it also holds for any
linear combination of them.

Finally, projection onto an eigenspace means that the part of the original state
vector |v) orthogonal to H), is “cut off”. If one insists that a state vector should
be normalized to 1, one has to multiply the result of the projection by an appro-
priate number (normalization factor). Hence one cannot claim that the state got
“smaller” due to the cutoff.

What is the meaning of this abstract definition for a measurement? Well, the
process of measurement has a rather strange appearance in quantum mechanics.
During a measurement, two operators are caught in action:

e The operator A “represents” the observable a being measured. It kind of
translates the physical property to be measured into the language of abstract
quantum states. This operator A determines the possible measurement values.
Since A is hermitian, only real values are possible. In this way, the real world
of phenomena is retrieved from the complex quantum world. Now, which
observable corresponds to which operator, is a question that will keep us busy
throughout the entire book. Remark: In this book we carefully distinguish
between the observable a and the corresponding operator A. In many books
the operator itself is called an observable.

e The projection operator Py projects the original state vector |v) onto the sub-
space of H corresponding to the measured value A. The measurement there-
fore inevitably changes the state (except when |v) was already completely
inside the subspace before measurement).

In addition, the measurement postulate explains why certain observables are
quantized, i.e. appear only in discrete portions: The Hilbert space is continu-
ous, but the eigenvalue spectrum of many observables is not.

The postulate also contains the Uncertainty Relation: Two observables can be
measured simultaneously only if the corresponding operators A; and A, have
common eigenvectors. (In Sect. 2.8 we will see when this is the case.) Otherwise
the two projections cannot be performed at the same time. The measurement of
one observable creates an “uncertainty” in the other and vice versa. What this
exactly means will be explained in Sect.2.8.
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Measurement Probability: The probability for measuring the value \ is
p(A) = (v|Py|v). (2.2)

Here, |v) is the normalized state vector of the observed system before the mea-
surement, and P) is the projection operator corresponding to the eigenvalue A.
The expression on the right hand side represents the scalar product of the vector
|v) with the vector Py|v). That the sum of all probabilities is 1 is reflected by
the fact that the sum of the projection operators for all eigenvalues results in the
identity operator (more details in Sect. 2.5).

The probability postulate contains a crucial statement: quantum mechanics is
non-deterministic. Given a state |v), it is impossible to predict which value
will be measured. One can make only a statistical claim. Will a given atom of a
radioactive substance have decayed at time ¢#? We can only get the half-life and
compute the likelihood from that. Will a given photon pass a certain polarization
filter? We can only specify the probability.

Time Evolution: As long as no measurement takes place, the time evolution of
a state is given by the Schrodinger equation:

iﬁ%lv(m = Hv(1)) (2.3)

Here, h = h/(27) and h is the Planck constant, a fundamental constant of nature.
So fundamental that theoretical physicists prefer to use units in which A has the
value 1. The Hamiltonian operator H represents the energy observable of the
system.

So, as long as there is no measurement, the system behaves commendably deter-
ministic: If a state [v(¢)) is given at some time ¢, its time evolution can be unam-
biguously calculated using the Schrodinger equation, because it is a differential
equation of first order in time. Only at the moment of measurement at time 7, a
sudden jump from |v(fy)) to Py|v(fp)) takes place. If a wave function is used to
represent the state, this jump is called collapse of the wave function.

The Schrodinger equation is valid in the Schrodinger picture, where states
are time-dependent and operators time-independent. There is another view, the
Heisenberg picture, in which states do not evolve with time at all, but only the
operators representing the observables. Both pictures make exactly the same pre-
dictions, so it is a matter of taste which one of them one prefers. This strange
feature will be also discussed in more detail later (Sect.2.9).
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We summarize:

Postulates of QM

1. States: The state of a physical system is represented by a ray in a Hilbert
space H.

2. Measurement: The measurement of an observable, that is: a measurable
physical quantity of the observed system, is represented by a linear, her-
mitian operator. The measured value )\ is an eigenvalue of the operator.
After the measurement, the observed system is in the state |v)), where |v}))
is the projektion of the original state vector onto the eigenspace with eigen-
value \.

3. Measurement Probability: The probability for measuring the value A is

p(N) = (v|Py|v). 2.4
Here, |v) is the normalized state vector of the observed system before the
measurement, and P, is the projection operator corresponding to the eigen-
value \.

4. Time Evolution: As long as no measurement takes place, the time evolution
of a state is given by the Schrodinger equation

iﬁ%lv(m = Hlv(1)) (2.5)

The Hamiltonian operator H represents the total energy of the system.

These postulates are strong stuff. For the purpose of lucidity, we have listed them
and their basic meaning once completely, but now we have to establish a basis to
comprehend them to full extent. That’s what we are going to do in the next sections.
We will delve into the used terms, extend them, and clarify them by means of a simple
example: the two-dimensional Hilbert space. It will however take a while until we
are ready to master the two major showcase applications of the quantum formalism:
the harmonic oscillator (Sect.5.3) and the hydrogen atom (Sect. 7.5).

Even when you have mastered this material, there will probably remain a certain
discomfort (if you care about these issues at all)—a discomfort that you share with
the majority of physicists.

The postulates of Quantum Mechanics, as they are presented above, are written
in the spirit of the so-called Copenhagen Interpretation, as it was developed by
Heisenberg, Bohr and Born. They were reinterpreted in several ways that shed a
completely different light on the theory. We will discuss examples of that in Chap. 4.

Different than, for example, the theories of special and general relativity, the
postulates of quantum mechanics were not born out of a physical idea, but out of
necessity. It turned out that certain heuristics are qualified to predict the outcomes of
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certain experiments and observations (for example the spectral lines of hydrogen).
These heuristics (Heisenberg’s matrix mechanics) were further developed into the
form of the postulates presented above, which turned out to be extremely successful.
They form a conceptual frame for the explanation of many phenomena which cannot
be understood in a classical way, e.g. the photo effect, the stability of atoms, chemical
bindings etc.

The predictions of quantum mechanics were confirmed again and again, despite
all their strangeness.

2.2 States in Hilbert Space

QM is expressed in terms of vectors in Hilbert space. Therefore we first have to
clarify what a Hilbert space is.

A Hilbert space H is a complete vector space over C with a scalar product. The
first property, completeness, means that each Cauchy sequence converges inside the
vector space, which is not so relevant to us. A scalar product isamap H x H — C
with the following properties: It is

e anti-linear in the first argument:
(au + pv|w) = o™ (ulw) + 5 (vw) (2.6)

Here, o and 3 are complex numbers, and the “anti” in anti-linear means that « and
[ need to be complex conjugated when extracted from the left part of the scalar
product.

e linear in the second argument:

(u|ow + Pw) = o(ulv) + Blulw) 2.7)

e hermitian:
(ulv) = (v|u)* (2.8)

As a consequence, (v|v) is always real.
e positive definite:
(vlv) = 0, (2.9)

where equality holds if and only if [v) = 0.

A Hilbert space is finite-dimensional if a finite number of basis vectors |e;),
i =1,2,...,n exist, such that any vector can be written as a linear combination
of the |¢;),

v) =D ajles). (2.10)
i=1
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One can then write |v) as a columnar vector [v(®)) with respect to the chosen basis,
with complex components [v(©); = o,

(€3}
Wy =1|:1]. (2.11)

Qp

A theorem in Linear Algebra says that the |e;) can be chosen as an orthonormal
basis such that
(eilej) = dij. (2.12)

In this case the scalar product can be expressed in terms of the components: If |u)
has the components «; and |v) the components [3;, then

(ulv) = O aieil D Bjej) = D affileilej) = D afBidy = > affi.
i j ij ij i

(2.13)
Please note the complex conjugation of the «;, which follows from the anti-linearity
of the scalar product in the first argument. The orthonormality in the form (2.12)
and the resulting equation (2.13) automatically confirms that the scalar product is
positive definite:

(whoy =D BB =D 161> =0 (2.14)
i=1 i=1

where equality holds if and only if all components vanish. We can also argue in the
other direction: only because the scalar product is positive definite, we can choose
an orthonormal basis of the form (2.12).

The value ||v|| = +/{v[v) is called the norm, or length of the vector |v). We can
always take the square root, since the scalar product is positive definite.

There are two important inequalities for the norms of vectors, the Schwarz
inequality and the triangle inequality. Die Schwarz inequality reads

(ulv)(viu) < (ulu)(viv) (2.15)

or, after taking the square root on both sides,
[{ulv)| < [lull V]I, (2.16)
since (u|v)(vu) = (u|v)(u|v)* = |(u|v)|?. The inequality means that the scalar

product of two vectors cannot be larger than the product of their norms. To prove
that, we use the fact that the norm of the vector

|v) (2.17)
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is non-negative:

0 < oo (B el
Wy ()
~ () wlv) ) (vle) | (wlu)*(v]u) (v]v)
= (ulu) - .
(wlv) (vlv) (lv)
_ (v]ue) (u]v)
= (ufu) —
(wlv)

Bringing the second term to the left hand side and multiplying both sides by (v|v),
one gets (2.15). In the case that (v|v) = 0 and therefore (2.17) is not well-defined,
one must have |v) = 0, and now (2.15) holds because both sides vanish.

The triangle inequality reads

[l + vl < [lull + [|v]]. (2.18)

It means that the norm of the sum of two vectors cannot exceed the sum of the norms
of the individual vectors. The name “triangle inequality” reflects that real (as opposed
to complex) vectors can be visualized as “arrows”. If one draws the “arrows” for |u)
and |u + v) beginning at the same point, but the “arrow” for |v) beginning at the
“arrowhead” of |u), then these three “arrows” form a triangle.

The triangle inequality can be proven in the following way:

e + v]1* = (1 + vlu + v)

= (ulu) + (ulv) + (vlu) + (v|v)
= (ulu) + (ulv) + (uv)* + (v]v)
= (ulu) + 2Re((u|v)) + (v|v)
(ul) + 2|(ulv)] + (v|v)

() + 21[u] [Jv]] + (v]v)

= (Jul| + |Iv]D?

=
=

In the fifth line we used that the real part of a complex number is smaller or equal to
its absolute value. Re(z) < |z|. In the sixth line the Schwarz inequality was applied.

To any object of a quantum mechanical measurement corresponds a specific
Hilbert space. The state of such an object—or our knowledge about it (there are
different opinions about this subtle difference, see Chap.4)—is represented by a
state in the Hilbert space. A state in Hilbert space is, as already mentioned, a ray,
i.e. a set of vectors of the form {a|v)|a € C} (one can also say: a one-dimensional
subspace of H). In other words: all vectors differing only by a complex factor o
represent the same state. The factor o can be written as a product of the norm r and
the phase exp(i ). Hence two vectors |v1) und |v2) correspond to the same state if

lv)) = alv) =re?lvy), 1 peR. (2.19)
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Usually one chooses a normalized vector to represent the state and denotes this
vector itself as the state, or the state vector. “Normalized” hereby means that the
vector has norm 1, (v|v) = 1.

A not yet normalized vector |v) can be normalized by multiplying it with a nor-
malization factor N, N = 1/||v]||. (One divides by the length, such that the length
is 1 afterwards.) For then

(Nv|Nv) = N (v|v) =

1
oS (wlv) = 1. (2.20)

Please note that the vector is not unambiguously determined by the normalization.
The normalization only fixes the length, but not the phase. Vectors differing only
by a phase have the same length. This is rather obvious, but mathematically it is a
consequence of the anti-linearity of the scalar product in its first argument:

(e'Pv]e'¥v) = e %e!P (v]v) = (v|v) 22D

The simplest of all Hilbert spaces is one-dimensional: the set C of complex num-
bers itself. In this Hilbert space there is only one single state, since all one-dimensional
vectors (i.e. complex numbers) differ only by a complex factor. This Hilbert space
is pretty boring.

The simplest non-trivial Hilbert space is two-dimensional, C>. We will clarify all
aspects of our new terminology by means of the example C?.

For H = C2, an orthonormal basis consists of two vectors |e;) and |e»). A vector
|v) is then determined by two complex components oy and «p, or by four real
numbers, writing o = x1 + iy; and ap = x2 + iy3.

The set of states is obtained by identifying vectors which differ only by a complex
factor. One can easily see that a state is determined by the ratio «1/an. Vectors
differing only in norm and phase,

/ .
(0‘,1) — rei® (0‘1) , (2.22)
an 1o

have the same « /a;, because norm and phase are canceled in the division. On the
other hand, to each a1 /a» belongs exactly one state. (There is one additional state
for acy = 0, that is the state with state vector |e1)). A state is therefore determined
by one complex number A = «/an, or by two real numbers, if one decomposes A
into real and imaginary parts.

In practice one uses normalized vectors to represent states. If one for example
speaks about the state

lv) = %(Im) +ile2)) (2.23)

then the state is meant for which the vector |v) is a normalized representative. One
should keep in mind that one could have also chosen
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lv) = %(—”6’1) + le2)), (2.24)

since this is also a normalized representative of the same state, differing only by a
factor of i from the original choice (or —i, depending on which vector one starts
with).

So far we have seen the “reverted” vectors (v| only as a part of our notation for the
scalar product (u|v). However, one can also consider them independently of that, as
elements of the dual space H* of H. The dual space V* of a complex vector space
V is the set of all linear forms on V, i.e. all linear maps V — C. A theorem in
Linear Algebra says that V* is itself a vector space which is even isomorphic to V
in the finite-dimensional case. Each linear form can be written as the scalar product
with a specific vector, i.e. for each linear form A there is a vector |u), such that for
any vector |v) € V one has:

A(lv)) = (ufv) (2.25)

It is therefore convenient to write (u| instead of A for an element of the dual space.
The notions “bra vector” for (u| and ‘“ket vector” for |v) have become a popular
convention; together they result in a “bracket”.

Due to the anti-linearity of the scalar product in its first argument, the components
of a bra vector with respect to a basis {|e;)} are complex conjugate compared to the
ket vector:

v) = D ailer) <= (vl = D _(eilo] (2.26)
1

i

We can write the ket vector |v) as a columnar vector |v(®) and the bra vector (u|
as a row vector (1©| with respect to a basis {|e;)}. If it is an orthonormal basis, the
scalar product can by means of (2.13) be expressed as a matrix multiplication: With

lu) = Zi ajle;) and |v) = Zi Bile;) one has

B
* ok * 52 * * *
(lv) = (afas ... af) - S| =i+ aafat e+ apf (2.27)
Bn
Hereby the row vector (u(®)| (with components (1|, = af) was interpreted as a

1 x n matrix, the column vector |v©) (with components [v(®)); = ;) asann x 1
matrix.

Self-check questions:

1. What are the properties of a scalar product?
2. How many state vectors represent a given state?
3. What is a bra vector?
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2.3 Linear Hermitian Operators

In QM, measurements are described by linear hermitian operators. A linear operator
A is a linear map
H—H, [v)—> Alv). (2.28)

With respect to a basis {|¢;)}, A can be written as a matrix A with components
A ie. for a vector lv) = >, aile;) one has

ij >
Alv) = Z(ZA@ aj)le), (2.29)

i.e. Zj Afj)aj is the i-th component of the vector A|v),

(A(e)|v(e)>)l, — ZAZ(;)|U(@)>J._ (2.30)
J

The set of linear operators on H forms a vector space. That is, the sum of two
linear operators A+ B is again a linear operator, and the product of a complex number
with a linear operator AA is also a linear operator.

The successive application of several linear maps is again a linear map. This is
true for the successive application of linear operators A and B, as well as for the
successive application of a linear operator A and a linear form (u|. In the first case
the result is a vector, in the second case a complex number.

Let’s consider the second case: The combination ({#|A) of (#| and A is, according
to what we just said, again a linear form: It maps a vector |v) to the complex number
(u[(Alv)):

((u|A)|v) = (u[(Alv)) (2.31)

The position of the brackets is therefore arbitrary:

e One canimagine that A acts first towards the right, on the ket vector |v), resulting in
anew ket vector | Av), and that afterwards the scalar product with (u| is performed,
(u|Av).

e Similarly one can also imagine that A acts first towards the /eft, on the bra vector
(u], resulting in a new bra vector (new linear form) (# A|, and that afterwards the
scalar product with |v) is performed, (#A|v).

Due to this ambiguity, one simply writes (u|A|v).
Expressed in components w.r.t. an orthonormal basis {|e;)}, the same considera-
tions apply. According to (2.13),

(u(€)|A(€)v(€)> — Z(u(€)|i |A(€)v(€))i — Z(u(€)|l_ Al(;)w(e))j_ (2.32)

i i,j
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The right hand side can again be read in two ways:

e The column vector |v®) is multiplied from the left by the matrix A). Then one
performs the scalar product of |«(¢)) with the result of this multiplication.

e The row vector (#(®)| is multiplied from the right by the matrix A). Then one
performs the scalar product of [v®)) with the result of this multiplication.

With an orthonormal basis, one can therefore leave out the brackets also when one
uses components, (u@]A@|y©) However, this works only in an orthonormal basis!

Exercise 2.1

(a) LetH = C? with orthonormal basis |e;), |e2). An operator A is in this basis

given by the matrix A© = (1) (1)) Given are also two states |u) = |ey),
[v) = |es). Compute (u©|A@v©) and (u©A©|v©). The results are

the same.

(b) Now we define a second basis, | f1) = |e1), | f2) = 2|e2), which is orthog-
onal, but not orthonormal, since ( f>| f>) = 4. What are the components of
@], vy and AY)? How is the scalar product to be performed in this
basis? Show that (u)| AP vy £ (AP |y,

For the sake of simplicity, in the following we will always assume that {|e;)} is
an orthonormal basis.

For each linear operator A there is an adjoint or hermitian conjugate operator
AT, defined by the requirement that its effect on a bra vector ist the same as the effect
of A on a ket vector:

Alu) = |v) <= W|AT = (v| (2.33)

What does the corresponding matrix A look like? The row vector (u| is, compared
the column vector |u), transposed and complex conjugate. The same is true for the
matrix AT®): It is obtained from A®) by transposition and complex conjugation:

ATO = g% (2.34)

For [v(©); = > A(e)|u(e)) implies
(U(e)|i _ (e) ZA(e) |u(e) Z( (e)| (A(e))]l’ (2.35)
j
and hence

A(e)T (A5 = AL, (2.36)

(Since (1(©| is arow vector, the matrix always needs to be placed to its right, otherwise
the matrix multiplication makes no sense.)
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The product AB of two linear operators A and B is defined by successive appli-
cation:
(AB)|v) = A(B|v)),  (u|(AB) = ((u|A)B. (2.37)

As already mentioned, AB is again a linear operator. The convention to define a

product as successive application is motivated by the corresponding matrices: The
matrix of AB is the product of the matrices of A and B.

Exercise 2.2
Show that (AB)© = A© B©,

The adjoint operator fulfills a number of important relations:

(AHT = 4, (2.38)
N\ =XAT, reC, (2.39)
(A+B) = A"+ BT, (2.40)
(AB)" = BTAT. (2.41)

Similar relations hold for the corresponding matrices. Please note the reverse order
in the last relation. It is due to the fact that in (2.37), the operation on a ket vector is
done by the right operator first, but when operating on a bra vector, the left operator
comes first. From (2.33) then follows

A(Blu)) = |v) < ((u|BHAT = (v]. (2.42)

For matries, the reverse order is also easy to show: If C = AB,i.e.Cjy = Zj AijBjyi,
then

Ch=Chi = ZA}:J‘ B} = Z B A} = Z B;A;k =B AN, (243)
J J J

Here we dropped the superscript (e¢) for the sake of readability. We will keep this
convention for the future: If there is no danger of confusion, we will identify an
operator with its matrix w.r.t. a given orthonormal basis.

A linear operator is hermitian if A" = A. Previously we have defined “hermitian”
in a different way: we said that an operator is hermitian if it has only real eigenvalues
and the Hilbert space has an orthonormal basis consisting of eigenvectors. The first of
these properties is necessary for using these operators as observables, because results
of measurements happen to be real. Further below we will see that both definitions
are equivalent.
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The sum of two hermitian operators is again hermitian. The product AA of a
complex number A with a hermitian operator A however is, due to (2.39), only
hermitian if A € R. This means that the hermitian operators form only a real, not a
complex vector space.

The product of two hermitian operators A, B is, due to (2.41), only hermitian if
A and B commute, i.e. if AB = BA.

According to (2.36), the components of the matrix A®© (w.r.t. an orthonormal
basis {|e;)}) of an hermitian operator A obey

© _ 4@
A=A (2.44)

A matrix with this property is also called hermitian. In particular, the diagonal entries
of A are real. Since hermiticity was defined on the level of operators, the property
(2.44) is independent of the concrete choice of an orthonormal basis. For the change
to a different orthonormal basis {| f;)} this means that the new matrix A is again
hermitian. However, this works only for orthonormal bases!

Exercise 2.3
Have another look at the transformation in Exercise 2.1. There a hermitian
matrix A®@ is transformed into the non-hermitian matrix A"

This is again related to the difference between a matrix acting to the right on a ket
vector and a matrix acting to the left on a bra vector, which (the difference) exists
only in a non-orthonormal basis, cf. Exercise 2.1.

A linearer operator is called antihermitian if AT = —A.If A is hermitian, then
i A is antihermitian. Any linear operator A can be written as the sum of a hermitian
operator Ay and an antihermitian operator A,:

A+ AT A— AT
A=A, + A, A= B Ay = ) (2.45)

In the example H = C?, a hermitian matrix is determined by four independent
real components: It is of the form

. a b+ci
A= (b—ci d ), a,b,c,d e R. (2.46)

Thus, A can be written as a real linear combination of the unit matrix

10
1= (0 1) (2.47)
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and the three Pauli matrices

01 0—i 10
ax:(lo), oyz(l. O)’ UZ:(O—I)’ (2.48)

d —d
A= oy —coy+ C 4, (2.49)

Self-check questions:

1. What is the meaning of the expression (u#|A|v)? Why does it make sense without
brackets?

2. What does it mean to say that A" is the adjoint operator of A?

3. What is a hermitian operator? What is a hermitian matrix?

2.4 Eigenvalues and Eigenvectors

The possible outcomes of a quantum mechanical measurement are the eigenvalues
of a hermitian operator A, i.e. the measured value A obeys

Alv) = A\|v) (2.50)

for an appropriate eigenvector |v). The eigenvectors of a given eigenvalue )\ form a
vector space, a subspace of H, the eigenspace H ), of the eigenvalue ).

Maybe you remember from your Linear Algebra course how the eigenvalues are
determined: one calculates the zeroes of the characteristic polynomial. The right
hand side of equation (2.50) can be written as A\1|v), where 1 is the identity or unit
operator (or the unit matrix, if we identify the operator with its matrix). Bringing
everything on one side, one gets

O\ — A)|v) = 0. 2.51)

Now we have a matrix (A1 — A) and a column vector |v), and thereby obtain an
n-dimensional system of linear equations (where n is the dimension of H): Each row
of the matrix (A1 — A), applied to the column vector |v), produces a linear equation.
As you know, such a system of equations has non-vanishing solutions for |v) only if
the determinant vanishes,

det(A\1 — A) =0. (2.52)

The left hand side of (2.52) is a polynomial in A, the characteristic polynomial
of the matrix A. The solutions of (2.52) are the eigenvalues of A. These solutions
are then plugged into (2.51), in order to determine the corresponding eigenvectors.
By the way: Since the determinant is independent of the chosen orthonormal basis,
the characteristic polynomial doesn’t change under a basis transformation. This is
necessary, because the eigenvalues of an operator don’t depend on the choice of a
basis, of course.
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We want to apply the procedure to a simple example, the matrix o, which we met
when we discussed hermitian operators in our example Hilbert space H = C2. The
characteristic polynomial of o, is:

det(A\l — o) = det (_Al _Al) =X -1 (2.53)

The zeroes of this polynomial are 1 and —1. Hence, these are our eigenvalues. Now
we write |v) = (S) and set A = 1. The corresponding eigenvectors are the solutions of

1 -1 o
(_1 | ) (ﬁ) =0, (2.54)

i.e. « = (. The eigenspace H; therefore consists of all vectors of the form (g)
The eigenvectors for A = —1 are the solutions of

-1 -1 «
(_1 _1) (5) =0, (2.55)
ie.a=—0.

The eigenspace H_ therefore consists of the vectors of the form (_“a )

Exercise 2.4
Determine the eigenvalues and eigenspaces of 0.

The matrix o is already diagonal, so the eigenvalues can be read off directly, they
are A = 1 und —1. The eigenvectors have the form (8) and (g), respectively.

It still remains to be proven that our two definitions of hermiticity are equivalent.
This is what we are going to do now:

1. A linear operator A is called hermitian if AT = A.
2. A linear operator A is called hermitian if it has only real eigenvalues and H has
an orthonormal basis of eigenvectors w.r.t. A.

1) = 2):

e At first we prove that all eigenvalues are real. In (2.8) we set |u) = A|v) and
therefore (u| = (v|AT = (v|A:

(vIAJv) = (v|Alv)* (2.56)

If Alv) = AJv), it follows
AMvlv) = (M v|v)*. (2.57)

Since (v|v) is real, A has to be real too.
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e As anext step we show that eigenvectors of different eigenvalues are orthogonal.
Let
Alu) = Alu),  Alv) = Xafv), AL # X (2.58)

From the second equation follows (v|A = Ay (v|. If one takes the scalar product
with |u) in this equation and the scalar product with (v| in the first equation, the
difference between the two equation gives

(vIAJu) — (v]Alu) = Ar(vlu) — A2 (vlu), (2.59)

SO
(A1 = A2)(vlu) =0, (2.60)

and therefore (v|u) = 0.

e As a last step it remains to show that the eigenvectors span the complete space
H. For that purpose we make use of the matrix A® corresponding to A w.r.t. a
basis {|¢;)}. Since C is algebraically closed, the characteristic polynomial of A(®)
has at least one zero, hence A has at least one eigenvalue A. In the corresponding
eigenspace H) we choose a normalized eigenvector |v). Then we choose a new
orthonormal basis {| f;)} of , in which | fi) = |v). In this basis, A/) has the form

AAp - A
0Axn - A

A= T 2.61)
OAnZ"'Ann

In particular, the components of the first column, A;, all vanish fori > 1, because
otherwise we wouldn’t have A|f;) = A|f1). Since A'(f ) is hermitian, all the
components Aj; with i > 1 have to vanish too. So, A/) has the block diagonal

form
A -+ Agy

A O
MﬂngMJ,Amz SN § (2.62)
AnZ Ann

It follows that the effect of A(/) (and so that of A) on the two parts of the decom-
position H = H, @ H’ is independent, i.e. [u) € H, = Alu) € H, and
luy € H = Alu) € H'. Here, H, is the one-dimensional subspace spanned
by |v) (which is not necessarily the entire eigenspace 7)) and H’ the subspace
spanned by all other basis vectors. In particular, each vector in H’ is orthogonal
to |v).

In H/, A is represented by the matrix A’/), and we can proceed with it just as
with A, We find an eigenvalue, a corresponding normalized eigenvector |w),
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construct a new orthonormal basis {|g;)} (i = 2,...n) of H' with |g2) = |w),
thereby separating the subspace spanned by |w), H' = H,, & H". We proceed
like that until A is completely diagonalized and H completely decomposed. In the
resulting orthonormal basis, each element is an eigenvector.

2)=@):

Given an orthonormal basis {|e;)} of eigenvectors with real eigenvalues, A is
diagonal with the real eigenvalues on the diagonal. In particular, A is hermitian,
and therefore A is.

Exercise 2.5
Let H = C? and {|e;)} an orthonormal basis.

(a) Show that the nonhermitian operator A with A©) = ((1) i) has only real
eigenvalues, but that H is not spanned by the corresponding eigenvectors.
(b) Show that the nonhermitian operator B with B = (g i) has only real

eigenvalues, and that H is spanned by the corresponding eigenvectors. But
there is no orthonormal basis of eigenvectors.

Self-check questions:

1. How do you determine the eigenvalues of a hermitian operator?

2. What ensures that the result does not depend on a choice of basis?

3. What characterizes eigenvalues, eigenvectors and eigenspaces of hermitian oper-
ators?

2.5 Projection and Measurement

So far we have only repeated Linear Algebra of vector spaces C, and that with
the notation conventional in quantum mechanics. Now it’s getting time to see what
this has to do with physics. It is very convenient to use the electron’s spin as a
first example, for this is a property of the electron described in terms of the two-
dimensional Hilbert space and the Pauli matrices we became familiar with in the
previous sections. Spin is a property which is related to angular momentum in a subtle
way, as we will see in Chap. 9. It is therefore often described as “a kind of intrinsic
rotation” of the electron. But this is misleading; electrons are not little globules that
can be imagined as rotating. Spin is something quite abstract. It is nevertheless—or
even just because of that—perfectly suitable to explain the principles of a quantum
mechanical measurement.

The spin state of an electron is represented by a vectorin H = C2. (We remember:
actually by a ray, but for simplicity one chooses a normalized vector as a represen-
tative of the ray.) Spin itself is a vectorial property, namely vectorial with respect to
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our three-dimensional space, i.e. it has components in x-, y- and z-direction. That
is quite remarkable, for it means that the information about a three-dimensional real
vector is contained in a two-dimensional complex state vector.

The three spin components s, Sy, s, are as observables associated with the oper-
ators Sy, Sy, Sz, and these are, in an appropriate orthonormal basis |e1), |e2), given

by the matrices gax, %cry and %LJZ,
oy, S =50 (2.63)

In a conventional notation, the spin operator is often written as a vector: S = %‘o-, such
as if the three Pauli matrices formed a vector in three dimensions, whose components
are 2 X 2-matrices.

Now consider a measurement of the z-component of an electron’s spin whose spin
state vector |v) has components (<, (3) in the mentioned basis. By the second postulate
of quantum mechanics, the possible measurement values are the eigenvalues of %‘az,

i.e. :tg. The eigenspace of the eigenvalue +§ is spanned by |eq), the eigenspace of
the eigenvalue —% by |e2). After the measurement, the electron is in the state |e) if

+§ was measured, or in the state |e;) if —%i was measured. The state |e1) is therefore
denoted as “spin up” (spin points to positive z-direction), |e2) as “spin down” (spin
points to negative z-direction). Usually these two states are written | 1) and | |). The
bra/ket notation is often used in this way: Instead of identifiers like e; or v, significant
symbols are placed between the brackets. Enumerated basis vectors are written |1),
|2), ..., |n) instead of |ey), |e2), ..., |en). Often the eigenvalues themselves are used
to denote the states; in our case that would be |%L) and | — %). This obviously works
only if the eigenspaces are one-dimensional, with a unique state corresponding to an
eigenvalue.

We want to follow our own convention here, using the notation |z+) for |e) and
|z—) for |ep). The reason is that we will often compare spins in different spatial
directions, and for that arrows and eigenvalues alone are useless.

Projecting a vector |v) onto a vector |#) means taking the part of |v) parallel to
|u). The projection operators onto |z+) and |z—) are, written a matrices,

10 00
(). no(09) oo

() e
|

«
0
0
— ( ﬁ) _ (2.66)

since
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If |v) is normalized, i.e. a*«a + 5% = 1, the third postulate of quantum mechanics
claims that the probabilities for the two possible measurement results are given by

p(z4) = (V| P4 |v) = (a* %) (é 8) (g) = (a* §%) (‘8‘) =a*a, (267

P = (WP o) = (a* 5) (8 (1’) (g) = (a* 5") (g) =55 Q69

This result can be generalized easily: The probability to measure an eigenvalue A
is equal to the squared component of the normalized state vector parallel to the
eigenspace H . This is what the third postulate boils down to.

The sum of the two probabilities is

piz+) + p(z—) =a*a+ 3B =1, (2.69)

as it has to be (the measurement has exactly one result, in any case). The normalized
state vector is not unique, it can be multiplied by a phase exp(i ), which is however
canceled in the probabilities a*« and 8* 3 (the norm squared). Probabilities cannot
depend on a choice of phase.

If one wants to use state vectors which are not normalized, one has to adapt the
rule for probabilities, dividing by the norm squared of the state vector:

P\ = (WIPyIv) (2.70)
(vlv)

At this point we want to clarify what it means to have only hermitian operators as
observables. Hermitian operators have three important properties:

e They have only real eigenvalues. That’s important, since measured values are
always real.

e Eigenvectors of different eigenvalues are orthogonal. That’s important for the
measurement to be consistent: If “spin up” was measured, the electron is in the state
|z+) afterwards. If the same measurement is performed again immediately, the
result has to be again “spin up” (with probability 1) for the state is now orthogonal
to |z—). If |z+) had a non-vanishing component in the direction of |z—), there
would be a positive probability for the second measurement to result in “spin
down”, and hence to disagree with the first one.

e The eigenvectors of all eigenvalues span the entire Hilbert space. That’s important,
because otherwise there would be states which are orthogonal to all eigenspaces.
A measurement on such a state could not have any result.

The question comes up why nature plays this operators game at all, and in what way
the operators actually participate in a measurement. In fact, in all real experiments
electrons are tackled with measurement devices, not with matrices. The measurement
device must have something about it which acts like a hermitian matrix (a hermitian
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operator) on the electron. But what, and how? This question is not so easy to answer,
and again there are various opinions. We will come back to this in the interpretation

Chap. 4.
Projection operators apparently play a big role in quantum mechanics. We are
therefore going to discuss them in more detail. Let {|i)} withi = 1,...,n be an

orthonormal basis of H and |v) a vector. The representation of |v) in this basis,

v) = > aili), @.71)

consists of components «;|i), the projections of |v) onto the corresponding basis
vector |i). The coefficients «; are obtained via the scalar products

o = (i|v). (2.72)

Hence one can write |v) as

lv) = D" li){ilv). 2.73)

In this way we get an interesting expression for the identity operator:

1= li)il. (2.74)

The left hand side of the previous equation (2.73) is equal to 1|v), and since it is
valid for all vectors |v), it implies (2.74). The identity operator is decomposed into
a set of projection operators: The projection onto a basis vector |i) is produced via
the operator

P = i) (i, (2.75)

because, as we saw,
Pilv) = [i){ilv) = a;li). (2.76)

With the help of the identity operator we can deduce the so-called completeness
relation:

(ulv) = (ulllv) = D (uli)ilv) (2.77)

i

Here we applied a trick we will meet again many times: We inserted a unit operator
in the form of (2.74). From (2.77) follows the completeness relation

(o) =D [ilv)*. (2.78)
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One can use it to check whether a supposed basis {|i)} really spans the entire Hilbert
space. In finite-dimensional spaces this can be checked much more easily by counting
the basis vectors (assuming one knows that the {|i)} are linearly independent). The
completeness relation therefore becomes really interesting only when we consider
infinite dimensional Hilbert spaces. Since (2.78) is equivalent to (2.74), the equation
(2.74) itself is often called completeness relation.

From the form (2.74) of the unit operator we can obtain an interesting represen-
tation of an operator A. Let [u) = D ; o;|i) and |v) = >; 5;|i). One has

A=1A1=Z|i)(i|A|j)(j| (2.79)
)

and so
(ulAlv) = > (uli) (| Alj) (jlv) = > o} (i|Al})B;. (2.80)
i,J

ij
Comparing with (u|A|v) = Zi’j a:‘Aijﬂj we conclude
(i|Alj) = Aij (2.81)
and hence

A=D1 A (2.82)
ivj

The matrix components A;; use |i) and (| to “grab” the right components from (u|
and |v). One should keep this representation of an operator in mind, it will be used
from time to time.

The right hand side of equation (2.75) can be understood as a matrix multiplication
of the column vector |i) with the row vector (i|. Indeed, for our spin example this

yields
Py =lzH)(z+]|= ((1)) (10)= ((1) 8) , (2.83)

and similarly for P,_.
If we want to measure the x-component of the spin, we have to work with the
eigenspaces of %‘al. The normalized eigenvectors for the eigenvalues —i—% and —%

are
. 1 (1 _ 1 1 )84
|x+>_ﬁ 1) |x_>_ﬁ 1) ( . )

respectively. The associated projection operators are

1 1
Prp =xt)lx +1= 3 (}) (11)= 3 (i i) , (2.85)
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1 (1 L1 -1
Px_=|x—)(x—|=§(_1) (1 —1):5(_1 1). (2.86)
The sum of them yields the unit operator, as it has to be:
(11 L1 -1 10
PX++P_=§(1])+§(_1 ])=(01>. (2.87)

Given a state [v) = (7), the probabilities for the two possible measurement results
are

PO = WlPei o) = 5 (o ) ( ) (g) (2.88)
1
=5 (" 57) (Zig) S@" + 5@+ ), (2:89)

px—) = (v|Px_|v) = (a ﬁ*)( 1_11) (g) (2.90)

1 * _ﬁ _l * ok _
5 (@ ﬁ)( a+ﬁ)—2(a 5 = B). 2.91)

The sum of these probabilities is

1
pO+) + plx—) = 5 [(0* + ) (a+B) + (@ — -] (292)
—ata+ 38 =1. (2.93)

Exercise 2.6
Perform the same calculation for a measurement of the spin in y-direction.

Exercise 2.7

Verify the following: if the electron is in an eigenstate of one of the spin
operators Sy, Sy, S;, then the probabilities for the results regarding any of the
other two operators equals 1/2. For example, if the electron is in the state |z+),
then p(x+) = p(x—) = % So, if any of the three spin variables is certain
(i.e. we have an eigenstate; the probability for one outcome is 1, for the other
outcome 0), then the two other spin variables are maximally uncertain, i.e. the
probabilities for the spin values in the other directions are equally distributed
among the possible outcomes. This is an example for an Uncertainty Relation.
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The eigenspace for an eigenvalue A of an operator can be more than one-
dimensional. In this case, given an appropriate orthonormal basis {|i)},i = 1,..., n,
there will be several basis vectors |i1), ..., |ix) spanning the eigenspace H ). The
associated projection operator is then

Py = lin)(in] + - - -+ lix) (ixl- (2.94)

Exercise 2.8

Projection operators always have the eigenvalues 0 and 1. The components of a
vector orthogonal to the space on which is projected are annihilated (eigenvalue
0), the components parallel to the space on which is projected are conserved
(eigenvalue 1). Verify this for Py, Py—, using the characteristic polynomial.

Exercise 2.9

Since a projection operator Py always has eigenvalues 0 and 1 and is hermitian
(how can that be inferred from the representation 2.947?), there is an orthonormal
basis in which P) is diagonal and has only ones and zeroes on the diagonal. It
follows that P)% = P). Verify this equation for Py, Py_.

Formally, a projection operator is even defined in this way: A projection operator
is a linear operator P for which P? = P.

In our examples, we started with the state vector |v) and calculated the mea-
surement probabilities based on that. In real experiments, however, one often has
to deduce the state from the measurement results. But how can we do that? The
problem is that after an individual measurement we only know the state after the
measurement. In the spin example these are only two possible results. There are
infinitely many different states in a two-dimensional Hilbert space, but through
a measurement, we always obtain only 1 bit of information. No matter in which
direction we measure the spin, there are always only two possible results. And not
only that: the components of the state orthogonal to the obtained outcome are irrecov-
erably lost. If the electron is in the state |x-+), the result of an s,-measurement will
be sy = +%L with probability 1. But if the experimenter decides to measure the spin
in z-direction, and obtains “spin up”, the electron is in the state |z+) after the mea-
surement. The information about the x-component of the spin is unrecoverably lost.
If the experimenter now decides to measure sy after all, he will obtain s, = —i—g and
Sy = —%L with equal probabilities.

Since a measurement on a two-dimensional Hilbert space always gives you only
1 bit of information, such a system is also called a Qubit (short for quantum bit).
The measurement device can be gauged such that it shows a zero in case of “spin

up” and a one in case of “spin down”. The associated operator is then (8 (1)) Ina
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series of measurements the device will write a sequence of ones and zeroes—that
is, of bits. However, somehow qubits are more than just bits, for behind them there
is a two-dimensional state space that can be “queried” in different ways—with any
of the three Pauli matrices, or a linear combination of them. With each query the
state is projected on a specific subspace and gives 1 bit of information, representing
the choice of this subspace rather than the orthogonal one. But the most important
difference to a normal bit shows up when several qubits are combined. Then there
is the possibility of entanglement, which we will discuss in Sect.2.10 on tensor
products. Qubits offer new possibilities of information processing, which are studied
in the relatively new field of Quantum Information.

In order to get more than 1 bit of information about a spin state, one needs to
have a whole bunch of electrons demonstrably being in the same state. Then one
can perform a measurement on each electron—sometimes in x-, sometimes in y-,
sometimes in z-direction. Each time one gets 1 bit of information about the same
state, information that sums up. One gets statistical distributions for each of the three
spin operators, and from than one can more and more single out a state.

But how do you know that all electrons are in the same state, and not a statistical
mixture of different states? The experimenter may claim that he has prepared all
electrons in the same way, and so they have to be in the same state, but how can we
verify that? The answer is: by looking at the statistical distributions.

Example: In a series of measurements we found that

1
pG+) = plz—) = plxt) = px—) = 7. (2.95)

Let’s assume this is the probability distribution for a single quantum state |v). Then
we can conclude:

[(vlz4)| = [(v]z=)| = Kvlx+)] = [{v]x—)] (2.96)

If |v) = a|z+) + B]z—), we have

1 1
— = —la—pl. 2.97
ﬁlaﬂﬁl ﬁla Bl 297

This is only possible if o = i3, that is to say if |v) is an eigenstate of S,. So, if
the measurements show that p(y+) = 1 or p(y—) = 1, then all electrons are in the
same spin state, otherwise not. We will come back to the difference between pure
states and statistical mixtures in Sect. 12.3.

The expectation value (A), for the measurement of an observable with operator
A on a state |v) is defined as the average value one will get if one performs the same
measurement many times on the same state (that is, on many quantum objects being
in the same state). Mathematically, it is the sum of possible outcomes, multiplied by
the corresponding probabilities,

lol = 18] =
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(A)y =D pODAi = D Xi(v] Py, ). (2.98)

With
APy, |v) = A\ Py, |v) (2.99)

(since Py, projects |v) onto the eigenspace of eigenvalue \;) and >°; Py, = 1 follows
(A)y = (v]A]v). (2.100)

The standard deviation or uncertainty (A A), of an observable with operator A in
a state |v) is defined as the square root of the average quadratic deviation from the
expectation value,

(AA)y = V{(A = (A)p)?)y = [ (A%)y — (A)3. (2.101)

To understand the second part of the equation, consider that (A(A),), = (A)%. If
|v) is an eigenstate of A with eigenvalue A, then A is the only possible measurement
value and therefore equals the expectation value, and so (AA), = 0.

Self-check questions:

1. Why is it important that the operator associated with a measurement is hermitian?

2. What does the completeness relation say, and why does it have this name?

3. How do you calculate the expectation value and the standard deviation for a given
operator and a given state?

2.6 Unitary Operators

With the hermitian operators and the projection operators (which are a subset of the
former), we have met two specific types of operators playing an important role in
QM. In this section we are going to deal with another type: the unitary operators.
These are operators which do not change the scalar product between vectors. Unitary
operators are relevant for the transformation between two orthonormal bases, as well
as for the time evolution of quantum states according to the Schrédinger equation.

We will need the exponential of operators as a tool: The exponential e? of an
operator A is defined as the power series

oo

1
e = Z EA”. (2.102)
n=0

As an example we calculate Uy (a) := 1% with o € R. The powers of o take
on only two different values, depending on whether the exponent is even or odd:
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0 —i 10
ol =gy = (l. ol) L ot=1= (0 1) (2.103)

From there we get to:

. 00 (_i)nan
Uy(a) — e*lﬂa'y — Z Tc‘; (2104)
n=0 :
( l)k 00 ( l)k aZkJrl
Zk 0 (%]lé)rll Zk 0 (2k+l)! (2105)
Zkzo(_l)k (gk+1)! Zk o(— l)k @h!
_ [cosa —sina (2.106)
“ \sina cosa )
Exercise 2.10
Verify:
_ _iao, _ [ cosa —isina
Ur(@) =e - (—i sina cos ) (2.107)
. —ix
Uy() = =07 = (90 e?a) (2.108)

The three matrices Uy (o), Uy (), U; () are unitary. A matrix/an operator U is
called unitary if .
vut=u'u =1. (2.109)

Exercise 2.11
Verify that Uy (o), Uy (), U, () are unitary.

Unitary operators conserve the scalar product: Let |u’) = Ulu) and [v') = U|v).
Then ,
W'y = WU Uv) = (ul|v) = (ulv). (2.110)

In particular, U maps an orthonormal basis {|e;)} to a new orthonormal basis {| f;)}.
On the other hand, for two given orthonormal bases {|e;)} and {| f;)}, there is always
a unitary operator U which maps {|¢;)} to {| f;)}. U then automatically maps {| f;)}
to {le;)}:

fi) =Ulei) = U'lfi) =U'Uler) = lei) 2.111)
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Unitary matrices are the complex generalizations of orthogonal matrices (rota-
tion matrices). You may remember from Linear Algebra, that a matrix O is called
orthogonal if

00;,=0,0=1 (2.112)

(where ¢ stands for transposed), and that these are just the matrices inducing rotations
and reflections in a real vector space. Among our three examples, Uy () is the only
one with real entries. Indeed, we identify in it the rotation matrix in two dimensions,
which rotates a cartesian coordinate system by the angle « (or, equivalently, the basis
vectors ej, €p).

In our three examples, we obtained the unitary matrices as exponentials of her-
mitian matrices. This can be generalized: ¢/ is unitary if H is hermitian, since

(eiH)TeiH — e—iHTeiH — e—iHeiH — e—iH+iH — 60 =1. (2.113)

Here we used that eA1t8 = ¢4¢8 if A and B commute, that is, if AB = BA. For

then we can move the powers of A and B forth and back inside a product, just as for

numbers. If A and B don’t commute, however, one has in general eAtTB * efeB)
We can apply unitary operators in two different ways:

e as an “active” operation on the vectors/states, |u) — U|u);
e as a “passive” coordinate transformation. This means one lets U act only on the
basis vectors and creates a new basis in this way:

lei) = 1 fi) = Ulei) (2.114)

The unchanged states |u) can now be expressed in terms of the new basis vectors.
In components, the basis vector |e;) has a 1 on the i-th position and otherwise only
Zeroes, |efe))j = ¢;;. From the definition (2.114) of the f-basis follows

1£9)) = D" Uinlei ) = D" Ui = Uji. (2.115)
k k

This implies a practical rule about the connection between the new basis vectors
{| fi)} and the transformation matrix U: If the {| f;)} are given, one obtains U by
taking the components of | f;) as the i-th column of U. On the other hand, if U is
given, one can read off the basis vector | f;) from the i-th column of U.

One furthermore gets

|fi>:Z|fl~(e)>j|€j)=ZUji|€j) (2.116)
J J

) = D uiler) = D D)1 f5) =D D) Uijler) 2.117)
i i i,J



2.6 Unitary Operators 37

and comparison of coefficients yields

@) = > Uijlu'D);, (2.118)
J

thus
@y = Uy, wPy=v"u®). (2.119)
Note that U acts here only as a matrix on the components of |u), in order to
transform them into new coordinates. U does not act as an operator on the vector
|u) itself. The norm of |u) cannot depend on the used basis. Therefore one must

have

@l = @MU, @ =@ (2.120)

so that
WO = WU ) = @@ u®) (2.121)

holds for any |u). The matrix representation of an operator A is also transformed
when changing to a new basis. It must obey

AV =ytay, (2.122)
so that any scalar quantity (u#|A|v) is independent of the chosen basis:
WDIAD Dy = O WUt AOUUT ) = WOIAQ W@y, (2.123)
U itself is not affected by the transformation:
Uy = y@igeye — U(e‘), (2.124)
hence, it is justified that we didn’t use indicators (e) or (f) for U.

Let’s have a look how Uy () acts on our spin vectors. For that, we summarize the
results about the eigenvectors from the previous section:

11 11 e S 12

Ix—)=i(1) Iy—)=i(1.) |z—) (0) (2.126)
V2 \~1J’ V2 \-i)’ 1

We start with the basis vectors
le1) = lz+), le2) = [z—) (2.127)

and investigate the effect of
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v, Sy = L (1] 2.128
y(z)—ﬁ 11 ) (2.128)
From the columns of this matrix, we can read off the new basis vectors
Vs Vs
[f1) = Uy(Z)IZ+) =|x+), |f2)= Uy(z)lz—> = —|x—). (2.129)
Similarly we find

s T
Us(Plet) = lz=), Uy(pla=) = Jz+) (2.130)

and in general

I fcosa—isina) ;.
Uy@ly+) = ﬁ (sina +icosa) =e¢ (2.13)
1 (cosa+isina i
Uy(a)ly—) = NG (sina—icosa) =e"|y-). (2.132)

Exercise 2.12
Verify all that!

We can see that Uy (%) rotates [z+) to |x+), and |x+) to |z—), while | y+) remains
unchanged up to a phase. Our statement that the two-dimensional complex state
vector encodes a three-dimensional real spin vector is thus confirmed. The two-
dimensional U -rotation by the angle /4 seems to correspond to a three-dimensional
rotation about the y-axis by the angle 7/2. The factor of 2 between the two rotation
angles is noteworthy.

Exercise 2.13
Show that similar results hold for Uy (%) and U,(%).

Increasing av up to a = 27, the (|x+), |z+), |[x—), |z—))-"“plane” is rotated twice
in a complete circle

T 3T
Uyl = =) Uy(P)led) = —lx—), (2.133)
5
Uy(m)lz+) = —|z+), Uy(%)lz—i-) = —x+), (2.134)
37 T
Uy(?)|Z‘|‘> = —|z—), Uy(T)IZ—H = |x—). (2.135)

Here, the signs in front of the ket vectors are irrelevant phases.
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The transformation of the Pauli matrices confirms this relation between C> and
IR, more precisely between the unitary transformations in C? and the rotations in
R3. For example, one has

U (@)o:Uy(a) = cos(2a) o — sin(2a) oy. (2.136)

Exercise 2.14
Verify this.

The set of 2 x 2-matrices resulting from all linear combinations
B = frox + Byoy + f:o; (2.137)

(with B := (Bx, By, ;) € RR?) form a three-dimensional real vector space (meaning
that the coefficients are real; the matrices don’t have to be). That is, we construct
an isomorphism (or equivalence) between the matrix B and the vector 3 and write
B = 3. For example,

0 —sin 2«
o, = (0], cosa) g, —sina) oy = 0 . (2.138)
1 cos 2a

With some calculation effort one can generalize (2.136) to:

Ul (@)BU, () = R, 23
Ul(@)BUy(a) = Ry(20)B3 (2.139)
Ul (@)BU () = R,(20)3

Here, Ry y , are the rotation matrices in three dimensions:

1 0 0 cos¢p 0 —sin ¢
Ri(¢) =10 cos¢ sing |, Ry(p) = 0o 1 0 ,
0 —sin¢ cos ¢ sing 0 cos¢
cos¢p sing 0
R.(¢) = | —sing cosp 0 (2.140)
0 0 1

The unitary transformation of the matrix B thus corresponds to a rotation of the
vector 3 by the doubled angle. The Pauli matrices correspond to the basis vectors
in R3. The interpretation of spin as a vector in R3 is based on this analogy. Now
we are able to define the spin in an arbitrary direction. For example, to describe the
measurement of a spin in the direction \/LE (ex + e;) one uses the operator



40 2 Formalism I: Finite-Dimensional Hilbert Spaces

h1 k1 (11 5 141
zﬁ(ax"'az)—iﬁ(] _1)- (2.141)

In Sect.9.3 we will discuss the deeper mathematical background of the relation
(2.139). At that point we will also understand how spin is related to angular
momentum.

Exercise 2.15
Any hermitian 2 x 2-matrix M can be written as

M =t1+4 x0yx + yoy + 2o, (2.142)
(cf. (2.49)). Show that

detM =1>— x> —y> -2 (2.143)

Self-check questions:

1. Why do unitary operators map orthonormal bases to orthonormal bases?

2. How are hermitian and unitary operators connected to each other?

3. How are unitary operators in two complex dimensions related to rotations in three
real dimensions?

2.7 Time Evolution and Schrodinger Equation

So far we have developed the mathematical apparatus to analyze the state of a quan-
tum system at a given moment in time. Now we want to concern ourselves with the
time evolution of the system, which is given by the Schrodinger equation:

ih%h}(t)) = Hv(@)) (2.144)

Here, H is the Hamiltonian operator. The Hamiltonian operator describes the
energy of a system, i.e. it is the operator associated with the energy observable.
In most cases it is the classical description of a system which is known at first, with a
classical expression for the energy, E.;. This classical description is then quantized,
by substituting all classical variables appearing in E with the associated operators.
The resulting operator then is the Hamiltonian operator H. In the chapter on infinite-
dimensional Hilbert spaces, we will start with the classical description, where E is
given as a function of spatial positions x; and momentum variables p;, the Hamil-
tonian function. The x; and p; are then replaced by operators. This is where the name
Hamiltonian operator comes from.
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Exercise 2.16

Let A be an operator for the classical variable (observable) a. Using an ortho-
normal basis of eigenvectors, show that an observable b, given by the power
series >, a,,a”, is associated with the operator B = >, a, A”.

However, the replacement of classical variables with operators is not always
unique. For example, let Ex; = ab with two classical variables a and b, with cor-
responding hermitian operators A and B which do not commute, AB # BA. If we
simply replace ab with AB, then H is not hermitian:

H'=(AB)" = B'A" = BA + AB (2.145)

For products of non-commuting observables, H must be symmetrized,
1
H= E(AB + BA), (2.146)

in order to get a hermtian result. But if the product contains higher powers, e.g.
E. = ab?, there will be several possibilities how to symmetrize, for example

H= %(ABZ + B?A) or H= %(ABZ + BAB + B*A). (2.147)
For higher powers appearing in the products, there will be more ambiguities. The clas-
sical description of a system contains less information than the quantum mechanical
one. Therefore, the reconstruction of the latter from the former is not always unique.
Fortunately, all the systems we are going to study in this book are free from such
problems.

The example we are going to work with in this section is the time evolution of a
spin in an external magnetic field. In this case, the classical energy is given by

Ex=as-B (2.148)

with a real coupling parameter . This means that the energetically most favored
orientation of the spin is antiparallel to the magnetic field (if a > 0), the least
favored one parallel to B. From a classical perspective, there is a force which tries
to orient the spin in the direction —B. We say “classical”, although the spin actually
makes sense only in quantum mechanics. Classically we can understand the vector
s—up to a constant factor—as the magnetic moment of an electron, which explains
the form of E|. The corresponding Hamiltonian operator reads

ah
H = T(Bxax + Byoy + B;0;). (2.149)
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If B depends on time, H = H(t) does too. For the moment, we assume a time-
independent B and therefore H. The analysis of systems with time-dependent H is
much more complicated. We will say more about this at the end of this section.

The eigenvalues E; of H are the possible energies of the system. The correspond-
ing eigenvalue equation is the so-called

Stationary Schrodinger Equation

Hlv) = E|v), (2.150)

also known as time-independent Schrodinger equation. The solutions for E are the
eigenvalues E;; the solutions for |v) are the eigenstates |E;), which form an ortho-
normal basis of the Hilbert space (where the same eigenvalue can occur multiple
times). If the time-dependent state |v(¢)) is an eigenstate of H at the moment ¢ = 0,
[v(0)) = |E;), then (2.144) has a simple solution:

0(1)) = e 1| Ey) 2.151)

The state thus remains unchanged up to a rotating phase factor. Energy eigenstates are
therefore stationary states: In all expectation values (v(¢)|A|v(¢)) and probabilities
(v(r)|Py|v(?)), the time dependent phase factors in bra and ket vector cancel each
other, such that all of these quantities are constant in time. This is a remarkable
property. From classical mechanics we are used to the fact that a system with kinetic
energy is in motion—that’s exactly what the term kinetic energy means. In QM,
this is no longer true: A system in a stationary state does not move at all, even if a
large part of the energy E; is kinetic. The solution (2.151) also implies the energy
conservation law: |E;) remains |E;) for all times. This is, however, only true for a
time-independent H. If H depends on time, its eigenvalues do too, and (2.151) is no
longer valid. The system then exchanges energy with its environment.

If |v(0)) is not a stationary state, it is still a composition of several stationary
states,

[0(©0)) = D" |En)(Eyv(0)), (2.152)

cf. (2.73). The Schrédinger equation is linear, that is, the components of the state
vector appear only to first power. Therefore, the sum of several solutions is again a
solution. In other words: each term of a linear combination evolves independent of
the others. This is the superposition principle. Applied to (2.152) it implies:

@) = D [Ea) (Ealv(©))e 71 (2.153)
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i En ..
Here, the component of |v(0)) in the direction of |E,) oscillates as e ' % ', This is
equivalent to saying that

i

(1)) = e~ 71" (0)). (2.154)

We can see that by expressing H in the basis {| E;)}, where H is diagonal with the
values E; on the diagonal,

i (E) i i
H® — diag(Ey, E2, ) = (e—ﬁH’) — diag(e~ B o R E2 ).
(2.155)
As an example we choose the Hamiltonian operator (2.149) with constant mag-
netic field in z-direction, B = Be_. The eigenvalues are

aBh aBh
=—, =—— 2.156
1 5 2 3 ( )
with eigenstates
|E1) = lz+), |E2) = |z—). (2.157)

The lowest energy eigenvalue E; is the so-called zero-point energy, |E;) the so-
called ground state of the system. Let |v1(0)) = |E1), |v2(0)) = |E2). Then

aB

i) = e NE),  [v20) = eEy), w=— (2.158)
On the other hand, if
1
v(0) = |x+) = E(IEQ + |E2)), (2.159)
then )
1 e—lwl
lv(0) = 7 (ei“” ) . (2.160)
One therefore has '
[v(t)) = e "7 |p(0)). (2.161)
We already know from the previous section how the operator e~/“’z acts on the

vector |x+): it rotates |x+) to |y+), then to [x—), to |y—) and finally back to |x+)
(in each case up to an irrelevant phase factor). So, the spin oscillates around the
axis of the magnetic field, just as one would expect form a magnetic moment in the
classical case. The speed of the oscillation is proportional to the magnetic field and
to the coupling strength «.

The time evolution of a state between time 7y and ¢ is, according to (2.154), given
by the action of the unitary operator
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Ult, 1) = e~ FU—0H, (2.162)
lv(®)) = Ul(t, t0)|v(10)). (2.163)

Time evolution is thus a continuous unitary transformation of the state. In particular,
the norm of the state does not change. A normalized state vector remains normalized.
The operator U (t, tg) is called time evolution operator or propagator. It has the
properties

Uz, o) = Uz, 1)U (11, 10),  Ulto, o) =1, (2.164)

which follow directly from (2.163).

The entire calculation becomes much more complicated if H depends on time,
for then there are no time-independent eigenvalues and eigenstates. We can then take
(2.163) as a starting point. That is, we define U by (2.163), where (2.162) is no
longer valid. Plugging (2.163) into the Schrodinger equation we obtain a differential
equation for U,

ih%U(l,m) =HnOU(t, 1), (2.165)

with the initial condition U (tg, o) = 1.
Here, the derivative of a continuous family A(¢) of operators is defined similarly
to the derivative of functions:
d . Alt+e)—A®)
—A(t) = lim —— 2.166
dt ® =0 € ( )
Written as a matrix with respect to some basis, each matrix element can be differen-
tiated separately,
d ©_d ©
Zan| ==[a0f]. 2.167
[dt ()L Ao (2.167)
As the inversion of differentiation, the integral f dt A(t) of an operator is defined
correspondingly. Again, in a matrix representation, each matrix element can be inte-
grated separately.
If one is able to solve (2.165), one obtains with U (¢, ty), due to (2.163), the time
evolution for any initial state |v(zp)). Were H and U scalar quantities, the solution
of this differential equation would be

Lot
Ut o) = exp (_;_z/ dt/H(t/)). (2.168)
1

0

However, H and U are operators. The problem is that the operators H (¢) at different
times don’t necessarily commute with each other. But the chain rule %eA(t) =

A(1)e?® applies only if A and A commute.
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Exercise 2.17
Verify this, by differentiating the terms of the exponential power series with
the product rule

d d d
—(A@®)B(@)) = —A@) ) B(t) + A(t)— B(t). 2.169
dt(()()) (dt ()) ) + ()dt() ( )
So, why is (2.168) not a solution of (2.165)?
In fact, the correct solution is

P
Ult.i)) =T [exp (_;_z/ d:’H(ﬂ))}, (2.170)
0]

where T is the time ordering operator, which sorts the operators of a product
A(t1)A(n) ... A(t,) by decreasing times ¢;. For example, the quadratic term of the
exponential expansion in (2.170) is

1 t t
— —2/ dl‘l/ dtH(t1)H (5). (2.171)
2h J4, 10

The time ordering operator turns this into

t 1 ¢ '
_Lz(/ dtl/ dtzH(tl)H(t2)+/ dtl/ dtzH(tz)H(tl)). (2.172)
2h 1o to 10 f

After thinking about it for a while, one finds that the two terms inside the brackets
are identical.

Exercise 2.18
Verify this.

The quadratic term thus becomes
13 1
—h2 / dty / dtr H(t))H (). (2.173)
Io fo
With similar considerations, one finds the cubic term
t 51 n
iff3/ dn / dty / dts H(t))H (t2) H (13) 2.174)
o o 1o

etc. The term with the k-th power contains, after time ordering, k! summands inside
the bracket (cf. 2.172), since there are k! possible orders of k different times. The
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summands are all identical, thereby canceling the factor of k! in the denominator of
the coefficients of the exponential series. Equation (2.170) is therefore equivalent to

t
U(t,to)zl—ih_l/ dn H(n)

to
t 1
—h? / dt / dt, H(t)) H (1) (2.175)
1o i)
13 151 1
+ih—3/ dt]/ dr2/ dts H(t)H(t)H(t3) + - - -
Io fo to

We now want to show that (2.175) is indeed a solution of (2.165). For that purpose,
we integrate (2.165), transforming it into an integral equation:

t d t
ih/ dtl—U(tl,t())Z/ dyy H(t)U (11, ty) (2.176)
1o dtl 1o
_ t
= ihU (1, 1012 = / dry H(m)U (11, to) 2.177)
0]
i t
= U, tn)=1— ﬁ/ dty H(t)U (11, tp) (2.178)
1o

This integral equation can be solved iteratively: As a zeroth approximation, we set
U©(t, ) = 1 on the right hand side, and obtain as a first approximation on the left
hand side

t
UD@,19) =1 —ih*l/ dti H(1). (2.179)

fo

Then we plug this first approximation back into the right hand side of (2.178), obtain-
ing a second approximation on the left hand side,

t
UPt19)=1- ih_l/ dti H(t)) (2.180)

to

t 1
_p / d, / diy H(t) H (1),
i) o

etc. In this way, (2.175) is reproduced step by step.
Self-check questions:

1. How do you construct the Hamiltonian operator of a quantum system? What kind
of difficulty can occur in this construction?

2. What are stationary states, and what properties do they have?

3. What is a time evolution operator, and what properties does it have?
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2.8 Commutator and Uncertainty

In this section, it will be shown that two observables ¢ and b can be measured

simultaneously if and only if the corresponding operators A and B commute. On the

way, we will introduce the important notion of the commutator and will find what a

complete set of commuting observables is. Afterwards, we will derive Heisenberg’s

famous Uncertainty Relation. This relation gives a lower bound for the combined

“uncertainty” of two observables, if the corresponding operators don’t commute.
The commutator of two operators A and B is defined as

[A, B] = AB — BA. (2.181)

The commutator of two hermitian operators is antihermitian, and thus not an observ-
able:

[A,B]" = (AB)" — (BA)" = B"A" — A"B" = BA— AB = —[A, B] (2.182)
Exercise 2.19
Show that

oy, 0y] =2i0;, [oy,0.]=2i0x, [0, 0:]=2i0y (2.183)
and hence

[Sx, Syl =ihS,, [Sy, S]1=ihSx, [S;, Sx]=ihS,. (2.184)

Exercise 2.20
Show that the commutator of two antihermitean operators is again antiher-
mitian.

Exercise 2.21
Show that commutators obey the following rules:

[B, Al = — [A, B] (2.185)
[A, B+ C]=[A, Bl +[A, C] (2.186)

[A, BC] = [A, BIC+ B[A,C] (2.187)

[A,[B,Cl]+[B,[C, All + [C,[A, B]] =0 (2.188)

The last one of these equations is the Jacobi identity.
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Exercise 2.22
Show that [A, B] can never be a multiple of the unit operator. For this, use the
trace of the operators, which you may be still familiar with from your Linear
Algebra course. The trace is defined as the sum of diagonal entries of a matrix
representation

tr(A) = z Ay (2.189)

This property of an operator is, as one proves in Linear Algebra, independent
of a choice of basis. One has

tr(AB) = tr(BA) (2.190)

(why?). Interestingly, the statement to be shown is valid only in finite-
dimensional Hilbert spaces. In infinite-dimensional Hilbert spaces, the trace is
not defined, as the sum (2.189) in general does not converge. Fortunately, for
a large part of quantum mechanics is based on the fact that the commutator of
position and momentum operators is a multiple of the unit operator, as we will
see.

‘We now want to prove that two observables are simultaneously measurable if and
only if the associated operators A and B commute, that is, if [A, B] = 0. At first we
clarify for ourselves what it means to say that two observables are simultaneously
measurable: A measurement is always accompanied by a projection, namely onto
an eigenvector corresponding to the measured eigenvalue. If two observables are
simultaneously measurable, the state vector after the measurement is an eigenvec-
tor of both A and B. This holds for any arbitrary initial state |v) (the simultaneous
measurability should not be restricted to specific states, for at the moment of mea-
surement one presumably doesn’t know in what state the system is). This in turn
implies that there must exist an orthonormal basis consisting only of vectors which
are eigenvectors of both A and B. For any vector must be a linear combination of such
eigenvectors, such that a common projection is possible. In this orthonormal basis,
both A and B are diagonal, with the respective eigenvalues on the diagonal. There-
fore, two observables are simultaneously measurable if and only if the associated
operators can be diagonalized simultaneously. It thus remains to show:

Two operators can be diagonalized simultaneously if and only if they commute.
Proof (=):

Let |e;) be a basis in which A and B are diagonal. In this basis one has

A©) = diag(ay, aa, . .., ap) (2.191)
B© = diag(by, ba, ..., by,), (2.192)
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where we denote with diag(...) the entries of a purely diagonal matrix. The a; and b;
are the eigenvalues of A and B, where the same eigenvalue can occur several times.
Multiplying diagonal matrices is rather simple, namely

(AB)© = diag(a1by, azby, ..., anb,) = (BA)®, (2.193)

since we multiplied only eigenvalues, and in the multiplication of numbers, the order
does not matter. As a consequence, A and B commute.

Proof («):
We proceed as follows: at first, A is diagonalized (this is always possible for a
hermitian operator). Then it is shown that B operates only inside the eigenspaces of
A, i.e. that an eigenvector of A is not thrown out of its eigenspace by the operation of
B. One can thus consider each eigenspace of A separately. Then B is diagonalized
inside each of the eigenspaces of A, and it is shown that this does not break the
diagonality of A.

So, let [A, B] = 0 and |e;) an orthonormal basis in which A is diagonal, i.e. the
le;) are eigenvectors of A with eigenvalues a;, where again the same eigenvalue can
occur several times. From [A, B] = 0 follows:

0 = (eil[A, Bllej) = (ei|ABle;) — (ei|BAlej) (2.194)
= aj{ei|Ble;) —aj{ei|Ble;) = (a; — aj){e;i|Ble;) (2.195)

(A acts once to the left, supplying the eigenvalue a;, and once to the right, supplying
the eigenvalue a ;). One canread the resultin this way: If a; # a;, then (e;|Ble;) = 0.
That is, the vector Ble;) has no component in any A-eigenspace belonging to an A-
eigenvalue different from a;. So, Ble;), just as |e;), is located in the A-eigenspace
of the A-eigenvalue a;. The eigenspace H,; is a subspace of the entire Hilbert space
‘H. Restricted to this subspace, A is a multiple of the unit operator,

A|Haj =ajl. (2.196)
Since each A-eigenspace is closed under the action of B,
lv) € Hayy = Blv) € Hy (2.197)

(for this property is passed from the basis vectors |e;, ) spanning the eigenspace H,,
to their linear combinations), we can consider each A-eigenspace separately. We can
diagonalize B within the subspace H,;, since B|HU/_ is hermitian (this property is
passed from the entire space to the subspace). The unit matrix is not modified by
basis transformations, it always remains the unit matrix. Therefore, the diagonality
of A|Haj is not destroyed by the diagonalization of B |Haj . We can do that in each
A-eigenspace, and in the end we recombine the several subspace bases to an allover
basis spanning the entire Hilbert space. In this basis now both A and B are diagonal.
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Exercise 2.23
Verify that the matrices

100 0 0100
01 0 0 1000

A=loo=10] Z=looo01 (5
00 0 —1 0010

commute, and determine an orthonormal basis of common eigenvectors.

Assume a measurement of a has resulted in the value a;, but the dimension of
the eigenspace H,, of this value is larger than 1. Then we still don’t know in which
state the system is after the measurement. But the measurement can be refined by
an additional measurement of b (with associated operator B, having [A, B] = 0).
If the b-measurement results in the value b, then we already know that the system
after the measurement is in a state belonging to the intersection H,, N Hy;, where
Hp; is the B-eigenspace of the eigenvalue b;. It is conceivable that H,, N H,
still has a dimension larger than 1. Then we need to find another operator C which
commutes with both A and B, further refining the measurement. We can continue
this game until we have a set {A, B, C, ...} of operators, such that each intersection
of eigenspaces of all these operators, Hy; NHp; N - - -, is only one-dimensional, and
the measurement thus cannot be further refined. Then we have found a complete set
of commuting observables. The result of a simultaneous measurement of all these
observables uniquely determines the state after the measurement. The elements of
the basis in which all operators {A, B, C, ...} are diagonal are determined by the
eigenvalues. If it is contextually clear which operators are meant, the basis vectors
are denoted by the eigenvalues. For example, |a;b; .. .) is the basis vector defined
by having A-eigenvalue a; and B-eigenvalue b; etc. The values {qa;, b, ...} are also
called the quantum numbers of the system.

Exercise 2.24
Show that the operators A and B in (2.198) form a complete set of commuting
observables.

Exercise 2.25

Show that
2 2 2 2 3h2
ST =8¢ + Sy +8; = Tl. (2.199)

Conclude that the squared norm and an arbitrary component of the spin are
simultaneously measurable. The measurement of s? is, however, rather boring:
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Ithas only one possible result, 372 The chosen component of the spin is already
by itself a complete set of commuting observables.

Now we want to approach Heisenberg’s Uncertainty Relation. For that we need
one further object, the anticommutator, defined by

(A, B} = AB + BA, (2.200)

just like the commutator, but with a relative plus sign. The anticommutator of two
hermitian operators A and B is hermitian:

{A,B}Y = (AB)"+ (BA) = B'AT+ ATB" = BA+ AB={A, B} (2.201)

Exercise 2.26
Show that
{05, 0y} = {0y, 02} = {0z, 04} = 0. (2.202)

As a hermitian operator, {A, B} has real eigenvalues. In contrast, [A, B] as an
antihermitian operator has purely imaginary eigenvalues. This can be proven in com-
plete analogy with (2.56) and (2.57), only with an additional minus sign: let C be an
antihermitian operator. Then

W|C) = (|CTw)* = —(v|Clv)*. (2.203)

For an eigenvector |v) with eigenvalue A follows A = —\*, and so \ is imaginary.

Now we have the prerequisites to derive the Uncertainty Relation. We remember
(cf. (2.101)) that the uncertainty (A A), of an observable with operator A for a given
state |v) is defined as the square root of the average quadratic deviation from the
expectation value,

(AA), =V (V|(A — (A),)[v). (2.204)

With the definition ~
A=A—(A) (2.205)

we can write (AA), as the norm of a vector (A is like A hermitian):

(AA), = W A2v) = (Al Av) = (1A (2.206)

The same considerations apply to a second observable B, and we write the product
of the uncertainties as _ _
(AA)y(AB)y = [|Av]] ||Bv]]. (2.207)
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Now we apply the Schwarz inequality (2.16) to the right hand side and obtain
(AA),(AB), = [(Av|Bu)| = |(v|AB|v). (2.208)

As a next step, we realize that
1
AB = 5({A, B} +[A, B]) (2.209)

which yields
1 ~ o~ ~ o~
(AA)y(AB)y = SI{v[{A. B}[v) + (v][A. Bl[v)l. (2.210)

Since {A, B} has only real, [A, B) only imaginary eigenvalues, and since we can
compose |v) of eigenvectors of each of these operators, the first expectation value
on the right hand side is also real, the second imaginary. (More precisely, the second
expression is not an expectation value, since [A, é] as an antihermitian operator
does not correspond to any observable. However, we can extend the notion of an
expectation value to include any expression of the type (v|C|v).) The norm of a sum
of a real and an imaginary value is given by the Pythagorean theorem, |x + iy| =

Vx2 4 y2, thus

|<v|{A,B}|v>+<v|[A,B]|v>|=J(v|{A,B}|v>2+|<v|[A,é1|v>|2. (2:211)

Finally we find that [A, E] = [A, B] (please verify!), and conclude

1 ~ -
(AA)(AB)y = 5\/(UI{A, B}|v)? + [(v[[A, Bl|v)|*. (2.212)

And now we make things simple for us: we simply ignore the expression with the
anticommutator. After leaving out this expression, the square root is at most as large
as before,

J(vmi, B}[v)2 + |(v|[A, Bl|v)2 > |(v|[A, BI|v)I, (2.213)

and hence we have

Heisenberg’s Uncertainty Relation

(AA)(AB), = %I(UI[A, B]|v)|. (2.214)
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Why does one simply ignore the expression with the anticommutator? For several
reasons:

e because it makes the inequality look ugly.

e because it vanishes in many cases, as for example for the Pauli matrices. Another
example is the Gaussian wave packet we will get to know later on. While in this
case the anticommutator {X, P} does not vanish (X is the position operator, P the
momentum operator), its expectation value does (cf. Sect.3.5).

e because the expression with the commutator is easier to handle than the one with
the anticommutator. In particular, for the anticommutator the expectation values
of A and B need to be determined, but not for the commutator, since we could
leave out the tilde there. So, one trades the better estimate (2.212) for a simpler
usage.

e The Uncertainty Relation (2.214) in general depends on the state (this is impor-
tant!), but with an important exception: If [A, B] is a multiple of the unit operator
(which is impossible for finite-dimensional Hilbert spaces, as we have seen in
Exercise2.22), [A, B] = A1, then the corresponding expectation value is always
A, independent of the state. The Uncertainty Relation—without the anticommu-
tator term—becomes then independent of state as well. In fact, it was originally
conceived for such cases. The most prominent example is given by the position
and momentum operators, where A = i h, as we will see in Chap. 3.

As an example we use the spin again. We want to estimate AS;AS), for two states
with the Uncertainty Relation and compare the result with the actual values. One has

hZ 52
[Sx, Syl = Z[ax, oyl = Eiaz =ihS;. (2.215)
At first, let [v) = |z+). Then the expectation value of S, equals //2 and (2.214)
yields, together with (2.215),
hZ
(ASX)U(AS)/)U e I (2.216)

The expectation values (S ), and (Sy), are both equal to zero, for in the state |z+),
the values +7%/2 and —#/2 are equally likely for the spin in x- or y-direction. Hence

hZ
((Sy — (Se)) Py = (S = T (2.217)

and thus (ASy), = h/2. The same holds for (AS)), and therefore

h2
(AS)u(ASy)y = R (2.218)

The estimate of the Uncertainty Relation is thus perfect in this case.
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Next we set |v) = |x+). Now the expectation value of S, vanishes, and the
Uncertainty Relation does not yield much:

(ASx)u(ASy)y =0 (2.219)

However, this is justified, for (ASy), vanishes indeed, since |v) is “sharp” with
respect to Sy; the expectation value (Sy), is /2, and the deviation from it is zero,
because 7/2 is the only possible measurement value for Sy. Thus

(ASx)y(ASy)y =0, (2.220)

and again the Uncertainty Relation has provided the exact value.

Some more remarks about the Uncertainty Relation: In the early years of QM, it
was considered its quintessence, its most central theorem. Many old textbooks take it
as a starting point. As its source, many physicists thought that the measurement of a
would cause a “recoil” on the system, thereby “washing out” the value of b, and only
thereby making it uncertain. The more precise the measurement of a should be, the
stronger the recoil occurring in the measurement, and the more uncertain the value
of b. Today, with the results from the violation of Bell’s inequalities, we know that
this interpretation is only partially correct. In fact, already before the measurement,
the state of the system does not allow for a “classical” value for the observables a
and b to exist. So, the uncertainty is not to be ascribed to the recoil (although this
contributes to a further “uncertification’).

Today, the fascination about the Uncertainty Relation has somewhat calmed down.
The center of amazement is now the phenomenon of entanglement, on which we got
a little preview in the Introduction, and into which we will delve more in Sect.2.10
on tensor products. In the early years of QM, almost nothing was known about
entanglement; in particular, the technical prerequisites for experimenting with it
were not yet given. This has changed in the last few decades.

Self-check questions:

1. Under what conditions can two operators be simultaneously diagonalized?
2. What is a complete set of commuting observables?
3. What does Heisenberg’s Uncertainty Relation say?

2.9 Schrodinger Picture and Heisenberg Picture

The time dependence of probabilities in QM can be formulated in different ways.
So far we have been operating in the so-called Schrodinger picture, where the
time evolution of a state is determined by the Schrodinger equation, and the oper-
ators corresponding to the measured observables are in general time-independent.
An exception was the time-dependent Hamiltonian operator H (t) we discussed in
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Sect.2.7. Such time dependencies of operators occur when the observable to be mea-
sured is actively modified from outside. For example, we can modify the energy of
an electron by switching on or off an external electric field, or a magnetic field which
has an influence on the spin. In this case the Hamiltonian operator becomes time-
dependent. An operator which is time-dependent in the Schrodinger picture is called
explicitely time-dependent, in order to distinguish this kind of time dependence
from the kind we will meet in the Heisenberg picture.

To get from the Schrodinger picture into the Heisenberg picture, we transform
the state [vg (7)) (in this section we supply a state of the Schrodinger picture with the
subscript §) at any moment in time in such a way that it is identical to the state at
some arbitrary but fixed moment #y:

i) = UT(t, 10)|vs (1)) = UT(t, 1)U (1, 10)[v5(0)) = [vs(10)) (2.221)

Here, U (¢, tp) is the time evolution operator from the Schrodinger picture. The trans-
formation with U (z, 1) compensates for the time evolution from the Schrodinger
picture. The Heisenberg state |vy) does therefore not depend on time! In order
to make the predictions for measurement statistics agree with those from the
Schrodinger picture, one has to make the operators time-dependent instead,

Ap(t) =U' (1, 10)AsU (1, 10). (2.222)
Now all scalar products are just as before,
(uglAnlvy) = (us|Aslvs), (2.223)

similar to (2.122) and the reasoning that followed it.

One can understand the switch to the Heisenberg picture in several ways (compare
with the discussion of unitary transformations as active or passive transformations
in Sect.2.6):

e as a passive basis transformation. One chooses a time-dependent basis which
rotates with the state |vg) from the Schrodinger picture. The state then still rotates
in the Heisenberg picture, but its component representation w.r.t. the new time-
dependent basis remains constant. The subscript H is then to be understood similar
to the basis superscript (f) after a transformation into a basis {| f;)}. Similarly,
(2.223) is the transformation of the components of A into the new time-dependent
basis.

e as an active transformation of the state. The basis remains the same, but the state
vy ) is kept constant by the transformation. It is thus a state different from |vg),
and therefore the operators must be also different (in particular time-dependent),
in order to get the same predictions.

e as a change of vector identification through time. That is, we change the mathe-
matical description in the sense that we no longer speak of a fixed Hilbert space H,
but of a family of Hilbert spaces H,, one for each moment in time 7. The Hilbert
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spaces at different times are copies of each other. But since the vectors of a Hilbert
space are something abstract and apart from scalar products have no inner struc-
ture, there is a certain freedom which vector of H; to consider a “copy” of a certain
vector |v) in H,,. The choice of how we assign copies in H; to a vector |v) € Hy,
for all times 7, is what we call vector identification through time. Schrédinger and
Heisenberg picture represent two such choices. We have some |v(fy)) € Hy,. The
copy of |v(tp)) in H; is denoted |v;(y)). In the Schrodinger picture, |v;(#p)) is
chosen such that [v(r)) = U(t, to)|v:(#p)). In the Heisenberg picture, |v;(%9)) is
chosen such that |v(t)) = |v;(tp)).

All three interpretations of the Heisenberg picture are equally justified. In each case,
the switch to the Heisenberg picture constitutes an interesting change of perspective.
In the Schrodinger picture, the observed system evolves with time, and the surround-
ing world of the observer, who performs measurements on the system using some
operators, remains (relatively) constant. In the Heisenberg picture, the state of the
system remains unchanged (in the quantum system time does not exist, so to speak!),
and the entire time-dependence lies in the perspective of the observer (like some-
one sitting in a train, watching the landscape through the window). This perspective
changes permanently, since the operators he can use for measurement according to
(2.223) permanently “transform through time”.

As an example, consider the spin rotating in a magnetic field from Sect.2.7. In the
Schrodinger picture, the state of the spin rotates in the (xy)-plane, i.e. between the
states |x+), |y+), |x—) and |y—). In the Heisenberg picture, the state remains still,
say, at |x+), which is the Schrodinger picture state at t = 0. Instead, the operators
which are used to measure the spin in x- or y-direction are changing. (Sy)y is not
just given by 771 oy. Instead of o, we have a time-dependent matrix, passing through
Ox, —0y, —0x and o successively. A similar statement holds for (Sy) 4.

Exercise 2.27

Compute (Sx)p and (Sy)y as functions of time. Use (2.222) and the
results from Sect.2.7. Compute the expectation value (s, (7)), of the spin in
x-direction at time ¢ in both Schrodinger and Heisenberg picture. The two
results must be identical.

In Newtonian mechanics there are independent criteria to determine whether the
observer or the observed system rotates. Does the sun orbit around the earth (and the
observer sitting on it) once a day? Or is it the earth which rotates and thereby changes
the perspective of the observer, while the sun stands still? When I have a small rotating
gyroscope in front of me, is it then really the gyroscope that rotates? Or is it me,
the observer, who rotates with the entire world around the gyroscope? In Newtonian
mechanics, this can be clearly decided by means of centrifugal and Coriolis forces.
In the first case, it is the earth with its resident observers, which rotates, in the
second case it is the gyroscope, while the observer is at rest. In QM, there are no
such centrifugal forces to distinguish between Schrodinger and Heisenberg picture.
On the other hand, in QM the observed systems are in most cases very small, with
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rotations fast as with a gyroscope (even much faster). Therefore the Schrodinger-Bild
appears more correct intuitively. Accordingly, it is the one which is used more often.

In Sect. 11.2 about time-dependent perturbation theory we will meet another pic-
ture which is located half-way between Schrodinger- and Heisenberg picture: the
Dirac picture.

Some nice properties of QM are easier to be proved in the Heisenberg picture.
Let’s compute the time derivative of an operator A g in the Heisenberg picture, using
(2.165) and the hermitian conjugate of this equation:

d dut dAg dU
ih—Ap(t) = ih— AsU +ihUT—2U + ihUTAg— 2.224
! dt H() =i dt s+ dt ti Sdt ( )
+ ot dAs +
= —-U"HgAsU +ihU WU +U'"AsHsU (2.225)
. LdA
= U'[Ag, HS]U—l—ihU‘d—tSU (2.226)

Here, d Ag/dt is apossible explicit time dependence of the operator in the Schrédinger
picture. The first term can be written as:

U'[Ag, HsJU = UTAgHsU — UTHgAgU (2.227)
=U"AsUUTHsU — UTHsUUT AU (2.228)
=AyHy — HyAy = [Ay, Hy] (2.229)

Additionally, one uses the notation

0A dA
H . UT N

- - (2.230)

This results in the

Heisenberg Equation

O0Ay
ot

d
ihAp () = [Ay. Hy) +ih (2.231)

It is for the Heisenberg picture what the Schrédinger equation is for the Schrodinger
picture.
Scalar products and expectation values are independent of in which picture they
were determined,
(A)v = (vslAslvs) = (vulAnlvn). (2.232)

The time dependence of an expectation value can be calculated more easily in the
Heisenberg picture, since the state is time-independent there. Let’s assume that A
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does not explicitly depend on time. Then the Heisenberg equation yields

d(Ay, d dA
W = S ol Auton) = a1 o) (2.233)
1 1
= L onllAn. Hyllow) = (1A, H1),. (2.234)
ih ih

In the last step we could drop the subscript H, since the expectation value is picture
independent. In summary: the expectation value of a not explicitly time-dependent
operator A obeys the

Ehrenfest Theorem

d{A)y _ i<[A H]) (2.235)
dt — in Y '

As a consequence, the expectation value does not change if A commutes with the
Hamiltonian operator. An observable commuting with H is therefore a conserved
quantity.

If we consider again the Hamiltonian operator responsible for the spin rotation,

hB
H= O‘TUZ, (2.236)

we see that it commutes with S,. The spin in z-direction is thus a conserved quantity
in this system. Only the spin components in the (xy)-plane rotate.

A consequence of the Ehrenfest theorem is the so-called Energy-Time Uncer-
tainty Relation. While this relation looks like an example of Heisenberg’s Uncer-
tainty Relation (2.212), it is formally something different, and also regarding its
interpretation. We start with Heisenberg’s Uncertainty Relation, applied to A and H
(both again not explicitly time-dependent):

(AA)(AE), = %I([A, H])yl (2.237)

(the uncertainty of H is always denoted AFE instead of AH), and with (2.235)
follows:

hd(A),
AA)y(AE)y, > = 2.238
(AA)(AE)y > T ( )
Now we define
(A7), = % (2.239)
o = Ay, .

dt
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This is, to first approximation, the time needed by the expectation value of A to
change by the amount (A A),. For a given moment ¢, the measured value of A with
a relatively large probability lies in the interval [(A), — (AA)y, (A)y + (AA),] (all
quantities evaluated at 7). At the time ¢ + (AT),, the interval has moved forward
by half its width; so, around this time there is a significant change of the expected
measurement values. With the definition (2.239), (2.238) yields

(AT (AE)y > ;» (2.240)

which is the Energy-Time Uncertainty Relation. It can be interpreted in the fol-
lowing way: the more sharply the energy of a system is determined, the slower is
the change of the expectation values of its observables. In an energy eigenstate,
(AE), = 0, the system is stationary (as we’ve seen in Sect.2.7), and nothing ever
changes in it; (A7), is not well-defined and (2.240) is invalid. On the other hand, the
faster a system changes, the broader its state must be regarding its contained energy
components.

A rather adventurous, but often expressed interpretation is that the system is
allowed to violate the classical energy conservation for a time (A7), by a maximal
amount of (AE), = %(A’T)v. That is, one imagines that the system “borrows” the
amount (AE), and has to return it after the loan period (A7),. This interpretation
should be better not taken too literally.

Self-check questions:

1. Whatis the difference between the Schrodinger and the Heisenberg picture? What
ensures that all predictions are the same in both pictures?

2. What does the Ehrenfest theorem say? When is an observable a conserved quan-
tity?

3. What does the Energy-Time Uncertainty Relation say?

2.10 Tensor Products

In classical mechanics, the motion of a particle can be described via a trajectory in
six-dimensional phase space (three dimensions for position, three for momentum).
If one adds another particle, the dimension of the phase space is increased by 6, since
for an additional particle three further position and momentum coordinates are added.
For n particles, phase space has 6n dimensions. In other words: If two systems S
and $; are combined into one system S, where S is described by a dj-dimensional
phase space P;, Sz by a d>-dimensional phase space P», then the phase space P of
S has d = d; + d, dimensions. For P is the direct sum of P; and P,

P =P &P (2.241)
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This means: if P; has a basis By = {egl),...,eﬁl)} and P, a basis By =
{egz), e ,e§2)}, then

B=BUB ={el" .. .eM e? . e?} (2.242)
is a basis of P.
The expression “direct sum” is used for the spaces as well as for the corresponding
vectors and operators. The direct sumu @v € Pofu € Prandv € P, is in
components defined as

udv=vVv)=Wq,...,U,V,..., V). (2.243)

The direct sum A @ B of a linear operator A on P and a linear operator B on P; is
(in matrix form, with respect to the above mentioned basis)

A0
A@B:(O B)’ (2.244)
such that
(A® B)(udv) = Au® Bv. (2.245)

In quantum mechanics, things are different. If a quantum object is described
by a d-dimensional Hilbert space, then the Hilbert space for n such objects is d"-
dimensional. If two quantum systems S; and S, are combined into one system S,
where S is described by a dj-dimensional Hilbert space H, S» by a d>-dimensional
Hilbert space H>, then the Hilbert space H of S has d = djd, dimensions. For H is
the tensor product of ;| and H>,

H="Hi ® H,. (2.2406)

This means: if H; has a basis B = {eil),...,eﬁl)} and Hy a basis By =

{eEZ) R e‘?)} (for the sake of clarity we deviate from the bra/ket notation for a
moment), then

B={e'®e?i=1.....r j=1...5s) (2.247)

is a basis of H. Each basis vector of H is thus a combination of a basis vector el.(l) of
‘H and a basis vector eﬁ.z) of 'H», where the combination is expressed via the tensor
symbol ®.

The tensor product u ® v of two vectors

,
u=> e €M (2.248)

i=1
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N
v=>Y vie? e, (2.249)
j=I

is defined as
-

s
u@v=> > uv;e’ @e (2.250)

i=1 j=1
and the distributive property holds,
u® (av+pw) =au® v+ fu®w. (2.251)

Here, an essential difference between QM and classical mechanics becomes evident.
In a direct sum of vector spaces, V = Vi @ V,, each vector w € V can be written
as a direct sum of vectors u € V] and v € V;,: With respect to the basis (2.242), the
first » components of w form the vector u, the remaining s components the vector
v. In a tensor product of vector spaces, however, only some vectors w € V can be
written as a tensor product of vectors u € Vi and v € V. For example,

wee e el gel — el geld el g el (2252)

can be written as u ® v with

u=el” —el, v=e? +el?. (2.253)
For
w=el'®e” —e’ @e? (2.254)

however, there is no such representation.

Exercise 2.28
Verify this.

This implies that the phase space trajectories of the individual particles in classical
mechanics can always be described independently. At any given moment, the phase
space P can be decomposed into P; and P,, and one can say that S7 is now in the
state u € P, > in the state v € P». In the equations determining the trajectories,
the systems may be coupled to each other. But in the description of the momentary
state, they can always be considered separately.

In QM, this works only if w = u ® v. In all other cases, as for example in (2.254),
we have an entangled state: The state of system §; cannot be described indepen-
dently of the state of S». This leads to the correlated probabilities and “spooky action
at a distance” we’ve talked about in the introductory chapter on Bell’s inequality.
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In a moment, we will demonstrate this again, after we’ve discussed operators and
measurements on a tensor product H = H; ® Hp.
The tensor product A ® B of a linear operator A on H; and a linear operator B
on H; is defined as
(A® B)(u®vVv) = Au® Bv (2.255)

for all u € Hj and v € H>. In a matrix representation w.r.t a basis (2.247) one then
has
(A ® B)jyki = AirxBji- (2.256)

Here we have used double indices: (i) identifies a row corresponding to the basis

(2), and similarly for the column (k/). The components of w =u ® v

vector efl) X ej

are
Wij = Ujv; (2.257)
and it follows
r N
[((A® B)W]ij) = Z Z(A ® B)ij)kiy Wi (2.258)
k=1 I=1
r N
= Z Z AjrBjiukv (2.259)
k=1 I=1
= (Au); (Bv); (2.260)
= [(Aw) ® (BV)](;j) » (2.261)

as required by (2.255).
As an example we consider a system of two spins/qubits. The corresponding
Hilbert space is four-dimensional. We evaluate the tensor product of two vectors

1
1 1| -
) @ lx—) = 2 (}) ® (_11) =5 11 (2.262)

(where we write the components in the order (z+,z+), (z+,z—), (z—,z+),
(z—, z—)), and of two Pauli matrices:

10 0 —i
UZ®0>‘Z(O—I)®<1’ 0):

S O O

(2.263)

oo~
c oo |
o~ oo

~.
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Exercise 2.29
Evaluate 0y ® 0y, 0x ® 0y, 0y ® 0 and 0y @ 0y.

If a measurement is performed on only one of the systems Sy or S5, the associated
hermitian operator A" or B® acts only on the corresponding Hilbert space H; or
H,. The other system is not affected by the operator. A and B® thus have the
form

AV =4®1 and B® =1QB. (2.264)

We are using the same symbol (in this case A and B) for the operator in the combined
system as for the operator in the subsystem, only adding a superscript for the operator
in the combined system which denotes to which subsystem the operator refers. For
example, if we want to measure the z-component sz( D of the first spin in the two-spin
system, the associated operator is

h
S =5®1= 70:® 1. (2.265)

Exercise 2.30
Show, using (2.255):
(A, B@] =0, (2.266)

i.e. observables referring to different subsystems are simultaneously
measurable.

Another combination which occurs quite often is
C=AY+B?P=4A41+1®B, (2.267)

that is, we have the sum of an operator operating only on H; and one operating
only on H». For example, the total spin in z-direction, s,, is given by the sum of the
individual spins:

St =M 1§D =5 @1+11 S, (2.268)

Another example is the Hamiltonian operator H of the total system. If the systems

don’t interact with each other, then H is the sum of the Hamiltonian operators H
and H» of the subsystems,

H=H"+H? =H ©1+1® H,. (2.269)

From now on we use the bra/ket notation again. We write [uPv®) or simply |uv)
for |u) @ [v) =u®v, and (uPv@| or simply (uv| for the associated vector in the
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dual space. For the basis vectors efl) ® egz) we write |ij), and (i j| for the associated

bra vector. The scalar product in the tensor product space is defined by
PP 1w DOx@y = (ww) (v]x). (2.270)
In particular, basis vectors obey (assuming the bases of H| and H; to be orthonormal)
(ijlkl) = 6ixdji. (2.271)

The eigenvalues of a tensor product C = A ® B are, due to (2.255), simply the

products of the eigenvalues of A and B. Let |u) € Hg\ll) and |v) € H(A?’ hence

Alu) = Mlu), Blv) = \alv). (2.272)

Then
Cluv) = (Alu)) @ (B|v)) = A Az|uv). (2.273)

The eigenspace of eigenvalue A = A \; is the tensor product of the eigenspaces of
the eigenvalues \j 2,

Hy=HS) @ H. (2.274)

This holds if there is only one possibility to get A as a product of two eigenvalues )\
and Ay of A and B, respectively. If there are several possibilities, then each vector
of the form

wy= D axnlA) @), (2.275)
ALA2| AT A=A
with complex coefficients vy, », , i an eigenvector of eigenvalue A (where |\1) € H(All)

and |\p) € Hg\zz)). The eigenspace of eigenvalue A is then the direct sum of several
tensor products:
— (1) 2
= P HeoH), (2.276)
ALA2I AT A=A

An example: the operator
C=0,Q0, (2.277)

in our two-spin system has the eigenvalues 1. Each vector of the form
lwy) = alz+, z+) + Blz—, z2—) (2.278)
is an eigenvector of eigenvalue +1, each vector of the form

lw-) = alz+, z—) + Blz—, z+) (2.279)
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an eigenvector of eigenvalue — 1. The eigenspace H | of eigenvalue +1 is therefore
Hor = (1) o HE) o (K @ H%). (2.280)

Here, HiLlf ® Hff is the one-dimensional vector space spanned by |z+, z+) =

|z+) ® |z+), and similarly for H(_li ® H(_zi Equation (2.278) says that each element
of H4 lies in the two-dimensional direct sum of these two spaces.

The eigenvalues of an operator C of the form (2.267) are the sums of the eigen-
values of A and B. Let again |u) and |v) be as in (2.272). Then

Cluv) = (Alu)) ® [v) + [u) ® (B[v)) = (A1 + A2)|uv). (2.281)
In a similar way as in the previous case we find

= @ H enD. (2.282)
ALA2| AT+ A=A

An example: the operator
C=0,01+1®o0; (2.283)

in our two-spin system has the eigenvalues {—2, 0, 2}. These are the possible sums
of the eigenvalues of the individual spins. The corresponding eigenspaces are

o =H{ @ HY) (2.284)
Ho = (K e 1) @ (K @ 1)) (2.285)
Hoo=H" @HY. (2.286)

We now want to demonstrate the correlation in an entangled state by means of
an example. Given a two-spin system in the state

1 1
-5 (e o) +lem i) = —

1
0

7 7o (2.287)
1

lw) =

Exercise 2.31
Show that this vector can be also written as

1 1
|lw) = — (|x+, x+) + [x—, x—)) = N (y+,y=) +ly— y+).  (2.288)

;; NG
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For a simultaneous measurement of the spin on z-direction on each of the two
systems, the probability for spin-up or spin-down is % in each case. Mathematically
this follows from the projection operators

PY = (2 (z + ) ® 1 = diag(1, 1,0,0),
P2 =1® (Iz4)(z +|) = diag(1, 0, 1,0),
P = (z=)(z — ) ® 1 = diag(0, 0, 1, 1),
P? =1® (1z=){z — |) = diag(0, 1,0, 1),

and hence
1
P w) = (PP w) = I PLw) = wPPlw) = 5. (2.289)

However, the probabilities in system 1 are not independent of the measurement
result in system 2. The following statement (A1) holds: if spin-up is measured in
system 2, then spin-up will be also measured in system 1, with hundred percent
probability. For the probability to have spin-up in system 2 and spin-down in system
lis

(w|PL P w) = 0. (2.290)

Note that the order of the projection operators is irrelevant here: they commute,
because they act on different systems (one measurement takes place on system 1, the
other one on system 2).

The following also holds (A2): if spin-down is measured in system 2, then spin-
down will be also measured in system 1, with hundred percent probability. According
to Exercise 2.31, similar statements hold for measurements of the spin in x-direction.
The situation is similar to the entangled photons in the introduction. For an arbitrary
direction r in the (xz)-plane it is true that the spin in r-direction is measured to be
the same for both systems, either positive or negative. For the spin in y-direction,
according to Exercise 2.31, the opposite is true: Here the measurement yields opposite
results for the two systems.

Statement (A1) can also be derived with conditional probabilities Let p, . ) (z+1)
be the probability for measuring spin-up in system 1, under the condition that spin-
up was measured in system 2. In general, conditional probabilities obey px(Y) =
p(X,Y)/p(X). It follows

pGt.zt) PP w12

+) = =
Py ) P(z+D) <w|PZ(i)|w) 1/2

=1. (2.291)

The statements (A1) and (A2) together imply that the spins in z-direction are maxi-
mally correlated.
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One speaks of a correlation of two simultaneously measurable observables A
and B if their measurement results are not independent. A measure for this is the
expectation value of their product: If A and B are uncorrelated, then

(AB) = (A)(B). (2.292)
If (AB) is larger or smaller than this value, this is called a positive or negative

correlation, respectively, and in the second case also an anticorrelation.
In our example, the relevant quantity is

h? h?
(S, = (w|SP P |w) = 7 (wlo: ® oz|w) = . (2.293)
On the other hand, one has
(S w = (SPhw =0, (2.294)

and so we have a positive correlation.

In order to define the correlation with a value between —1 und 1, we can take the
expectation value of the tensor product o, ® o, as a measure. The eigenvalues of
0, ® o, are the possible products of the eigenvalues of o, in each of the systems, i.e.
+1.If

(0;®0;)y =0 (2.295)

then the two z-spins are uncorrelated. If
0<(o;®0;)p <1, (2.296)
then the two z-spins are correlated. If
—1=<(0,®0;)y <O, (2.297)
then the two z-spins are anticorrelated. In the case of our example,
(0, @ 07)w = (W]o; @ 07 |w) =1, (2.298)

that is, we have maximal correlation.

Exercise 2.32

Compute the conditional probabilities and the correlation for the case that
in system 1 the spin in z-direction is measured, but in system 2 the spin in
x-direction. Result: the measurements are uncorrelated.
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Exercise 2.33
Compute the correlation for the case that in system 1 the spin in z-direction is
measured, but in system 2 the spin in direction \% (ex + e;). Result: the mea-

surements are correlated, but not maximally correlated. Hint: Use the operator
(2.141).

Given at time ¢ = 0 a non-entangled state |w) = |u) ® |v) of the total system
S and a time-independent Hamiltonian operator H. Under what conditions does the
state remain non-entangled? There are two cases worth mentioning:

1. |w) is an eigenstate of H. In this case
() = e~ Ju) @ ). (2.299)

2. H is of the form (2.269). Then, since Hl(l) and H2(2) commute,

w0} = e Fi ) = e T o) (2.300)
= e*i#)fe*iﬁﬂw(o» (2.301)
- (e_i%t 1) (1@ e—"%f) (Ju) ® [v)) (2.302)
_ (e—f%’m)) ® (e—f%qv)) . (2.303)

Entanglement occurs when systems interact with each other. In the case of the
two spins, the classical energy of a typical interaction is given by

E=as.s@ =a@Ms® +sMs +5Ds), (2.304)

i.e. there is a force between the two systems which tries to align the spins antiparallel
to each other (assuming v > 0). The associated Hamiltonian operator reads

ah?

H = e (Ux ®ox+0oy R0y +0,® UZ) (2.305)

) 10 00O

ah=[0—-1 2 0
T4 |02 -10 (2-306)

00 01

H has the eigenvalues
2 2

E =2 g=-3%" (2.307)
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The three-dimensional eigenspace of eigenvalue E| is spanned by the three symmet-
ric states (invariant under exchange of the two spins)
Is4) = lz+, z+), [s0) 1(|+ )+ +). ls-) =1 )
Sy) = |2+, 2+),  |s0) = —= (lz+, z2— z2=.z+)), Is—)=lz—,2—
+ \/E
(2.308)

The one-dimensional eigenspace of eigenvalue E5 is spanned by the three antisym-
metric states (acquiring a minus sign under exchange of the two spins)

1

= 4, 72— — |z—, z4+)). 2.309
lao) ﬁ(|2+z ) = lz—, z+) ( )

Exercise 2.34
Verify all that: the matrix for H, the eigenvalues and eigenvectors.

Let’s take a moment to think about these eigenvalues and eigenvectors. In an
uncorrelated, homogeneously distributed statistical mixture of two-spin states, the
average for the measured values of the scalar product sV - s? is, as expected,
B?(14 141+ (=3))/4 = 0. But what may be surprising is the eigenvectors |so) and
lag). Intuitively, one would expect that for parallel spins sV - s = 1% /4, and for
antiparallel spins s - s> = —k2 /4. Instead, the subspace of antiparallel spin states
is split into a symmetric state with s - s® = +72/4, and an antisymmetric state
with s . §® = —3K2/4. In particular, the eigenvalue —3%%/4 surprises, which
seems to exceed the product of s and s®. A similarly remarkable behavior is
already found for a single spin. For the state |z+) one has

h
(Sx) =(Sy) =0, (S2) =7, (2.310)
but
2 n? 2 2 2
(8%) = lox +oy+07) (2.311)
3n? 3n? )
= W=7 =38 (8 (S2) (2312

We will come back to this topic in the Chaps.7 and 9.

Returning to our discussion of entanglement via interaction: let the system
described by the Hamiltonian operator (2.305) be in the non-entangled initial state
(att =0)

w(0) = lz+,z—) = % (Is0) + lao)) . (2.313)
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With (2.307), one immediately gets

|lw(t)) = % (eiwn|s0> + giwz’|a0)) . w = %, wy = —?. (2.314)

At any time, |w(?)) is of the form
lw(®)) = a(t)|z+, z—) + B)|z—, z+). (2.315)
If /1 = /2! je. t = 27n/(w) —w)), n € Z, then 3 = 0. If /1" = —¢i¥2! je.

t =(2n+ 1)7/(w; — wy), then a = 0. At all other times, the system is entangled.
Self-check questions:

1. What are the differences between a tensor product and a direct sum?
2. What are entangled states?
3. How do you calculate conditional probabilities and correlations?



Chapter 3
Formalism II: Infinite-Dimensional Hilbert
Spaces

Abstract The weird formalism of QM is extended to function spaces. Wave func-
tions and the Schrodinger equation in position space are introduced. On the way, we
explain why basis vectors don’t need to be elements of the space they are a basis of.

In QM, state vectors mostly appear in the form of wave functions 1) (r). We therefore
have to figure out first in what sense sets of functions are vector spaces. The cor-
responding field in mathematics is functional analysis. We will see that operations
such as differentiation can be understood as linear operators that can be represented
by matrices with infinitely many entries. On our way we will meet lots of new features
that don’t occur in the finite-dimensional case.

The transition from classical mechanics to QM is undertaken by means of the
Hamilton formalism, where positions and momenta of particles are the fundamental
variables.

The position observable describes the position (x, y, z) of a particle according to
a previously chosen cartesian coordinate system. Associated to them are the position
operators (X, Y, Z) in QM, which act on the particle’s wave function. We will find
that these operators act via multiplication with the coordinate, e.g. (X)) (r) = x9(r).

However, there is a snag to it: Although X is hermitian, it has no eigenvalues and
eigenvectors in the considered Hilbert space. Only with the use of a trick we will
be able to construct a so-called pseudo-basis of pseudo-eigenvectors, which can
be practically used for calculations, and which gives us a connection between the
three-dimensional position space and the infinite-dimensional Hilbert space.

Similar statements hold for the momentum operators (P, Py, P;), which are
associated to the three components of momentum. They act via differentiation, e.g.
(Pep)(r) = —i h%w(r). These operators also don’t have eigenvalues and eigenvec-
tors in the Hilbert space, and again we have to resort to pseudo-vetors.

Just as we recapitulated some Linear Algebra in the beginning of Chap. 2, we will
now begin by acquiring the mathematical equipment needed to understand the QM
of positions and momenta. This is done in the Sects. 3.1-3.3.

A particular focus will be on the operator X which multiplies functions of one
variable with that variable, and on the operator D which takes the derivative of
a function. For these two operators are fundamental for position and momentum
in QM. Only then, in Sect.3.4, we will return to physics. Then we will meet the

© Springer International Publishing Switzerland 2016 71
J.-M. Schwindt, Conceptual Basis of Quantum Mechanics,
Undergraduate Lecture Notes in Physics, DOI 10.1007/978-3-319-24526-3_3


http://dx.doi.org/10.1007/978-3-319-24526-3_2
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Schrodinger equation in position space, the Position-Momentum Uncertainty,
the wave-particle duality, and some beautiful connections between QM and classical
mechanics. This will complete our work on the formalism of QM, and we will then
be ready to solve some concrete problems in the remaining parts of this book.

But now it is time to roll up our sleeves and understand some math!

3.1 Sets of Functions as Vector Spaces

Let M be an arbitrary set and V a vector space over the field K, where K = R or C.
Then the set of functions F(M, V) = {f : M — V} also forms a vector space over
K. The addition of two functions, f + g, and the multiplication of a function with a
number o € K are defined in the following way:

(f+90) =fx)+g9(x), (af)(x) =a fx) (3.1)

That is to say, these operations are reduced to the corresponding operations in the
target space V. They are well-defined, because the corresponding operations on V
are well-defined.

It is thus crucial that V is a vector space. If V were just an interval [a, b], for
instance, then one could always find two functions whose image is in [a, b], but the
image of their sum is not.

The zero function Oy, v is the function that maps all elements of M on the zero
vector 0 in V:

Opm,v(x) =0 (3.2)

For each function f € F(M, V) there is a function —f € F(M, V) such that
f 4+ (—=f) = 0y, y. For that, set (—f)(x) = — f(x). So, the zero and the inverse
with respect to addition in F (M, V) are also reduced to the corresponding properties
in V. Again it is crucial that V is a vector space.

In QM one considers wave functions which are elements of F(R"”, C). Here,
the elements of R” represent n real spatial coordinates of one or several “particles”
(the quotation marks are supposed to indicate that the notion of particles in QM
means something different than in classical mechanics). The target space C can be
understood as a one-dimensional vector space over itself. Therefore, F(R", C) is
also a vector space over C.

Instead of the entire space F(M, V'), one can also consider subspaces of functions
with specific “nice” properties, e.g.

the set CO(M, V) of continuous functions

the set C! (M, V) of differentiable functions

the set L' (M, V) of integrable functions, where f y J 18 well-defined and finite
the set of functions f : M — V having a zero at a specific pointa € M, f(a) = 0.
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Of course, these subsets can only be constructed if M allows for such a definition. If
M, for instance, is the set of animals in the zoo of Heidelberg, it is hard to say what
a “continuous” function M — V would be.

It is easy to convince yourself that the respective property is not lost if one con-
structs a finite linear combination of functions having this property. For example: If
f and g are continuous, then « f 4 (3¢ is continuous too. All the mentioned subspaces
are indeed vector spaces.

The notion of alinear combination is used for function spaces just as for any other
vector spaces, namely forasum Y _, «; f;, witha; € K and all f; in the considered
function space. The vector space properties ensure that linear combinations don’t
leave the vector space as long as they are finite, i.c. have only finitely many terms.
A sum of infinitely many functions does not need to converge, and even if it converges,
it is not ensured that the properties of the summands (e.g. continuity) is conserved.

As an example for a function space, we choose the set of real polynomials,

Pol(R,R) = {f : R — R | f(x) = D aix', i € R,n € N}. (3.3)
i=0

Even infinite-dimensional vector spaces have a basis, i.e. an (infinte) set of basis
vectors {e; }, such that all elements of the vector space can be written as a finite linear
combination of basis vectors, in a unique way.

For the polynomials, there is an obvious basis: the monomials, €; (x) = x'. Each
polynomial can then be expressed in components w.r.t. this basis:

f = (ao,al,ag,...) (3.4)
means
f =oa0eg +are; +azer +-- -, (3.5)
which is
f(x) = (weo + aje; + azex + -+ )(x) (3.6)
= apeo(x) + arer(x) + azex(x) +--- 3.7
=ap 4 ax + ax? + - - (3.8)

Since each polynomial terminates at a finite power of x, it is ensured that in the
component representation (3.4) only finitely many values are different from O.

But what if instead of polynomials we choose the space of all functions that can
be expressed as a power series in all of R,

o0
PRR,R)={f:R—>R| f(x) = Zaixi converges in all of R}. (3.9
i=0
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In contrast to polynomials, power series in general don’t terminate at finite #, i.e.,
they are infinite linear combinations of the monomials. Fortunately, mathematicians
have an understanding here and still allow for the monomials as a basis. It is, however,
not a basis according to the original definition, where the linear combinations of basis
vectors have to be finite.

A basis that requires infinite linear combinations is called Schauder basis. The
monomials thus form a Schauder basis of the space PR(R, R). There is also a basis
which requires only finite linear combinations. However, one can show that such
a basis consists not only of infinitely many but even uncountably infinitely many
basis vectors. Such a basis is called Hamel basis and is completely useless for our
purposes.

The problem with a Schauder basis is that basis vectors can no longer be combined
in arbitrary ways. As mentioned above, an infinite linear combination of functions
in a function space is not necessarily again an element of that space. In our case:
Not every power series (infinite linear combination of monomials) converges, i.e.
is in PR(R, R). On one hand, every function in PR(R, R) can be written as a finite
or infinite linear combination of the basis vectors, but on the other hand, not every
infinite linear combination of basis vectors leads to an element of PR(R, R)!

Operators on a function space F (M, V) are functions T : F(M,V) — F(M, V)
mapping functions to functions. An operator 7 is linear if

T(af +Bg) =aT(f)+ BT (g) (3.10)

forany o, 5 € K, f,g € F(M, V). One usually writes just 7 f instead of T'( f).

Linear functions (automorphisms) on a vector space can be represented as matri-
ces with respect to a given basis. This also holds for operators on function spaces.
Since function spaces are infinite-dimensional, the matrices are infinitely large.

We want to consider two examples for operators on Pol(R, R) and PR(R, R),
respectively, which play an important role in QM, namely the operator X which
multiplies each function with x, and the derivative operator D which differentiates
each function:

XH) =xf(x), (DHX) = f'x) (3.11)
The operators act on the monomials e; as follows:
Xe, =e,+1, Dey = Op R, De, = ne,_; forn >0 (3.12)

Thus, X and D have the following matrix representation in the monomial basis:

0000--- 0100---
1000--- 0020---
x©—-]0100---|  p©_]0003-- (3.13)

0010--- 0000 ---
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What about eigenvalues and eigenvectors of X and D? Since the matrices are
infinitely large, we cannot determine a characteristic polynomial and have to get
by otherwise. In the case of X we search for a power series f with the property
Xf=Mf,ie.

xf(x) =Af(x) (3.14)

for all x € R and fixed A € R. One immediately sees that this cannot work: x varies
over the entire real line, while A\ remains fixed. The only solution is f = O R.
Hence, there are no eigenvalues and no eigenvectors. (As a resort, we will later find
the delta distribution. The function space has to be extended for that.)
In the case of D we look for a polynomial or power series f with the property
Df = \f,ie.
£/ = Af(x) (3.15)

for all x € R and fixed A € R. In Pol(R, R) there is obviously no solution, since the
derivative decreases the degree of each polynomial by 1. In PR(RR, R) however there
are indeed solutions: The functions f (x) = e can be expressed as power series in all
of Rand obey (3.15). InPR(R, R), D thus has a continuous spectrum of eigenvalues:
every real number A is an eigenvalue of D. The corresponding eigenspace PR, is the

one-dimensional space spanned by the function f(x) = e, i.e.

PRy = {f e PRR,R) | f(x) = ae™, a € R}. (3.16)

Self-check questions:

1. Do the functions f : R — R with f(0) > 0 form a vector space?
2. What is a Schauder basis?

3.2 Scalar Product and Orthonormal Basis

QM takes place in Hilbert spaces. In order to turn function spaces into Hilbert spaces,
we need to define a scalar product. For this we consider function spaces F (R”, K),
where K = R or C. On these spaces (more precisely, on subspaces where the
following integrals are well-defined) we can define a scalar product via

(Flg) = /R & frwg), (3.17)

withr = (x1, ..., x,), and a norm via

11l = //R dnx ) £(). (3.18)
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Of course, the star for complex conjugation is only required if K = C. With this
definition, the scalar product has all the required properties mentioned in Sect.2.2.
It is actually similar to the scalar product on finite-dimensional Hilbert spaces: Only
the sum Y uv; was replaced by the integral [ f*(r)g(r). The spatial vector r has,
in a sense, taken the place of the index i.

We want to allow only finite values for the scalar product. This is fulfilled (as we
shall see in a moment) in the space of square-integrable functions L>(R", K),

L*(R", K) = {f € F(R", K) | f measurable, / d"x f*(r)f(r) < oo}.
RVI

(3.19)
The notion of measurability shall not bother us here any further. It ensures that the
integrals are well-defined. It has nothing to do with measurement in the physical
sense! The second condition says that || f|| is finite. For elements of the Hilbert
space H = L2(R", K) we will again use the bra/ket notation.
The Schwarz inequality
I = 111 gl (3.20)

and the triangle inequality

If+gll < I1F11+ gl (3.21)

hold also in function spaces (their proof didn’t make any use of the vector space
being finite-dimensional). From (3.20) follows that ( f|g) with f, g in L2(R", K)
is finite: the left hand side of (3.20) is finite, because the right hand side is. It also
follows from (3.21) that L2(R”, K) is a vector space:

llaf + Byl < Nl f1l +11Bgll = lal [LF T+ 18] gl (3.22)

The left hand side is finite, because the right hand side is, and thus o f + (g is in
L*(R", K).

In the following we will construct some orthonormal bases for several L?-spaces.
We learn how to calculate with these infinite-dimensional vector spaces, and find
some useful things on the way: the Legendre, Hermite, and Laguerre polynomials,
all of which play a role in some later parts of this book, and the Fourier series (real
and complex). In this way we will also meet our first pseudo-basis.

In L?(R, R), the derivative operator D again has no eigenvectors, since the func-
tions f(x) = e®* are obviously not square-integrable. In L?(R, C), where a can be
complex, it doesn’t get better:

o o0 « o
(fIf) = / dx f*(x)f(x) = / dx " ¥ e = / dx ™R — oo
—00 —00 —00
(3.23)
The polynomials in Pol(R, R) are also not square-integrable. We therefore want
to restrict them to the interval [—1, 1], that is, we consider Pol([—1, 1], R). In the
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interval [—1, 1], all polynomials are square-integrable, i.e. Pol([—1, 1], R) is a sub-
space of L%([—1, 1], R). The monomials form a basis of Pol([—1, 1], R), but not an
orthonormal basis; for instance,

1 5 2
(wles) = [ dr1-x?=23. (3.24)
J—1

As an exercise, we want to take the basis {|e;)} of monomials and orthogonalize and
normalize it to an orthonormal basis {| P;)}, at least for i = 0 to 3. For this, we use
the Gram-Schmidt process, which should be known from Linear Algebra, but let’s
recall it in an exercise:

Exercise 3.1
Show that the following process constructs an orthonormal basis | f;) out of
an arbitrary basis |e;):

(1) Set
ler)
lf1) = . (3.25)
llexll
(i1) Assume the first k basis vectors | f1), . . ., | fx) are already known. Set
k
| fies1) = lexr1) = D 1fi){ filexr1) (3.26)
i=1
and then ~
s} = i) (3.27)
I fresrll

Now apply this to the basis of monomials (please follow all the steps of the
calculation): It is (eg|eg) = 2, hence we normalize |eg) to | Pp) with

Po(x) = (3.28)

1
V2
Due to (Pyle;) = 0, |ey) is already orthogonal to | Py) and only has to be normalized,

2
3
Pi(x) = \/;x. (3.29)

(erle;) = 5, to | Py) with
o

The next monomial, |ez), is already orthogonal to | Py ), butnotto | Po): (Polez) = *5=.

We thus have to subtract | Py)(Pp|e,) from |e;) an obtain the vector |152) orthogonal
to | Pp) with



78 3 Formalism II: Infinite-Dimensional Hilbert Spaces

V2,01
3

Py(x) = x* — =x%—-. (3.30)

1
V2
This needs to be normalized:

- ! 1\> 8
(P2|P2)=/ dx (xz——) =— (3.31)

from which we get | P>):

V5
232

Finally, |e3) is already orthogonal to | Py) and | P»), but not to | Py):

1
(Pyle3) =/ dx \/§x 3= ﬁ. (3.33)
. 2 5

We subtract | P1)(P;|e3) from |e3) and obtain the vector |ﬁ3) orthogonal to | P1) with

Py(x) = (Bx* —1). (3.32)

- 3 6 3
P3(x)=x3—\/;x-\/?_=x3—§x. (3.34)
This needs to be normalized:
(P3| Ps) = /1 dx (x3 - Ex)z -5 (3.35)
—1 5 175
from which we get | P3):
P3(x) = %(sf —3x). (3.36)

This procedure can be continued forever. The result are the polynomials P; (x) (where
P; is a polynomial of degree i) which are orthonormal to each other on the interval
[—1,1]:

1
/ dx Pi (x)Pj(x) = (5,’j (3.37)
-1

The P; are (up to a constant factor) the Legendre polynomials, and we will meet
them again when we study spherically symmetric problems in three dimensions,
where they will show up in the form P;(cos 6) (cos 6 runs from —1 to +1!).

If we want to find an orthonormal system in Lz(R, R) instead of LZ([— 1,1], R),
we should not begin with the monomials, for these are in Lz([—l, 1], R), but not
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in L2(R, R). However, we can slightly change our starting point if we multiply
the monomials by a factor (e.g. e/ %) which damps them sufficiently in the limit
x — =oo such that they become square integrable. We thus start with the basis

functions )
e (x) = e /2 X", (3.38)

which span a subspace of L? (R, R), and then orthogonalize and normalize them with
the same procedure as above. The result are the functions

H,(x) = e /2 H, (x), (3.39)

where H,, are polynomials of degree n and, due to the orthonormalization, obey

/OO e Hi(x)H; (x) = 0. (3.40)

—00

They are (up to a constant factor) the Hermite polynomials, and we will meet them
again when we study the harmonic oscillator.

If we look for an orthonormal system in L2 ([0, c0), R), we need again a damping
factor for the monomials to begin with, but this time it needs to damp only in the
direction of 00, for instance ¢ ~*/2. We thus start with

e (x) = e /% X", (3.41)
which span a subspace of Lz([O, 00), R), and then orthonormalize them. The result

are the functions :
Ly(x) = e L, (x), (3.42)

where L, are polynomials of degree n and, due to the orthonormalization, obey

/oo e_xL,-(x)Lj (x) = d;j. (3.43)
0

They are the Laguerre polynomials, and we will meet them again when we study
the hydrogen atom, as functions of the radial coordinate (which runs from 0 to oco!).

Let’s come back to the two bases of Pol([—1, 1], R): the monomial basis |e;) and
the orthonormal basis of the Legendre polynomials | 7;). We want to do some “finger
exercises” with them.

Associated with a transformation between two bases is a transformation matrix.
For infinite-dimensional vectors spaces, this is an oo x oco-matrix. In our case the
task is somewhat simplified by the fact that polynomials of degree n contain only the
basis vectors |ep), . .., |e,), and with the other basis they also contain only the basis
vectors | Py), ..., |P,). Hence we can restrict ourselves to polynomials up to 3rd
degree to obtain a 4 x 4-matrix. The matrix A which leads us from the components
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of a vector in the P-basis to the components of this vector in the e-basis, can be
directly read of from the polynomials Py(x) to P3(x):

1 N
V2 0 2.2 0
0o./2 o _3J/7
A= 2 2v2 (3.44)
00 3 o ’
272 7
547
00 0 3

e 1 _ﬁ
5\ @ 70 35 0 o\ @
%)ﬁ 0 \/E 0 31 0
= : 22 (3.45)
3V5 0 0 35 0 1
2./2 22 0
0 00 o 3
22

The column vector to the left corresponds to the polynomial —+/5/(2+/2) +
34/5/(24/2)x? in the e basis, the column vector to the right corresponds to the
the polynomial P (x) in the P-basis, which is exactly the same.

For the other direction one has:

1 = V2Py(x) (3.46)
x = \/gPl(x) (3.47)
V2 232
2 _ N~ -
x? = S Py) + 3ﬁP2(x) (3.48)
6 232
3= \/?_Pl(x) + %;Pﬂx), (3.49)

from where we can read off the inverse of A, A~!, that is the transformation matrix

which takes us from the components of a vector in the e-basis to the components of
the same vector in the P-basis:

V20 2 o
2 NG
PO N 3.50
1o 0 22 9 (3.50)
35
0 0 0 X2

4
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Next, we consider the operators X and D in the P basis. Let’s begin with D. One
has

Py(x) =0 (3.51)

P|(x) = \/g =3Py(x) (3.52)

Py(x) = %x = V15P(x) (3.53)
15f 3J7

7P, 5P (x). 54

Pi(x) = EN AN, = VTPy(x) + +/35P2(x) (3.54)

This gives the components of D:
NG
0 ---
V35 .- (3.55)

For now we also note that D is neither hermitian nor anti-hermitian (since the P-basis
is orthonormal, as we can directly infer from the matrix).

Exercise 3.2
Verify that DY) = A~1D® A as it has to be.

For the X-operator we find

xPy(x) = %x = \%Pl (x) (3.56)
xPi(x) = \/§x2 _Zp (x) + Ly (x) (3.57)
1 V¥ = Ji5 2 A 0 .

NI 3 2
Px)= Y2333 )= _>_p —p 3.58
xP(x) 2J§( X7 —Xx) 75 3(%)er/E 1(x) (3.58)
xP3(x) = %(Sx“ —3x%) =7 (3.59)

We cannot provide a linear combination for the last vector, X|P3), since we
haven’t determined | P4). In contrast to the derivative operator, the X-operator leads
to polynomials of higher degree. If we denote by Pol3([—1, 1], R) the subspace
of polynomials of degree <3, then D Pol3([—1, 1], R) <€ Pol3([—1, 1], R), but
X Pol3([—1, 1], R) € Pol3([—1, 1], R).
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So far the matrix of the X-operator looks like this:

1
0 g5 0 2.
10 2.
NN/
x| 0 % (3) 7. (3.60)
00 X7

The question marks stand for the unknown coefficients of | Py) to | P3) in X|P3). Can
we determine these coefficients without knowing | P4)? The answer is yes.

You have certainly noticed that P, for even n contains only even powers of x, for
odd n only odd powers. This can be proven by induction from the way in which we
construct the P,: we begin with the monomial x” and orthogonalize this to the already
determined Py with k < n. For even n, x" is already orthogonal to all odd powers of
x, for odd n orthogonal to all even powers of x, since fil dx x"xP = 0 forn+ p odd.
By the induction hypothesis, Py for k < n already consists only of even/odd powers
of x, if k is even/odd, respectively. Hence P, needs to be orthogonalized only to those
Py which are like n even/odd. Hereby only such powers of x are added/subtracted to
x" which are like n even/odd. It follows the induction step that also P, consists only
of even/odd powers of x.

The polynomial X|P3) consists only of even powers of x and therefore gets no
contribution from | P1) and | P3). We can thus replace the second and fourth question
mark with zero. But what about the contributions of |Py) and | P») (first and third
question mark)? Here it comes handy that we are operating with an orthonormal
basis, for this implies the relation |v) = >, |P,)(Py,|v). In particular, one has for
the (ij) entry in the matrix X©):

1

xf}?’) = (P|X|P}) = /ldx Pi(x)x Pj(x) (3.61)

1
=/ dej(x>xP,-(x)=<Pj|X|P,->=X§f> (3.62)
-1

Hence, the X-operator is symmetric (as a matrix in an orthonormal basis) and thus
also hermitian (a basis-independent property). Now we can also replace the remaining
question marks with values:

1
0 7 o 0 -
L 0o 2 o ..
V3 5 V15 3
x® 10 Wit 0 N (3.63)
0 0 =2 0 ..
V35
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Note that we were able to determine the composition of X | P3) even without knowing
its leading ingredient Ps(x). “Normally” it would have been our job to determine
P4 (x) first, then subtract the | P4)-part from X|Ps), see which coefficients of x? and
x2 remain, and from that find the contributions of | Py) and | P3). By making use of
our knowledge of Linear Algebra, we could avoid this calculation. The strength of
this algebraic perspective will show again and again, most impressively perhaps for
the harmonic oscillator.

Exercise 3.3
Calculate P4 (x) by orthogonalizing x* with respectto Py and P,, and determine
the composition of X|P3) from that.

Exercise 3.4

Calculate A~'X® A (where all matrices are restricted to the first four rows
and columns, analogous to the corresponding exercise with the D-operator.)
Why does the result not match with X ?) this time?

A different basis for a space of functions [—1,1] — R is given by the
Fourier expansion. For that, we consider the space Four([—1, 1], R) of functions
f :[—1, 1] — R with the following properties (the so-called Dirichlet conditions):

o f(=D =/
e f has only finitely many maxima and minima.
(A counterexample would be f(x) = sin(1/x) for x # 0, f(0) =0.)
e f has only finitely many discontinuities.
e At each discontinuity xo one has

1. .
fxo) =7 (Xh/n;o f ) +x11\I§10 f (X)) , (3.64)

i.e. f(xo) is the average of the limits from left and right. (If xo = =£1, the right
hand side must be replaced with limy » f(x) and lim,\ 1 f(x).) An example is
the Heaviside step function, (x) = 0 forx < 0, f(x) = Lforx=0,0(x)=1
for x > 0.

Exercise 3.5
Convince yourself that the functions with these properties form a vector space.
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A theorem by Dirichlet says that any of these functions can be expanded in a
Fourier series,

] o0
fx) = aoﬁ + Z a, cosnmx + b, sinnmx. (3.65)

n=1

The functions |v;) with

v, (x) =cosnmx, vy—1(x) =sinnmx, n €N, (3.66)

1
vo(x) = E,

already form an orthonormal basis (an orthonormal Schauder basis, to be precise!)
of the space Four([—1, 1], R), since

1
1
(volvo) :/ dx — =1 (3.67)
1 2
! 1
(vo|van) :/ dx —cosnmx =0 (3.68)
01V2n i «/5
! 1
volvon—1) = dx —sinnmx =0 3.69)
(volvan—1) /_1 7 (
1
(Vo |von) = / dx cosSmmx COSHTX = Oy (3.70)
-1
1
(Vom—1|von—1) = / dx sinmmx sinnmwx = (3.7
-1
1
(Vam|von—1) = / dx cosmmx sinnmx = 0. (3.72)
-1

Therefore, coefficients can be determined via scalar products again, | f) = 2?20 |v;)
(vil f), and so

L
aop = (vol f) = /1dx zf(X) (3.73)
1
a, = (vonl f) =/ dx cosnmxf(x) (3.74)
-1
1
by = (van—1lf) =/ dx sinnmxf(x). (3.75)
-1

The derivative operator D in this basis results from the relations

V5, (x) = —nwsinnTx, vy, ;(x) =nmwcosnmx, (3.76)
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hence
000 0 O
00-70 0
0r 0 0 0
DY=1000 0 —27...|- (3.77)

00 0 2r O

Note that D is antisymmetric in this basis. Therefore, D is antihermitian on the
function space Four([—1, 1], R) (a basis-independent property). What distinguishes
Four([—1, 1], R) from PR([—1, 1], R), that D has this property in one space but not
in the other? In the Fourier case,

1
DY = (v|Dlv;) = / dx v; ()’ (x) (3.78)
-1
1
= —/ dx vl{(x)vj (x) +vi(x)v; (x)ll_l 3.79)
—1
= —(v|D|v;) +0 = —D;.’f. (3.80)

The boundary term in the second row vanishes, because the functions are periodic:
One always has v; (1) = v;(—1). This is exactly the relevant difference to the space
of power series PR([—1, 1], R).

The result can be generalized: On a function space F'([a, b], K) the derivative
operator D is antihermitian if and only if f(a) = f(b) for all f € F([a, b], K).

This also holds in the limita — —o0, b — 00, i.e. for function spaces F (R, K).
Here the condition for D to be antihermitian is limy_, » f(x) = limy_ o f(x).
The condition holds for the space of square-integrable functions, L>(R, K), since
these functions converge to 0 for x — o0.

The X-operator looks quite complicated in the Fourier basis. Its components
X l(]v) = (v;| X|v;) are given by the corresponding integrals, which we are not going
to compute here though. As in any orthonormal basis, X is symmetric. You can
determine the first row/column, exemplarily:

Exercise 3.6
Show via partial integration that

— (—1)"y/2
X|uo) = Z%wzn_n. (3.81)

n=1
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To what extent can the Schauder bases |P;) of PR([—1, 1], R) and |v;) of
Four([—1, 1], R) be transformed into each other? It is clear that this basis trans-
formation can work only on the intersection of the two function spaces. There are
elements of PR([—1, 1], R) which cannot be written as Fourier series, since they
don’t obey all of the mentioned requirements from Dirichlet’s theorem. In particu-
lar, this includes all functions f with f(1) # f(—1). Vice versa, there are Fourier
series which cannot be written as power series. In particular, this includes the non-
continuous functions, as for example the above-mentioned Heaviside step function.

The basis vectors |v;) can be written as power series,

B B k(nﬂ.x)Zk-H B k(n7rx)2k
sinnmx = Z( 1) (2k+1)" COSNTX = Z( 1) (2k)" (3.82)

i.e. as an infinite linear combination of the monomials. For each monomial, one can
calculate how to represent it as a combination of Legendre polynomials. From that,
one can in principle determine the infinite transformation matrix that takes us from
the v-basis into the P-basis. But can it actually be applied?

The problem originates from the impossibility to reorder a series in a desired way.
The series 1 — Z +1 3= L 4 ... isknown to converge to In 2. However, if one tries to
reorder the terms, the result w111 not be the same, or there may not even be a result at
all. If one, for instance, pulls all positive terms to the front, (1+ % +--)—( % + }‘ +--0),
one gets two divergent series which are completely useless.

In case of the Heaviside function, we already know that something has to go
wrong, for a corresponding power series cannot exist. One easily verifies that 6(x)
is in the interval [—1, 1] given by the Fourier series

9(x) = ~ + =
x)=<-+ 1+3+5

; 2(sin7rx sin 3mx sin57rx+”.) (3.83)
Vs

If we now try to turn this into a power series, by writing each single sine function
as a power series, adding them up, and then sorting them by powers of x, we realize
that it won’t work. Already the coefficient of x!, 2(1 4+ 14 1 + - - .), diverges, and
the coefficients of the higher monomials diverge too.

The process doesn’t even work on the intersections of PR([—1, 1], R) and
Four([—1, 1], R). From (3.81) we know that in [—1, 1]

S O R S

2 (sinwx sin2wx  sin3wx  sindwx
+...). (3.84)

If one now tries to write the right hand side as a sum of power series and to sort them
by powers of x, one might expect to retrieve the left hand side. But that is not the
case. The coefficient for x! is 2(1 — 1 4+ 1 — 1= - - ), and for all higher odd powers
of x the coefficients diverge too.
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This is the problem with Schauder bases. One always has to deal with infinite series
that cannot be reordered, and with basis vectors that cannot be arbitrarily combined.
In this way, some of the rules know from the Linear Algebra of finite-dimensional
vector spaces are invalidated. In the conversion between the e- and the P-basis of
PR([—1, 1], R), the problem did not occur, since here each element of one basis had
only finitely many contributions from elements of the other.

Considering complex Fourier series, Four([—1, 1], C), there is a basis which is a
bit simpler to use than the v-basis: the new basis |w;) is given by

1 1 |

wo(x) = —=, wa(x) = —=", w1 (x) = —=e ", (3.85)
N NG ! V2

All complex-valued functions on the interval [—1, 1] obeying the Dirichlet conditions

can be expressed as a series in this basis. Again, it is an orthonormal basis. Please

note that you now have to complex conjugate the first factor in scalar products, e.g.

1 1
1 . .
(won|wan) =/ dx w3, (X)wa, (x) =/ dx Eeﬂ””e’”” =1. (3.86)
-1 —1

Exercise 3.7
Verify that the w-basis is orthonormal, (w;|w;) = d;;.

The v-Basis is still a basis of Four([—1, 1], C), now with complex-valued coeffi-
cients. The two bases can be easily converted into each other. Since

; . 1 .
et =cosx +isinx = [wy) = 7 (lvan) +ilvan—1)), (3.87)
; . 1 .
e =cosx —isinx = |wy,) = 7 (lvan) — ilvan—1)), (3.88)
the transformation matrix from the w-basis to the v-basis reads
1 0 0 0 O --
i
O—fﬁﬁ 0O 0 -
0% 5 0 0~
T=10 0 0 —4i i .. (3.89)
V22
0O 0 O BB
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Due to its block diagonal form, this infinite matrix can be easily inverted. The trans-
formation matrix from the v-basis to the w-basis therefore reads

1 0 0 0 O-
i 1
072?500-
o-—-—1L 0 0.
=1y Oﬁ{f - J% (3.90)
i1
0.0 0 -7 —-

This matches the known relations

. P 1 .
sinx = > (e ix _ e“f) = Juzi-1) = = Gilwa-1) = ilwa), - G.9D)

7

1 ; ; 1
cosx =2 (7 +e) = o) = = (wae) + fw2)) . (3:92)

V2

If you don’t believe the integrals of (3.70)—(3.72), you can derive the orthonor-
mality of the v-basis from the orthonormality of the w-basis:

Exercise 3.8

Show, using the orthonormality of the w-basis and the relations (3.91) and
(3.92), that (v;|v;) = &;; for i, j > 0. Don’t compute any integrals, only use
already known scalar products.

The derivative operator D is, thanks to the simple rule %e‘”‘ = ae®, already
diagonal in the w-basis,

000 0 0
0—ir0 0 0
00 ir 0 0
D™ =10 0 0 —2ir 0 (3.93)
00 0 0 2inr

The w-basis is thus an eigenbasis of D. As it is right and proper for an antihermitian
operator, D has only imaginary eigenvalues.

Exercise 3.9
Show that D™ = 7-1pWT,
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The w-basis is “simpler” than the v-basis, because exponential functions are more
easy to calculate with than sine and cosine. The real functions in Four([—1, 1], R)
can also be written as linear combinations of functions from the w-basis: Setting

o0
f(x) =ap+ Z ane"™ + B e (3.94)

n=1

(where the factors 1/ /2 have been absorbed into the coefficients a, and 3,), we
see that f is real if and only if o is real and 3, = « for all n. Although the
w-basis consists of functions which do not lie in Four([—1, 1], R) (because they
are complex), we can use them as a Schauder basis for Four([—1, 1], R). Only the
coefficients have to fulfill certain relations for a linear combination of basis vectors
to be in Four([—1, 1], R). But this holds for Schauder bases anyway: Not every
infinite linear combination of basis vectors gives an element of the function space.
This restriction gets only somewhat tightened when we restrict ourselves to a space
which does not even include the basis vectors themselves.

Since the basis vectors are not elements of the space they serve as a basis for,
they are better called a pseudo-basis, and the basis vectors themselves denoted as
pseudo-vectors or improper vectors. In the next section we will construct two
important pseudo-bases for the space L?(R, C) of square-integrable functions.

Self-check questions:

1. How are scalar product and norm defined in L>(R, C)?

2. On which function spaces is the derivative operator D antihermitian?

3. What is the meaning of the following statement: “The functions /"™, n € Z,
form a pseudo-basis of Four([—1, 1], R)”?

3.3 Pseudo-Vectors and Fourier Transformation

In this section we are dealing with the space L (R, C) of square-integrable functions.
We want to construct pseudo-bases in which the X- or the D-operator is diagonal,
respectively, i.e. in which the pseudo-basis vectors are pseudo-eigenvectors of the
corresponding operator. These two bases are of fundamental importance for the QM
of wave functions.

We remind ourselves of the eigenvalue (3.14) for the X-operator. The problem
was that the factor x on the left hand side varies over the entire real line, while the
factor of A on the right hand side is fixed. In PR(R, R) there was no solution. A
solution would have to be a function which contributes only at a single value of x.
In L%(R, C), such functions exist for any real value of \: Set f)(x) = 0 for x # A,
and f)\(\) = a with an arbitrary constant a. The functions f) are eigenvectors of
eigenvalue )\, (3.14) is fulfilled. But there is a problem: The scalar product of f)
with each function g in L?(R, C) vanishes: ffooo dx f )’\‘ (x)g(x) = 0. Therefore f) is
ineligible as a basis vector.
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The way out is to replace the functions f) with the Dirac delta distributions
Ox(x) := 0(x — N). These are defined as

Ox(x) =0 for x # A, / dx dy(x)g(x) = g(N). (3.95)

With g(x) = 1 one has in particular ffooo dx §)(x) = 1. Loosely speaking, J) is a
version of f) where the value a was “multiplied up to infinity” in such a way that
the scalar product does not vanish. §y is not a function in the strict sense, since the
function value 6 () is undefined. It is insufficient to say “d)(\) = 00”, since neither
is oo in C, nor is the integral determined this way. At least we can say that d is real
in the following formal sense: If one complex conjugates the integral in (3.95),

/ dx 5109 () = 9", (3.96)

—00

one gets the same as if one lets 0, act on g* directly,

/ dx 5)(x)g" (x) = g" (). (3.97)

—00

The effects of 5;*\ and J) under the integral are thus the same, and in this sense we
can say 0y = 0, and therefore

(0ALf) =/ dx 5§(X)f(x)=/ dx 0\(x) f(x) = f(N). (3.98)

— —00

As a pseudo-vector, J) is not square-integrable:

(6x]0)) = /00 dx §)(x)dx(x) = §)(\) = undefined (3.99)

—00

Although the &) are not contained in L?(R, C), they can be used as a pseudo-basis of
LZ(R, C). In the following, we write xq (or x| etc. or simply x) instead of A, since it
represents a certain value of x where d, gives a contribution, and |xp) for the vector
dx,- In this way, we follow the convention of the ket notation to use the eigenvalue
itself as the identifier of the vector.

So, the set {|xp), xo € R} is a pseudo-basis of L*(R, C). Itis orthogonal,

(xo]x1) = /Oo dx 6y (x)0y, (x) = by, (x0) = 0 for x| # xp. (3.100)

It is complete, since f is completely determined by the values f(x) = (x| f) for all
x € R. It is not a Schauder basis (not even a Schauder pseudo-basis), for it is not
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countable, but continuous and therefore uncountable. Hence, one cannot write f as
a sum (not even an infinite sum) of the basis vectors, but only as an integral

f) = / dx |x) (x| f) = / dx f(x)lx) (3.101)

—00 —

We will drop the prefix “pseudo” in the following from time to time. It should be clear
by now that these basis vectors are not contained in L?(R, C). And in fact the |x) are
vectors, only in a different vector space, e.g. in the vector space of distributions. So,
the vectors |xg) are eigenvectors of the X-operator, obeying X|xog) = xg|xp). One
says the X -operator is “diagonal” in the x-basis, although with an uncountable basis
one can no longer represent an operator by a matrix consisting of rows and columns.
But formally one can still write:

X, = (xlX|x) = 8 - x2) (3.102)

X1X2

One can understand the Dirac delta distribution in different ways:

e as the density distribution of a point particle. The density vanishes everywhere
except for a single point where it is infinite. The integral over the density yields a
certain value (for example the mass of the particle if we consider the mass density).

e as a continuous version of basis vector components. Just as in the countable case

the i-th basis vector e has the components ey) = ¢;;, in the continuous case the

basis vectors e*0) := |xg) have the “components”
e (x) = 8, (x) = d(x — x0). (3.103)

e as matrix entries of the unit matrix. Just as in the countable case one has 1;; =
(i|1]j) = d;j, in the continuous case this becomes

lxx’ = (x|1|x/) = 5()6 - x/) (3104)

o o o
1 :/ dx/ dx’ |x)1, 0 (x| :/ dx |x){x]. (3.105)
—00 —00 —00

In other words, the unit operator now is the integral over all projection operators
[x)(x]. The definition of the scalar product on L%(R, C) can be obtained from the
abstract scalar product by inserting a one:

and thus

(flg) = (fIllg) =/ dx (f1x)(xlg) =/ dx f*(x)g(x) (3.106)

e asalinear functional (a linear form on a function space is called functional) which
maps each function f to a number: 6,,(f) := (xo|f) = f(x0).
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Nerd’s Corner 3.1
Although we’ve already discussed the mathematical background in much more
detail than most other QM books, many aspects could be only briefly touched.
For example, one might ask about the dual space of L?(R, C). For an infinite-
dimensional vector space V, the dual space V' no longer needs to be isomorphic
to V. What are the consequences for our bra/ket notation, where each bra vector
is an element of the dual space of L?(R, C)? Fortunately one can prove that
the dual space of L*(R, C) is again L%(R, C), hence there are no additional
complications.

A thoughtful reader may be surprised. Didn’t we just say that the Dirac
delta distribution is a linear functional? But now it should nevertheless not be
contained in the dual space of L%(R, C)? There are two reasons for this:

1. As a functional the delta distribution is not continuous. Were & ) con-
tinuous, this would imply: For each ¢ > 0 there is a 6 > 0 such that
O\(f) — 6x(Or.c) < €if || f — Or.cl| < 6. Butif we set f = fy with f)
as above: f)(x) =0forx # A, fA(A) =a and a > ¢, then

[f —Orcll = V{falfa) =0 <4, (3.107)
but ) .
0A(f) —0x(Or.c) =a > e. (3.108)

In finitely many dimensions, each linear function and each linear func-
tional is continuous, but not in infinitely many dimensions.

In order to make certain desirable theorems hold, the dual space is only
defined as the set of continuous linear functionals. Distributions however
need not be continuous.

2. That the f)-functions have norm zero poses a problem in mathematics.

For by definition, only the null vector—in our case Or ¢—is supposed to
have zero norm. One therefore defines functions in L%(R, C) as equivalent
if they differ only on a null set (a set of points with zero extension). By
this definition, f) is “the same element” of LZ(R, C) as ORr,c. This makes
also sense from a physical perspective: we will interpret the functions of
L%(R, C) (more precisely, the norm squared of their values) as probability
densities. In order to compute probabilities from that, one always has to
perform an integral. Functions differing only on a null set yield the same
result under integration.
But with this definition, the delta distribution is not even a functional on
L%(R, C) any more. For if fy is “the same element” of L>(R, C) as Or.c»
but 4 yields two different results (namely once a and once 0), then 5y is
no longer well-defined.
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In fact, in QM one mostly assumes that functions are not only square-
integrable but also continuous. This means we are working with LZ(R, C) N
co (R, €), the intersection of square-integrable and continuous functions.
Here, 5 A is well-defined again, since continuous functions never differ only
on a null set. In exchange one gets other problems, for the dual space of
L*(R, C) N CY(R, C) is no longer isomorphic to LZ(R, C) N C*(R, C). And
whether § A 1s continuous—and therefore belongs to the dual space—depends
on which norm one uses. With the L2-norm, defined via the integral, 5 \ 1S not
continuous. With the C°-Norm, defined as the supremum of the absolute value
of the function,

[1f1lco == sup(|f1]), (3.109)

5 \ IS continuous.

This mixture of several function spaces has led to the notion of the Gelfand
triple S(R, C) ¢ L*(R, C) C S*(R, C). Here S is a subspace of L2, namely
the space of “physically meaningful” functions, for which additional properties
hold (continuity, differentiability, maybe more). The dual space S* of S is
larger than L?, in particular it contains distributions like the delta distribution.
In bra/ket expressions ( f|g), ( f| can be an element of S* if |g) is an element
of S. Via (g| f) = (f|g)* the opposite constellation is also defined.

As you see, we easily get into hell’s kitchen if we try to take into account
each mathematical subtlety. Further problems arise with the question whether
or not we want to allow for functions with poles (like for example f(x) =
|x |_1/ 2e_xz). Such functions are not elements of L2(R, C), for there any real
value must be mapped to a complex value (and not co). Now if we include
functions with poles, b) A 1s again not defined for functions having a pole in A
etc.

As physicists, we rarely spend much time thinking about such subtle issues.
And this is for good reason. Not so much because it plays no role for calcu-
lations in practice. (We want to understand what we are doing, not just apply
cooking recipes.) Rather because in physics, any theory has to be considered
as an approximation in the first place, valid within a certain range of scales,
but losing its validity at some point. For example, we don’t know if space on
a scale of 10733 cm still has the same three-dimensional continuous quality as
on the scales we are familiar with. We cannot even say whether space contains
infinitely many points or if continuity is only an approximation used by us. On
the side of large scales, we don’t know if space is infinite. Therefore, many of
the distinctions which have to be made in an exact manner in mathematics are
not so relevant for physics. For instance, we calculate with the delta distribution
as a density distribution when we consider objects smaller than the resolution
of our best measurement devices. Or smaller than all other objects occurring

93
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in our calculation. Whether the object is indeed infinitely small or just tremen-
dously small is something we often cannot judge. Similarly, we don’t know
whether the Hilbert space of our universe is really infinite-dimensional or just
of tremendously large but finite dimension. For these reasons, we are well
advised not to get lost in mathematical subtleties.

Nevertheless I find it important for a physicist to understand the mathemat-
ical foundations too, and not just to sweep over everything vaguely. Accord-
ingly, this part of the book takes quite some space.

What does the derivative operator D look like in the x-basis? For that, we make
use of the derivative of the delta distribution, which is formally defined via its effect
on a differentiable function under the integral. One defines via partial integration

/ dx 8 (0) f (x) = —/ dx 8. (x) f(x) = — f (x0). (3.110)

It can then be conclude that
DY) = (x|D|x') = §'(x — x') (3.111)

(we write ¢’ (x —x”) synonymously to ¢’ , (x) and %5 (x —x")), because this is needed
for

(xID|f) = / dx' (x|D|x") (x| f) (3.112)
=/OO dx’icS(x—x’)f(x’) (3.113)
oo dx
o0 d
- —/ dx' —6(x —x) f(x) (3.114)
o0 dx’
= —/Oo dx' L5 — ) f() (3.115)
oo dx’
d
= ;f(x’)lx/:x = f'(x). (3.116)
X

This is how it has to be, since (x|D| f) means the derivative of f, evaluated at the
point x. In the above calculation we used the fact that

i5()6 —x) = —15@ —x), S(x—=x)=46(x"—x). (3.117)
dx dx’

The first is a standard rule for derivatives, which formally needs to hold also for
distributions. The second follows from d(x — x’) being real, in the sense mentioned
above, and thus (x|x’) = (x/|x).
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We have shown that the derivative operator D is antihermitian on L?(R, C). It
therefore has only imaginary eigenvalues. The eigenfunctions are obviously

gk (x) = «/%e”‘x (3.118)

with arbitrary k (the prefactor will become clear in a moment). Compare the dis-
cussion of the w-Basis in the previous section: there, only discrete values of k were
allowed, namely multiples of 7, for we were operating on the finite interval [—1, 1].
Now we don’t have such a restriction any more.

Unfortunately, the g are not contained in L>(R, C) though, since

/ dx gi (x)gk(x) =/ dx S = 00. (3.119)
00 oo 2T

They are again pseudo-vectors. As with the eigenvectors of X, one can however con-
struct square-integrable functions as linear combinations of the gi. The (continuous)
coefficients f (k) of a function f(x) are defined for any L2-function and are given
by the Fourier transformation of f:

Fo = (kI f) = J% /_ o; dx e £ (x) (3.120)

Here we denoted the vector gy as |k), similarly to |x) in the x-basis.
Do the {|k), k € R} form a pseudo-basis? Does {|k), k € R} span the entire
space L?(R, C)? This would imply that each L>-function f can be written as

Lf) =/ dk k) (k| f), (3.121)
in particular
fx) = (x| f) =/ dk (x|k) (k| f) (3.122)
— L/OO dkeikxf(k) (3.123)
C V2r ) ' '

This is just the inverse Fourier transformation. The Fourier integral theorem says
that this condition is fulfilled if f(x) obeys the Dirichlet conditions on each finite
interval. Functions where this is not the case are again such a mathematical subtlety,
but don’t play any role in QM, and so we don’t consider them any further. With a
more or less clear conscience, we thus treat the {|k), k € R} as a pseudo-basis of
L*(R, C).
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Plugging (3.120) into (3.123), we obtain

1 oo

fx) = dk e** / dx' e & £(x") (3.124)

2 oo

/OO dx’' (L /OO dk e”‘(x—X’>) F(x). (3.125)
o0 21 J_ o

Apparently, the expression in brackets has the same effect on a function f as the
delta distribution; hence we formally set

1 o[
— dk &) = §(x — x). (3.126)

27 ) oo

This is true only in a very formal sense, for ¢/K* - s actually not integrable in the
limits +o0, since the function does not converge there.
With this relation we can show that {|k), k € R} is an orthonormal basis:

o0
(k|K') = i/ dx &%= — 5’ — k) (3.127)
271 J_ oo

We say orthonormal, not just orthogonal, for we define orthonormality in a continuous
(pseudo-)basis just by (3.127), as a generalization of the discrete (i|j) = J;;. We
have thus met two continuous orthonormal bases of L2(R, C): {|x), x € R} and
{Ik), k € R}, which are related via Fourier transformation. The elements of the first
basis are the pseudo-eigenvectors of the X-operator, those of the second basis are
the pseudo-eigenvectors of the D-operator.

Similar to the x-basis, we can represent the unit operator in the k-Basis,

Liw = (k1K) = 5k — k'), (3.128)

o0 o0 o0
1 =/ dk/ Ak’ k) e (K] :/ dk k) (k] (3.129)
—00 —00 —00

and hence derive the scalar product in the k-basis by inserting a one:

o0

dk (fk)(klg) =/ dk f*(k)g(k) (3.130)

—00

(Flg) = (F11lg) =/

—00

The scalar product ( f|g) is, of course, basis-independent, implying

/ dkf*(k)g}(k)=/ dx f*(x)g(x). (3.131)

—00 —
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In particular, f is square-integrable as a function of k if f is as a function of x, and
vice versa.
The D-operator is diagonal in the k-basis,

DIk) = ik|k), (3.132)
DY) = (kIDIK'y = ik'6(k — k). (3.133)
On a function £ (k), D acts by multiplication with ik:
(Df)(k) = (kID|f) = /_o; dk' (k|DIk') (K| f) (3.134)
= /Oo dk' ik'§(k — k') f (k') = ik f (k) (3.135)

What does the X-operator look like in this basis?

X0 = (kIX|K) / dx/ dx’ (k|x) (x| X |V K (3.136)

=/ dx/ dx’ e R/ §(x — x)etk (3.137)

= [T et ik (3.138)
21 J_ oo
d (1 [ .., d

=i—— dx =) =i Z 5k — k' 3.139
"k (m/oo re TR (3.139)

The action on f (k) is thus, analogous to the D-operator in the x-basis (cf. 3.112—
3.116):

X f (k) = (kIX| f) =/ dk' (k| XKV (K| f) = i f (k) (3.140)

Between the X- and the D-operator and between the x- and the k-basis therefore
holds an almost miraculous relation: The X-operator acts via multiplication in the
x-basis and via differentiation in the k-basis. The D-operator acts via differentiation
in the x-basis and via multiplication in the k-basis. This is all very nice!

By its effect on a function f, we determine the commutator of X and D, which
we will need later for the Position-Momentum Uncertainty:

d d
[X, D]f(x) x—f(X)— G Jf(x)) (3.141)

d
- ( )f(x)—x—f(x) ) (3.142)
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Hence
[X, D] =—-1. (3.143)
We will now show that
[V(X), D] = -V'(X) (3.144)
for a power series
V(X) =D a,X". (3.145)

This commutator will become relevant when we discuss the momentum operator of
a system in a position-dependent potential V (x). By induction we first show

[X", D] = —nX""L. (3.146)

For n = 1, this statement is identical to (3.143). Assume the statement is valid for
n — 1. Then

[X",D]=X"D — DX"
=X"'XD-Xx"'"DXx+ X" 'Dx - DX"'x
= X""'[X, D]+ [X"!, DI1X
= X" m-1Xx"2%Xx
= —nXx"L.

With (3.146) follows
[V(X). D] =D au[X". D] = =D ap(n— DX""' = -V'(X).  (3.147)

We summarize the most important properties of X, D, |x) and |k):

Properties of X, D, |x) and |k)

e Eigenvalues:
X|x) = x|x), Dlk)=ik|k) (3.148)
e Orthonormality:

(x|x"y = 6(x —x"), (kK'Y =5k — k') (3.149)
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e Completeness:
1= /OO dx |x){x| = /OO dx |k) (k| (3.150)
e Fourier transformation:
F#) = (k1) = JLZ_W / Z dx eI £ (x) (3.151)
f@) = (x|f) = \/% /_ _dk e f k) (3.152)

Scalar product:

o]

(flg) =/ dx f*(x)g(x) =/ dk f*(k)g(k) (3.153)

e Action on functions:

(XF)(x) = (x|X|f) = xf(x) (3.154)
(Df)(x) = (x|D|f) = f'(x) (3.155)
(X@(k) = (k|X|f) = if/fk) (3.156)
(Df)(k) = (k|D|f) = ik f (k) (3.157)
e Commutator:
[X,D]=-1, [V(X),D]=-V'(X) (3.158)

Self-check questions:

1. What are the pseudo-eigenvectors of X and D?

2. In what sense do they form an orthonormal pseudo-basis of the space of square-
integrable functions?

3. How is the Fourier transformed function f (k) of f(x) defined? How do X and
D acton f?
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3.4 Position and Momentum Operator, Correspondence
Principle

After such a lengthy preparation of tools, we finally return to quantum mechanics.
We begin with the Hamilton formalism of classical mechanics for a point particle
moving in one dimension in a potential V (x). The associated Hamiltonian function
h is a function of the variables x and p, where x is the position and p the momentum
of the particle (we only use the Hamiltonian function in this most simple form),

2

h(x, p) = é’—m + V(). (3.159)

This function obeys Hamilton’s equations,

dx  Oh dp  0Oh

dt — 9p’ dt — ox’ (3.160)
The first equation implies that the velocity dx /dt of the particle equals momentum
divided by mass. The second equation implies that the force dp/dt accelerating the
particle equals the negative derivative of the potential.

In QM the observables x and p have to be replaced by operators, and the state of
a particle is described by a vector |v) in the Hilbert space L%(R, C). The function
1(x) is called wave function, for reasons that will become clear in a moment.

Associated with the observable x is obviously the X -operator we have extensively
discussed in the previous sections: The set of eigenstates are the elements {|x), x €
R} of the x-basis, where the particle is “sharply” localized on one point in space.
The corresponding eigenvalue is x, the position of the particle in this state, the
result of a position measurement. Since |x) is not square-integrable, it is only a
pseudo-state. The particle can never be in such a state, because it is not contained
in the Hilbert space L%(R, C). But by the second postulate of QM it should be,
since a measurement always projects on an eigenstate. We conclude that an exact
measurement of position is simply impossible. In practice, a position measurement
always has a finite resolution. After such a measurement the particle has a new state
|Yn), a square-integrable wave function, for example a Gaussian function whose
width corresponds to the resolution of the measurement.

In the following, we always use normalized wave functions, i.e.

() = / dx B Ov() = 1. (3.161)

The probability to find the particle in the interval [xg, x1] is

X1 X1
/ dx (Y|x) (x[1)) =/ dx ¥ (x)p(x). (3.162)

0 0
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We thus interpret the norm squared ¢*(x)1(x), of ¢ as a probability density of
the particle. Here || x); " dx |x) (x| is the projection operator which restricts the wave
function to the interval [xg, x1].

The expectation value for the position of the particle is

o0

(X)yp = (WIX]) =/ dx x | (). (3.163)

Now what about the momentum operator P associated with the observable p?
Since classical mechanics is quite a good approximation on macroscopic scales, we
demand that Hamilton’s equations are at least retained as equations for the expectation
values. This requirement leads to the

Ehrenfest Equations
d(X) OH d(p)  OH
dt _<8P>’ dt <8X)’ (3.164)

Here OH /0P means the operator associated with the quantity 9h/Jp, and sim-
ilarly for OH/0X. For the value of the Hamiltonian function / is the total energy
of the particle (kinetic plus potential energy), and this observable is in QM associ-
ated with the Hamiltonian operator H. This operator is made of combinations of the
operators X and P, in the same way as & is made of combinations of x and p. This
last statement is also known as the Correspondence Principle.

In the case & = p?/(2m) + V (x), one has

P2
H=— +V(X) (3.165)
2m

For V (X) to be well-defined, we have to assume that the potential V is a polynomial
or power series in x, so that we can define V (X) as the same polynomial or power
series in X (since, for instance, the square root of an operator is in general undefined).
In practice, we will have to extend the definition beyond power series though: on the
level of wave functions we simply define V (X) as the operator which multiplies ¢ (x)
with V (x). For polynomials and power series, this definition is obviously equivalent
to the previous one. In fact, only a single one of the potentials we will discuss can be
represented as a polynomial or power series: the potential of the harmonic oscillator,
V(x) = ax2.
The Ehrenfest equations now read
d(x) _(P)  d(P)
t

- S =), (3.166)
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Here V'(X) is the operator associated with the quantity V'(x), where similar con-
siderations hold as for V(X). With d(X) /dt we identify the velocity of the particle,
with d(P)/dt the force accelerating it.

Comparing the Ehrenfest equations (3.166) with the Ehrenfest theorem (2.235),
we see that for an arbitrary potential and for each state |¢0) the following equations
have to hold:

ih ,
(X, H]) = ;(P), ([P, H]) = —il{V'(X)) (3.167)
Due to [ X, V(X)] = 0, the left hand side of the first equation becomes

1
([X, H]) = —([X, P?]) = S —{IX, PIP + PIX, P]). (3.168)

1
2m m
Hence, the first equation in (3.167) is obviously fulfilled if
[X, P]=ihl, (3.169)

a constant multiple of the unit operator. This commutator relation holds, due to
(3.143), if we set

P = —ihD. (3.170)

We choose this as our ansatz for P and check whether this leads to a proper result in
the second equation of (3.167). The left hand side is then (since [P, P%] = 0) equal
to —iR{[D, V(X)]), and from (3.144) follows that this equals —ii{V’(X)). So, we
found our momentum operator! Since D is hermitian on LZ(R, C), P is hermitian,
as required.

The logic of our derivation was as follows: We know that in macroscopic physics,
where one can almost always replace quantum mechanical quantities with their aver-
age values, the Hamiltonian equations of classical mechanics hold. The quantum
mechanical quantities therefore have to obey these equations in terms of their expec-
tation values, that is, the Ehrenfest equations. In combination with the Ehrenfest the-
orem, which follows directly from the QM postulates, one can deduce the momentum
operator from that, P = —ihD.

Most other textbooks proceed differently to obtain P. They typically use one of
these two ways:

1. They postulate the momentum operator in the above-mentioned form, usually
as an additional fundamental postulate of QM, and then show that the Ehrenfest
equations hold.

2. They start from the observed matter waves (we will discuss them in a moment)
and derive the P-operator from that. The Ehrenfest equations again follow as a
consequence.

In the end, all arguments lead to the same result, and it is a matter of taste which one
to follow.
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Self-check questions:

1. What do the Ehrenfest equations say and why should they hold?
2. How does the momentum operator act on a wave function?
3. What is a probability density?

3.5 Matter Waves and Wave-Particle Duality

The pseudo-eigenstates of the momentum operator are those of the derivative operator
D, but with eigenvalues multiplied by the factor —i /. The pseudo-eigenstate | p) for
the momentum eigenvalue p is, written as a wave function, a wave,

ehx, (3.171)

Yp(x) = (x|p) = S

and for the wavenumber k one obtains the de Broglie relation
p = hk. (3.172)

The normalization factor 1/+/27h was chosen such that the p-basis is orthonormal,

o0

270 ) o

'—p

(plp)y = dx e "7 = 5(p' — p). (3.173)

To prove this, substitute y = x /i and compare with (3.127). The wave function 1/? in
the momentum basis can be written as a function of p or k, incorporating the factor
h in the correct way:

00 1 00 -
Y(x) = (x[) =/ dp (x|p)(plv) = «/ﬁ/ dpe'm(p) (3.174)

- ,/i/oo dk e* k) (3.175)
27 J_ o

In the second line dp = h dk was used. Similarly one has

o]

B(p) = (pl) = / dx pla)el) = ﬁ /_ dee"f’iw(xx (3.176)

or, expressed as a function of k,

/ dx e (). (3.177)

~ 1
k =
v V21h J -0
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The last equation says, in accordance with (3.175), that @(k) is the Fourier transform
of ¢ (x), multiplied by 1/+/h.

In the momentum basis, the momentum operator acts via multiplication with p.
From

P|p) = plp), (pIP = p(pl (3.178)

follows

(PY)(p) = (pIPIY) = plplY) = pid(p). (3.179)

The position operator in the momentum basis is derived along the lines of equations
(3.136)—(3.140), one only has to take care of factors 7:

1 oo /

(plX|p) = oy dxe vy el ™ (3.180)
T J—c0
h o0 . .
= — dye Yy Py (3.181)
27 J_ o
d 1 [ .- d
=ih— —/ dy P =PV =ih—38(p—p), (3.182)
dp \27 J_» dp

where we substituted y = x /A in the second step, and thus

e¢]

- d -
(XP)(p) = (pIX|Y) =/ dp' (p|X|p")(p'If) = ihﬂw(m (3.183)

—00

Altogether we have:

Action of X and P in Position and Momentum Space

d
Xyp(x) = x @), PY(x) = —ih——(x) (3.184)

- d - - -
X¢(p)=iﬁ5¢(p), PY(p) = p(p) (3.185)

Just as with position eigenstates |x), the pure momentum eigenstates |p) cannot
occur in nature, since they are not square-integrable and therefore not contained in the
Hilbert space. Momentum measurements always have, like position measurements,
some uncertainty, and the result of an actual measurement is a square-integrable
momentum wave function with a non-vanishing width around the measurement
result pg.
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Due to the Heisenberg Uncertainty Relation (2.214) and the known value [ X, P] =
ih we have the

Position-Momentum Uncertainty

| St

(AX)y(AP)y > (3.186)

It says: the smaller the width of a wave function 1 (x) in position space, the larger
is the width of 1[1( p) in momentum space, and vice versa. Applying the Position-
Momentum Uncertainty to the state after a position or momentum measurement, one
gets the following statement: the more precise the position of a particle is measured,
the fuzzier its momentum is made by this, and vice versa.

We want to comprehend the Uncertainty Relation for a Gaussian wave packet
i.e. for a momentum wave function of the form

_02(1’*170)2
Vo e w2 . (3.187)
Vil /4

This function describes a Gaussian distribution peaked at pg, with a prefactor that
normalizes it to 1 (Fig.3.1),

PD(p) =

o
(1) =/ dp [9(p)* =1, (3.188)
—00
since
o y2
/ dye @ = 4/ma. (3.189)
—00
Fig. 3.1 Gaussian wave 7
packet in momentum space, b (p)
peaked at pg

Ppo
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We first compute (P), and (Pz)w:

(P)y = (W|P|) = / dp p li(p)* (3.190)
o oo 7{72(1)7110)2
= ﬁ/ dppe 2 (3.191)
o 755 _o2g?
= ﬁ/ dq(q+ po)e »? (3.192)

with ¢ = p — po. The first term amounts to 0, as an integral over an odd function,
and the second term leads to

(P)y = po. (3.193)
Similarly for (Pz)w:
o © 7‘72(17*p())2
(Phe = ﬁ/ dppre (3.194)
—0Q
g « 2 2 _a2g
= ﬁ/ dq (g~ +2qpo + pyle »* (3.193)
—0Q

The second term vanishes (integral over an odd function), the third one gives p(z). For
the first term we use

o 2 y2 a
/ dyy e @« =./ma - (3.196)
o0 2
and finally obtain
2 2 I
(POl =po+ 53 (3.197)
This results in the momentum uncertainty
h
(AP)y = /(P2 — (P)2 = —. (3.198)
¢ o2
Next, we calculate the wave function in position space
00 b~
v =5 [ dpeT(p) (3.199)
—00
o0 _(TZ(P—P())2 P
- % dpe a2 TR (3.200)
a —00
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\/E i 20y o 7ﬁ+i1x

= —2¢'n dge 2% " h (3.201)
3/ -
L7 g [ gg o)

= el rnte 202 dge 2% o2 (3.202)
3/ -

- ﬁei’;{)xe_;:z. (3.203)
aTm

In the last step we have used that the Gaussian integral (3.189) still amounts to /7a if
the line of integration is shifted in the imaginary direction. The position wave function
is thus again a Gauss function, but with an additional oscillation exp(ixpg/F). This
oscillation is just the one of the momentum pseudo-eigenstate | pg).

Since in the expectation values (X), and (X 2)1//, only the square of the absolute
value of ¢ appears, e.g.

e¢]

(X)y = (VI X]e) = / dx x 0O, (3.204)

the oscillation factor is irrelevant for them. One gets, similarly as for P,

(X)y =0, (3.205)
o2
(X%)y = —, (3.206)
2
(AX)y = — (3.207)
= ﬁ .
and hence
h
(AX)y(AP)y = 5 (3.208)

So, for the Gaussian wave packet the minimal uncertainty allowed is obtained. In
this case the Uncertainty Relation goes back to the fact that the width of a Gauss
distribution and the width of its Fourier transform are inverse to each other.

Exercise 3.10 _
Compute (X)y and (X z)w using the momentum wave function 1 (p).

Exercise 3.11
Compute (P), and (P2)1/, using the position wave function (x).
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Exercise 3.12
Repeat the calculation of expectation values and uncertainties for the case that
1 (p) contains an additional factor exp(—ipxg/h).

It is the parameter o which determines whether the quantum object (an electron or
a photon, for instance) represented by |¢)) behaves more like a wave or a particle (or
something in between). If ¢ is small (where “small” is to be understood in relation
to the experimental conditions, for example small compared to the resolution of the
measurement device), the position wave function ¥ (x) therefore narrow, then the
object resembles a property of a classical particle: It is approximately localized at a
certain position, i.e. the probability to find it somewhere else almost vanishes.

Some other property of a classical particle is missing though: It doesn’t have
a certain momentum. The momentum wave function 1[)( p) is broad, i.e. when the
momentum is measured, a broad range of results is possible. A state with a sharp
position is a state with fuzzy momentum.

If o is large, the object behaves more like a wave: It is spread over a large amount
of space and oscillates (with wavenumber p/h), so that interference patterns can
occur. When this behavior is observed for objects which we are classically used to
consider as matter particles (electrons, for instance), one speaks of matter waves, in
contrast to, say, electromagnetic waves, which have revealed their wave properties
much earlier in the history of physics. Instead, the surprise with electromagnetic
waves was that they also consist of quanta, the photons, and therefore have particle
properties too.

The distinction from classical physics between force fields and matter particles is
abolished in QM. Everything consists of quanta (however, the exact meaning of this
“consists of” is quite complicated and some aspects of it quite controversial), be it
matter or light or force fields of any kind. All of these quanta can appear in a spatially
localized, particle-like way, or in a wave-like way, or in different ways where they
are neither sharply localized in position nor momentum space, as for example the
photons of an ordinary magnetic field (the magnetic field is neither restricted to one
position in space, nor does it have the properties of a wave).

Only for gravitation, the quantum nature is not yet verified. Here we have the
additional complication that gravity is, according to general relativity, not really a
force field in the usual sense, but a side effect of spacetime geometry. Whether it is
possible to construct a quantum theory of geometry in the same way as for ordinary
force fields, is still an open question.

But what is it that oscillates in a matter wave? It is the probability amplitude ¢/ (x),
whose squared absolute value represents the probability density of the object. In an
electromagnetic wave, on the other hand, electric and magnetic fields oscillate. The
probability amplitude of the photons constituting the wave oscillates in accordance
with these fields. For the double slit experiment, the bright stripes on the screen
have therefore two meanings:
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1. The field amplitudes interfere constructively, i.e. the wave is particularly strong
there, the light particularly bright.

2. The probability amplitudes of the photons interfere constructively. The probability
to find photons in this place is thus larger than elsewhere, i.e. particularly many
photons hit the screen there. Each bright point on the screen represents a position
measurement of a photon. The screen is the measurement device of the position
operator, where the position uncertainty o after the measurement is given by the
width of the “pixels” on the screen. Through this measurement, the wave-like
state of the photon (wavelength and therefore momentum is sharp) is turned into
a particle-like state (position is sharp).

The experiment becomes especially impressive, when at every moment only one
photon is one the way. Then it is only the wave function of this single photon which
interferes with itself. One part of the probability wave “streams” through the one
slit, another one through the other slit, and both parts interfere with each other. In
the position measurement at the end (photon hits screen) only a single point gets
bright. This cannot be explained with the first of the two mentioned interpretations
(interference of field amplitudes) Only after a large amount of photons have hit the
screen, the interference pattern emerges, step by step.

Unfortunately there is a little semantic confusion: Often the quantum object itself
is denoted as a “particle”. One says the electron or the photon is a “particle”. This
language convention leads to the confusing statement that a “particle” has both wave
and particle properties. This blunder is due to different understandings what exactly
is to be considered as a particle property. In our discussion above we meant particle
in the sense of an object that is localized within a small spatial volume, i.e. the spatial
localization was crucial for us to speak of a particle. For the pioneers of QM, however,
already the fact that light comes in quanta, i.e. in certain portions (the photons), meant
to them the “particle aspect” of light, which lead to denoting a photon as a “particle”.

Self-check questions:

1. What are matter waves? What is the de Broglie Relation? What does it mean?
2. What does the Position-Momentum Uncertainty Relation say?
3. How do you determine expectation values in position and momentum space?

3.6 Schrodinger Equation in One-Dimensional
Position Space

For the moment, we are concerned with a single quantum object in one spatial
dimension with a time-independent potential V (x). In the x-basis, the effect of the
Hamiltonian operator on a state |¢)) is given by
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2
[(; + V(X)) w} (x)
m

h d?
= P(x) + V() (x). (3.209)

 2mdx?

(x|H|p) = (Hip)(x)

If we now want to determine the time dependency of the state, i.e. consider the family
|1 (t)) instead of the fixed |7)), we use the Schrodinger equation in one-dimensional
position space, which follows directly from (3.209) and (2.144):

'ha = i t \% 3.210
i, 1) = =5 e ) + V@D D) (3.210)

The associated eigenvalue equation (stationary Schrodinger equation in one-
dimensional position space) reads

n? d?
- 2——2w(x) + V() (x) = EY(x). (3.211)
mdx

In general, we will find two kinds of solutions of this equation:

1. Discrete spectrum: The eigenvalues E are discrete. The corresponding eigen-
functions 1 are elements of the Hilbert space, and thus square-integrable.

2. Continuous spectrum: The eigenvalues E are continuous. The corresponding
eigenfunctions 1 are not elements of the Hilbert space, they are not square-
integrable. But by integration, square-integrable wave functions can be con-
structed out of them.

Often we will find that there are two limit energies En, and Ef, such that:

e there are no eigenvalues with £ < Epjy.

e the spectrum for Eni, < E < Ef is discrete (bound states), with Ei, being the
energy of the ground state.

e the spectrum for Er < E is continuous (free states or scattered states).

This behavior is well-known from atomic physics. Free electrons which are not
bound to an atom have energies £ > Ef = 0. They can escape “to infinity” or
they come from infinity and are scattered by the atom. Then there is a spectrum
of negative binding energies corresponding to the several shells of an atom. The
innermost shell represents the minimal energy Epj, an electron can have in this
atom. For the hydrogen atom, we will solve the Schrodinger equation exactly. For
all higher atoms, numerical approximations are required.

The stationary Schrodinger equation (3.211) is real in the following sense: If
the entire equation is complex conjugated, the only effect is that ¢ becomes 1)*.
It follows that the complex conjugate ©*(x) of any solution (x) of the stationary
Schrodinger equation is also a solution. This has the pleasant consequence that we
can restrict our search for solutions to real functions. This is because searching for
1 and 1* is equivalent to searching for the real functions Re(vy)) = %(w* + 1) and
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Im(y) = %(w* — ). The Schrddinger equation is linear, i.e. linear combinations
of solutions are again solutions. This applies in particular to Re(¢’) and Im(2)).

The corresponding time-dependent wave function ¢ (x, t) is then a product of a
phase factor depending only on ¢ and a real function depending only on x:

Bx, 1) = e (), (3.212)

where we have taken the freedom to denote both time-dependent and time-
independent wave function with the same letter .

Anexample: For the free particle, V (x) = Oinall of R, the energy eigenfunctions
with eigenvalue E are obviously identical to the momentum eigenfunctions with
eigenvalue p, where E = p?/(2m), or p = £+/2mE. Hence, for the eigenvalue E
there are two solutions, one for positive and one for negative momentum, related by
complex conjugation:

V2mE

w(x) — 1 eikx’ w*(x) — ;e—ikx’ k —

(3.213)
V2mh V2mh h
The real functions
P1(x) ! Re(¢)(x)) ! k (3.214)
x) = — Re(y(x)) = coskx, .
1 2 2J7h

o (x) = % Im((x)) = 2%/% sin kx (3.215)

(the factor 1/+/2 is required for normalization) are also solutions for the same energy
eigenvalue E. They are, however, not eigenstates of momentum, for each of the two
functions have equal contributions from both p = ++/2mFE and p = —+/2mE. The
corresponding time-dependent wave functions describe standing waves (peaks and
troughs don’t move):

—lEI _ —lét .
e 'R coskx, Py(x,t)= e '"'sinkx (3.216)

1 1
¢1(x,t)—2m W

Each solution of eigenvalue E is a linear combination of these two solutions,

b, 1) = e T (a cos (3.217)

with a, 3 € C.
The norm squared of the wave function,

plx, 1) = [ih(x, D)2, (3.218)
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is the spatial probability density of a quantum object. A system is in motion if p
changes with time. For energy eigenstates, the only time dependency is in the phase
factor exp(—i Et/h), which is irrelevant for p. Hence, there is no real motion. At any
place, the probability density is unchanged with time. Even if the expectation value of
the kinetic energy is positive, there is no motion at all in the system! Due to the Ehren-
fest equations (3.164), (P),, therefore has to vanish for energy eigenstates, otherwise
(X ). would change with time. This statement holds for the discrete eigenstaes, for
only these are elements of the Hilbert space. The continuous pseudo-eigenstates, like
1 ~ exp(ikx) for the free particle, do not have well-defined expectation values. Even
for a momentum eigenstate |p), it would be misleading to say that its momentum
expectation value (P) is p: the Ehrenfest equations would then suggest that there is
a motion, (X) = p/m. However, this is not the case: eigenstates of momentum are
motionless.

Now let’s consider generic states. What can we say about the time evolution of
p? With help of the Schrodinger equation and its complex conjugate we find:

0 h
—ww) ( zp)ww Y=o (azww wazzb) (3.219)

The term with the potential is canceled. In contrast to the time derivative of 1), the
time derivative of p does not depend on the potential, but only on the current shape of
1. The expression in brackets on the right hand side is, up to a sign, the x-derivative of

h 0
jx. 1) = (w (x, t) z/J(x, 1) —P(x, t)aw*(x, t)) . (3.220)

The funtion j is the probability current density. In combination with p it obeys the
continuity equation
0 0
—p+—j=0. 3.221
5t o = ( )
The structure of the equation is analogous to the continuity equation in electrody-
namics. We will discuss it further when we generalize to three dimensions.
The continuity equation also holds for pseudo-states—there are no statements
about expectation values included.

Exercise 3.13

Show that for the state | p) with the wave function

Y, (x) = exp(ipx/h)/~/2mhone has j(x,t) = p/(2mmh), which is indepen-
dent of x and ¢, and the time derivative of p vanishes. As expected, the current
is proportional to momentum but doesn’t lead to a movement of p.
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For real wave functions 1(x), already j vanishes (see 3.220), and the time deriv-
ative p thus all the more. Such a state is therefore “even more stationary” than | p). If,
however, the real-valued wave function under consideration is not an eigenfunction
of the Hamiltonian operator, this property (being real-valued) holds only for a single
moment. The time evolution according to the time-dependent Schrodinger equation
changes the state ¢(x, 7), a current is created, and hence a change of p. This means
that the first time derivative of p vanishes at this very moment ¢t = #(, but not the
second derivative with respect to time. The state is stationary only for this single
moment, but not stationary in the usual sense (i.e. permanently, as an eigenfunction
of H).

Self-check questions:

1. Can you write down the Schrédinger equation in one-dimensional position space
(time dependent/stationary)?

2. Why is it always possible to choose eigenfunctions of a given energy eigenvalue
real-valued?

3. What is a probability current? What does the continuity equation say?

3.7 Several Space Dimensions

If the quantum particle moves in d dimensions instead of just one (the standard case is
d = 3,of course), then the underlying Hilbert space is L>(R?, C), the space of square-
integrable functions from R? to C. We specify a point r of a d-dimensional space by
d cartesian coordinates (xp, ..., x4). Associated with each of these coordinates is a
separate X- and a separate P-operator:

o)
Xip(r) = xip(r), Piyp(r) = —ihaw(r) (3.222)

The multiplication of different coordinates commutes, i.e. the order of multiplica-
tion is irrelevant. Similarly, partial derivatives with respect to different coordinates
commute. The commutators are thus

[X;,X;1=0, [P, P;1=0, [X;, Pj]=ihd;l. (3.223)

Exercise 3.14
Prove the last one of these three relations.
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Nerd’s Corner 3.2

The commutator relations (3.223) have the same structure (up to a factor i i) as
the classical Poisson brackets for the coordinates and momenta. The Poisson
brackets are defined in the following way: Let f (r, p, t), g(r, p, ¢) be functions
of the coorinates, the momenta, and of time. Then

9f 89 Of 9g
=) == = 224
(f.9) Z B Bpi ~ Bp; Bx, (3.224)

Exercise 3.15
Show that

{x,-,xj}={pi,pj}=0, {xi,pj}=5,-j. (3.225)

There are subtle connections between the Poisson brackets of classical mechan-
ics and the commutators of QM. For example, one has

af of
i {f, h)+ o (3.226)

where A is again the Hamiltonian function. Compare this with the Heisenberg
equation (2.231)!
A canonical transformation is a transformation

xi = x/(r,p, 1), pi — pi(r,p,1), (3.227)

for which the Poisson brackets (3.225) still hold in the new variables. This
property is inherited to the commutators of the associated operators. One can
then rewrite the wave function as a function of the new variables {x; }. The
operators { P/} then act again via 0/0x;.

Exercise 3.16
Show that in one-dimensional space the transformation

x—>x'=p, p—>p =—x (3.228)

is canonical. In this way, find a deeper reason for the behavior of X and P in
momentum space, (3.185).

We define the vector operators P and X as d-tuples P = (P, ..., Py) and
X = (X1, ..., Xq), respectively. “Scalar products” like P2 or P - X are defined in
analogy to the “normal” scalar product, e.g. P> = Pl2 4+ Pj. The result is now
an operator, of course, not a number.


http://dx.doi.org/10.1007/978-3-319-24526-3_2

3.7 Several Space Dimensions 115

The position eigenstate |r’) is a simultaneous eigenstate of all X-operators, with

eigenvalues (xi, ..., x)). The corresponding wave function is a product of delta
distributions,
e (r) = (r|r') = 6(x1 — x))0(x2 — x3) -+ - 0(xg — x). (3.229)
The momentum eigenstate |p) is a simultaneous eigenstate of all P-operators, with
eigenvalues (p1, ..., pq). The corresponding wave function is, in position space:
Up(®) = (rlp) = ————eFPT (3.230)
P (2rh)d/2 ‘

Each dimension has a separate Fourier transformation:

e FPIxI e P2x2 o Paxd
)= [ dpy — Nors dszm dpg ——— Nors P(p)  (3.231)
'/T
W/d peRPT Ji(p) (3.232)

The Hamiltonian operator now reads

(r|H|yp) = (Hi)(r)

P2

[(2— + V(X>) w] )
m
2

= —E—Aw(r) + V(r)y(r), (3.233)
2m

where A is the Laplace operator in d dimensions,

82
A= —hp + - 3.234
G o (G 6‘x§ 1/J ( )
The time-dependent Schrodinger equation reads:
Time-Dependent Schrodinger Equation in Position Space
.d h?
ih—(r,t) = ——AY(r, t) + V(r)(r, t) (3.235)
dt 2m

The stationary Schrodinger equation reads:
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Stationary Schrodinger Equation in Position Space

hZ
- %Aiﬁ(r) + V@) = EY(r) (3.236)

The statements about discrete/continuous spectrum and about real solutions are
still valid.
The probability current density (3.220) becomes

h
e, = %w*(r, HV(r, 1) — Y, HVYH(r, 1)) (3.237)

and the continuity equation reads:

Continuity Equation

%p(r, H+V-j, 1) =0, (3.238)

where .
p=1y"Y, j= TW’*W’ — YVY*). (3.239)
mi

With the help of Gauss’s theorem, the continuity equation can be brought into an
integral form. Let V be a finite region of R? and S its surface. Then Gauss’s theorem
says that

/ddxv-Azjfds-A (3.240)
\%4 S

for a vector field A. Applied to the current density and the continuity equation, this
leads to

d
—/ddxp+j§ds-j=0 (3.241)
dt Jy s

with the following interpretation: The probability to find the quantum particle in the
region V is reduced by the probability current flowing out of V.

An interesting form of the continuity equation is obtained if v is split into absolute
value and phase,

b(r.1) = A(r, e ST, (3.242)
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with real functions A and S. The probability density p and the current j then have
the form

VS
p=A% j=A>"=. (3.243)
m
From this one concludes that
u=VS/m (3.244)

is akind of flow velocity, similarly to electrodynamics: there, the current density is the
product of charge density and flow velocity. Here the charge density is replaced by the
probability density p = A2. For an eigenstate of momentum, |p), the interpretation
of VS/m as a flow velocity is more obvious: now S = p - r, hence VS = p. If we
plug these expressions into (3.238), we obtain the following form of the continuity
equation:

dp

ot VP utpVu=0 (3.245)

This form is well-known from hydrodynamics: the local change of density is a com-
bined effect of the spatial change of density in the direction of flow (more or less
dense amounts of fluid stream into the point r) and the local variation of the flow
velocity (compressing or decompressing the fluid). In this sense we can interpret the
quantum particle as a streaming fluid—which however collapses into a single point
at the moment of a position measurement.

Rewriting p and u in terms of A and S, one gets, after cancellation of a factor A:

0A
ZmE +2VA-VS+aAS=0 (3.2406)

This is just the imaginary part of the Schrodinger equation (3.235), after inserting
(3.242). The real part of the Schrédinger equation gives

os (VS)? Ly h* AA
o 2m S 2m A

(3.247)

In many realistic situations, the expression on the right hand side is much smaller
than the expressions on the left hand side. The oscillation of the phase of the wave
function in space and time by far outweighs the variation of its amplitude. The
classical approximation is then defined by ignoring the term on the right hand side:

@ n (VS)?
ot 2m

+V=0 (3.248)
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Inserting the expression for the flow velocity u, we obtain

8S  mu?
— +—+V =0. 3.249
or + > + ( )

Taking the gradient and again replacing V.S by mu, one gets

m (g—l; +u- Vu) +VV =0. (3.250)

The expression in brackets is the total time derivative du/dt of the velocity of a
particle streaming with the flow (not of the quantum particle, but an element of the
fluid, if we imagine the quantum object as as streaming fluid). The change of the
velocity of the flowing element of the fluid is a combination of the change of the
velocity of the fluid at a given point, Ju/0t, and the spatial variation of the velocity
in the direction of motion, at a given time ¢, u - Vu. This reduces to the classical
equation of motion

du

m— = VV. (3.251)
In the classical approximation, the Schrodinger equation is therefore nothing
else but the description of a streaming fluid moving in the classical potential V.
This holds only as long as no measurement takes place. In the moment of a mea-
surement, the fluid instantaneously changes its distribution. During a measurement
of position, for instance, it is suddenly compressed into a tiny amount of space. The
expression on the right hand side of (3.247) can be considered as a correction term
to the classical motion of the fluid.

Nerd’s Corner 3.3

There are further connections we want to mention here between (3.248) and
classical mechanics as well as geometric optics: Equation (3.248) is nothing but
the Hamilton-Jacobi equation for a classical particle in the potential V. This
equation originates from the Hamilton-Jacobi theory of classical mechanics,
a tool used to solve some complicated problems in an elegant way. It replaces
momenta with gradients of a so-called principal function S(r, ), p = VS.
With (3.248), S becomes the generating function of a canonical transformation,
where in the target system the Hamiltonian function is # = 0, so that all
equations of motion become trivial. The new coordinates Q; are then arbitrary
constant and are identified with the initial conditions of the system at time
t = ty, Q = r(fp) = rp. In the computation of S, the Q; appear as constants
of integration, and one writes S = S(r, ro, 7, f).
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A possible solution S of the Hamilton-Jacobi equation is the classical action,

t

S(r, ro, t, tp) :/ Ldt, (3.252)
1

0

where L is the Lagrangian, to be evaluated for the classical trajectory of a
particle, located at r for 7o and at r for ¢. This solution can be carried over to
the classical approximation of QM: the classical action (with arbitrary 7o, ro
as parameters) is a solution of equation (3.248), i.e. for the phase of the wave
function 1. We will meet this connection between action and phase again when
we discuss the path integral (Chap. 13).

Furthermore, there is a connection to geometric optics: For stationary solu-
tions (energy eigenstates with energy eigenvalue E) one has

S(r,t) = So(r) — Et, (3.253)
hence S /0t = —E. Equation (3.248) thus becomes
(VSo)? = 2m(E — V). (3.254)

In geometric optics with inhomogeneous materials having a position-dependent
refraction index n(r), one inserts the ansatz

o(r, 1) = A(r)e/ ot m =t (3.255)
into the wave equation
2 92
n- 0
Ap— c_Zan =0, (3.256)

where kg = w/c is the vacuum wave number corresponding to the frequency
w, and L is the so-called eikonal. The real part of the wave equation then reads

(VL)?> —n? L Ad (3.257)
—nt = ——-. .
K2 A

As in the classical approximation of QM, one ignores the term on the right hand
side (the variation of the amplitude is very small compared to the oscillation

of the wave) and obtains the eikonal equation

(VL)> = n?. (3.258)
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Comparison with (3.254) shows: In analogy to optics, a stationary state in
QM can be considered as a radiation field in an inhomogeneous material
with refraction index

n(r) ~ /2m(E — V(r)). (3.259)

Again, the analogy breaks down at the moment of a measurement: The “radi-
ation field” shrinks down (in the case of a position measurement) into a tiny
region of space.

The connection between Hamilton-Jacobi theory and geometric optics
exists already without quantum mechanics and has been known since 1834.
The eikonal equation of optics is formally equivalent to the Hamilton-Jacobi
equation. Already in classical physics there is thus some kind of wave-
particle duality.

In the first half of the 19th century there were two theories that were able
to explain the reflection and refraction behavior of radiation: Newton’s cor-
puscular theory, according to which light consists of a ray of particles, and
Huygens’ wave theory. The analogy between Hamilton-Jacobi theory and
geometric optics is the deeper reason why both theories work equally well.

Maxwell’s theory of electromagnetism put the wave theory on a broad foun-
dation and led to Newton’s approach being considered refuted, until finally
quantum mechanics recognized wave and particle as being of equal value
again.

With an ingenious twist, quantum mechanics provides a deeper meaning to
the wave-particle duality of classical physics, which used to be only a formal
analogy between two equations; the ingenious twist being that QM uses the
wave as a field which describes the probability for the possible locations of
the particle.

Self-check questions:

[

. What do position and momentum eigenstates look like in d dimensions?

2. Can you recite the content of the three “boxes” of this section with closed eyes,
even under the influences of fatigue and alcohol?

3. What is the classical approximation?

3.8 Several Particles

Finally we consider n quantum particles in d dimensions. Each particle has its
own position vector r'®. The global state |¢)) is described by a wave func-
tion ¥(r™M, r® ... r®™ r). The corresponding Hilbert space is LZ(R", C), the
tensor product of the Hilbert spaces of the individual particles,
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n
L*R™, C) = @ L*(R?, ©). (3.260)
a=1

In this chapter, we assume that the particles are distinguishable, having different
masses, say, so that we can assign them the labels («r) unambiguously and identify
them in a measurement. The case of indistinguishable particles will be discussed in
Chap. 12.

For each coordinate of each particle there is a separate position and momentum

operator X ;O‘) and Pi(a) acting as

(@) 1 (@) 1
XY, ™ = xPpa®, ™ (3.261)

(@) ;- (1) ) 4 _
P, x™ ) = —ih

)
o oD ™) (3.262)
xia

and with the commutators
XV xP1=0, [P PP1=0, X P1=ihdnpo;1.  (3.263)

The position eigenstate [’V ... r'™) is a simultaneous eigenstate for all X-
operators, with eigenvalues {x/l@ i=1,...,d; a=1,...,n}. The corresponding

wave function is a product of delta distributions,

n d
Yo @D ™) = [T oG/ = (). (3.264)

.....

a=li=l1

In particular, we have

D) = D) e ) - ™). (3.265)
The momentum eigenstate |[p‘", ..., p?) is a simultaneous eigenstate for all P-
operators, with eigenvalues { pl.(a) i=1,....d; a=1,...,n}. The corresponding

wave function reads, in position space:

Ly 50 (@)

(N
..... : Gyt = (3.266)

In particular, we have

p®, .. p") =p) @ p?) @@ p™). (3:267)


http://dx.doi.org/10.1007/978-3-319-24526-3_12

122 3 Formalism II: Infinite-Dimensional Hilbert Spaces

The Hamiltonian operator, for a potential V (r(l), R r(")) and particle masses m (@),
now reads
o P2 M )
Hi = sz(a)Jr\/(X S COON Y. (3.268)
a=1
— Z A“% +vae®, ™y, (3.269)

a=1

where A@ is the Laplace operator with respect to the position vector r(®. Die
Schrodinger equation is

d "R
- _ (@)
zhdtw = § S ADY + V. (3.270)

o=

In the simplest case, the global wave function is the tensor product of the wave
functions of the individual particles,

(@) = WD) ® WP ® - ® [p™ (1)), (3.271)
P, ) =D Hp@a@ L p@a® . (3.272)

Such solutions of the Schrodinger equation exist if the particles don’t interact with
each other, each particle being exposed to an external potential which does not depend
on the positions of the other particles,

v, ™)y = vO W) v D@y oy, (3.273)
For in this cse the Schrodinger equation is separable. Consider, for example, a two-

particle system with (3.273) being fulfilled. Then H = H) + H® with

a _ P02 M o _ P®? @
HO = 5+ VD), HP = o vX®), (3.274)

With the separation ansatz (3.272) each of the two operators acts only on one of the
particles,

Hiy = (H(l)w(l))w@ + w(l)HQ)wQ). (3.275)
In particular, H M and H® commute with each other and also with H, hence we can
diagonalize the three operators simultaneously. If we look for stationary solutions,

we can consider each particle separately. With

HOpD = Oy g@y@) = p@y@ (3.276)
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follows
Hy =Ey, E=EVD4+E®, (3.277)

The time evolution of the eigenstates is consistent:

(1) = [1h(0))e i ! (3278)
= Iw(“(O))e‘f#’ ® |w<2>(0)>e—f%2)’ (3.279)
= [V (1) ® PP (1)), (3.280)

compare the discussion in Sect.2.10.

A different separable case with two particles occurs if the potential is a pure
interaction potential, depending only on the relative position of the two particles.

va®, r®) = vae® - r@) (3.281)

Just as in classical mechanics, such a system can be separated into center-of-gravity
and relative motion. However, there are some new aspects we want to explain here.
With the new position vectors (CG is for center of gravity, R for relative)

mWrD) @@

m(l) + m(z)

reG = , rr=r® — ¢, (3.282)

the definitions for total mass M and reduced mass /i,

(1), (2)
_ (D) @) __mm
M=m" +m“, H_m(l)—l—m(z)’ (3.283)
and the momenta
pc = Micg =p +p? (3.284)
Dp@2) _ 5,2 M)
.. mp mp
(dots are as usual for time derivatives), the Hamiltonian function reads
Pt; | Pj
h=hcg+hr =-% + 2R 4 v(rp). (3.286)

2M - 2u
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Exercise 3.17
Verity this.

What does the associated Hamiltonian operator H look like? We have

Pcg = —ik(VD + v®) (3.287)
A mOV@ _ @y
Pr = —ih T T . (3.288)

Exercise 3.18
Show, using the chain rule, that

Pcg = —ihVeg, Pr = —ihVg, (3.289)

where Ve = (0/0xcG1, 0/0xcGa, 0/0xcg3) and similarly for Vg (xcg1 is
the first component of r¢g etc.).

The new momentum operators are, just as the old ones, obtained as the partial
derivatives with respect to the coordinates, in particular with the canonical commu-
tation relations

[XcaGi, Pcgjl = ihdij, [Xgi, Prj] = ihd;;, (3.290)
[Xri. Pccj] =0. [Xcgi. Prjl=0. (3.291)

The new Hamiltonian operator is thus

K2 h2
H=Hcg+Hr=——Acg — —Ap + V(Xg). (3.292)
2M 2u

This conservation of the substitution rule p — P in the new coordinates is not self-
evident. It is only valid because we have a canonical transformation, see nerd’s
corner 3.2. With (3.292), the time-independent Schrodinger equation for the wave

function, written as a function of the new coordinates, ¥ (rcg, rr), can now be
separated. For stationary states one has

~

Y(rce, TR) = Yco(xcG)Yr(TR), (3.293)

Hy = EY, Hycg = Eccg, Hir = Extor, E = Ecg + Eg. (3.294)
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Here ¢ is the wave function of a free particle with momentum pgs and energy
Ecg = PgG /(2M). YR is the wave function of a particle with mass y and energy Eg
in the external potential V. The original wave function 1 (r", r®) can be retrieved
from LZAJ(rcg, rg) by inserting the transformation rule (3.282):

mOED L @@

mD + m@

DD, r®) = @(l‘cc = rg =1? — l‘(l)) (3.295)

However, this wave function is not a tensor product of the form

e, r?) = O )@ @), (3.296)
The stationary solutions of the quantum mechanical two-body problem are entangled
states of the two particles.

Self-check questions:

1. Is the state of n particles in general described by one or by n wave functions?
2. How do you approach the two-body problem in QM, where the potential depends
only on the relative position of the two particles?



Chapter 4
Interpretations

Abstract Several interpretations of the QM formalism are discussed, in particular
the Many Worlds Interpretation, the Copenhagen Interpretation, and Bohmian
Mechanics.

4.1 The Problem of Interpreting QM

What should we think of the formalism we’ve defined on the last 120 pp? What does
it mean? While the formalism of QM was developed in the 1920s within a relatively
short time by Schrodinger, Heisenberg, Born, Dirac and others, the progress regarding
the interpretation of the theory was distributed over a much larger period of time. At
first the Copenhagen Interpretation dominated, going back to Heisenberg and Bohr,
but was heavily attacked by Einstein though. The Many Worlds Interpretation was
introduced by Everett in 1957 and extended in the subsequent decades. A determinis-
tic variant of QM with hidden variables was first suggested by de Broglie in 1927 and
further developed by Bohm in 1952. Bell’s inequalities which are so crucial for this
problem were formulated not before 1964 by Bell. Due to the progress in Quantum
Information Theory and the more and more elaborate experimental construction of
entangled states, again some new light was shed on these issues.

The developments regarding the question what QM actually means happened in
small steps, but induced some substantial changes in the way how QM is viewed and
presented. Today we find ourselves confronted with a broad spectrum of views about
what QM exactly says and what arole its state vectors play. You can get an impression
of the breadth of this spectrum by reading Elegance and Enigma Schlosshauer (2011),
a collection of interviews with current representatives of this field of research. How
mysterious QM still appears even to experts, can be seen in the following passage:

It is not at all clear what quantum theory is about. Indeed, it is not at all clear what quantum
theory actually says. Is quantum mechanics fundamentally about measurement and obser-
vation? Is it about the behavior of macroscopic variables? Or is it about our mental states?
Is it about the behavior of wave functions? Or is it about the behavior of suitable fundamen-
tal microscopic entities, elementary particles and/or fields? Quantum mechanics provides
us with formulas for lots of probabilities. What are these the probabilities of? Of results
of measurements? Or are they the probabilities for certain unknown details about the state
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of a system, details that exist and are meaningful prior to measurement? (S. Goldstein in
Schlosshauer (2011))

We will pick up on some of these questions in the following discussion and will
now consider the core problems arising from the QM formalism in detail.

The Measurement Problem: What exactly happens during a measurement? The
formalism suggests that a quantum state contains the possible results of a measure-
ment, together with the associated probabilities. The measurement device acts on the
state via a projection operator which projects the state into an eigenspace of a her-
mitian operator associated with the measured variable. The inconsistency between
the experienced process of the measurement and its description by the formalism is
remarkable. For a measurement device, a box with a pointer, is obviously something
completely different than a hermitian operator. So, how does the operator get into the
box? And our intuition of a point-like particle is also something very different than a
vector in an infinite-dimensional Hilbert space. So, how are these two things related?
And why does the state vector collapse into a specific eigenvector at the moment
of measurement? What is physically so unique about a measurement that makes it
the only process in the world with the power to let a state collapse? Is it something
real that collapses there? And when exactly does it collapse? Or is it a continuous,
dynamic process? Or is the collapse just an illusion? Are the particle and its state
vector one and the same? Does that mean there are in fact no particles at all? Or
does the state vector turn into a particle at the moment of measurement? Or does the
state vector not really exist “out there”, and describes only the subjective informa-
tion we have about the particle, and it is only this information which collapses? But
if, according to Bell’s insights, the properties of the particle don’t exist prior to the
measurement, and the state vector also doesn’t exist (because it represents only our
subjective information), what does then exist at all prior to a measurement? What
should we think of a superposition of different possibilities, what does it mean?

In the context of these questions, the thought experiment with Schrodinger’s
cat became famous, which is of rather metaphorical character though (no physicist
would ever support such a cruel animal experiment!): a cat lies in a closed box. Also
in the box there is a radioactive substance and a detector which detects the decay of
an atom. If the detector reacts within a certain time interval [#1, f,], which happens
with exactly 50 % likelihood, it triggers a mechanism which kills the cat. Later, at
time #3 an experimenter opens the box and finds a living or a dead cat. In what a
condition is the cat during the time interval [#;, t3]?7 A superposition of dead and
alive, %(ldead) + |alive))? And when the experimenter opens the box, this state
collapses to either |dead) or |alive)?

The thought experiment was extended by Wigner with Wigner’s friend: In a
laboratory, Wigner’s friend opens the box with the cat. Wigner himself is waiting
outside the laboratory for his friend and the information whether the cat is dead or
alive. As long as the door is closed, no information leaves the laboratory. Only when
Wigner’s friend comes out, Wigner is informed about the result. The laboratory thus
functions as a second box around the first box. As long as Wigner’s friend is in the
laboratory, he is in the state \/LE(|W.F. sees dead cat) + |W.F. sees living cat)). So,
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when exactly does the collapse take place? Is there an objective moment when this
happens? Or is the collapse subjective, happening only in the observer’s mind?

Determinism or Chance: Classical physics is deterministic. If the positions of all
particles, the distributions of all fields, and the first time derivatives of these quantities
are known for one given moment of time, then one can, in principle, derive the particle
positions and field distributions for all other times (forward and backward). In QM
this doesn’t seem to be the case. But are the measurement results really random? Or
are there hidden variables which determine the results in advance? It is similar for
a classical die: In fact, the result of a toss is already determined by the momentum
and angular momentum of the die at the moment of tossing, combined with its other
physical properties (e.g. elasticity) as well as the properties of the table. However,
the details of all these properties are hidden from the tosser, so that he assumes all six
possible results to have the same probability. Or he deduces the probabilities of 1/6
statistically, by tossing many times (where each toss slightly differs in momentum
and angular momentum, of course). Is it similar in the case of QM? Or maybe, is it
even conceivable that all possible results actually occur simultaneously, and we just
don’t notice it?

The Appearance of a Classical World: Until about 100 years ago, classical physics
seemed sufficient for describing our world. This is because for most macroscopic
phenomena, quantum effects are negligible. Quantum effects here often occur only
as small corrections to the classical description. How does it come that classical
mechanics is such a good approximation? Why don’t we find ourselves surrounded
by a fog of fuzzy objects? Why do the planets move along well-defined orbits around
the sun, very different from the “electron cloud” around the atomic nucleus? Why
does space appear three-dimensional at all, when quantum physics takes place in an
infinite-dimensional Hilbert space?

In contrast to most other issues discussed in this chapter, there are some results
regarding this topic which are overall agreed upon by most physicists and which
solve the problem at least partially: quantum objects take on classical properties
by interacting with their environment. This phenomenon is known under the name
decoherence. Very roughly speaking, one can say: the more macroscopic an object
is, the stronger it interacts with its environment (e.g. by collisions or by absorption or
emission of radiation), the stronger is the decoherence effect, and the more “classical”
it therefore appears to us. How decoherence exactly works is beyond the the scope of
this book. We will come back to it in the section on the Many Worlds Interpretation,
since decoherence plays an important role there. At this point I want to emphasize
that decoherence is not a matter of interpretation, but a direct consequence of the
Schrodinger equation. To the interested reader I recommend the book Joos et al.
(2003) on the topic.

Information and Existence: We dive a bit deeper into philosophy when we ask about
the relation between information and existence in the context of quantum mechanics.
For many this is the core problem regarding the interpretation of QM. Wheeler has
invented the famous expression “it from bit” for this theme, where it stands for the
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reality, bit for the information. Is reality in the end nothing else but information?
Or is it just described via information? How objective is such a description? Does
it maybe just represent a subjective perspective? And what is information after all?
Smolin writes:

The only interpretations of quantum mechanics that make sense to me are those that treat
quantum mechanics as a theory of the information that observers in one subsystem of the
universe can have about another subsystem. (L. Smolin in Schlosshauer (2011))

So, is the quantum state something purely epistemic (i.e. something that has to
do with our knowledge) or something ontic (something that “really” exists)? And
what exactly is the difference? Interestingly, only recently a class of interpretations
which consider the quantum state purely epistemic was refuted Pusey et al. (2011).

After we have briefly introduced the central issues, we are now going to meet
some interpretations of QM and have a look what answers they have to offer for the
questions asked above.

4.2 Many Worlds Interpretation

The Many Worlds Interpretation is in some sense the most conservative, minimal
interpretation of QM. That’s why I’ve chosen it to begin with. It is also know as the
Everett Interpretation, since Everett was the one who introduced it. David Wallace,
one of its present main advocates, writes:

The Everett interpretation just is ordinary quantum mechanics. (D. Wallace in Schlosshauer
(2011))

It is conservative, because it neither gives up the realism nor the determinism of
classical physics: quantum states are ontic, i.e. real. Their deterministic evolution
is given by the Schrodinger equation. That’s it. Everything else follows from that.
The measurement process is a quantum physical process like anything else and is
described by the time-dependent Schrodinger equation; it doesn’t follow any special
rules. There are no hidden variables. There is also no collapse of the wave function.

The interpretation considers only the postulates 1 and 4 from Sect.2.1 as funda-
mental (Hilbert space, states, Schrodinger equation) and has to solve the problem
of deriving the others as consequences of a physical process. This means, it has to
explain why results of measurements are eigenvalues of certain hermitian operators
and why we subjectively experience the results as random (in the Many Worlds Inter-
pretation, probabilities are only subjective!). This task is difficult, but seems natural.
It is reasonable to take a minimal number of postulates as a starting point for a theory
and to derive as much as possible from them, hence not adding anything redundant
to the theory.

How did the Many World Interpretation get its name? Let’s consider the mea-
surement process. It involves a measurement device M and an observed object X.
Assume X can have only two linearly independent states, | X+) and | X —). The state


http://dx.doi.org/10.1007/978-3-319-24526-3_2

4.2 Many Worlds Interpretation 131

| X+) lets the pointer of M point to the right, | X —) to the left (that’s why we have
chosen this basis of Hy, the state space of X). Like any other physical object, M
obeys the rules of QM, i.e. M is described by a quantum mechanical state. Before the
measurement, M is in the state | M 0) (pointer is in the middle) after the measurement
two states are possible, |M+) (pointer to the right) and |M —) (pointer to the left).
In fact, the Hilbert space of an apparatus has a huge number of dimensions, due
to its internal degrees of freedom—the states of each atom it consists of. That we
restrict ourselves to three dimensions is a huge simplification. The six-dimensional
state space H; of the quantum system consisting of M and X is the tensor product
of the state spaces H s (three-dimensional) and H y (two-dimensional) of M and X,

Hi =Hu ® Hx. 4.1

<7
=

go for a drink?

Fig. 4.1 The basic idea of the Many Worlds Interpretation. Cartoon by Max Tegmark, from Our
Mathematical Universe
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The measurement takes place in the time interval [t1, f2]. At time #1, X is in the
state | X+), say. The total state is

W () = [MO0) ® [ X+). (4.2)

Between 71 and #, an interaction takes place between X and M which makes the
pointer change its position. At time 7 the total state is therefore

V() = IM+) ®|X+). (4.3)

Like any other state, | ) obeys the Schrodinger equation, i.e. |\ (¢2)) is obtained from
|W (1)) via unitary evolution according to some Hamiltonian operator H;, namely
the operator representing the total energy of M and X. What H; exactly looks like
is not important to us here. In any case, it contains some interaction term which
describes the influence of X on M. Equivalent considerations hold if X is in the state
| X—).

Now we consider the situation where X is in the state «|X+) + 3| X —) prior to
the measurement, that is, in a superposition of the two basis states. The total state is
initially

W () = IM0) ® (| X+) + B1X—)) (4.4)
=alM0) ® | X+) + fIM0) ® [X—). (4.5)

What is the total state at time #,? The time evolution of the system is linear, implying
that the individual terms evolve completely independently (that is the superposition
principle!). The first term is, up to a constant factor «, identical to the state (4.2) and
therefore evolves just like it, i.e. to the state (4.3). Similar for the second term. After
the measurement, at time f;, the total state is thus

[W()) =alM+)® |X+)+ IM—) ®|X—). (4.6)

What does that mean? After the measurement, the state consists of two terms: One
term describes an apparatus whose pointer points to the right, and the part of the object
which led to this deflection. The other one describes an apparatus whose pointer
points to the left, and the part of the object which led to this deflection. Indeed, both
possible measurement results are realized. During the measurement, the states of the
apparatus and the object are entangled with each other. As a consequence, the total
state can no longer be written as a tensor product of the state of the apparatus and
the state of the object, but only as a sum of several such products. The state of the
apparatus is relative to the state of the object.
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As a next step, we include an experimenter E who reads off the result from the
apparatus in the time interval [, #3]. Within the Many Worlds Interpretation, E is
also a quantum mechanical object. Before the measurement, he is in the state | EQ)
(E without knowledge about the result); after the measurement the states |E+) (E
sees pointer to the right) and |E—) (E sees pointer to the left) are possible. Again
we have strongly simplified by reducing the Hilbert space H g of the experimenter
to three dimensions. The total Hilbert space H» is now twelve-dimensional:

Ho=Hg @ Hu @ Hx 4.7)

The state in this Hilbert space again obeys a Schrodinger equation with a Hamiltonian
operator H which is now represented by a 12 x 12-matrix. H contains an interaction
term which leads to an entanglement between M and X in the time interval [#1, 2],
and another interaction term which leads to an entanglement between E and M in
the time interval [, 13]:

V() = [E0) @ IMO) ® (a|X+) + S1X—)) (4.8)
V(1)) = |E0) @ (| M+) @ [X+) + SIM—) ® |X—)) (4.9)
W(13)) = alE+) @ IM+) Q |[X+) + SIE-) ® IM—) ® [ X—)  (4.10)

Again, the state consists of two terms in the end: one describes an observer who sees
the pointer to the right, together with a apparatus whose pointer indeed points to the
right, and the part of the object which lead to this deflection. The other one describes
an observer who sees the pointer to the left, together with a apparatus whose pointer
indeed points to the left, and the part of the object which lead to this deflection.

The system consisting of £, M and X has been split up, so to speak, into two sepa-
rate systems which have no knowledge of each other. (In particular, the experimenter
has been split up too!) The observer in the state | E+) has no chance to communicate
with the experimenter in the state |E—).

This game can be continued. If £ is Wigner’s friend, then outside the laboratory
another experimenter (Wigner) is waiting to receive some information. Wigner is also
described by a quantum state, in a further Hilbert space H . His state is entangled
with E when W hears E’s report (another interaction), and this makes W split up too.
In this way, the state of the entire world is successively split up: the superposition of
the two states of X is spread out further and further by interaction. It is the dynamics
of the interaction which determines how fast this split takes place, and along which
basis (|[E+) ® |[M+) ® | X+) etc.).

Here, spacetime is not actually split into two spacetimes. One should rather imag-
ine the whole thing similar to radio stations. There we have the same superposition
principle. Signals from all stations are contained within one and the same electro-
magnetic wave. The different frequencies of the wave propagate independently. Each
station is responsible for a specific range of frequencies. If you listen to one station,
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you don’t hear anything from the other stations. In QM, during a measurement one
station (state vector) is split into several stations (independent parts of the state vec-
tor), and the “range of frequencies” of the original station is thereby split into several
smaller intervals. This is the picture of the measurement process drawn by the Many
Worlds Interpretation.

Is such a description of the measurement process reasonable? Can we represent
the measurement process as a unitary evolution of the quantum state of the observer,
the apparatus and the object? We have seen that if we do this, it automatically leads to
an entanglement of the participating subsystems and a kind of split of the world. Can
we maybe find similar kinds of entanglement in simpler physical processes in nature,
which we can take as indicators that our description of the measurement process is
correct?

The by now well confirmed theory of decoherence says that this is indeed the case,
and thereby gives the proponents of the Many Worlds Interpretation an important
argument at hand. For decoherence not only leads to the classical appearance of
macroscopic objects, but also to the creation of more and more entanglements of the
type (4.4)—(4.6). The classical appearance holds then only in each term of the state
vector separately—for example in one term a classically appearing living cat, in the
other a dead one.

Due to the decoherence phenomenon, the description of the measurement process
in the Many Worlds Interpretation has a physical foundation. The split into several
worlds is accordingly a continuous dynamic process. For an observable with a dis-
crete, finite spectrum, the world is split in as many parts (that is, in a sum of as
many tensor product states) as there are possible measurement results. Each part of
the world corresponds to one measured value. But what about observables with a
continuous or a discrete but infinite spectrum? Here we have understand that each
apparatus has a finite resolution and a finite scale. Effectively, it can distinguish
between only finitely many values. Decoherence happens through interaction with
the environment, and if it doesn’t make a difference for the environment whether the
object is in the state 11 or v, there will be no associated entanglement, no split of
the world.

So, each apparatus is associated with an observable of finite spectrum, even for
a position or momentum measurement. The position or momentum operator has
to be modified such that it accounts for the finite resolution of the apparatus. The
experimental setup determines which operator is responsible for splitting up the
world; it follows from the dynamics of the measurement process, which is given
by the Hamiltonian operator Hj, describing the time evolution of the state in H; =
Huy @ Hyx. More precisely: at first it follows from the setup (the dynamics) which
subspace of H x will move into which branch of the state vector (which branch of the
world). In our example above, the one-dimensional subspace spanned by | X+) ends
up in one branch, and the subspace spanned by | X —) in the other one. These subspaces
have to be eigenspaces of the sought operator. The eigenvalues, and therefore the
operator itself (or the observable), are then defined by the values the experimenter
associates with the positions of the pointer. If in our example the experimenter E
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associates with the pointer positions |M+) and | M —) the measurement values £//2
(because he knows that he is doing a spin measurement, say), then he has “measured
the state of X with respect to the basis | X+), | X —) with the hermitian operator %L o;”.
This implies that the second postulate of QM follows only if the psychology of the
observer is taken into account. He has the “impression” that he obtained a unique
result for a specific observable that is associated with a specific hermitian operator.

The branching of the world or its state vector happens successively with each
decoherence process. After one such process the world is split into n branches.
Afterwards, each branch has to be considered separately. If another decoherence
happens in the k-th branch, this k-th branch is split again, and so forth.

Problems of the Many Worlds Interpretation:

As already mentioned, the Many Worlds Interpretation is based only on postulates 1
and 4, and has to derive the other two from them, even if only as subjective impressions
of an observer. For the second postulate this has been sketched above. Now what
about the third postulate? Where do the probabilities come from in a deterministic
Many Worlds universe? In the Many Worlds Interpretation, the probability of a
measurement result is a purely subjective phenomenon. The big difference to the
classical die is that indeed each possible result of a quantum measurement is realized
(as if in a single toss of a die all six results would come out simultaneously). But
the observer doesn’t notice this. Each of the two observers | E+) and |E—) in (4.10)
finds himself in a world in which only one of the two possible results is realized.
Why this makes him assign the probabilities |v|> and |3|? to the possible results—
the squared absolute values of the two terms in (4.10)—is an open question of the
Many Worlds Interpretation (at least it is controversial). For many opponents of
the interpretation, the fact that the statistical character of the measurement doesn’t
show up here in a convincing way is already a reason to exclude the Many Worlds
Interpretation. Proponents argue though that just the Many Worlds Interpretation
offers a conceptual framework to study the subjectively experienced probabilities of
quantum measurements. For example, one can prove that for repeated measurements
the following holds: The length of the part of the state vector corresponding to such
branches of the world where the statistical distribution of the measurement results
deviates strongly from the probabilities as given by the third postulate, converges to
zero. It is controversial whether this is a sufficient explanation of the subjectively
experienced probabilities. The question remains open until today.

Another problem is that the already complicated questions regarding human con-
sciousness are getting even worse here. What happens to our consciousness when
the world is split up? The most natural answer seems to be that consciousness is
split up too. What you consider to be yourself is only one of the countless paths
the original person you were born as has taken through the ever branching world
(cf. Fig.4.1). However, there are also advocates of the Many Worlds Interpretation
who ask to give up the psycho-physical parallelism and believe that consciousness
follows only one of the branches. One can only hope that it’s the same branch for
everybody, otherwise we are surrounded by mindless zombies within our respective
branch.
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To me, the most important problem seems to be the decomposition of the universe
into subsystems: The state vector of the universe is a vector of norm 1, rotating all
by itself in a giant Hilbert space. In a vector space, all vectors of norm 1 look the
same. How can the entire rich structure of our world be encoded in such a vector
which looks just like any other? Such a structure emerges only when the universe is
split into subsystems, i.e. into factors of a tensor product. But what criteria do we
have for such a decomposition?

Let’s consider a simple example: The space H; from (4.1) is, in the first place,
just a six-dimensional vector space. Within this space, each state can be expressed
as a unit vector. But the unit vectors of a vector space all look the same, as long as
no external distinguishing criterion is specified. For example, one can always choose
a basis of H1, such that the transition (4.4)— (4.6) looks as follows when written out
in components:

(1,0,0,0,0,0) — (0,1,0,0,0,0) (4.11)

Only when H; is decomposed into two subsystems in a very special way, H; =
Huy @ Hy, this rotation of a unit vector tells us the story of a measurement process.
There are infinitely many possibilities to write H; as a tensor product of a three-
and a two-dimensional vector space! (Choose an arbitrary basis {|e;)} for H; and
define |e;) = [e!") ® leP) fori =1,...,6,j =1,2,3,k = 1,2.) Why should we
choose exactly the one decomposition which tells the story of an entanglement in
a measurement process? At this point the problem is resolved by the fact that the
system itself interacts with its environment. This interaction can single out a preferred
basis (it is an external distinguishing criterion): The observer E sees the apparatus
as a distinct object, hence the decomposition H; = Hy; ® Hyx makes sense to him.
But why do we assign a meaning to E at all? For he only appears as a distinct
entity if we decompose the twelve-dimensional Hilbert space H; in a very specific
way, namely H> = Hp & H;. What justifies this decomposition, which ascribes an
identity to the observer? The justification again happens via external interactions,
with Wigner, say, who interacts with E as a separate object. And so forth. In the end,
one inevitably gets to the state vector of the entire universe. This is also just a unit
vector in a giant Hilbert space, and these unit vectors all look the same, as long as
no external distinguishing criterion is given that singles out a preferred basis. But
for the entire universe, there is no environment left, no observer outside the system
who could provide such a preferred basis. There is a tensor decomposition of the
universal Hilbert space which tells the story of an entangled universe with galaxies,
planets, measurement devices and observers. But this choice is completely arbitrary.
With equal right, one could say that the state of the universe is just (1, 0, 0,0, ...).

A state vector contains information only if there is an environment, an external
observer looking at it by means of a preferred basis and thereby breathing life into it.
For this reason, the Many Worlds Interpretation appears incomplete to me, after all.

To those who want to get a broader impression of the diverse arguments for and
against this interpretation of QM, I recommend the book by Saunders et al. (2012).
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4.3 Copenhagen Interpretation

The Copenhagen Interpretation is the original interpretation of the QM formalism.
Similar to the Many Worlds Interpretation, it assumes that nothing needs to be added
to the postulates. In particular there are no hidden variables. But this is as far as the
similarity goes. Other than the Many Worlds Interpretation, all postulates are equally
fundamental here. One cannot regard some postulates as a subjective experience of
consequences of the others. In particular, the statistical character of measurement is
fundamental. QM is non-deterministic in principle.

But the central claim of the Copenhagen interpretation is: The distinction
between the model and the experienced reality is fundamental and unavoidable.
Measurement devices, setups of experiments and the registering of their results have
to be expressed in the language of classical physics, the language of our experienced
reality. In order to predict the results of experiments—at least statistically—one
needs, however, a model written in a completely different language, the language of
quantum states and hermitian operators. The only purpose and the only meaning of
this model, this language, is it to predict measurement results (statistically). Beyond
that, they don’t have any independent reality. Quantum states are not real. They are
epistemic, not ontic.

Within the Copenhagen Interpretation, there were different opinions on what the
reason for the uncertainty is. Some of its proponents—among them Heisenberg—
assumed that a particle does have a position and a momentum simultaneously, but we
can always measure only one of them, because of the always occurring interaction
between particle an apparatus. The rest of the proponents—among them Bohr—
were convinced that the particles don’t even have these properties; that the notions of
position and momentum don’t have a meaning for the particle independent from the
context of an associated measurement. Bell’s inequalities have decided this question.
The violation of Bell’s inequalities proves that already the assumption that a particle
has both of these properties simultaneously leads to a contradiction, independent of
an interaction with the apparatus.

Accordingly, between two measurements we can understand the particle only
in terms of tendencies and possibilities. At the moment of measurement, one of the
possibilities becomes real. For Schrodinger’s cat this means: only at the moment when
the observer opens the box, her destiny is decided. In the Many Worlds Interpretation
she came off slightly better: in one branch of the world she stayed alive in any case.

The Copenhagen Interpretation speaks firstly of an experienced world which is to
be described in the language of classical physics. This experienced world arises from
a sequence of observations. Secondly, it speaks of a model world, expressed in the
language of quantum physics. However, it does not at all speak of a real, objectively
existing world that is independent of models and observations. For according to
this interpretation, we cannot say anything about such a world in principle. The
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discrepancy between the experienced world and the model world therefore cannot
be resolved by us. The Copenhagen Interpretation takes Wittgenstein’s “Whereof one
cannot speak, thereof one must be silent” serious.

Due to its non-real character, the Copenhagen Interpretation has provoked lots of
dissent. Most physicists are realists, i.e. they assume that there is an objective reality
and that we can speak about it; that the measurement devices and also the quantities
appearing in our models belong to this reality. The interpretation was particularly
attacked by Einstein—both its non-real character and its non-determinism disgusted
him. In numerous debates with Bohr he tried to disprove it, but he always came out
on the short end.

Nevertheless these debates were very fruitful for the understanding of QM. In
particular, it was Einstein who found out that a “spooky action at a distance” is
inherent to QM. The corresponding EPR thought experiment (Einstein et al. 1935)
was a predecessor of the experiments which finally proved the violation of Bell’s
inequalities.

In any case, the dichotomy between the experienced and the model world, their
extremely different nature, their vague connection consisting only of a mysterious
predictive power of one of them for the other, leaves us with a bad aftertaste.

A further stumbling block is the role of the measurement process which is very
special in the Copenhagen Interpretation, different from all other physical processes:
It makes quantum states collapse. However, since quantum states are not real, the
same holds for the collapse. Only if the state is considered as real and the collapse
as actually happening, the question arises where and when this collapse actually
happens. In the apparatus? In the eye of the observer? In his consciousness? We will
get back to this in Sect.4.5. But such considerations do not apply to the Copenhagen
Interpretation as I described it here, because here the collapse is not a really happening
process, but only a modification in our model world that became necessary by an
actualization of the experienced reality.

The question remains if the dichotomy between the experienced and the model
world is really necessary. The Many Worlds Interpretation in connection with deco-
herence theory has shown that the measurement process can in principle be repre-
sented as a physical process inside the model world, and that processes of similar
kind (as described by the model world) occur all the time in nature. So why should
we lift the measurement process and the experienced reality out of the model world
and turn it into something else? Why can’t we take the model world as the only true,
objective reality, just as it is done with all other scientific theories?

I will come back to the discrepancy between Many Worlds and Copenhagen
Interpretation in Sect.4.7.
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4.4 De Broglie-Bohm Theory

The remaining interpretations we are going to introduce here add something to the
QM formalism or modify it, mostly in order to make the theory more similar to the
more familiar classical physics. More precisely they are no longer interpretations
but independent theories, which however have the hitch that they are very difficult
to verify experimentally—eventually their predictions must be extremely close to
those of “pure” quantum mechanics, such that they are consistent with observa-
tions. The most prominent of those theories is the de Broglie-Bohm theory (also
called pilot-wave theory or Bohmian mechanics) with its non-local hidden vari-
ables.

The de Broglie-Bohm theory was introduced 1927 by de Broglie, and refined in the
1950s by Bohm. At first glance it is quite similar to the Many Worlds Interpretation:
There is a really existing (i.e. ontic) universal state vector |\) which never collapses
and evolves according to the Schrodinger equation with an appropriate Hamiltonian
operator:

o d
ih|W) = H|V) (4.12)

In particular, | W) branches successively with each decoherence process into several
separate terms, analogous to (4.4)— (4.6).
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The difference to the Many Worlds Interpretation is that in addition the existence
of nparticles {7V}, i € {1, ..., n} withmasses {m?} is postulated, which constitute
the actual matter. These particles behave classically in the sense that at any time they
have well-defined positions {q‘"} in a three-dimensional position space, q) € R3.
These positions {q"} are the hidden variables of the theory.

In its simplest form the de Broglie-Bohm theory assumes that |¥) can be written
as a wave function depending on the 3n spatial coordinates and time,

v=wxb .. x® . (4.13)

The complex-valued function ¥ can be decomposed into absolute value and phase,
vV, x® =AW, x™ ) exp (%S(x(l), o x™) r)) . (414

with real functions R and S. The motion of the particles is determined by the guiding
equation:

@) (€] (n)

%q(t)(t): Vv S(q n;(l)’q ’t)’ (415)
where V) is the gradient w.r.t. the three coordinates x). The gradient of § is
evaluated with the present positions of the n particles, i.e. for each j, one sets x\/) =
q/) (). The motion of a particle therefore depends on the positions of all other
particles in the universe. This interaction is thus non-local, as it has to be the case,
due to Bell’s theorem, for theories with hidden variables. One says the particles are
guided by the wave function (“they ride like dust particles on a water surface”),
which is therefore called pilot wave. On the other hand, the wave function does not
depend on the particles, doesn’t notice them at all.

In contrast to the Many Worlds Interpretation, in Bohm’s theory we consist of par-
ticles, not of components of the wave function. The particles move in a deterministic
way in three-dimensional position space. On the level of particles, no branching of
the world takes place. Instead, the particles in a sense realize one of the possibilities
provided by the wave function. Which one of these possibilities is realized depends
deterministically on the initial conditions of the particle positions. The fact that we
can make only statistical predictions is because we don’t know these positions.

The form of (4.15) should not completely surprise you. The decomposition of
a single quantum object’s wave function (i.e. n = 1) into absolute value and phase
was already discussed in Sect.3.8. There we also interpreted V.S/m as a velocity,
cf. Equation (3.244), namely as the flow speed of a kind of “quantum fluid” with
density p = |W|?, as suggested by the continuity equation. In Bohmian mechanics,
the “real” particle corresponds to a point mass moving along with this fluid.

As in the Many Worlds Interpretation, the postulates 2 and 3 of QM need to be
derived from postulates 1 and 4, now including the guiding equation. Why does
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the wave function appear to collapse for us? Where do the probabilities we ascribe
to the measurement results come from? How are the hermitian operators related to
the measurement? The de Broglie-Bohm theory was quite successful in achieving
these derivations (see Diirr et al. (2003a) for postulate 2 and Diirr et al. (2003b)
for postulate 3). It also solves a problem that heavily bothered the Many Worlds
Interpretation: The position space basis is automatically preferred due to the particles,
and the possible decomposition into subsystems (tensor product decompositions of
Hilbert space) are also given by the particles. The interpretation of |\V) is therefore
no longer arbitrary.

Observables not related to position space can be included into the theory by adding
them as components to the wave function. The guiding equation needs to be extended
for that. No additional property is assigned to the particles though. Spin belongs to
the wave function not to the particle. Due to the modified guiding equation, however,
it influences the motion of the particles.

The de Broglie—Bohm theory was criticized for several reasons:

e It is formally inconsistent with special relativity. The guiding equation requires
an unambiguous notion of simultaneity, for the coordinates of all particles at the
same time need to be evaluated. A relativistic generalization of QM works very
well for the wave function alone, as we will see in the last chapter of this book.
But for the particles of Bohmian mechanics, a distinguished global time coordinate
needs to be introduced. However, this has no direct experimental consequences,
i.e., even in Bohmian mechanics the theory of relativity is obeyed by experiments.
It is only a formal “ugliness”.

e The devil of non-reality (Copenhagen Interpretation) or the branching of the world
(Many Worlds Interpretation) is cast out by the Beelzebub of non-locality.

e The theory cannot be distinguished experimentally from standard QM, but requires
more objects (the particles) and more equations (the guiding equation). By the
principle of Ockham’s razor, for equivalent experimental predictions one should
always prefer the theory which makes less assumptions. According to this prin-
ciple, Bohmian mechanics should be therefore discarded. This objection is made
in particular by the proponents of the Many Worlds Interpretation who follow a
similar philosophical approach (reality of the wave function, determinism), but
believe they can get along without additional particles.

For the interested reader who wants to know more about this topic, I recommend the
book by Holland (1995).

4.5 Collapse Models

Now we consider interpretations of QM where the state vector is real, but does not lead
to abranching of the world, but rather commits itself to an eigenstate corresponding to
one specific measurement value. That is: it collapses. This leads to the questions when
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and why this collapse takes place. The collapse models can be classified according
to how they respond to this question:

Unspecified Collapse in the Apparatus: This point of view assumes that the appa-
ratus behaves classically and therefore cannot be subject to quantum superpositions.
When the quantum object hits the apparatus, its state vector is forced to collapse. How
exactly that happens remains unspecified. A not very illuminating viewpoint. It also
leaves open the question where exactly the border between classical and quantum
behavior is localized (Heisenberg cut).

Dynamic Collapse: In this category we have models where the Schrodinger equation
is modified by an additional term which is supposed to enforce the collapse in a
dynamic way. The additional term must be so designed that it has a considerable effect
(namely the collapse) only when a quantum object interacts with a macroscopic object
like a measurement device, but leaves the probabilities given by the third postulate
unchanged. So far this approach hasn’t led to any convincing results.

Collapse by Quantum Gravity: In theoretical physics, when facing two different
problems that baffle us, it is a popular method to eliminate one of them by claiming
that it can be traced back to the other. Quantum gravity is not understood, the collapse
of the wave function is not understood, so why not declare the latter as a consequence
of the former? And so, in serious research articles the possibility was considered that
parts of the wave function are swallowed by tiny baby universes spontaneously born
in some spots of spacetime.

The most serious attempt to explain the collapse by gravitation effects was under-
taken by Roger Penrose. He postulated a backreaction of spacetime curvature onto
the wave function, prohibiting the delocalization of macroscopic objects (like the
needle of a measurement device) and thereby enforcing the collapse. He even sug-
gested an experiment to verify his hypothesis, which is however not feasible for
practical reasons.

Collapse by Consciousness: These interpretations are based on the same method
as the previous ones: Human consciousness is not understood, the collapse of the
wave function is not understood, so why not declare the latter as a consequence of
the former? The idea that the collapse takes place in the mind or is caused by it was
proposed by some prominent physicists, among them Wigner and von Neumann.
Some of them saw this even as an expression of free will. The indeterminism of
quantum mechanics leaves some room for our freedom. So why not regard the col-
lapse of the wave function as an interface between our mind (or free will) and the
material world? If Schrodinger’s cat is dead when the box is opened, it was the cruel
(yet maybe unconscious) will of the observer. One of the main advocates of this idea
(which I'have presented here in a somewhat trenchant way) is Henry Stapp. His book
Mind, Matter, and Quantum Mechanics Stapp (2009) is nevertheless worth reading.
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4.6 New Age Interpretation

Fig. 4.3 Source http://smbc-
comics.com
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4.7 Conclusions

What should we think of all this? Each of the presented interpretations has one or
another problem, or a bad aftertaste. We may distinguish three different attitudes:

e QM works well for all practical purposes. Philosophy and questions about deeper
meaning are not everyone’s cup of tea. So, one may simply ignore all the questions
asked in this chapter without too much of a bad conscience.
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e Orone may follow the position that all these interpretations are so unsatisfying that
QM simply cannot be a fundamental theory, and wait for a better, deeper theory
to be found, or even participate in this quest.

e Finally, one could accept that QM has proved to be successful on all levels from
particle physics to chemistry and solid state physics, and try to understand what
it means, and to draw own conclusions from the different possible (or impossible,
depending on your point of view) interpretations.

Personally, I follow the third option, and in this section I want to present my own,
subjective view.

In my opinion it makes more sense to refer to interpretations which don’t add
anything to the theory, in particular when additional assumptions and objects (e.g. the
particles of Bohmian mechanics) cannot be verified or observed. Therefore, I want to
restrict myself to the Copenhagen Interpretation and the Many Worlds Interpretation.
The comparison between these two interpretations reminds me of a passage in a
philosophical book by Schrodinger, which didn’t have anything to do with QM in
the first place:

The thing that bewilders us is the curious double role that the conscious mind acquires. On
the one hand it is the stage, and the only stage on which this whole world-process takes
place, or the vessel or container that contains it all and outside which there is nothing. On
the other hand we gather the impression, maybe the deceptive impression, that within this
world-bustle the conscious mind is tied up with certain very particular organs (brains), which
while doubtless the most interesting contraption in animal and plant physiology are yet not
unique, not sui generis; for like so many others they serve after all only to maintain the lives
of their owners, and it is only to this that they owe their having been elaborated in the process
of speciation by natural selection.

Sometimes a painter introduces into his large picture, or a poet into his long poem, an
unpretending subordinate character who is himself. Thus the poet of the Odyssey has, I
suppose, meant himself by the blind bard who in the hall of the Phaeacians sings about the
battles of Troy and moves the battered hero to tears. In the same way we meet in the song of
the Nibelungs, when they traverse the Austrian lands, with a poet who is suspected to be the
author of the whole epic. In Diirer’s All-Saints picture two circles of believers are gathered
in prayer around the Trinity high up in the skies, a circle of the blessed above, and a circle
of humans on the earth. Among the latter are kings and emperors and popes, but also, if I
am not mistaken, the portrait of the artist himself, as a humble side-figure that might as well
be missing.

To me this seems to be the best simile of the bewildering double role of mind. On the one
hand mind is the artist who has produced the whole; in the accomplished work, however, it
is but an insignificant accessory that might be absent without detracting from the total effect.
(Schrodinger 1958)

The deep philosophical problem discussed above finds a miraculous parallel in quan-
tum mechanics, where the bewildering double role is now played by the measurement
process. The Many Worlds Interpretation describes the accomplished work, in which
the measurement process is only one of many quantum mechanical processes leading
to the entanglement of an object with its environment. The Copenhagen Interpreta-
tion, on the other hand, describes the measurement process as the artist, standing
outside of the picture, who only turns the abstract quantum picture into something
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real, by taking one of the possibilities offered by the state over into the realm of
classical reality.

Each of the two viewpoints, when standing alone, leaves open some questions,
appears unsatisfying or incomplete. Only together they offer a complete view on
QM. They are complementary to each other, like wave and particle.

Many people assume that quantum mechanics is not yet the final truth; that it
has to be replaced by a deeper theory whose boundary case it is, such as classical
mechanics is a boundary case of quantum mechanics.

However, I cannot avoid the impression that the antinomy depicted above, the
bewildering double role of mind as well as of the measurement process, is so funda-
mental that it cannot be resolved within science.
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Chapter 5
One-Dimensional Problems

Abstract Typical features of solutions of the Schrodinger equation in position space
are investigated, using the simplest possible potentials in one dimension. As a high-
light, we solve the harmonic oscillator with algebraic methods.

In this chapter, we study wave functions in one dimension. The discussed problems
are in several ways idealizations: In addition to restricting ourselves to one single
quantum object in one dimension, we also assume that the quantum object is scalar,
i.e. there are no additional internal degrees of freedom like spin, for instance, with
respect to which the object could assume several states. That is, we assume that the
state of the object is given by its wave function alone. In the subsequent chapters,
we will increase the number of space dimensions first to two and then to three. Only
in Chap. 9, spin is included again, which has served us so faithfully as an example
in Chap.2. Then we will finally see how the finite and infinite-dimensional Hilbert
spaces we have considered so far are combined into one global Hilbert space.

The potentials we are going to look at are also quite idealized, but they are sufficient
to present some essential phenomena of QM.

At first, the dissolving of a free wave packet is demonstrated, i.e. it is shown how
a Gaussian wave packet without an external potential is more and more broadened,
and the corresponding quantum object delocalized accordingly. Next, we study the
energy eigenstates of piecewise constant potentials. For a step potential we introduce
reflection and transmission of a wave function. For a potential well we find bound
and free states. For a potential barrier we meet the tunnel effect. As the last
problem for this chapter, we are going to face the harmonic oscillator. It will turn
out to be one of the most beautiful exercises in quantum mechanics, where the entire
glory and usefulness of the algebraic approach becomes apparent.

5.1 Dissolving of a Gaussian Wave Packet

The Gaussian wave packet was already studied in Sect. 3.5 for a fixed moment in
time, and the associated uncertainty in position and momentum was determined.
Now we want to see how the package evolves in time, under the assumption that it
describes a free particle, i.e. with vanishing potential, V (x) = 0.
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The calculations regarding wave packets make strong usage of Gaussian integrals,
i.e. integrals where the square of the integration variable is in the exponent. These
integrals occur very often and can be looked up. However, it makes sense to derive
them at least once. In the following exercise, we therefore want to generalize the

5 One-Dimensional Problems

integrals used in Sect. 3.5 in a systematic way.

Exercise 5.1

(a)

(b)

()

(@

The basic Gaussian integral is (3.189). Prove it. Begin with

[/ der} /dx/ dy e~ &+ (5.1

rewrite this expression in polar coordinates, [dx [dy — [dpp [d¢,
and substitute u = p.
Show

&2 7(y*y0>2
/ dye ¢« = ./ma, (5.2)

—00
using the linear substitution u = (y — yo)/+/a.

Remark Equation (5.2) also holds when y( or a is complex valued. The
only precondition is that a has a positive real part, so that the function
vanishes at infinity. After the substitution, the path of integration is tilted
in the complex plane. With the help of the residual theorem one can show
that the result is the same as when the path is along the real axis. You
should do that only if you feel destined to.

Show that

€9 7(.»'*)'0)2
/ dyye —a« = ./mayp. (5.3)

—00

Use the fact that the integral ffooo of an odd function (i.e. a function f
with f(—x) = — f(x)) vanishes.

Show that
& o-yp?
/ dy y2 e~ S Ta (% + yg) . (5.4)

—00

Substitute as in (b) and perform a partial integration for the quadratic term
2 . 2
u?e ™ setting v(u) = u, w'(u) = ue .
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Now we proceed with the wave packet. Due to V (x) = 0, the Hamiltonian operator
contains only the momentum operator,

P2

= (5.5)

and therefore momentum eigenstates are also energy eigenstates. The time-dependent
Schrodinger equation is most easily expressed in momentum space,

Ld -~ -
lhaw(pvt) - %w(pst)v (56)

with solutions ,
G(p, 1) = P(p, 0y~ 2n’, (5.7)

Let’s assume that the initial state at time # = 0 is just the Gaussian package (3.187).
The wave function in momentum space at time ¢ is then given by

\/E —M—iﬁt
2h2 2mh

P(p,t) = me

. (5.8)

The absolute value |1Z( p, t)| does not depend on ¢, since the time evolution consists
of pure phase rotations. When calculating expectation values of the form

(P")y = / dp p"* (p, ) (p, 1), (5.9)

the phase cancels with its complex conjugate, i.e. the expectation values of powers
of momentum don’t change. At all times one has the values determined in Sect. 3.5,

h
o2

Now, the simplest way to compute the expectation value and uncertainty of X is to
represent the X-operator as a derivative in momentum space (see 3.185).

(P)yp = po, (AP)y= (5.10)

Exercise 5.2
Perform this calculation. Compare with the values below (5.18) and (5.20).

However, we are also interested how the wave function in position space ¥ (x, t)
exactly looks. Hence we take the effort to calculate it, making use of the Gaussian
integrals derived in the exercise above:
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1 00 Do~
P(x, 1) = m/ dp 5 (p, 1) (5.11)
—00
Jo o p_ aXp-po)? . p?
= Zx— - 12
73 b _Oodp exp zhx T l2mht (5.12)

S

_ 1 (x - pwot)z . Do pot 513
=T e P T a0 T (x_ﬁ) (5.13)

with "
!

alt)y = +i—. (5.14)
m

Exercise 5.3

Several intermediate steps were skipped between the second and third line,
please reproduce them. At first, the exponent has to be brought into the form of
(5.2). Constant factors can be pulled out of the integral. Then the integral can
be evaluated according to (5.2). The result needs to be rearranged somewhat
to take on the form of (5.13). Don’t worry if you flounder on the way, that’s
normal.

The wave function looks quite complicated. What interests us most though is the
probability density

2 ok _ 1 (x B 17701)2
[Y(x, D7 =™ (x, )Y(x, 1) = 7780 CXP(——ﬂz(I (5.15)

h2s2
Bt = [o* + 02:,12' (5.16)

Here we used for the exponent that

with

1 1 oa* (1) + at) _Re(a(r)) 1

2a(r) " 20¢(t)  2amar@)  la®F T A G17

The function () replaced the constant o and represents the width of the Gaussian
distribution (the distribution of the probability density is still Gaussian). For large ¢,
(B grows linearly with time, and so does the position uncertainty. From the numerator
of the exponent one can see that the peak of the Gaussian curve moves with the speed
po/m, as expected. Of course, one can also calculate this explicitly:

(X)y = /oo dx x [ih(x, )2 = %’t (5.18)

—00
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(X%, = /00 dx x* |p(x, 0))* = @ % (5.19)
—00
(AX)y = J(X?)y — (X)fb = % (5.20)
The combined uncertainty of position and momentum is
axu(apy, = 270 (521)

For all times ¢ # 0 this value is larger than the one required by the Uncertainty
Principle, /2. The pure Gaussian package at time t+ = 0 was thus an exception.

The wave packet therefore dissolves with time, which is due to the fact that
contributions of different momenta move with different velocities through space. This
result remains unchanged in three dimensions (except that the package then dissolves
in all three directions). In practice, however, particles are never free for a long time.
Even in outer space, particles are exposed to magnetic fields and the interaction with
radiation. Such interactions lead to decoherence, as we briefly discussed in Chap. 4.
The result is in general similar to that of a position measurement: the particle gets
localized with respect to its environment; a kind of effective collapse of the wave
function has taken place.

Self-check questions:

1. Do the momentum and position uncertainties change for a free wave packet, and
why?
2. What stops the dissolving of wave packets in practice?

5.2 Piecewise Constant Potentials

5.2.1 General Remarks

The simplest potentials you can look at are those which are constant almost every-
where, only jumping between one value and another in one or two places. It is no
problem at all that these jumps are discontinuities. In contrast, it simplifies the cal-
culations. One only has to figure out once what this implies for the continuity of the
wave function and its derivatives. The very simplest potential (right after the free
particle with V (x) = 0) contains only one jump, the step potential. For two jumps
there are three possibilities:

e Two steps in the same direction. But this gives us no new insights compared to the
single step and is therefore not discussed here.

e the potential well, where the potential between the two steps is lower than in the
outer region. This leads to the existence of bound states.
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e the potential barrier, where the potential between the steps is higher than in the
outer region. Here the tunnel effect occurs, where a wave whose energy is lower
than the potential in the middle section can “tunnel” through this potential.

We consider only energy eigenstates here. General states can always be combined
out of energy eigenstates. For the time evolution one then has to follow a similar
approach as for the wave packet in the previous section:

1. Decompose the initial wave function (x) into energy eigenstates. For the free
wave packet this simply meant to operate in momentum space, since there momen-
tum eigenstates were also energy eigenstates.

2. For each eigenstate apply the time evolution factor exp(—i(e/h)t). In the case of
the free wave packet, this was the establishment of JJ( p, 1), (5.8).

3. From there reconstruct the wave function 1 (x, t). In the case of the free wave
packet this was the Fourier back transformation leading to (5.13).

The wave function ¢ (x) of an energy eigenstate | E«) is subject to the stationary
Schrddinger equation

n d?
- 2——2¢(x) = (E—-V@)yW). (5.22)
m dx
We assume that there can be several linearly independent eigenstates with the same
energy eigenvalue E. One then calls the eigenvalue E degenerate. We thus add an
additional subscript « to | E') to enumerate states with the same eigenvalue. One can
always normalize eigenstates such that

(EalE'B) = 0(E — E")dap, (EialEjB) = dijdap, (5.23)

where the first equation holds for the continuous, the second for the discrete part of
the spectrum. In the first case the eigenstates are actually pseudo-states, in the second
case actual states, i.e. elements of the Hilbert space.

The normalization becomes important when one wants to decompose a generic
wave function into its eigenstate components, or when one wants to compute expec-
tation values. But this is not what we are going to do in this section, and therefore
we keep the states unnormalized, saving the extra computational effort involved in
normalization.

In piecewise constant potentials, there are one or several discontinuities, i.e. at
some position xq the potential jumps from one value Vj to a different value V;. What
does this imply for the wave function 1 (x) and its derivatives? The Schrodinger
equation connects the potential with the second derivative of 1. Hence the second
derivative of ¢ will also have a discontinuity at xo. The integral over V is continuous
though, even at x¢, and thus the first derivative of 1/ is also continuous, and all the more
1) itself. We will see that solutions for ¢/ are determined by these continuity conditions.
(Some textbooks also discuss “delta-like” potentials, V (x) = Vod(x — x¢). In this
case also the integral over V has a discontinuity, and thus the first derivative of .
Only v itself is then continuous.)
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For piecewise constant potentials, we can separate the x-axis into regions J =
L 11, ..., such that the potential is constant in each region, V (x) = V; forx € J. In
each region, the solutions of the Schrodinger equation have the form

P(x) = ayetI B 4 p ek (B (5.24)
with
kj(E) =/ QH—T(E -V, (5.25)
if E > Vy,or
P(x) = cye B 4 g emri BN (5.26)
with

2m
Ky (E) :\/ﬁ(vj —E), (5.27)

if V; > E. The second case is not allowed by classical physics. The potential energy
of a particle cannot be larger than its total energy, since this would imply negative
kinetic energy. A classical particle cannot be located in such a region, its too small
energy prevents it from entering them. A region J with V; > E is therefore called
classically forbidden region. In QM, however, the wave function does not vanish
in these regions. If J extends to 400 (—00), the ¢ (dy) have to vanish for the sake
of normalizability. How the solutions have to be put together at the borders of the
regions is determined by the continuity conditions for 1) and its first derivative. They
result in relations between the coefficients ay, by, cy,d;.

Exercise 5.4

Clarity to yourself that the first term in (5.24) describes a wave moving from
left to right, the second term a wave running from right to left. Make use
of the corresponding solution of the time-dependent Schrédinger equation,
and analyze the motion of points with constant phase. Alternatively, you can
calculate the currents associated with the two terms.

5.2.2 Potential Step

We analyze a potential step at x = 0,
Vx)=W flurx <0, V)=Vg f'urx > 0. (5.28)

Without loss of generality we assume that Vi > V1 (Fig.5.1).
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Fig. 5.1 One-dimensional vV
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Solutions with E < V; don’t exist. For then we would need in both regions
solutions of type (5.26), where in regions I the parameter dj, in region II the
parameter ¢y would have to vanish. The continuity conditions for v (x) and
1/ (x) at x = 0 are them

c1 =du, rkicr = —kndi, (5.29)

which obviously don’t have a solution.

V[ <E < VH

In I we now need a solution of type (5.24), in II one of type (5.26) with c;; = 0.
The continuity conditions are

ar + by = dn (5.30)
i(ar — by)ky = —rndu, (5.31)

which leads to

by ki —ikn
_—= 5.32
ag k1 + ikn ( )
du 2k

= — (5.33)
ar ki +ikn

The expression on the right hand side of the first equation has norm 1, i.e. itis a
pure phase, and so |b| = |aj|. The solution has thus the following meaning: A
wave arriving from the left with amplitude |ay| is completely reflected at the step
(outgoing wave to the left with amplitude |b1| = |aj|) thereby receiving a phase
shift. The phase shift is the smaller, the closer E is to Vi, see (5.27). For E = V1,
hence k1 = 0, the phase shiftis 7; for E = Vpp, hence kij = 0, it vanishes. During
the reflection, the wave penetrates the classically forbidden region II, but decays
there exponentially. The depth of penetration is the larger (i.e. the exponential
decay slower), the closer E is to V1.
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(3) E> Vg

Now we need in both regions solutions of type (5.24). This is the most interesting
case. To solve it, we choose a specific approach: We set initially by = 0, i.e.
region II contains only an outgoing wave to the right, not an incoming wave
from the right. The interpretation is that the incoming wave (from the left) in
I (amplitude ap) is the cause of the entire spectacle. A part of this wave is let
through by the potential step, this is the part outgoing to the right (amplitude ajy).
The rest of the wave is reflected. This is the part outgoing to the left (amplitude
br). The continuity conditions are

ar + by = ar (5.34)

i(ar — byky = iankn, (5.35)
leading to

by ki —kn

—_— = 5.36

ar ki + ki (5.36)

an 2k1

— = 5.37

ar ki +kn (5-37)

Comparing this with case (2), we see that only dyj was replaced by ar and i k1
by kH.

To interpret the result, we define the transmission coefficient 7' and the reflection
coefficient R. The former is defined as the ratio between the outgoing current to the
right (the part of the wave that was let through by the potential step) j; and the
incoming current jo; similarly, the latter is defined as the ratio between the reflected
current (outgoing to the left) j, and the incoming current jj:

r o bdl g Ll (5.38)
[ jol jol
The calculation of the currents yields (cf. Exercise 3.13)
_ hkilail* . hkulanl? hka|br|?
Jo= sy Jd=— Jr=———. (5.39)
m m m
From the solution for the coefficients (5.36), (5.37) we get
Akikyp ky — kit 2
=——, R= (—) . (5.40)
(k1 + k1) kr + ki1

One has R 4+ T = 1. It has to be like this, for in a stationary solution the probability
density is time-independent, p = 0, and the continuity equation gives % Jj =0.Al
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of jo thus has to move on without loss, either in the reflected or in the transmitted
wave.

For E = Vp1 the wave gets completely reflected, since ki = 0. For higher values
of E, T increases and converges for E — oo to 1, because k1 / kjy approaches 1 there.
By the way, the values in (5.40) don’t depend on whether or not Vi1 > V1, as long as
E > max(Vy, Vq1). So, a part of the wave is also reflected if the potential step goes
down instead of up.

We have set b1 = 0 to describe an incoming wave from the left, partially reflected
and partially transmitted. From this solution, further solutions can be constructed.
Let’s denote the solution above as solution 1, and the corresponding coefficients as

1) b(l) and aI(I1 ). One of the coefficients remains undetermined—it makes sense to

choose al(l) for that, as the incoming, “causing” part—and the others were derived
from that one. The free coefficient al(l) can be fixed when dealing with normalization,
which we don’t want to do here though. A second solution can be obtained by taking

the complex conjugate of the first one. This new solution 2 has then the coefficients
2 1 2 1 2 2 1

In this solution, all currents run in the opposite direction as compared to solution
1. The previously outgoing parts are now incoming and vice versa. Two waves,
incoming from the left and from the right, respectively, merge at x = 0 in such a way
that the transmitted part of the wave coming from the left and the reflected part of
the wave coming from the right interfere destructively, giving aI(I2 ) = 0. One might
call solution 1 causal and solution 2 final. Solution 1 describes an incoming wave
causing two outgoing waves. Solution 2 describes two incoming waves finetuned
with each other in such a way as to lead to only one outgoing wave. Another solution
can be constructed by exchanging left and right in solution 1, i.e. we start with a wave
incoming from the right, causing two outgoing waves. The coefficients are obtained
by exchanging I and II as well as a and b in (5.36) and (5.37). If we then identify the
coefficient by of this solution (corresponding to the wave incoming from the right)
with the coefficient aj of the first solution (wave incoming from the left), we get:

3) @ _kia o M 6 _ M
=0, b =ray’s @)’ =-b", by =a (5.42)

Complex conjugation of this solution yields another final solution,
4 1 4 4 e 4 1

This time the two incoming waves merge in such a way that they produce only one
outgoing wave to the right.

Of the four solutions, only two are linearly independent. The other two can be
written as linear combinations of those.
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Exercise 5.5
Verify this.

Usually one chooses the two causal solutions 1 and 3 as the starting point, for
they are more intuitive than the two “conspirative” solutions 2 and 4.

In summary we can say: For E < Vi there is no solution; forany £ with V| < E <
V11 there is one independent solution; and for any £ > Vi there are two independent
solutions.

5.2.3 Potential Well

Given a potential
Vx)=0 "ur|x| >x9, V(&) =Vy<0 f'ur|x| < xo. (5.44)
There are three regions:
I=(—00, —x¢], II=[—xp,+x0], I = [xg,00) (5.45)

with potentials V1 = Vi = 0 and Vi = Vy (Fig.5.2). This time there are two dis-
continuities, hence four continuity conditions. We take a similar approach as for the
potential step. First we classify the solutions by the value of E, determining which
type of solution is given in which region. The possible cases are V) < E < 0 and
E > 0.

(1) V¢ < E < 0, bound states

In regions I and III solutions of type (5.26) are needed, where for the sake of nor-
malizability d and cyy need to vanish. So, in the external regions the wave function
decays exponentially, i.e. we have bound states whose main contribution is localized

Fig. 5.2 One-dimensional 14
potential well

—x0 )

Vo
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inside the potential well. In this case, the wave function can be normalized to 1, it is
a real element of the Hilbert space. In region II the solution has to be of type (5.24),
which we are now going to rewrite somewhat though (for reasons that will become
apparent):

Y (x) = ay cos kipx + BH sin kqx (5.46)

For simplicity we denote k = k1 = K11, K = ki1, ¢ = ¢, d = dyir, a = ayp and b =
by1. The four continuity conditions are then:

ce "™ = qcoskxy — bsinkxg (5.47)

kee "0 = k(asinkxg + b cos kxg) (5.48)

de "™ = acoskxy+ bsinkxg (5.49)
—kd e "0 = k(—asinkxg + b cos kxp) (5.50)

We have four coefficients a, b, ¢, d, of which we can choose one freely (or fix it later

for normalization). So, we have four equations for three unknowns. This system of

equations will no longer have a solution for any energy eigenvalue E. This suggests

the presence of a discrete spectrum, as it is to be expected for bound states. We are

in the first place interested in the allowed energy values. For that, we search for an

expression for k or x in the continuity conditions, since E is contained in these.
The second equation divided by the first gives

. :ka sinkxo—i-bcc.)skx(). (5.51)
a cos kxog — b sin kxg

The fourth equation divided by the third yields

. :ka sin kxg —bcc.)skx(). (5.52)
a cos kxo + b sin kxg

these two expressions for x are consistent with each other only if a or b vanishes.

Exercise 5.6
Verify this; equate the two right hand sides and multiply with the denominators.

We consider the cases separately. If b = 0, one gets

V|Ug| — k2

tan kg = & = VIVl =K (5.53)
k k

with the definition

V. (5.54)
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Fig. 5.3 Graphical determination of the energy eigenvalues of a potential well, part 1

The second equation in (5.53) follows from

2m 2m
K2 = —ﬁE, k> = ﬁ(E — Vo). (5.55)

With y = kxg we can rewrite (5.53) to

VX510l — »?

y

tany = (5.56)

This equation is best visualized in a diagram where the left and right hand sides are
plotted as functions of y and the intersections can be looked up, cf. Fig.5.3.

The ascending curves are the branches of the tangent function, the descending ones
correspond to the right hand side of (5.56) for several values of xg |Uop|. Each of these
curves meets the y-axis (the horizontal axis of the diagram) at y = x9+/]Up]. One can
see that, depending on the value of xg |Up|, there are one or several intersections. The
larger x§|U0|, the more intersections. The intersections are located in the intervals
[nm, (n + %)71’]. To each intersection belongs a value of k = y/xg, and to each k an

energy eigenvalue
2

I
E=Vy+ —Kk°. (5.57)
2m

If a = 0, one follows the same procedure, obtaining

VXUl — ¥2

Y

—coty = tan(y + g) - (5.58)

Again, a diagram helps, cf. Fig.5.4.
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Fig. 5.4 Graphical determination of the energy eigenvalues of a potential well, part 2

This time there is no solution if xg/[Ug| < 7 /2. The solutions for xo/|Ug] > 7/2
are located in the intervals [(n — %)77, nm] and thus between the intervals with the
solutions for b = 0. The corresponding energy eigenvalues are determined as in the
case b = 0. Together they form the discrete spectrum of the bound states of the
potential well.

The corresponding wave functions are even in the case b = 0, i.e. ¥ (—x) = 1 (x),
inparticulard = ¢, oddinthecasea = 0,i.e.1)(—x) = —1)(x),inparticulard = —c.
This can be directly inferred from the continuity conditions.

2) E > 0, free states

Now we need solutions of type (5.24) in all three regions, i.e. the corresponding
wave functions are distributed over the entire one-dimensional space, in contrast to
the bound states, where the main part of the wave function was located inside region
II. We again analyze waves incoming from the left, setting by = 0. Other solutions
can be obtained again by right-left exchange and by complex conjugation, as for
the potential step. The incoming wave is now reflected in two places, namely each
of the two discontinuities of the potential. The two reflected waves overlap in I and
interfere with each other. We expect that under certain conditions the interference
can be fully destructive where the two reflected parts of the wave cancel each other
completely in region I.
The continuity conditions are now

aIe_ik”" + bleiklx() = aIIe_ikIIXO + bHeikaO (5.59)

ki (aleiiklx() — bleiklxo) = ki1 (Clneiikuxo — bHeik“xO) (5.60)
aneiknxo + bue_iknxo = ameik”o (5.61)

ki1 (aneiklm — bHe_ikaO) = k]ameiklm, (5.62)

where we have used kqp = kp.
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Exercise 5.7

Use your personal favorite method for the solution of systems of linear equation
to solve this system of linear equations for by, ayy, byy and agy. (The parameter
aj is again treated as the input, as the strength of the incoming wave, which
“causes” the other parts.) Defining

z = ku/ k1, (5.63)
the solution reads:

by 2i(z% — 1) sin(2kyxp)e2ikixo s
a_I - (Z o 1)26—2ik11xo _ (Z _ 1)262ik[1x0 ( : )

an 2(z + 1)e i kitkmxo
a_I = (z + 1)2e~2ikxo — (7 — [)2¢2ikux (5.65)

by 2(z — l)ei(kn—kl)m
a_I = (Z + 1)2e—2iknxo _ (Z _ 1)262ik11x0 (5’66)

4 —2ikyxo

= = (5.67)

ar - (Z 4 1)2e—2iknxo _ (Z _ 1)2e2ik11x0

This looks quite complicated, but in fact we are only interested in the reflection
and transmission coefficients.

Exercise 5.8
Calculate R and 7'. The solution is:

(22 = 1)?sin?(2knxo)
422 + (22 — 1)2 sin? (2knxo)
472
T — —
472 + (z2 — 1)Z sin® (2kyrxo)

(5.68)

(5.69)

From that, we infer two things:

1. If E — oo and thus z — 1, the reflection goes to zero.
2. If 2kpxg is an integer multiple of , the reflection vanishes, due to destructive
interference of the two reflected parts.
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Exercise 5.9
Determine the energy values of vanishing reflection.

Altogether we have seen that for a potential well the spectrum of the Hamiltonian
operator consists of a discrete part with certain energy values £ < 0 and a continuous
part for E > 0. the energy eigenstates for E < 0 are bound states whose wave func-
tions decay exponentially outside of region II. The (pseudo-) eigenstates for £ > 0
are free states whose wave functions are distributed over the entire one-dimensional
space. A generic state can be composed of both free and bound parts.

5.2.4 Potential Barrier

For a potential barrier we have the same potential as for the potential well, the only
difference being that the value Vp of the potential in the middle region is now larger
than O (Fig.5.5). An incoming wave from the left has now to overcome a “hurdle”.
The case E > Vj has no new features to offer, the behavior is just as for the free
states of the potential well. The ansatz, the continuity conditions and therefore even
the solutions are identical. Only the case 0 < E < Vj is new. Here we need solutions
of type (5.24) in I and III, and solutions of type (5.26) in II. Again we set by = O,
considering incoming waves from the left.

In the calculation, the changes compared to the free states of the potential well
are minimal. The coefficients in region II are now called cyy and dyy instead of ajy and
by, and in the exponents one has to replace ik by x1. Defining

w = K:H/kl (5.70)

and using sin i« = i sinh «, the solution for the transmission coefficient can be taken
over from (5.69), with only small changes:

4u?
T = — (5.71)
4w? + (w? + 1)2 sinh? (2k11x0)
Fig. 5.5 One-dimensional vV
potential barrier
Vo
I 11 11T
x

—X0 zo
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Exercise 5.10
Verify this.

This equation expresses the famous tunnel effect: Although region II is classi-
cally forbidden—the potential has there a higher value than the energy of the quan-
tum object—a part of the wave can “tunnel” through the barrier. For large «, one
has sinh  ~ ¢ /2. With increasing ky1xg, the transmission decreases exponentially.
The broader and higher the barrier (remember that k11 ~ /Vy — E), the smaller the
portion that reaches the right side, as one would have expected intuitively.

Self-check questions:

1. What is the procedure to solve the stationary Schrédinger equation for piecewise
constant potentials?

2. How are reflection and transmission coefficients defined?

3. What is the tunnel effect, and which parameters determine its strength?

5.3 Harmonic Oscillator

As a harmonic oscillator we denote a potential of the form

2
Vi) = Vo + %(x — x> (5.72)

This potential is of great importance, since any potential can, in the proximity of a
minimum, be approximated by a harmonic oscillator, if only its second derivative
with respect to x does not vanish at the minimum. For close to the position xo where
a potential U (x) acquires a minimum, one has

U(x) = U(xp) + U (x0) (x — x0)> + O((x — x0)*), (5.73)

which corresponds to a harmonic oscillator with mw?/2 = U" (xg). It is therefore to
be expected that for low energy eigenvalues, where a large part of the wave function
is localized in the proximity of xo, eigenvalues as well as eigenfunctions can be
approximated by those of the corresponding harmonic oscillator.

Without loss of generality, we may set Vyp = 0 and xo = 0in (5.72): Vj represents
only an irrelevant shift of the minimal energy, and xo can be simply removed by a
coordinate shift. The potential to be studied is thus

2
Vix) = mwaz. (5.74)



166 5 One-Dimensional Problems

We want to determine the associated energy eigenvalues and eigenstates, solving the
stationary Schrodinger equation. As a differential equation in position space it reads

2 2
- zh—zz/’(x) + X2 (x) = Ep(x). (5.75)
m 2

However, solving such a differential equation is quite cumbersome, and it turns
out there is a simpler way which makes use of the abstract formulation of QM in an
ingenious way. We therefore forget about the representation of the state |¢)) as a wave
function for a moment, and only use the abstract operators X and P, for which we
assume nothing but the fundamental commutator, [X, P] = ihl. The Hamiltonian
operator is

P n m? 2 (5.76)
T 2m 2 7 '
The stationary Schrodinger equation reads then
P2 mw?
— + —X?) |¥) = E[y). (5.77)
2m 2

We will now reformulate this in a tricky way, by introducing a new operator A,

1 i
A= —|V/mwX + —P) . (5.78)
V2h ( Vmw
Its hermitian conjugate operator is
1 i
Al=— (./mwX — —P) : (5.79)
~2h A/ mw

The combination AT A is called N, for reasons that will soon become apparent. Now
(5.76) can be rewritten as

. 1 1
H=W(A‘A+§)=M(N+E). (5.80)
The additional —1—% occurs, because when multiplying out ATA we have to take into
account the generalization of the third binomial formula to operators:
(B+C)(B—C)=B>-C*-[B,C], (5.81)

here applied to

vmwX, C = \/% (_misz (5.82)

B =

-
j
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From (5.80) we read off that the energy eigenvalues E,, can be expressed through
the eigenvalues n of N:

E, = hw (n + %) (5.83)
The eigenstates of H are thus simultaneously eigenstates of N. We denote the eigen-
state of N with eigenvalue n by |n). To be precise, it could be that the eigenvalue » is
degenerate, i.e. that there are several states with this eigenvalue. Then we would need
further information to specify the state. However, we will soon catch up on proving
that n is not degenerate. But first we show that n cannot be negative: Let [v) = A|n).
Then

n= (n|N|n) = (n|ATA|n) = (v|v) > 0. (5.84)

Exercise 5.11
Show, using not more than [X, P] = i A, the following commutator relation:

[A, AT =1 (5.85)
Conclude
[N,Al=—A, [N,AT]=A". (5.86)
From (5.86) follows
NA|n) = A(N —1)|n) = (n — D) A|n) (5.87)
NAT|In) = AT(N + D|n) = (n + DAT|n). (5.88)

A|n) is therefore an eigenstate of N with eigenvalue n — 1, and A'|n)isan eigenstate
of N with eigenvalue n + 1. By repeated application of AT one “climbs” up the “lad-
der” of N-eigenvalues in steps of 1, and by repeated application of A one descends.
AT is therefore called raising operator, A correspondingly lowering operator.

But since we know that n cannot become negative, the descending must come to
an end at some point. There must be a ground state |n(), from where the application
of A does not lead any further, which is only possible if A|ng) is not a state at all,
i.e. Alng) = 0. As a consequence,

0 = ||Alno)|1* = (nolAT Alno) = (no|N1no) = no (5.89)

and so ng = 0. So, |0) is the only possible ground state, And we conclude that the
ground state energy of the harmonic oscillator is

Ep = = (5.90)
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The values 7 in (5.83) therefore have to be non-negative integers.

It remains to show that there is only one state |0), and not several with the same
eigenvalue, and therefore we go back to position space. The equation A|0) = 0 there
reads

(«/_x +— ) Yo(x) = 0. (5.91)

V2h Vmw dx

This is a linear differential equation of first order and has thus only one independent
solution. With some intuition, one can see that this solution is a Gaussian function.
Properly normalized it reads

Po(x) =

o2
_*//_ —gat 2 MY (5.92)

Hence, the ground state is not degenerate, and since all higher states can be obtained
from the ground state by repeated application of A, these higher states are also
non-degenerate. Let’s normalize these states:

NATI? = (n|AATIn) = m|ATA +1n) =n + 1 (5.93)

The normalized state |n + 1) is therefore

n+1) = An) (5.94)

1
vn+1
or, if we start from the ground state and apply A repeatedly,

_ 1 T\
In) = ﬁ(A )"10). (5.95)

Expressing this relation again in position space, we get

1 mw h d
Pp(x) = o (Tx o dx) Po(x). (5.96)

The result is—after some short consideration—a polynomial of degree n times a
Gaussian function. Since the eigenfunctions have to be orthogonal to each other, the
polynomials have to be the Hermite polynomials H, mentioned in Sect.3.2. Using
the definition of the Hermite polynomials,

d n
H,(x) = ¢/ (x - d—) 2, (5.97)
X
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one immediately gets

1 mw
Yn(x) = WHn (,/ Tx) o (x). (5.98)

The first few Hermite polynomials are
Ho(x) =1, Hy(x) =2x, Hy(x)=4x*-2. (5.99)

The expectation values of position and momentum can be determined through A
and AT without referring to the wave function. With

= ,/i(A + A% (5.100)
h

mw
P=—i]—(A— A" (5.101)

one obtains

(X)n = (| X|n) ,/ —((nlAln) + + (n|Atn)) =0 (5.102)

(P)n = (n|X|n) = —i

Y (nlAln) — (| AT ) = 0. (5.103)

Here we have used that A|n) lies in a different eigenspace and therefore has no
overlap with |n), and the same holds for A¥|n). So, the expectation values vanish.
This is how it has to be: The expectation values obey the Ehrenfest equations and
therefore the classical equations of motion for an oscillation around x = 0. Since
energy eigenstates are stationary, there can be no motion of (X), though; (X),
thus has to be at zero all the time. This holds for arbitrarily large energies, where
in classical physics the amplitude gets higher and higher. However, a wave packet
composed of several energy eigenstates will in general show the oscillating behavior:
the expectation values of position and momentum will swing forth and back with the
angular frequency w, as required by the Ehrenfest equations.

For energy eigenstates though, the energy dependent “deflection” shows itself
only in the form of increased uncertainties:

h
(AX)? = (n|X%|n) = 2—(n|A2 + AAT+ ATA+ (AT n)  (5.104)
mw

h P
=5 (n|AAT + ATAn) (5.105)

h h 1
= (n2N +1jn) = — {n+ = (5.106)
2mw mw 2
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The operators A% and (A7)? were dropped in the second row, because their contri-
butions vanish due to the orthogonal eigenspaces: (n|A?[n) = 0, and similarly for
(A™)%. In the same way one gets

1
(AP)? = hmw (n + 5) . (5.107)
The combination of the two uncertainties yields
1
(AX)n(AP)y =1 (n + 5) . (5.108)

So, only forn = 0 the minimal value required by the Uncertainty Relation is realized.
For all higher energy eigenstates the uncertainty is higher too.

Self-check questions:

1. Why do the raising and lowering operators have these names?

2. What are the energy eigenvalues of the harmonic oscillator?

3. Which differential equation remains to be solved when the algebraic method is
used (only in words, not the exact expression)?



Chapter 6
Two-Dimensional Systems

Abstract This is just a stopover between one and three dimensions. It allows for a
simplified introduction into rotation symmetric potential, angular momentum, and
separation of variables.

6.1 Cartesian Coordinates

The stationary Schrédinger equation in one dimension is an ordinary differential
equation: there is only one variable, x. In two dimensions, it becomes a partial
differential equation

[ 0? 0?

and is therefore in general more difficult to solve.
There are two situations where the problem is simplified significantly and can be
reduced to one-dimensional, i.e. ordinary differential equations:

e The potential consists of two separate potentials for x and y, V(x, y) = Vi(x) +

Va(y).
e The potential is that of a central force, i.e. it depends only on the distance r =

v/ x2 + y? from the origin.

The second case requires polar coordinates and will be studied in the next section.
The isotropic harmonic oscillator,

2
mw mw
V(x,y)=7<x2+y2)= 5 r?, (6.2)

fortunately fulfills both conditions and can therefore be used as an example in both
cases, so we can compare the results. “Isotropic” here means that the parameter w is
the same in both directions, whereas the potential of a generic harmonic oscillator
in two dimensions reads
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% _mo 22 2.2 6.3
(6.7) = Z @i +wpy?). (6.3)

In the first case, V (x, y) = Vi(x) + Va(y), the Schrédinger equation can be sim-
plified via the product ansatz

Y(x, y) = ulx)v(y). (6.4)

This is called a separation of variables. Inserting this ansatz into the Schrédinger
equation and then dividing by « and v, one obtains

ﬁ2 u”(x) h2 v//(y) B
(—% o) + Vi (x)) + (—% 0) + Vz(y)) =E. (6.5)

The content of the first bracket does not depend on y. However, it can also not depend
on x, since the remaining part of the equation (the second bracket and the right hand
side) doesn’t. So, it has to be a constant, which we call E. Similarly, the content
of the second bracket has to be another constant, E>. We have thus reduced the
two-dimensional Schrédinger equation to two one-dimensional ones:

h2

- %u”(x) + Viu(x) = Eju(x) (6.6)
h2

—%v”(y) + Va(ynu(y) = Exv(y) (6.7)

and we have E = E| + E>.
Let’s consider the isotropic harmonic oscillator (6.2) as an example. Because of
mwz 2 mwz 2
Vi(x) = — Va(y) = -5 (6.8)

the one-dimensional equations are just those of the one-dimensional harmonic oscil-
lator, whose solutions v, and energy eigenvalues E, we already know. The energy
eigenstates of the two-dimensional oscillator can be represented in the form |nyny)
with the associated wave functions

Uiy, (6, ) = W, (X, (1) 6.9)
The energy eigenvalues E, n, are
Enny = En, + En, = hw(ng +ny +1). (6.10)

We can see that the energy eigenvalue /w(n + 1) can be obtained in n + 1 different
ways, implying that it is (n + 1)-fold degenerate: For fixed n = ny + ny, n, can
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assume any integer value from O to n, and the corresponding value for ny is n — n,
in each case.

One arrives at the same result if one starts from scratch with the algebraic proce-
dure that we have used for the one-dimensional oscillator. The Hamiltonian operator

is
P2 muw? P?  u?
H=(2x4+—x2 2 y? , 6.11

(Zm + 2 ) +(2m + 2 ( )

and again we can introduce lowering operators, one for the x- and one for the y-
direction,

1 i
AXZE(«/WZWX—F\/%PX), (612)

1 i
Ay, = — | VmwY + —P,) , (6.13)
Y v 2h ( v mw Y
so that, after a short calculation, one obtains the following form of H:
H = hw (Aj;Ax +ATA, + 1) , (6.14)

similar to the one-dimensional case. The raising operator AI is responsible for the
excitation of the oscillator in x-direction, A; for the excitation in y-direction. The
amount of excitation is expressed in terms of the operators

Ny =AlA;, Ny=AA,, (6.15)

which just as in the one-dimensional case have non-negative integer eigenvalues,
which can be identified with the values n, and n, in (6.10). The ground state can
be determined as in the one-dimensional case, see (5.91), but this time with the
differential equation holding separately in the x- and the y-direction, with the solution

Yo,0(x, y) = tho(x)tho(y). (6.16)

In one dimension, the ground state energy %hw was due to a term +1/2 in the
Hamiltonian operator (5.80) which appeared in the process of rewriting expressions
of X?- and P? into expressions of ATA. In d dimensions this extra term occurs d
times, since d position and momentum operators are rewritten into d distinct AT A-
expressions. The ground state energy of the isotropic oscillator in d dimensions is
therefore Eg = %hw. In particular, it is simply Aw in two dimensions.

Beginning with the ground state, one can get the higher states by applying the
raising operators:

Incny) = (AD)™ (A])10) (6.17)

1
Vnxlny!
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To get a bit more concrete, we want to determine the wave functions of the first

excited energy eigenvalue £ = 2hw, ¥, =1,n,—0 and 1, =0, =1, which we will later
compare with the result obtained in polar coordinates. In position space we have

AT = mw _iﬁ (6.18)
* =V T e ox ’

y o [mw h 0O

The wave function of the ground state is

= ™ e (=T 2 4 2
Um0, 0(x, ) = | T exp (~ T2 (2 4+ 32) (6.20)

Application of the raising operators yields

Yng=1.n,=0(X, ¥) = ALy, —o.n,=0(x, y) (6.21)
_ 2 mw mw o 2

= \/;? X exp (—%(x +y )) (6.22)

Uny=0.m,=1(x, ¥) = AT, —on,=0(x, y) (6.23)
2 mw mw o = 5

Alternatively, one could have inferred this from (6.9) and (5.98).
Self-check question:

1. How does the separation of variables work in the case V (x, y) = V1(x) + Va(y)?

6.2 Polar Coordinates

Polar coordinates (r, ¢) are defined via the coordinate transformation
X =rcos¢, y=rsing, (6.25)

or vice versa
r=./x24+y2, ¢ =arctan 2 (6.26)
X

We were a bit sloppy is the last equation, because the arc tangent usually maps into
the interval [—7 /2, 4+ /2], but we want ¢ to run from O to 27. It therefore has to be
understood with an additional +7 in the second and third quadrant, and an additional
+27 in the fourth.
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In order to express the derivative operators, and in particular the Laplacian, in
the new coordinates, the chain rule has to be applied. (You have certainly done this
already in a course on classical mechanics or electrodynamics. However, we want
to repeat this here, for the sake of completeness.) A function f(x, y) is rewritten in
polar coordinates by replacing each x and y in the function expression via (6.25),

fx,y) = flr,d) = fx(r, ¢), y(r, 9)), (6.27)
for instance
Vix,y) = T(x +y9) (6.28)
w? mw?
— V(r, ¢) = (r2 cos? o+ 72 sin® o) = 2 2. (6.29)
The inverse transformation works in the same way
fr,9) = f(x,y) = fr(x,y), ¢(x, y)). (6.30)

The derivatives are then obtained via the chain rule, applied to (6.30), for instance

ar 0 0¢

Ef(x’y):(a a7 T ax 8¢)f( ?). (6.31)

The partial derivatives Or/Jx and 0¢/0x are given by (6.26), at first in terms of x
and y,

or . x 0 . y 6.32)
Ox  JxZyy2 O0x  x24y% ’
which then again has to be rewritten in terms of r and ¢:
or Do sin ¢
- = [ 6.33
Ox cos ¢ 0x r (6.33)
Altogether, (6.31) yields the replacement
0 o 1 0
r — oS gb—r - - s1n qb—d). (6.34)
Similarly we get the transformation of the y-derivative:
0 0o 1 0
— — sin qS + —cos d)— (6.35)

ady or r oo}
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For higher derivatives, the product rule has to be taken into account. For instance, in

2
(6.36)

the r-derivative in the left brackets acts once on 1/7 in the right brackets, and once

on f(r, §).

Exercise 6.1

Show that ) ) ) i
o 9 # 19 10
=W+a—y2—>ﬁ+;5+r—zy¢z. (6.37)

The Schrodinger equation in polar coordinates thus reads

(o> 10 1 0
[—% (mﬁ-;a—i-r—z@)—i-v(’% ¢):| U(r, @) = EP(r, ¢). (6.38)
Angular momentum:

An important physical quantity is the angular momentum /, which is a scalar quantity
in two dimensions, | = xp, — yp,, and equals the z-component /, of the angular
momentum vector 1 in three dimensions. The associated operator is

0 o
L=XP,—YP, = —ih(xa ~ o). (6.39)

In polar coordinates, L looks simple. Transforming the content of the brackets via
(6.25), (6.34), (6.35) into polar coordinates, a short calculation yields

.0
L= —zha—¢. (6.40)

Just as the ordinary momentum, angular momentum also equals —i/ times a partial
derivative. The eigenvalue equation

Lp(r, ¢) = hlyp(r, ¢) (6.41)

is therefore just as simple to solve: the eigenfunctions have the form

Yir, ¢) = f(r)e'?, (6.42)
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where f(r) is an arbitrary differentiable function of r. Since v; is supposed to be
continuous, e/!? = ¢//(¥+2™ and hence [ being integer is required. Angular momen-
tum is therefore “quantized” in QM, with possible eigenvalues //. Note that we
used the letter / first to denote the classical angular momentum, but then the angular
momentum quantum number. Please don’t confuse these two things! The physical
value of an angular momentum with quantum number / is Al.

Central force:

The potential V of a central force depends only on r, by definition. The Hamiltonian
operator is then

H = e 82—1—]8 + L? +V 6.43)
= om\a2 o ) (®.

(note that we expressed the second derivatives w.r.t. ¢ in terms of Lz), which com-
mutes with L,
[L,H]=0. (6.44)

For all terms in H depend only on r, and therefore

_ 6.45
qb( Y) = ¢¢ (6.45)

This has two consequences:

e Angular momentum is a conserved quantity, its expectation value does not change
with time. So, the classical result that angular momentum is conserved for a central
force is reproduced in QM.

e H and L can be diagonalized simultaneously; we can thus choose the energy
eigenstates to be also eigenstates of angular momentum.

This simplifies the Schrodinger equation substantially. For an energy eigenstate, we
can set

w(r @) = f(r)e' (6.46)
and thereby turn the Schrédinger equation into an ordinary differential equation

h? 1d
" om (dr2 ) @)+ Verr ) f (1) = Ef (7). (6.47)

Here Vi is the effective potential

h212
Vet (r) = V(r) + el (6.48)
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which should look familiar from classical mechanics. Equation (6.47) is the so-called
radial equation. Angular momentum leads to a centrifugal term in the effective
potential: the effective potential diverges for r — 0 to 400. In classical physics,
this is associated with a pseudo force, the centrifugal force which drives objects
outwards. The analogy in QM is that the centrifugal term in the radial equation for
[ > 0 makes the wave function vanish at r — 0. We save the proof of that for the
three-dimensional case.

It remains the task to solve the radial equation—or to avoid this work by smart
algebraic considerations. As an example we again consider the isotropic harmonic
oscillator.

Isotropic harmonic oscillator

We look for eigenstates of the Hamiltonian operator which are simultaneously eigen-
states of angular momentum. The radial equation reads

B (d> 1d mw? 5, B?
- (ﬁ + ;;) £+ ( et 2mr2) F0) = EF(). (649

This equation can be solved with some effort and some good choices for the ansatz.
For example we may guess (since we already know the solutions in cartesian coor-
dinates) that f () is of the form

£(r) = g(r) exp (—%rz) (6.50)

with some polynomial g(r). However, it is much more elegant to take an algebraic
approach again. And since this is such a nice exercise, I leave it to you.

Exercise 6.2
(a) Show that with the definitions (6.12), (6.13) one has:
L =ih(A;Al — AfAy) (6.51)

(b) We define new lowering operators Ay, and Ag:

1 . 1 .
AL = %(Ax +iAy), Ag= %(Ax —iAy) (6.52)

Show that
[Ag, ALl =[AL, A]1=1, (6.53)

[Ar, Al 1=1[AL, Ab] = [Ag, ALl =[A}, Al]1=0. (6.54)
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The new operators Ag, A}, Ar, Az therefore obey the same commutation
relations as Ay, Al, Ay, A;.
(c) Show that
ARAR +AJAL = ATA, + AT A, (6.55)

In particular, the Hamiltonian operator (6.14) can be written as
H=M(A}AR+A}AL+1). (6.56)

As aconsequence, the entire procedure to derive the energy eigenstates can
be performed with Ag, A;, Ap, Az just as well as with A, A;, Ay, A;.
We define .

Nr=ARAg, Np=AlAL (6.57)

with integer eigenvalues ng and ny. Applying (A;)"R (AZ)"L to the
ground state one gets the state [ngny) with the energy E = hw(ng +
nr +1).

(d) The big advantage of the new raising and lowering operators becomes
apparent when we consider angular momentum. Show that

L=h (A}AR _ ATLAL) : (6.58)

In contrast to [nyny), [ngny ) is thus also an eigenstate of angular momen-
tum,

Lingnr) = h(ng —nr)lngng). (6.59)

The angular momentum quantum number is therefore / = ng — ny. Clar-

ify for yourself that for fixed n = ng + ny, (i.e. for fixed energy Aw(n +

1)), [ can take on the valuesn,n —2,n — 4, --- , —n.
(e) Show, starting from (6.18) and (6.19), that

; h (0 i0
Al [Misl, P (L EYD .
& 4ﬁe 4 mw \ Or + rog) |’ (6.60)
S | (e
fy, = an ¢ |:r mw (8;’ rog) |’ (6.61)

(f) Use this to determine the two states ¥y, ,=1,n; =0 and 1, ,—0.,, =1 from the

ground state
mw mw
Ynpmom=0(r, @) = | —exp (- ==r?) (6.62)
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The solution is:

I mw ; mw
Ynp=1,n,=0(, §) = W e'Or exp (—Erz) (6.63)
I mw _; mw
Unnmom=1(9) = =5 e e (=557) 664

(g) The states |ngnp) differ from the states |n.n,). Nevertheless, the
eigenspaces for the same energy eigenvalue E, = hw(n + 1) must be
identical, i.e. each state |[ngny) must be a linear combination of states
|nxny) with ny +ny = ng + ny. Show that

Ing =1,np =0) = (|nx=1,ny=0)+i|nx=0,ny=1))

SEESE

Ing =0,np =1) = (|nx=l,ny=0)—i|nx=0,ny=1)).

Self-check questions:

1. What does the angular momentum operator in polar coordinates look like, and
what are its eigenvalues?

2. Under what condition is it a conserved quantity?

3. What is the effective potential?



Chapter 7
Three-Dimensional Systems

Abstract The behavior of wave functions in three dimensions is investigated, with
a focus on angular momentum and spherically symmetric potentials. As a highlight,
we determine the energy levels of the hydrogen atom. Again, algebraic methods turn
out to be very useful and elegant.

Many considerations of the previous chapter can be taken over to three dimensions.
For example, for a potential of the form

Vix,y,2) = Vi) + Va(y) + V3(2) (7.1)

a separation of variables can be performed with the product ansatz
Yx, y,2) = u(x)v(y)w(z), (1.2)
yielding three one-dimensional Schrodinger equations for u#, v and w, completely

analogous to the two-dimensional case. For the isotropic harmonic oscillator this
leads to the energy eigenvalues

E, = hw(n + g), (7.3)

where n = ny +ny +n; is the sum of the N-eigenvalues of the three one-dimensional
oscillators in x-, y- and z-direction.

Exercise 7.1
Show that the eigenvalue E,, is g,-fold degenerate with

In = %(ﬂ + D(n+2), (7.4)

i.e. there are g, ways to represent n as a sum of three non-negative integers.
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For potentials with a cylinder symmetry,
Vix,y,2) = Vi(p) + Va(2), (7.5)

with p = /x2 + y2, one chooses a product ansatz in cylindrical coordinates

Y(p, ¢, 2) = u(p)v(Pw(z), (7.6)

where for u# and v everything from the previous section on central forces can be
applied. In particular v(¢) = €7 is an eigenfunction of the z-component of angular
momentum, with integer m; and u obeys the radial equation (6.47), now with r
replaced by p.

A complete novelty in three dimensions is the angular momentum algebra: In
contrast to the two-dimensional case, angular momentum is a vector in three dimen-
sions. Associated with it are three operators (one for each component), Ly, Ly, L,
forming a vector operator L. The spectrum of eigenvalues can be deduced from the
commutator relations of the three components of L and the operator L. The corre-
sponding eigenfunctions Y}, (the meaning of / and m will be explained) depend only
on the angles 6 and ¢ in spherical coordinates, and are called spherical harmonics.

For a spherically symmetric potential (central force)

Vx,y,2) =V({), (1.7)

with r = /x% + y2 + z2, angular momentum is, just as in two dimensions, a con-
served quantity. As the angular part of the energy eigenstates of eigenvalue E,, we
can again choose the eigenfunctions of angular momentum,

Yuim (1, 8, ¢) = Ry (r) Y, (0, ?). (7.8)

The function R,;(r) again obeys a radial equation with an effective potential. To
solve the radial equation is the remaining task for a given spherically symmetric
potential. We will study two examples for that: the free particle and the Coulomb
potential. The latter is of special importance, since it explains the basic properties of
the hydrogen atom.

7.1 Angular Momentum Algebra

The angular momentum 1 is defined as

I=rxp. (7.9)
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The associated operators are

0 0
Ly=YP,—ZP, = —ili[y— —z— ), 7.10
4 Y ! (yaz Zay) ( )

. 0 0
LyZZPx—XPZZ—lh Za—xa—z s (711)

_ 0 0

Note that a component of the position operator commutes with a different component
of the momentum operator, e.g. [Y, P;] = 0, so that the order of the operators in each
term above is irrelevant. The operator associated with the norm squared of angular
momentum is

L>=L}+Lj+L2 (7.13)
It won’t be necessary to write out L2 in terms of position and momentum operators,
thanks to some clever methods we are going to apply. We now want to compute the

commutators between these four operators. First

(Lx, Lyl = [Y P, ZP) = [Y P, XP.] = [ZPy, ZP ]+ [ZPy, X P;] (7.14)

=YP ([P, Z]-0-0+ PX[Z, P,] (7.15)
= —ihY P, +ihXP, (7.16)
=1ihL;. (7.17)
Similarly we get
[Ly,L;]=ihLy, [L;, Ly]=1hLy. (7.18)

If we replace the indices x, y, z with 1, 2, 3, this can be written as
3
[Li, Ljl=ih ) €ijiLy. (7.19)
k=1

Here ¢; j are the components of the epsilon tensor (also called totally antisymmetric
tensor or Levi-Civita tensor),

€123 = €3] = €312 = —€2]3 = —€32] = —€132 = 1, (7.20)

€ijx = O for all other combinations of (ijk), i.e. all combinations where an index
value occurs at least twice.
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Nerd’s Corner 7.1
More precisely, € is a tensor density, not a tensor. A tensor is defined through
its behavior under coordinate transformations. For a linear transformation

3
rl./ = ZAijrj (721)
j=il

with transformation matrix A, a tensor 7 transforms with respect to each index
via A or A~!, for example

3 3 3
=D D D AitAjmAtnTimn. (7.22)
=1 m=1n=1
In the case of e this leads to
3 3 3
€lo3 = Z Z Z A1y Az Asneimn = det A. (7.23)
=1 m=1 n=1

The definition of e requires though that €123 equals 1 also in the new coordinate
system. Therefore one has to demand that

3 3 3

€ = (et ATV D D" Ay A juy Akn€imn (7.24)

=1 m=1n=1

which is just what characterizes a tensor density: a tensor density of weight w
is defined such that the transformation rule (7.22) gets an additional factor of
(det A)" on the right hand side.

L? commutes with all components of angular momentum,

[L?, L;]1=0, (7.25)

since
(L%, L] = [L3, L]+ L2, Lyl +[L2, Ly ] (7.26)
=0+ Ly[Ly, Lyl +[Ly, LylLy + L [L., L]+ [L., Ly]L. (7.27)
=ihW(—LyL, — L,Ly+ L.Ly+ L,L;) (7.28)

—0 (7.29)



7.1 Angular Momentum Algebra 185

and similarly
L% Ly1=0, [L* L,]=0. (7.30)

In summary:

Angular Momentum Algebra

3
[Li, Ll =ihY eijple, [L? Lil=0 (7.31)
k=1

As a consequence, L? and one arbitrary component of angular momentum are simul-
taneously diagonalizable, i.e. have common eigenstates. One usually chooses the
component L, for that. Further components of L cannot be included, for they don’t
commute with L,. We write down the eigenvalue equations,

L% ma) = B2 A|Ama), L |Ama) = hm|Ama) (7.32)

Here « stands for another quantum number (eigenvalue of another operator A),
necessary in addition to A and m in order to specify a state uniquely. In a spherically
symmetric potential this could be for example the energy (the eigenvalue of the
Hamiltonian operator), as we will see. The unspecified operator A thus forms with
L2 and L. a complete set of commuting observables. It commutes with L? and L..
For simplicity we want to assume that A also commutes with L, and L. This is the
case for the Hamiltonian operator in a spherically symmetric potential. Then follows
that the values of « are unchanged under the action of L;:

A(Li|dma)) = L;(A|dma)) = a(L;|Ama)), (7.33)

i.e. Li|A\ma) belongs to the same A-eigenvalue as |Ama).

Exercise 7.2

Let A be the operator of kinetic energy, A = P2 /(2m). Show that [A, L;] = 0.
In Sect.7.4 we will show that this A forms a complete set of commuting
observables with L and L.

We can already guess the possible values for the so-called magnetic quantum
number m, since it is analogous to the quantum number / from the previous chapter:
it will be integer numbers, for the operator L, corresponds to the scalar angular
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momentum in two dimensions. Additionally, we know that A > 0, because the L;
are hermitian (why?), and therefore

X = (Ama|L? | Ama) (7.34)
3
= (Ama| D" L] Li|Ama) (7.35)
i=1
3
Z [L; | ma)||? > 0. (7.36)

In the following we will derive the spectrum of possible (A, m)-combinations,
without referring to the form of the operators in position space, only using the com-
mutator relations (7.31). We apply a method that has already proven successful for
the harmonic oscillator: we define raising and lowering operators, which in this case
raise or lower the value of m by 1,

Li=Ly=xiL,. (7.37)
One has
[Lz, L+] = [Lz, L]+ i[Lz’ Ly] = ih(Ly —iLy) (7.38)
=MLy +iLy) =hLy, (7.39)
and similarly
[L,,L_]=—hL_. (7.40)
It follows
Lo(L+|Ama)) = ([Lz, L+]+ Ly L) Ama) (7.41)
= hL | ma) + Ly (L;|dma)) (7.42)
= hLi|Ama) + hmL | dma) (7.43)
= h(m + 1)(L4 | ma)). (7.44)
In the same way one obtains
L. (L_| ma)) = h(m — 1)(L_|\ma)). (7.45)

Hence, L1 | A\ma) are eigenstates of L, with eigenvalue A(m=1); so, L4 raises/lowers
the quantum number m in steps of 1. The other quantum numbers are not affected,
since the corresponding operators commute with Ly and Ly, and therefore also with
L4, see (7.33). Now we conclude

L) ma) = cymt| A, m £ 1, ), (7.46)
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where the c),,+ are normalization constant we are going to determine. We observe
that

LyL_ = (Ly+iLy)(Ly —iLy) =L; + L} —i[Ly. Ly] (7.47)
=L’ —L2+hL, (7.48)

and similarly
L_Ly=L*-L?-hL, (7.49)

Because of Li = L_, this yields

[|Ly|Ama)||> = (Ama|L_ Ly | Ama) (7.50)
= (\ma|L? — L2 — hL | \ma) (7.51)
= 2O\ — m? — m)Dma| \ma) (7.52)
=\ —m(m + 1)). (7.53)

In the same way we get
[|L_|Ama)||*> = B>\ — m(m — 1)) (7.54)

and therefore

Camt = I/ A —m(m £ 1). (7.55)

Then we find that for given A the values of m have to be bounded from above and
below. This is a consequence of

0 < [|L|Ama)||* + ||Ly[Ama)||* = (Ama|L} + L} | Ama) (7.56)

= (Ama|L? — L2|Ama) = B2 (A — m?). (7.57)

So, it is required that |m| < V. Since Ly and L_ raise/lower the value of m

further and further by repeated application, this is only possible if a state | Ampax )
is annihilated by L, and a state | \mpyip) by L_. This implies

0 = [|L4 [ Mimax)[1> = B2 — mimax (Mimax + 1), (7.58)

0 = 1L Mmumin@) |I* = B>\ = manin (mimin — 1). (7.59)

One denotes mmax With the letter /. Equation (7.58) is then, for given A, solved by

A=I1I+1). (7.60)
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On the other hand, one can write A in the form (7.60) already from the start (any
non-negative number A can be written in this way, with a unique non-negative /), then
getting mpmax = [ as a consequence. Equation (7.59) has the solutions mpyj, =1 + 1
and mpin = —/. But since mpj, has to be smaller than m .5, the first solution can be
excluded, leaving us with the important result: For given A = /(/ 4 1), the possible
values of m go from —/ to +/.

Since m changes by application of L4 in unit steps only, / must be integer or
half-integer, [ = 0, %, 1, %, 2, .... This is as much as we can derive from the angular
momentum algebra (7.31) alone. But since we know from the representation of L,
as an angular derivative that m even has to be integer, / must be integer too; [ is the
so-called orbital quantum number.

In general one uses [ instead of \ to characterize a state, i.e. one writes |lma).
The normalization constants (7.55) are also rewritten in terms of /, resulting in

Lill,m, ) =h/U=myl+m~+D|l,m+1,a) (7.61)
Lll,m,a) =hJU+m(I —m+)|,m—1,a). (7.62)

Exercise 7.3
One gets |/, m, o) by applying L4 (I + m) times to |/, —/, o), or L_ (I — m)
times to |/, [, ). Show that

(L —m)!
QD! + m)!

= pm! M [—m
=" e —my e Bh e (7.64)

So far we have (except for the remark that m and therefore / need to be integer)
only used the commutators of L; and L? for our derivation. In Chap. 2 we have seen
that the components S; of the spin and S obey exactly the same algebraic relations
(see Exercises2.19 and 2.25),

I, m,a) =h\m L™, 1, a) (7.63)

3
S, S)1=ih > ejuSe, [8% Si1=0. (7.65)
k=1

And so, the relations between the eigenvalues derived above must also hold. Indeed,
we already found that S? is a multiple of the unit operator, the only eigenvalue being

3 1/1
R=r=-(=+1), 7.66
: 2(2+) (7.66)
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whereas S has the eigenvalues :I:%h. The value of the quantum number / is obviously

% in this case. In Chap.9 we will see how spin and angular momentum can be

combined.

Exercise 7.4
Verify explicitly, using the Pauli matrices, that (7.61) and (7.62) are valid in
the case of spin, with S3 = Sy i Sy.

Self-check questions:

1. Which subsets of {Ly, Ly, L, L2, P2} can be diagonalized simultaneously?
2. What are the raising and lowering operators in the case of angular momentum,
and which quantum number do they raise/lower?

7.2 Spherical Harmonics

After we've determined the eigenvalues of L? and L, we now turn to the eigenfunc-
tions. For this, we have to grapple a bit with spherical coordinates first. They are
defined by

x = rsinfcos ¢ (7.67)
y = rsinfsin ¢ (7.68)
z=rcosf (7.69)

or vice versa

r=q/x24+y2472 (7.70)

2 2
f = arctan vy (7.71)
Z

¢ = arctan X. (7.72)
X

Here r runs from 0 to oo, # from 0 (“north pole”) to 7 (“south pole”) and ¢ from 0
to 27r. Regarding the usage of the arc tangent, see the comment below (6.26).

Just as with polar coordinates in two dimensions we start with transforming the
partial derivatives:

0 _oro 000 0990

ox " oxdr " 0x00 " ox 00 (7.73)

x8+ 1 X 8+ 1 (—y)a
ror 1+%z\/x2+y239 1+ch—§ x? ) 9¢

(7.74)


http://dx.doi.org/10.1007/978-3-319-24526-3_9
http://dx.doi.org/10.1007/978-3-319-24526-3_6
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_x 0 n Xz 0 Y 0 (775)
_rﬁr r2 /x2+y280 x2+y23¢ '
. 0  cosfcos¢p O sing 0
— sind — _ _ — 7.76
Sin6cos o+ = 5 T 50 99 (7.76)
In a similar way we get
0 . . 0 cosfsing 0 cos¢p O
— —sinf — — — 7.77
dy S si ¢8r + 00  rsinf 0¢ (7.77)
0 0 sinf 0
— = 0— — — 7.7
oz~ Vor T 5 o0 (7.78)
und from that after a lengthy calculation (product rule!)
0? 0% 07
A — 0 1 2 7.79
Ox2 + 0y? + 972 (7.79)
? 20 10 1 ) 1 02
=—4+-—+4+——+—=>cotl—+ —-—— 7.80
or2  ror * r2 902 + 2 g + r2 sin? § O¢? (7.80)
192 1 1 2
_19 0 0 0 0 (7.81)

= o T sine0e ™ o0 T rrnt0 007

The expressions in the last row are to be understood through their action on a function
P(r, 0, ¢), “from right to left”, for example

o 0?
(_8r2 r) WP = o7 (ra)) (7.82)
and o 0 9 9

Next, we turn our attention to the angular momentum and obtain, again after some
calculation

. 0 0
Ly = _lh(ya_z - Za_y) (7.84)
=ih (sin qbg + cot 0 cos ¢3) (7.85)
- 90 26 ‘
. 0 0
Ly = —lh(Za—x —xa—z) (786)

= —ih (cos rb% — cotfsin gf)%) (7.87)
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L i 7a( 0 9 ) (7.88)
=—ih(x——y— :
¢ dy yax
B)
= —ih— 7.
ih5g (7.89)
L>=L;+L}+L: (7.90)
d? d 1 o2
== +cotb—+ ———). 7.91
(302 Heotlas t e a¢2) (750

The expression for L, was expected, after our results in two dimensions. The expres-
sion for L2 is contained in the Laplace operator (7.80):
? 20 1
=4+ — L2
orr  ror h3r?

(7.92)

Exercise 7.5

Use a rainy Sunday afternoon to verify the equations (7.77)—(7.91), one after
another. In particular, enjoy the long calculations for A and L?, where countless
terms cancel each other or can be summarized in a miraculous way.

Phew, that was a hard piece of work! Now we only need L4, then we have all
needed operators at hand:

Li=Ly+iL, (7.93)
. . . 0 .. 0
=ih |:(sm¢ —icos (b)% + cot O(cos ¢ + i sin (b)%] (7.94)
Y ﬂ)
= he (80+l€0t98¢> (7.95)
L_=L,—iLy (7.96)
—'h[(' o+i ¢)£+ t0(cos ¢ — i si ¢)2] (71.97)
=i sin i cos 20 cot d(cos i sin 9 .
: 0 0
e j —_
= he ( 50 +i C0t98¢) (7.98)

We recognize that all angular momentum operators depend only on 6 and ¢; r does
not show up in them, neither in a derivative nor in a factor. The eigenfunctions of L2
and L can therefore be written in the form

Yima(r, 0, ) = f(r)Ylmoz(‘g’ ¢) (7.99)

with an (as long as « is not further specified) arbitrary function f(r). At the word
“arbitrary”, the mathematician may knit his brow once again. Yes, there again criteria
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regarding continuity and differentiability, stubbornly ignored by us physicists. In
addition, the wave function should be normalizable. The norm of 1, is given by

27
[ imall? / dr/ d9/ d¢r?sinf x (7.100)

) ) Y00, O Yima (0, $) (7.101)
= [/ dr rzf*(r)f(r)] x (7.102)
0

T 27
[/ de/ dé sin0 Y}, (0, 3)Yima (0. qﬁ)] (7.103)
0 0

In order to normalize 1)y, to 1, we can normalize f and Yj,, separately to 1, i.e.
set the contents of each of the two square brackets to 1. Do you remember why for
integrals in spherical coordinates there is always this factor 72 sin 6? It is the inverse
Jacobi determinant of the transformation from cartesian to spherical coordinates.

Exercise 7.6

Verify that
ox 0y 0z or 90 96\ 77!
dr Or Or Ox Ox Ox
Ox 9y 0z | _ or 00 09 2
det | 25 70 26 | = | det 9y 9y Dy =r“siné. (7.104)
Ox 0y 0Oz or 00 09
9% 9 99 9z 9z Oz

In many cases calculations are simplified when functions f () are rewritten as
functions of v = cos 6, for instance

f(0) =sin’0 - f(v) =1— v (7.105)

One then substitutes in the integrals

g 1
/ dfsinf — / dv (7.106)
0 —1

(following the rules for variable substitution in integrals). Instead of giving the new
variable a name (v in our case), it is common to just denote it as cos f, writing
[, dcosé.

Let’s have a closer look at ¥j,,.. Since L2 and L. have no effect on f(r), the
eigenvalue equations have to be valid for Yy, alone:

L2Yjma (0, ) = W21 + D) Yima (0, ¢) (7.107)
L:Yima(0, ¢) = hmYjma (0, ¢) (7.108)
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Due to (7.89), Yimq as an eigenfunction of L, must have the form
Yima(0, ¢) = ulma(e)eim@o (7.109)

This confirms once again that m and thus / have to be integers.

We have now two options: (a) We can determine Y7; and derive the other Y, from
that using L _, or (b) we can determine Y; _; and derive the other Y}, from that using
L. We choose the second variant. Now, L_Y; _; has to vanish, and with (7.95) and
(7.109) this yields the differential equation

b
54 ~10(0) = 1eotfur _1.(0) (7.110)

with the solution ;
uj,—1.0(0) = ¢y sin’ 0, (7.111)

where ¢; is a constant which we want to choose such that Y; _; ,, is normalized to 1.
Since the differential equation (7.110) is of first order, the solution (7.111) is unique.
Hence there is only one function ¥; _; , for the quantum numbers / and m = —I.
Since the other Y, are obtained from Y; _; , via the action of L, these are also
unique. The index « is therefore unnecessary, the spherical harmonics Y;,, (6, ¢)
are uniquely determined by / and m. Each Y}, is normalized to 1, and different Y},
are orthogonal to each other, since they belong to different eigenspaces of L2 or L.
The normalization condition is

T 2w
/ do / dsin0 Y, (6, §) Yy (0, &) = 01O (7.112)
0 0

The normalization constant ¢; in (7.111) can be derived from that. After inserting
the known expressions for ¥,,, the ¢-integration is simple. The integral of sin’ 6 can
be looked up. The result for ¢; is

1 [+ 1)
= ﬁ T (7.113)
So, we found
1 fer+n ., .
Y1100, ¢) = i Tsm’ e 19 (7.114)

Exercise 7.7
Verify with the help of (7.91) that ¥;,_; is an eigenfunction of L? with eigen-
value h2I(I + 1).
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Now we apply L n times to ¥;,_; and show by induction that

n

d cos 6"

(L)Y 100, ¢) = c;(—=h)"e' D9 sin" ! g [(1 =cos®O)']. (7.115)

The statement is obviously true for n = 0, for then sin~! #and (1 —cos? 0)! = sin? 6
combine to sin’ § and yield (7.114). For the induction step we assume the statement
to hold for n, and show that it then also holds for n + 1. We apply

Ly = he'? (a% +i cotea%) (7.116)

to the right hand side of (7.115). This gives three terms:

e The ¢-derivatve i cot 6% acts on ¢! "D ¢, creating a factor (I — n) cot 6.
e The #-derivative, applied to sin"~! 0, creates a term with the factor

0

20 sin" "0 = (n—1I)cos@sin” 710 = (n—1)cotOsin" " 0, (7.117)
which just cancels the first term.

e The 6-derivative, applied to dc‘éw[(l —cos? 0)1], gives, due to

d . dcosf d

d0 ~ df dcosh

—sind (7.118)

dcos@’

just the right hand side of (7.115) with the replacement n — n + 1. This completes
the induction step, and (7.115) is proven.

Exercise 7.8
Reproduce the steps sketched in words above in all details.

In order to reach Y;,,, we have to apply L4 (I + m) times. We thus setn =1 +m
in (7.115):

I+m

(L)Y _1(0, ¢) = ¢/ (—h)! T ™ sin™ 9d [(1 = cos® )] (7.119)

cos gi+m

The associated Legendre functions 7;,,(x) are defined by

1

_ o q\lHm _2m/2dl+m N
P () = (=17 5 (1= 2™ (1= x%) (7.120)

One immediately recognizes that these functions appear in (7.119) in the form of
Py, (cos 8). In order to get the final expression for Y,,, we can replace |/, m, o) by
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Y in (7.63); for o plays no role for the action of L, and the Y}, are by themselves
(i.e. without regarding f(r) in 7.99) normalized. One can now combine (7.119),
(7.120), (7.63) and (7.113) to obtain:

204+ 1) ( —m)! .
Yim (0, ¢) = /( 4:: )%e’m@m(cos@) (7.121)

Exercise 7.9
Verify this.

The subset P;(x) := Pjo(x) of the functions Py, with m = 0 are the Legendre
polynomials which were already mentioned in Sect. 3.2. The other Py, are “associ-
ated” with them. (The name came about in the following way: The P; are solutions
to a differential equation D1; the Py, are solutions to a slightly more complicated
differential equation D2, which can however be derived from the solutions of D1 via
a variable transformation; the solutions are thus “associated” with each other.) One
can show that the P;(x) are polynomials of degree /, and that they are orthogonal in
the interval [—1, 1],

S (7.122)

1
2
d P P/ =
/_1 x Py(x) Py (x) T

but due to the factor yL-H they are not orthonormal. The Legendre polynomials P,
2

defined here differ therefore from those in Sect. 3.2 by a factor /577 Note that the

Py, for odd m are not polynomials, due to the occurring square root (1 — x2)"/2,
For m = 0, the Y}, are independent ¢:

Yio(0) = / 214+ ! Pi(cos ) (7.123)
7

The normalization condition (7.112) then reads

1
27r/ dcost Y;,Yro (7.124)
-1
JeIrFner+in [t
= ( +2)( + )/ d cos 0 P;(cos 0) Py (cos 0) (7.125)
-1
=y, (7.126)

consistent with equation (7.122).

With (7.121) and (7.120) one can easily calculate the spherical harmonics for
[ =0, 1, 2 (but since this is neither fun nor very instructive, and you’ve already done


http://dx.doi.org/10.1007/978-3-319-24526-3_3
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so much calculation in this section, we don’t turn this into an exercise):

Yoo(0, ¢) = \/% (7.127)
Y106, ¢) = \/gcosﬂ (7.128)
Y4106, ¢) = \/Tsmﬂeild) (7.129)
Y20(6, ¢) = \/7(3005 f—1) (7.130)
Yor1(6, ¢) = \/;smt?cosﬁeilo (7.131)
Yoir(0, ¢) = \/g sin’ § eT%¢ (7.132)

Let Hq be the Hilbert space of square-integrable functions on a sphere, i.e. of the
functions f (0, ¢) with the property

/dc059d¢ 50, ) £ (0, ) < oo. (7.133)

One can then show that the spherical harmonics Y7, form a Schauder basis of Hg,.
This means that any such function can be written as an (infinite) linear combination
of the Yy,,; one says f (6, ¢) can be expanded in terms of the Y;,,. In particular, in
‘Hg the completeness relation holds,

oo !

Z \Im) (lm|. (7.134)

[=0 m=
If we introduce with {|0, ¢)} a pseudo-basis similar to {|x)},
0, p|110", ¢’y = 6(cos O — cos )6 (¢ — @) (7.135)

(the delta distribution contains cos 6, so that it is correctly defined in the integral
[ dcosb),
(0, ¢llm) = Yim (0, ¢), (7.136)

then we can rewrite the completeness relation to

oo l

DD 0. 9) Y (0, ¢) = 5(cos 0 — cos 0)5(d — ¢). (7.137)

=0 m=—I
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Self-check questions:

1. The spherical harmonics are orthonormal. Can you express this sentence in the
form of an integral?

7.3 Spherically Symmetric Potential

We want to solve the stationary Schrodinger equation for a spherically symmetric
potential V (r). With the expression (7.92) for the Laplace operator it reads

2 2
[_j_m ( 0 + 20 _ LLz) + V(r)] Y(r,0,9) = E¢(r,0,¢). (7.138)

o2 ror 2

The expression in square brackets on the left hand side is the Hamiltonian operator H.
It obviously commutes with all components L; of the angular momentum operator,
since

(L3 Lil=1[rLi]= [E,Li] =0. (7.139)
or
Therefore, just as in classical mechanics, angular momentum is conserved for a
spherically symmetric potential; its expectation value does not change with time.
From [H, L;] = 0 and [H, LZ] = 0 also follows that we can choose the energy
eigenstates such that they are simultaneously eigenstates of L. and L?. The ansatz

Unim (1, 0, ®) = Ru(@)Yim (0, ®) (7.140)

yields, inserted into (7.138), the radial equation

W (d> 2d B2+ 1)
om W_{—;E +W+V(V) Ryi(r) = EnRui(r). (7.141)

Here 7n is a quantum number we use to enumerate energy eigenvalues. For bound
states the spectrum is discrete, so n can be positive integers. For free states the possible
energies are continuous, and instead of n one uses the letter k, suggesting something
like a wave number. We will find examples for both cases. Some care is needed
regarding the letter m which is used for two different things here: mass and magnetic
quantum number. The risk of a confusion is hopefully low, for the magnetic quantum
number m does not appear in the radial equation; the Laplace operator contains only
L2 and thus the orbital quantum number /. For this reason, m is not contained in
the index of R,;. The radial function depends only on the eigenvalues of energy and
L? ab.

The angular momentum term and V' can again (as in two dimensions) be combined
into an effective potential,
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2
Verr () = V) + LLED. (7.142)
2mr

The radial equation is further simplified by substituting
Un(r) =r Ry (r). (7.143)

It then reads 5

h
- 2_ nl//(r)"'veff(r)Unl(r) = E Up(r). (7.144)
m

For bound states, we are interested in the behavior of U close to the origin. We
make the assumption that if V (r) diverges for » — 0, it does so slower than 2, i.e.

lin}) V(r)yrr =0. (7.145)
r—

The radial equation is then for / > 0 in the proximity of » = 0 dominated by the
angular momentum term,

I+1

Unl”(r) ~ 2
r

Uy (r). (7.1406)
For the possible behavior of solutions in the limit » — 0 this implies:
Uy ~ ' bzw. Uy ~r7 (7.147)

But the second solution is not normalizable:
€ € €
/ dr r’> R*(r)R(r) =/ dr U*(n\U(r) ~/ dr r % = (7.148)
0 0 0

Therefore, we must have
Up ~ r'*! (7.149)

and so
Ry ~r! (7.150)

(for I > 0; for [ = 0 we cannot say anything yet, in this case it depends on the
potential). In particular, for/ > 0 the probability density of a quantum object vanishes
at the origin. That makes sense, because at the origin an infinite momentum would
be required to produce a finite angular momentum.
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Nerd’s Corner 7.2
We now want to derive a statement about the behavior of U, at the origin for
[ = 0. It will be shown that U,y — 0 also for r — 0, under the assumption
that V (r) does not contain a delta function at » = 0 and that again » — 0
diverges slower than 2.

Why are these two preconditions necessary? You probably remember from

electrodynamics the important relation
1 3
A— = —476° (1), (7.151)
r

where 6 (r) = §(x)6(y)d(2).

Exercise 7.10
Prove (7.151) using the Gauss’s theorem

/dS- (vl) =/ d3xAl. (7.152)
S r v r

Choose the unit sphere as the volume of integration. Verify A(1/r) = Oforr >
0. Evaluate the left hand side of (7.152) and conclude that the corresponding
contribution on the right hand side must be localized in the origin r = 0 alone.

Now let’s assume that U,,o converges for r — 0 to a non-zero constant c.
Then R,o(r) = Uno(r)/r behaves for r — 0 like c/r. The second derivative of
R0 in (7.141) turns this into a delta function, which must be accompanied by
a corresponding delta function in the potential for the radial equation (7.141)
to hold. But this is forbidden by assumption, and so U,,0 — c is not allowed.

What about the possibility U,y — Foco for r — 0? Indeed functions of the
form

1
Up(r)=cr @, O<a< 3 or Up(r) =c logr (7.153)

are square-integrable at the origin (verify this!). But they require a potential
which diverges at least like r~2: In the first case (7.144) yields

U () = cala+ Dr %2 =a(a+ Dr 2Uyp(r)  (7.154)

2
= V)= zh—moz(a + Dr2 (7.155)

(all statements hold in the limit » — 0). In the second case we have
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_ 1
Uy (r) = —cr2 = —WUM)(”) (7.156)
2|
vy = , 7.157
= (r) 2m r2logr ( )

Under the mentioned assumptions for the allowed potentials we therefore con-
clude U,,o(r) — 0 for r — 0.
This is connected with the claim that the operator

o 1
D, :

T or

(7.158)

which will soon play a role when we study the free particle, is antihermitian.

We remind ourselves of a similar discussion regarding the operator D = %
in Sect. 3.2. The result crucially depended on the function space under consid-

eration. Let’s refresh our memory: we had

(f1Dlg) = (f|Dg) = / dx f*(x)g () (7.159)

and

(f1D"1g) = (Df1g) =/ dx f*' (x)g(x) (7.160)

—/ dx f*(x)g' () + [fF0)g@)]>, . (7.161)

—00

By definition, D is antihermitian if and only if

(f1Dlg) = —(fI1D"lg) (7.162)

holds for all functions f and g in the function space under consideration,
which is true if the boundary term (7.161) vanishes for all f and g. For square-
integrable functions this is the case, since their limits for x — oo have to
vanish. Now we turn to D,:

(nlm|D,|n'I'm")y = /drdcos9d¢r2R:lYl";nDarq/Yl/m/

= [/ dr rzR:lD,Rnrlr] [/dcos@dqb Yl’fnYl/m/]

= /dr rzR::lDar/l/dll/dmm/
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d
= 611/6mm//drr R;l (1 +Vd—r> Rn/l/

d
= 611/5mm’/drrR:lE(ar/1/)
) . d
= 511’5mm’/0 dr Uy Unr

The third equation follows from the normalization condition (7.112). The last
equation shows that while D, acts in the form t% A % on Ry, it acts simply as

f—r on Uy;. Similarly one gets

o0 d
(nlm|D:|n’l/m/) = 511/5,,,,,,//0 dr (EU:Z) Uyy (7.163)

and for [ = I', m = m’ partial integration again yields
(nlm|Dy|n'lm) = —(nlm|D} |n'Im) + (U Unit]g - (7.164)

Atinfinity the U,;; vanish due to normalizability (we assume bound states), and
at 0 they vanish due to the considerations above (for appropriate potentials).
D, is therefore antihermitian in the function space spanned by the |nim).

All considerations above hold also for two particle systems, as long as the interac-
tion potential depends only on the distance between the particles, V = V(|r; —ry]).
For then one can, as was shown in Sect. 3.8, reformulate the two particle problem
into a one particle problem. The mass m has to be replaced by the reduced mass
1, and the wave function ¥, (r, 6, ¢) represents the probability distribution of the
distance vector r, — ry, in spherical coordinates. We will make use of that in the
treatment of the hydrogen atom.

Self-check questions:

1. How is the radial function U,;(r) defined?
2. What is the effective potential for a spherically symmetric potential?
3. How does the wave function behave for / > 0 in the proximity of the origin?

7.4 Free Particle

The simplest of all spherically symmetric potentials is V (r) = 0. The free particle in
three dimensions is, in cartesian coordinates, just a generalization of the free particle
in one dimension. The energy eigenfunctions and eigenvalues are

A fi2k?
k() = X7, Ep = - (7.165)
m
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Here k is a wave number vector of arbitrary direction and norm k. The energy
value Ey is infinitely degenerate, since for each k there are infinitely many possible
directions of k. The 1k (r) are pseudo-vectors, which can only be normalized via
delta functions. We will ignore this kind of normalization in this section to avoid
any discussion of normalization constants. The wave function vk (r) describes a
plane wave moving in k-direction. The solution of the time-dependent Schrédinger
equation is

_ ikr—iZky
V(. 1) = e Bl (7.166)

We say that the wave “moves”, although the norm of the wave function is constant in
time and space, so that there are no moving “wave peaks” in the strict sense. But if
one combines several 1 (r) with average value k = K into a square-integrable wave
packet, then this wave packet indeed moves with velocity v = hk/m through space,
similar to the Gaussian packet we have studied in one dimension.

Since V(r) = 0 is a (vanishing) spherically symmetric potential, we can use
spherical coordinates to find energy eigenstates which are also eigenstates of angular

momentum,

U
¢klm(r7 07 ¢) = kl(r)

Yim (0, ¢). (7.167)

These states are then spherical waves, propagating radially in all directions, thereby
containing angular momentum in an abstract way, encoded in Y;,,,. A combination
(superposition) of such eigenfunctions can, however, again be a wave packet whose
center moves linearly in one direction, since the classical equations of motion have
to be obeyed by expectation values.

We have to solve the radial equation

K2 10+1 h2k?
— (—Ukz”(r) + ( ; )Ukl(r)) = —Uy(r). (7.168)

2m 2m

Once again we help ourselves with raising and lowering operators. The idea is always
the same: There is a differential equation of second order to be solved. One finds
an operator (and its adjoint) which connects different solutions with each other and
thereby increases some quantum number by 1, whereas the adjoint operator lowers
it by 1. For the harmonic oscillator this was the energy quantum number n, for the
spherical harmonics the magnetic quantum number m. For the free particle it is going
to be the orbital quantum number /. Each of these quantum numbers has a minimal
value whose associated eigenfunction can be found relatively easily. All other eigen-
functions can then be obtained via the raising operator. For the free particle there are
several options how to proceed. We follow here mainly the approach presented in
Shankar (2011).
We divide (7.168) on both sides by i>k2/(2m), substitute the variable r by p = kr
and get
( d I+1)

_W T) Ui(p) = Ui(p). (7.169)



7.4 Free Particle 203

One sees that k no longer appears in the equation. The solutions, written as functions
of p, are independent of the wave number k. Hence we have dropped the index k from
U. The k-dependence comes back only when the solutions are rewritten as functions
of r = p/k. The solutions for [ = 0 are obviously

1 . 2

UM (p) =sinp, UL (p) = cos p. (7.170)
But the second solution converges to 1 for p — 0, and is therefore not allowed,
following the considerations of the previous nerd’s corner. Hence we can restrict

ourselves to Up(p) = sin p.
Now we define the operators

B =— 4y (7.171)

on the space of possible U-functions. Here d /dp is, as an operator acting on U, up to
a factor k identical to the antihermitian operator D, from the previous nerd’s corner.
Hence B; is given by

Bl =—— 4+, (7.172)

The product of the two operators is, applied to a function f(p),

s d 1+1 d 1+1
B,B,'f:(—+—) (——+—)f (7.173)
dp p dp  p
d? d (1+1 I+1d (I +1)?
= f+—|—f) - ——F+ " F (1174
dp2f+dp( p f) P dpf+ p? R
d? dil+1 (I + 1)?
=——f+ (__)f_|_ f (7.175)
dp? dp p p*
d? I(I+1)
= f+— 7.176
i (7.176)
and so 5
d I+1)
+
BB =—— +——". (7.177)
l dpz /)2
Similarly one gets
2 A+1D1+2)
BB = ~i7 + — = Bi1B],,. (7.178)

With (7.169) follows
BiB/U = U,. (7.179)
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So, U; is an eigenfunction of B, Bf with eigenvalue 1. Furthermore one gets

+

Biy1B;

B/U = B/ BiB/U = B/ L. (7.180)

The first equation follows from (7.178), the second from (7.179). Hence B; U; is an

eigenfunction of By Bl‘+l with eigenvalue 1. This implies BlT U; ~ Uj41, and since
we want to ignore normalization in this section, we simply set

U1 = B U, (7.181)

BlT turned out to be a raising operator increasing the quantum number [/ to ! + 1. B;
is the associated lowering operator which reduces the quantum number from / 4 1
to [. This is a bit different from our previous cases, as now each value of the running
quantum number has its own raising and lowering operator. To / = 0 corresponds the
raising operator Bg ,tol=18B I etc. A further peculiarity is that Uy is not annihilated
by its lowering operator B_; = d/dp. (Instead, it leads to U_1(p) = cos p which
is, as discussed, not an allowed function. But we already know from the angular
momentum algebra that [ = 0 is the minimal possible value.) Therefore, we cannot
obtain Uy from an equation B_1Uy = 0. Good that we could already infer Uy from
(7.168)!
The other U; can now be derived from U recursively:

d 1+1 d\ U
+ [+1
o =sfu= (-GS u=d (D) e
U 1d U
1 ! (7.183)

pl+2 pdp pl+1
The recursion steps can be combined into the formula:
Uit 1d U 1d\?> Ui_q 1 d\'"! Uy 184
p papp pap P pap p
or, with R;(p) = Ui(p)/r = kU;(p)/p,

1d

I
Ri(p) = (—p") (——) Ro(p). (7.185)
pdp

For Uy(p) = sin p we would have Ro(p) = k sin p/p. But since we don’t care about
normalization, we simply divide R by k and get

sin

hs)

Ro(p) = (7.186)

°|
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With this, equation (7.185) is just the definition of the so-called spherical Bessel
functions jj,
_ (1 dY
Ri(p) = jilp) == (=p) | =
pdp

sin p
P

(7.187)

This completes the solution for the free particle in spherical coordinates; the common
eigenstates of H, L2 and L, are

Vkim (r, 0, @) = Jitkr) Yy (0, ¢). (7.188)

In the special case [ = 0 there is a superposition of an incoming and an outgoing
spherical wave:

Broo(r 0. 6) = jo(kr) Yoo (6, ¢) = —— 31K (7.189)
rs ) = r 3 = —F .
k00 JO 00 \/E r
1 eikr _ e—ikr
= 7.190
digr  kr (7.190)
ikr ikr

How do you recognize that the part with ¢'*" is outgoing and the one with e~
incoming? One can infer that from the motion of a constant phase in the time-
dependent solution:

| oikr—Ext/h) _ i(—kr—Egt/h)
4iJm kr

If ¢ is increased in the first term, r has to be increased too for the phase (kr — Ext/h)
to remain unchanged. The wave thus moves outward. For the second term it is the
other way round, cf. Exercise5.4.

Yroo(r, 0, ¢, 1) = (7.191)

Remark 1f a free particle solution is constrained to a region of space which does not
include the origin, the other solution Uy (p) = cos p has to be taken into account too,
as a starting point of the raising procedure. The result are the spherical Neumann

functions ;
1d cos
ni(p) = (=) (——) P (7.192)
pdp) p

They play a role for the spherical potential well, for instance, when the solution
of the outer region is determined.

How are the 1)y, related to the plane waves ¢’XT? It must be possible to represent
a plane wave as a superposition of several 1y, with the same k. Choosing k in z-
direction (or choosing the z-direction such that it is the direction of k), the exponential
is

eik-r — el'erOSG. (7193)
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Then there is no ¢-dependency, and therefore all contributions )y, withm # 0 have
to vanish. Using some properties of the spherical Bessel functions and the Legendre
polynomials, one can show:

o o
ekreos? =3 "il 21+ 1) ji(kr) Pi(cos 0) = D i' /ATl + Dby (7.194)
=0

=0

Self-check questions:

1. What is a spherical wave?
2. Under what conditions are only the spherical Bessel functions allowed as solu-
tions for the free particle, and when are the Neumann functions also needed?

7.5 Coulomb Potential and Hydrogen Atom

In QM there are only few problems that can be solved exactly, without the help
of approximation schemes. Apart from the free particle and the stepwise constant
potentials, there are more or less only the harmonic oscillator and the hydrogen atom.
Now we want to analyze the latter. This time we don’t have raising and lowering
operators at hand; we will have to swallow the pill and solve a second order differential
equation.

Regarding the Coulomb potential

Vi) =-2 (7.195)
r

there are two possible points of view:

e We consider the potential as fixed in space. A single particle moves in this external
potential.

e The potential energy is due to the interaction between two particles. We assume
that both particles have the same charge e, one of them positive, the other one
negative. The interaction potential is then

2
V() = —87, (7.196)

where r is the distance between the particles. If one of the particles (e.g. a nucleus
with several protons) has the charge Ze instead, > has to be replaced by Ze?.
The two-body problem is then reduced to a one-body problem by introducing
center of mass and relative coordinates, as well as the reduced mass .

We look for bound states and their binding energies, that is, for the negative
energy eigenvalues. The most prominent example is the hydrogen atom, a class
of bound states of proton and electron. Other examples are positronium (electron
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and positron), muonium (anti-muon and electron or vice versa), muonic hydrogen
(proton and muon) and hydrogen-like ions (higher order nucleus and one electron).
All of them are treated in the same way, the difference is only in the masses. In fact,
what is exactly solvable is only the naive hydrogen atom, the naive positronium
etc. “Naive” is that we ignore a number of effects causing a modification of the
Coulomb potential, for example relativistic effects and the interaction between spin
and angular momentum. The relative strength of the modification depends very much
on the system under consideration. For the hydrogen atom, the “naive” calculation
is delightfully accurate. We will briefly pick up on the modifications occurring in the
real hydrogen atom in Sect. 11.1.3.

We start with the form (7.196) of the potential. The radial equation for U, (r)
reads

W d e RAI+1)

For the hydrogen atom m = mi, is the electron mass if we consider the proton as
fixed, or the reduced mass m = py if we consider the setup as a two-body problem
(which makes more sense, as it is difficult to staple a proton into some fixed position
in space). The difference is quite small though, since the proton is 2000 times as
heavy as the electron, and so

menm p 1 2000 (7.198)
= =m ~ Me. .
M ey, ~ T T 2001
We introduce some abbreviations in order to simplify (7.197):
K2 K2 me* (7.199)
a = —5x, = = —, .
me? R = 2ma? = 2m2
E
p=r/a, Kp = | ——. (7.200)
Er

We assume that E,, is negative, since we look for bound states, and since the Coulomb
potential is everywhere negative. The quantity a has the dimension of a length. For
the hydrogen atom it is called Bohr radius and has the size 0.529 x 10~8cm. Eg
has the dimension of an energy. For the hydrogen atom it is called Rydberg energy,
with the value 13.6eV. Here eV (that is: electron Volt) is a unit commonly used in
atomic and particle physics: 1eV is the electric energy of an electron in a voltage of
1 V. The quantities p and « are dimensionless.
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Inserting (7.200) into (7.197), we obtain

d 2 Id+1
st 5= =0 (7200

We already know the behavior for p — 0: it must be U,; ~ p/*1, cf. (7.149). For
p — oo the two middle terms in the brackets can be neglected, and with

d 2 ~
ﬁ — Ky | Uni(p) =0 (7.202)

we obtain the behavior U,; ~ e~ for p — oo. This suggests to try the following
ansatz:
Uni(p) = e 20 fur (p) (7.203)

with a function f;;;(p) for which we assume that it can be expanded in a power series
in all of RT,

fu(p) =D o, (7.204)
=0

Plugging this ansatz into (7.201) one obtains (verify this!)

[+1

1 —k,(I+1
fnl// + zf;zl/ (T - /'in) + 2fnl$ =

0 (7.205)

and

) e . H

; —1 2 20+ 1 2(1 — [+1

Satmy (LD ) | 20 D] 20 =m0 - (7.006)
J ? p P’ p

J=0

This equation has to be fulfilled for each power of p separately. If we compare the

terms for a fixed power p/, we get after a short calculation the following recursive
relation between the coefficients aﬁ."l):

(nl) .
aiy eI+ 1) —1

aﬁw TG+ D +2042)

(7.207)

From this we can conclude that the power series must terminate at some point, i.e.
that f;;; is a polynomial: Assume that the power series does not terminate. Then one

has for j > [
(nl)
aj+1 ~ 2kn
nh i
a; J

(7.208)
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The exponential function e?*»# has a similar behavior:

2k p . j (2’{{1)
=Bl B = (7.209)
j=0 a
ﬂj+1 . 2Ky N2f‘5n

= S I (7.210)
Bj j+1 j

for large values of j. For p — oo, where the higher powers of p dominate, f,; would
therefore look like ¢2*7?. With (7.203) this would lead to U,; ~ e"? for p — oo,
which is of course not normalizable and thus constitutes a contradiction. The power
series therefore has to terminate. Due to (7.207), this is exactly the case if

1

= — 7.211
jmax+l+1 ( )

Rn

for some integer jmax. The power series then terminates at the power p/m, since

(nd) all further coefficients vanish. We define

with « et 1

n= jmax+1+1 (7.212)

and see that this is an appropriate energy quantum number, due to

1
Fop = — (7.213)
n
and so, with (7.200),
E
E, = —n—f. (7.214)

The termination condition for the power series gave us the energy eigenvalues for the
Coulomb potential! For fixed n, / can assume any value from 0 to n — 1. In the latter
case jmax = 0, and f;; is a constant. For each value of [, there are 2/ + 1 possible
values for the magnetic quantum number m, namely any integer from —/ to +/. The
total degeneracy of the energy value E,, is therefore

n—1
gn=D @l +1)=n (7.215)
=0

The second equation can be easily verified by induction.
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Exercise 7.11
Try it!

For the hydrogen atom (and many other systems) the two possible spin orientations
have to be taken into account additionally, leading to a further factor of 2 in g,,.

The formula (7.214) confirms and explains a number of observations regarding
the hydrogen spectrum. In atomic transitions where the electron falls from a higher
energy E,, to a lower one E,,, the energy difference is released in the form of a
photon. The energy of the photon is

1 1
hw = —ER (—2 - —2). (7.216)
ny  np

On the other hand, photons of this energy are absorbed by hydrogen, raising the
electron to a higher energy level. Already before the discovery of quantum mechanics
it was found that the frequencies of the absorbed light behave like the differences of
inverse squares.

Now we want to finish the calculation of the eigenstates, i.e. of the radial functions
R, (r). The recursion formula (7.207) reads, after inserting (7.213),

I
ally 2 n—(j+l+D
T - . (7.217)
a; n(G+DG+20+2)

If one applies this relation recursively (that’s why it is called recursion formula), one
obtains

WL_(z)fmnn—a+n n—(+j—1 n—(+1
a;j " =\——-) ay = - X — — X e X ——
. j2I+j+ 1D (J—D@l+)) 121 +2)
3 (_g)fa(n,) Q@+ DI — A+ 1))
B O JIGH2A+Dm—G+I+ 1)

n

n
For f,; this yields

n—(+1)

fup) =ag™ > (=2rp)

j=0

QI+ Di(n—(I+1)
JIGH2+ DI — (G +1+ 1))

(7.218)

This can be somewhat abbreviated with the help of the associated Laguerre poly-
nomials L’;,. These are defined by
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P 2

i ((p+K)YH
LAy =D (1wl PR (7.219)

= JHk+ DIp = D!
Fork =2/ 4+ 1and p =n — [ — 1 this implies
n—Il—1 2
D!

((n+DY (7.220)

L21+1 — _1] J )
n-i-1%) /Z:(:)( Y G Ta T D= G+t D)

The denominator is identical to the one in (7.218). The numerators are different, but
in both cases j does not occur in them. The ratio of the two numerators,

Q1+ DI(n — (I + 1))

) 7.221
((n+D)? ( )
can therefore be pulled out of the sum as a constant factor. This yields
Uni(p) ~ 2o LY 2rp). (7.222)
To determine R,,;, one only needs to “backtransform”:
1 r Uni
Kp=—, p=—, Ry= , (7.223)
n a r
r ! 2
Ry(r) ~ e (i) 24 (—r) (7.224)
a na

For completeness, one would have to determine the normalization constants. This is
indeed possible in terms of a general expression, but quite cumbersome and requires
the knowledge of several properties of the associated Laguerre polynomials. We are
therefore going to skip this. The result for the first three radial functions is

Rio(r) = 2a=3?e7"/e (7.225)

Rao(r) = Qay /2 (2= 2) 77/ (7.226)
a

Roi(r) = 3712 ay =32 L¢=r/02) (7.227)
a

The length a is the scale of the radial function, meaning that r occurs only in the
combination r/a. Due to the general relation [ d 3r1¥|? = 1 any wave function must
be of dimension (length) ~3/2. This explains the factor of a~3/? appearing in each
normalization constant. The absolute value of the binding energy —E,, gets smaller
for growing n, namely with n 2, so the binding gets looser. The exponential function
e~/ shows that the wave function decays slower for higher values of n. In fact
one can show that the expectation value of the distance between the two particles is
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given by
(F)nt = %’[3:«2 1+ D). (7.228)

The average distance thus grows even quadratically with n. In the definition of a
(7.199), m and e? are in the denominator. From this, one can see how a change of
particle species affects the size of the two-particle object.

e If we replace the electron with a muon, which is 200 times heavier, to form with
the proton a muonic hydrogen atom, then this is 200 times smaller than the normal
hydrogen atom.

e For the He™ ion, a nucleus with charge 2¢ plus one electron, e has to be replaced
by 2¢2. The He ion has therefore half the size of a hydrogen atom.

Exercise 7.12

The values E, are the binding energies in the naive hydrogen atom, which
result from the stationary Schrodinger equation for the wave function of the
relative position rg. For the total energy of the hydrogen atom, the kinetic
energy has to be taken into account, which results from the wave function of
the center of gravity position rcg. What are the corresponding eigenvalues
and eigenfunctions? Make clear to yourself that the spectrum of the hydrogen
atom is therefore continuous, in a sense, already from the ground state energy
Ey, and that the electron (as well as the proton) in such a pseudo-eigenstate
(which is still a bound state!) is uniformly distributed over the entire space
(how is r, related to rg and rc ?). In reality, ry is localized by the interaction
of the hydrogen atom with its environment.

Nerd’s Corner 7.3

The associated Laguerre polynomials L,; are related to the “normal” Laguerre
polynomials L, we’ve mentioned in Sect. 3.2 in a similar way as the associated
Legendre functions are related to the “normal” Legendre polynomials: They
are solutions of two differential equations, where the L’I‘, as solutions of the
second equation are connected to the L, as solutions to the first equation,

namely
k

d
LY (x) = 7 Lpsk(). (7.229)

The wave functions ¥y, (r) have to be orthogonal to each other,

/ A>3 4} COYrirm (%) = S Syt St (7.230)


http://dx.doi.org/10.1007/978-3-319-24526-3_3

7.5 Coulomb Potential and Hydrogen Atom 213

If (I, m) is different (I, m’), this is given by the orthogonality of the spherical
harmonics Y,,. Butif [ = I’ and m = m/, the radial functions have to provide
the orthogonality,

/ dr r? RE (P Ry (r) = S (7.231)
For the associated Laguerre polynomials this implies
/ dp PR Cot P Ll Qrap) LY | QRwp) =0 (7.232)

with n # n’. This orthogonality relation can indeed be proven, see, for exam-
ple, Boas (2007).

Self-check questions:

1. How do the binding energies E, of the naive hydrogen atom depend on the
parameter n? What does this imply for the absorption and emission spectrum
of atomic hydrogen?

2. What is the size of a hydrogen atom (roughly), and what does the word size mean
here?
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Chapter 8
Scattering Theory

Abstract The theory of scattering in QM is introduced, with a focus on the meaning
of basic notions and general structure.

Scattering theory plays a big role in the investigation of the structure of matter.
While the states of the hydrogen atom can be easily calculated and compared with
measurements of the absorption spectrum, this is not so easy for more complicated
objects like an atomic nucleus. To investigate the structure of such objects, particles
are shot on them, which are then scattered. From the statistical distribution of the
directions in which these particles are scattered, one can deduce the structure of
the object, in particular its interaction potential V (r). The statistical distribution
of scattering directions is specified in terms of a certain function, the differential
scattering cross section do /d 2. The task of the theorist is to compute do/d<2 for a
given model. The task of the experimentalist is to measure do/d €2 in an experiment
and to compare the result with the functions provided by the theorist, to verify or
falsify models about the structure of the object under study.

We will study here only certain kinds of scattering where the following assump-
tions hold:

e The target (the object under investigation) is at rest and the recoil it experiences
by the scattering is negligible. It is either much heavier than the scattered particles
or fixed in its place in some other way. As a consequence, no kinetic energy is
transferred from the scattered particle to the target.

e The scattering is elastic, which means that also no energy is transferred to the inner
degrees of freedom of the target (for example by raising one of its constituents to
a higher energy level).

These assumptions have two advantages:

e The energy of the scattered particle is not changed by the scattering. We can
therefore operate with energy eigenstates.
e The potential caused by the target is not changed by the scattering.

On the other hand, some prominent scattering experiments disappear from our view in
this way. In particle accelerators, for example, particles are scattered from each other,
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thereby creating cascades of new particles which are then registered by detectors.
Here, none of the mentioned assumptions is fulfilled.

At first, we are going to introduce the notion of the scattering cross section, in its
classical and its quantum mechanical variant. Then we describe an approximation
scheme which allows us to determine approximately the differential scattering cross
section do /d<2 for a given potential V (r). This is the Born approximation. Finally,
for spherically symmetric potentials the basic idea of the partial wave expansion
will be presented, which is another method to compute do /d 2.

8.1 Scattering Cross Section

The notion of the scattering cross section originates from classical scattering theory,
where the trajectories of particles are deterministic. A ray of particles is shot on
a target. This ray has a certain width, a finite cross section. Depending on where
in this cross section a particle of this ray is located, it will hit the target in one or
another place or even completely miss it. Imagine the target is a sphere. A particle
in the middle of the ray hits the sphere in the middle and rebounds backwards. A
particle somewhat further outside touches the sphere at the boundary and is only
slightly deflected. A particle even further outside misses the sphere completely and
keeps flying in its straight direction. A detector at a distance r to the target registers
particles deflected to a certain angular range AQ2 = A¢A6 sin 6 (Fig.8.1).

The particles flying to A2 originate from a certain part Ao of the cross section of
the original ray. One therefore has a map between an area element of the incoming
ray approaching the target in parallel to an angular element of the stream of particles
leaving the target in radial direction. In the limit AQ2 — 0 we obtain the differential
scattering cross section do/dS2, which has the dimension of an area. The total
scattering cross section is the integral over the differential one

27
0’—/ dcosﬁ/ do —(9 o). (8.1)

This is the cross section of the part of the ray which is affected by the target at all.
In the case of a solid sphere, this is the cross section of the sphere, o = 7R2, where
R is the radius of the sphere.

In QM, the whole thing looks a bit more complicated. Indeed one could describe
the particles as wave packets with a certain width and length, and then calculate
how these packages are torn apart when they hit the target. But such a calculation
would be very complicated. Instead one takes advantage of the fact that the particles
don’t transfer any energy to the target and analyzes certain energy eigenstates, i.e.
stationary states, where the time dependence consists only of phase rotations. This
raises the question how the scattering behavior is encoded in these states. The effect
of the target is given in terms of a time-independent potential V (r). So, the states
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JEdad

Fig. 8.1 Differential scattering cross section in classical mechanics by means of the example of
scattering from a solid sphere

we are looking for are solutions of the stationary Schrodinger equation with this
potential. The solutions represent free, not bound states, which are therefore not
square-integrable. The particles described by them come from infinity and go back
to infinity.

How must such a stationary state look like to represent a scattering? We assume
that the potential is restricted to a small region in space, around the origin of the
coordinate system we use, or decays sufficiently fast as a function of r that we
can regard the particles as free in the limit r — oo. (This excludes for example
the harmonic oscillator which has only bound states, no scattered states.) The wave
function then consists of two parts,

Vi (r) = Yin(r) + Yse(r). (8.2)

The incoming part i, (r) represents the parallel stream of particles before the scat-
tering, and the part of the stream which is unaffected by the target. We assume that
this stream moves in z-direction. In the limit z — 300 one then has (free particle)

Yin (1) = €2, (8.3)
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where we again ignore normalization. The scattered part 14 (r) represents the stream
of particles moving radially outwards in all directions due to the scattering,

etkr

Pse(r) = f(0, ) (8.4)

r

in the limit » — +00. The factor r~! takes care of the fact that the density of the
scattered particles decreases as r ~ (since the size of the spherical shells over which
they are distributed increases with r2). The scattering amplitude f (0, ¢) represents
the dependence of the scattering on the direction and is related to the differential
cross section, as we will see. The elasticity of the scattering ensures that the & in g
equals the & in ;.

Close to the target, the wave function will look more complicated. But since we
assume that the detector which registers the outgoing particles is sufficiently far from
the target, we don’t need to know more about this part.

There are infinitely many pseudo-eigenstates with energy E = h?k?/(2m). The
form of vy, and s specifies which one of them is meant. That such a pseudo-
state exists and is unique will be shown below. But first we have to clarify how the
scattering cross section is defined in QM, and how it can be read off from .

The image outlined above is peculiar: The wave function ¢} describes a pseudo-
state, and so it cannot be associated with one or a fixed number of particles. It is
stationary, i.e. there is no time evolution except phase rotations. The incoming and
outgoing particles arise only when pseudo-states from a small interval [k — €, k + €]
are overlapped to form square-integrable wave packets. Such a wave packet ¥y, first
runs from z = —oo towards r = 0, where it is torn apart by the potential. A part of it
continues moving along the z-axis, towards z = +o00, the remainder moves radially
outwards in all directions. If € is chosen small enough, some crucial properties of 1y
will still hold for the wave packet, in particular the scattering amplitude f (6, ¢). For
when the uncertainty of momentum e is small, the location uncertainty is large, the
wave packet thus distributed over a large region. One can then imagine “zooming”
into the package, finding that the form of 1y, deviates only slightly from e** for
the incoming part, and only slightly from £ (6, ¢) # for the scattered part. Only this
connection allows us to associate 1, with the scattering of particles.

In order to get the differential cross section, we have to deal with the current
densities of ¥j, and 5. Remember that the current density j is defined by

h
i= im "V — PVYT). 8.5)
im

In the case of v;;, we are interested in the current in z-direction, in the case of 1y the
current in r-direction, in both cases far from the origin, where the expressions (8.3)
and (8.4) are valid,

Jin =Jin - €7, Jsc = Jsc - €. (8.6)
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Here e; and e, are the unit vectors in z and r-direction. We investigate the currents
Jjin associated with 1);, and jg. associated with . separately. The current of ¢ also
contains interference terms of the form v Vs etc., which are ignored here. This
can be justified by the fact that in the end we want to form wave packets again, where
incoming and outgoing particle are time-wise and spatially separated and therefore
cannot interfere with each other. For large r, ji, and jg are determined as

hk hk
Jn=—. jsx=—5|f0O.0 (8.7)
m mr

Exercise 8.1
Verify this. For js. you can use the fact thate, - V = %.

We want to justify that

do r? Jsc 2

a9~ Lf 0, )l (8.8)
is a useful definition for the differential scattering cross section. Therefore we have
to bother ourselves with dimensions, a topic we have ignored so far, which is actually
quite disgraceful for physicists. In the definition (8.3), vj, is dimensionless. For ).
to be dimensionless too, f(#, ¢) must have the dimension of a length; hence j—g has
the dimension of an area, which is promising. With the expressions given above j
has the dimension of a velocity: hk is the momentum, and momentum divided by
mass is velocity. On the other hand, we in the previous chapter we mentioned that
1 actually is of dimension (length) 3/, To be precise we would have to multiply
1x with a constant of this dimension. But for pseudo-states this is not so important,
since the normalization condition [ d3r|¥|* = 1, from which the dimension of v
was derived, is not valid here. When one constructs superpositions,

Ywp(r) =/dka(k)¢k(l'), (8.9)

one can still assign the dimension (length)’3/ 2 to the coefficients a(k) so that the
resulting wave packet is correct. Admittedly this is not very nice. It would be better
to ensure from the beginning (by multiplication with an appropriate constant) that
already vy is of dimension (length) 3/, Then the current density is of dimension
(number density times velocity) or equivalently (number per area per time). Then we
can understand the quantities in (8.8) in the following way: do ji, is the number of
incoming particles passing through the area do per time unit. Here, the area is always
to be understood as orthogonal to the direction of motion, which means in this case:
in (xy)-direction. On the other hand, r>d$2j is the number of scattered particles
per time unit streaming into the angular direction d€2, which means, at distance
r from the origin: streaming through the area r2d<2. Equation (8.8) therefore has
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the following interpretation: do is the area passed by just as many particles as are
scattered into the angular direction d€2. This is the same interpretation as for the
classical scattering cross section, except for one difference: In the classical case,
where everything is deterministic, this is a mapping from a certain (differential) area
do with fixed boundaries to the angular region d2. A particle passing through do
necessarily ends up in d€2. In QM this is no longer true. Here do is only the size
of an area which is passed by the same number of particles as d<2. But neither one
could find specific boundaries for do (“the area from x = xp to x = xj and y = yy
to y = y1”), nor can the particles in do be uniquely identified with those in d€2. It is
only an equality in numbers.

Self-check questions:

1. How is the differential scattering cross section defined in classical mechanics?
2. What kinds of wave functions are considered in quantum scattering theory?
3. How is the differential scattering cross section defined in QM?

8.2 Born Approximation

After we’ve defined the differential scattering cross section, we want to see how it
can be calculated for a given potential. Don’t be too optimistic about this: Exact
solutions are not to be expected. We have to resort to approximation schemes.

As always in QM, the starting point of any calculation is the Schrodinger equation,
of which one has to choose an appropriate variant. In this case, we take the stationary
version,

h2
- %AW(I’) + V(IO (r) = Eyy(r), (8.10)
insert the energy value
h2k?
E=——, (8.11)
2m

bring the energy to the left, the potential to the right hand side and divide by
—1i?/(2m):

(A4 RWe) = 22V (O (r) 8.12)
Then we define the Green’s function for the operator (A 4 k?) by the relation
(A +KHG(r) = 8 (). (8.13)
There are two solutions for this differential equation,

1 e:l:ikr

Gi(r) = .

(8.14)
r
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Exercise 8.2
Verify that (8.14) indeed solves (8.13), using the Laplace operator in spherical
coordinates. Also use (7.151).

Now we claim that
21’)1 3.7 / / /
) = vn® + 35 [P G-V ) 819

solves (8.12). The second term on the right hand side represents 1), the radially out-
going scattered wave. That’s why we use G 1, since G4 (r — r’) for r > r/ describes
radially outgoing waves, in contrast to G_. It remains to show that (8.15) indeed
solves (8.12). We find

(A + KD = (A + kD)eF = 0. (8.16)

So, only the second term matters:

(A + k%) / Bx' G =)V ) (r) (8.17)
= / Bx' (A +KHGL(r =)V E) () (8.18)
= / dx' B =)V ) ) (8.19)
= V()¢ (r) (3.20)

In the first step we have pushed the operator (A + k?) into the integral. This is
possible because we integrate over r’, but (A 4 k2) acts only on the r-dependency of
functions. In the second step we have used (8.13), and the fact that the transformation
f(r) — f(r —r’) constitutes only a shift by r’, to which derivatives respond with
the same shift, similar to

d d
d—f(X) =g(x) = — f(x —x0) = g(x — xp). (8.21)
X dx

In the third step we simply used the definition of the delta function. This completes
the proof that (8.15) solves (8.12). But of course there is a snag to it: (8.15) is an
implicit equation, i.e. ¥; appears on the left as well as on the right hand side, and
the whole thing cannot be simply solved for ;. We can only proceed iteratively, i.e.
insert for ;. on the right hand side again the same equation, etc. The result is the
Born series,
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2m 3.7 / / /
Y (r) = Yin(r) + 7 d’r" G (r =)V (r)yin(r) (8.22)
2m ? 3. / / 3. / i i /"
+ 77 drGir—r)Va) | &r"Gi@ —r)V(a")n ")
whose convergence behavior we are not going to discuss here (but see related remarks

in Chap. 11). The first approximation, terminating the series after the first row, yields
the Born approximation

2
wun=wmm+é§/ﬁﬂ04r—wVWWMW) (8.23)
o 2m 3 1 eik|1‘—r’\ - /
—mun—%;/drzgu_ﬂvaw@a» (8.24)

We are interested in the behavior for large r. Assuming that the values of r’, where
V (r') has considerable contributions are much smaller than r (we postulated that V
decays sufficiently fast), we use for the expression

. /
etk\r r'|

(8.25)
Ir —r'|

an approximation with 7’ = |r'| < r = |r|. The denominator can be simply replaced
by r, but for the numerator we have to be a bit more careful, due to the oscillating
exponential function, and take one further term into account; i.e. we neglect terms
of order r'?/r2, but keep terms of order r'/r:

o 2
r—r|=yr2—or =120 T (8.26)
r

,
r-r r-r
Rrl—2 = ~r|l-— = (8.27)
=r—e -1 (8.28)
Thus (8.25) becomes
eikr . ,
— e iker T (8.29)
,

Inserted into (8.24) this gives

ezkr

() = in(0) = 5

/ a3 e ke Ty (¢ b (1), (8.30)
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This formula finally justifies our ansatz (8.4) for 1)sc. Comparison with (8.4) yields

10.9) =~ / dr' e T (i () (8.31)
_ _thz d3r/efike,'r’+ikez~rv(r/) (8.32)
us
m 3.7 —iqr /
=5 d’r'e V(). (8.33)

In the second row we have inserted the known expression for vj,. In the third row,
the vector q was introduced,
q=k(e —e;). (8.34)

Here hq is just the momentum transfer that a scattered particle receives during the
scattering (at first it has momentum Fike;, after the scattering hike,). Because of

q = k(sin 0 cos ¢, sin 0 sin ¢, cos § — 1), (8.35)
there is a unique relation between q and (0, ¢). We can therefore regard the scattering

amplitude f also as a function of q. The final expression for the Born approximation
is then:

Born Approximation

0.6 = f@ =5 / & eV () (8.36)

So, according to the Born approximation, the scattering amplitude is (up to a constant
factor) just the Fourier transformed of the potential!

As an example we want to investigate scattering by a Coulomb potential. Let the
scattered particles have charge Z;e, whereas the target’s charge is Ze, so that

g = Z1Z>e°. (8.37)
Now we run into a problem: the Coulomb potential is not suitable for the method

discussed here, since it does not decay fast enough at infinity and thus the assumptions
for v, and v for large r are not fulfilled.
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Exercise 8.3
Show that the radial functions R;(r) of a free state in the Coulomb potential
behave for r — oo in the following way:

ei(kr—'y Inkr)

am
Ry (r) ~ — 0=

3 (8.38)

Insert the function U,;(r) = r R,;(r) into the corresponding radial equation,
neglecting the angular momentum term,

W d> g h?k?
[_%W + 7} Uni(r) = Zr Uni 0. (839

In your calculation, ignore terms of order r 2.

To “sanitize” scattering by a Coulomb potential, we proceed in the following way:
First we replace the Coulomb potential by a Yukawa potential,

e Pr

r b
which has an additional exponential screening factor, for which we finally take the
limit 3 — 0.

According to the Born approximation (8.36),

7/37-
mg 3 igr¢
— d a ) 8.41
r@ =2 [ e (8.41)
In order to perform the integration, one can temporarily rotate the z-direction of the

coordinate system into the direction of q, q = ge;, so that

eiq-r — eiqr 0089. (842)

Exercise 8.4
Perform the integration in spherical coordinates. Result:

2mg 1

fl@ = Rl (8.43)

Now we rotate the z-direction back into its original position, to determine g2 as
a function of 0,
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q* = k*le, —e; | = k*(e} + el —2e -e;) (8.44)
0
= 2k*(1 — cos ) = 4k> sin® > (8.45)
Plugging this into (8.43) and taking the limit 5 — 0, this results in the scattering

amplitude for the Coulomb potential,

mg g
2m2%2sin? . 4Esin?§

O (8.46)

The corresponding differential scattering cross section (with g expanded) is

2
do ( lezez ) (8.47)
g0 \Nira20 | :
ds2 4E sin* §

the Rutherford scattering formula.

Self-check questions:

1. How is the Born series derived?

2. What does the Born approximation say about the relation between scattering
amplitude and potential?

3. Which special problem arises the case of the Coulomb potential, and how is it
solved?

8.3 Partial Wave Expansion

Another method for the treatment of scattering problems is the partial wave expan-
sion. We describe here only the basic idea.

The partial wave expansion works only for spherically symmetric potentials V (r).
For the wave function we again assume the form of (8.2)—(8.4). Since the combination
of incoming wave 1)j, and potential V is symmetric with respect to rotations around
the z-axis, the scattering amplitude cannot depend on ¢, i.e. f (0, ¢) = f(6).

We use the expansion of e <? into Legendre polynomials (7.194) to repre-
sent ¥i,. Furthermore we use that the scattering amplitude (due to the missing ¢-
dependency) can be written as a linear combination of the Yjg, i.e. of the Legendre
polynomials,

£(0) =Y aPi(cos ). (8.48)

1=0
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This yields for large r
0 eikr
() = [(21 + V)il ji(kr) + - } Pi(cos f). (8.49)
=0

One can easily show that the definition (7.187) implies

jithry ~ S0 ZIT/2) (8.:50)
kr
for r — oo: For large r the dominating term is the one where the derivative always
acts on the sine function; for with each action of a derivative on the r in the
denominator, another factor of r enters the denominator. The derivative of sin(p)
is cos p = sin(p — m/2). The second derivative gives — sin p = sin(p — 27/2) etc.,
which by induction results in (8.50).
Instead of splitting vy into ¥, and v, one can also directly expand in Legendre
polynomials,

Ui (r) =D bigi(kr) Pi(cos 0). (8.51)
=0

Here, g; are so far undetermined radial functions. One can show that for r — oo,
where the potential vanishes, g; also has to behave like

sin(kr — A\
qr(ker) ~ SEr = 2D . D (8.52)
r

with a so far undetermined phase );. To simplify comparison with j; later, this is
rewritten as \; = Iw/2 — 4y,

sin(kr — I /2 + 0;7)

gi(kr) ~ o (8.53)

for r — oo. Here §; is the so-called scattering phase shift.
Comparison between (8.49) and (8.51), taking into account the behavior of j; and
g1, yields after a short calculation the relation

FO) =k™" D (2 + 1)e!” sin 6 Pi(cos 0). (8.54)
=0

which determines the connection between the scattering phase shift and the scattering
amplitude. What is gained by this? Not much in the first place. The unknown function
f(0) is reduced to the infinitely many unknown numbers §;. An advantage comes
up if ¢¢ can be easily brought into the form (8.51). This is for example the case for
scattering by a solid sphere (V (r) = oo for r < rg) or for scattering by a spherical
potential well. Then the J; can be determined, and from them the scattering amplitude.
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In general one can at least say that the §; will decrease rapidly for growing /.
Indeed, a higher angular momentum for a fixed momentum %k implies a higher
distance to the target, hence a lower /k implies a higher distance to the target, hence
a lower influence of V, hence a smaller deviation between g; and the radial function
Ji of a free particle, and hence a smaller d;.

For unknown gy (kr), there is an approximation scheme for d;: By a tricky compar-
ison between the free solutions (V = 0) and v, one can apply an iterative method,
similar to the Born series, and gets to first approximation

2mk [

Tl V(r)rkjikr). (8.55)
0

Here we only want to use (8.54) to derive an interesting result. The total scattering
cross section is (with [dQ = f_ll dcosf fozﬁ do):

o=/d9|f(9)I2

= k_z/dm Z(Zl + 1)e' sin & Py (cos 0) >
]

= kiz/dQl > VAm @l + 1)e' sin 61 Yy0(0)
]

4 , i B
= k_Z/dQ Z [ V21l + lel(i] sin 51Y10(9)] [V 2l + leml’ sin 51/Y[/0(0)]

Lr

4 .
= k—g > Va+naer+1 'O =9 gin §; sin oy / dQY5(6) Yo (0)

Lr

4 .
= k_72r Z Q21+ 1)Q21" + 1)e' =9 sin §; sin 6y &y

Lr

47 .
= 2(21 + 1)sin?
I
4
= %Imf(& —0)

In the third row we have used (7.123), in the third last one the orthonormality of
Y;m . In the last row once again (8.54) was used, with Ime'® = sin ¢; and the relation
P;(1) = 1 which holds for all Legendre polynomials.

The result is the Optical Theorem: The total scattering cross section equals, up to
a constant factor, the imaginary part of the scattering amplitude in forward direction.

Self-check questions:

1. Can you explain the idea of the partial wave expansion?
2. What does the Optical Theorem say?
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In Part IT we have investigated a very specific kind of quantum systems:

e Each system contained only one single quantum object (‘“particle”); for spherically
symmetric potentials it could be a two-body problem, but this could be reduced to
a one-body problem.

e The state of the quantum object could be expressed exclusively in terms of a wave
function.

e The forces acting on the object could be represented by a time-independent poten-
tial V (r).

These restrictions had the consequence that the Schrodinger equation could be for-
mulated in a very specific way, namely

2
(—h—A + V(r)) P(r) = EY(r) (8.56)
2m
for the stationary and
'hﬁw t) = (—h—zA—i-V( ) ) (r, ¢t (8.57)
l@t (r,t) = m r) (r, 1) .

for the time-dependent equation. But we have to emphasize that this is a special case,
which is only rarely justified in such a pure form!

In this 3rd part we are going to reveal more general situations where the
Schrodinger equation no longer has the form assumed above. The most general
form of the Schrodinger equation, as it was written down in the postulates of QM,

Hy) = E|y) (8.58)

as an eigenvalue equation and

0
iﬁ@ld)(t)) = H|y@®), (8.59)

remain unchanged, of course. But |¢)) is not necessarily only a wave function, and
. 2
H does not necessarily have the form (—f—m A+ V(r)).

As a first example, we are going to meet spin again, this time focusing more on its
physical context (so far we have introduced it as a purely mathematical example). In
order to describe the spin of a quantum object, the wave function must be extended
by a spin state.

In a second example we discuss electromagnetism, which can no longer (or
only in the electrostatic case) be represented by a scalar potential alone, but uses an
additional vector potential A. The Hamiltonian operator is thereby modified.

Later we investigate N-particle systems and learn that one has to distinguish
between two fundamentally different types of particles: fermions with half-integer
and bosons with integer spin.
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Furthermore we will consider the approximation schemes of perturbation the-
ory, for both the stationary and the time-dependent Schrédinger equation. The path
integral is introduced as an alternative approach to QM. And finally we have a look
into the relativistic QM of the electron, which leads us to the Dirac equation, a
relativistic generalization of the Schrodinger equation.
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Chapter 9
Spin

Abstract It is shown how to generalize the concept of angular momentum and how
to combine several observables of that type. Some mathematical background is given
regarding Lie groups and Lie algebras.

9.1 Spin 1/2 and Spin 1

In Sect. 7.1 on angular momentum we succeeded in deriving the possible eigenvalues
of L? and L. only from the commutator relations

3
[Li. L] = ih D eple, [L* Li1=0. 9.1)
k=1

When we were looking for eigenfunctions is position space, we only had to make
one restriction. The algebraic relations allowed for the quantum number / integer as
well as half-integer values. But during the investigation of possible eigenfunctions
it became clear that only integer values could be realized. The reason was that the
eigenfunctions ™ of L, required a periodicity of 27, so that only integer m-values
and hence only integer /-values were possible. But the question arises whether the
half-integer values may still be realized if we drop the assumption that a state |))
can be expressed by a wave function alone.

It turns out that this is connected to a different question: For the motion of a
planet around the sun, there are two kinds of angular momentum: the orbital angular
momentum 1 = r x p of the motion, and the angular momentum s resulting from the
planet’s own rotation. The atom was for a long time considered as a kind of quantized
mini solar system. For the orbital angular momentum 1 we found an equivalence in
the quantum numbers /, m, which do not exactly provide an angular momentum
vector, but at least eigenvalues for its norm and its z-component; that’s all we could
bargain out of it. One may ask if the self-rotation s also has a QM analogy, e.g. for
an electron. But please note that these can be only analogies. An electron is not a
small spherical body. Neither does it orbit around the nucleus in a literal sense, nor
does it rotate around its own axis.

© Springer International Publishing Switzerland 2016 233
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Already in the 1920s there were two indications that such an equivalent of the
self-rotation exists. Both were based on the fact that a rotating charge causes a mag-
netic moment g which interacts with an external magnetic field. The first indicator
was the famous Stern-Gerlach experiment where rays of atoms were deflected by
a z-dependent external magnetic field B = B(z)e;. The deflection is proportional to
the z-component of the magnetic moment, ji,, and the ray is split by its diverse values
of p;. (In Chap. 10 on electromagnetism we will discuss the details of this interac-
tion.) The experiment shows that even for / = O there is still a magnetic moment,
with two possible z-components, indicating a self-rotation, a spin of the electron,
with properties expected for the quantum number / = 1/2: two possible m-values,
m==+1/2.

The other indication resulted from the anomalous Zeeman effect: In a constant
external magnetic field B = Be,, the energy levels of the hydrogen atom are further
split. Different m-values generate different y,-components and thus to different inter-
action energies with B. But the split does not fit the expectations from the possible
orbital angular momenta. Again everything looks like there is a kind of self-rotation
of the electron, with two possible values for the component in a given direction.

For generalized angular momenta, the following notation became a widely used
convention: One uses as before the letter L for operators representing the orbital
angular momentum, and S for the operators of spin. In addition, the letter J (J as in
Joker) can represent any kind of angular momentum: spin, orbital angular momentum,
or a combination of both, as long as the characteristic commutator relations

3
Ui, Jjl = ih D ejdi, 132,01 =0 9.2)
k=1

hold. Depending on which letter is used for the operator, the quantum number !/ is
replaced by j or s, whereas the name of the quantum number for L,/S,/J, always
remains m.

In the following, we will several times need the relations (7.61), (7.62) for the
raising and lowering operators. Therefore, we repeat them here—with J instead
of L:

Jiljom, @) = /(G —m)G+m+ Dlj,m+ 1, a) (9.3)
J_ljym,a) = h/(G+m)(G—m~+D|j,m—1, ) (9.4)

Let’s figure out which properties a spin with s = 1/2 must have (so, now we use
s instead of [ or j). There are two possible values of m, namely +1/2. Let’s forget
about the wave function for a moment and note that a Hilbert space with enough room
for a spin value of s = 1/2 needs to be at least two-dimensional. Let’s assume for a
moment that the Hilbert space is characterized by spin alone, i.e. that it is in fact only
two-dimensional, 7 = C?. Then we can choose the two eigenstates for m = +1/2
as basis states and call them |z+) and |z—). The operator S, has the eigenvalues
+h/2, so S, has in this basis the form
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hfl 0
Se=5 (o _1) . (9.5)

For the raising and lowering operators one obtains from (9.3) to (9.4):

S_|z4+) = hlz—), S—|z—) =0, Si|z+) =0, Si|z—)=hlz+) (9.6)

01 00
S+=h(00), S_=FL(10). 9.7)

and so

It follows

1 h (01 1 h (0 —i
Sx—5(5++5—)—§(10), Sy—Z(S+_S—)—§(l- O)' (9.8)
We have derived the Pauli matrices!
The operator 8% = Sf + S}Z, + SZ2 must for both basis states have the eigenvalue
hrs(s+ 1) = hZ%, hence
3n?
$?="-1. 9.9
7 9.9)
So, we have reproduced another result.

To account for the experimental evidence, the m = £1/2 states have to be some-
how incorporated into the total Hilbert space of the electron. They cannot be in the
part though which is described by the wave function, since that part knows only
integer m-values. Instead one has to combine the two-dimensional spin vector space
H, = C? with the space "H . of wave functions via a tensor product to a larger Hilbert
space of the electron:

H=Hy®H, (9.10)

If |x) is chosen as a pseudo-basis for the space of wave functions H,;, then a basis
of H is given by
Ix£) = |x) ® |z). 9.11)

The state |W) of the electron is then given by two wave functions (¢4 (r), ¥_(r))
(or, in other words, by a wave function with two components). The normalization
condition (W|W¥) = 1 reads:

/ d3r(wi(r),wi<r>)-(i+§3) = [@r (P +p-wP) =1 ©12)

In the simplest case one considers only states which can be written as a tensor product
of an element of H, and one of H,,
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W) = [¢) ® |x), |x>=(§) (9.13)

Y1(r) = ay(r), P_(r) = fy(r). (9.14)

All other, “entangled” states can be constructed from them as linear combinations.
The word “entangled” is in quotation marks, because it is normally used for a com-
bination of several particles, not for the combination of factors of a single particle.
With (9.13) the normalization condition can be formulated separately for |¢)) and

[X)s
/d3r WwmP =1, laf+87=1. (9.15)

The phenomenon of spin occurs not only for electrons, but for almost all ele-
mentary particles. The only exception is the only recently discovered Higgs boson.
It is the first and only know elementary particle without spin. For all other parti-
cles the following statement holds: the elementary constituents of matter (electron,
muon, tauon, quarks, neutrinos) all have s = 1/2, they are “spin-% particles”. The
quanta carrying the elementary interactions (photon for electromagnetism, Z- and
W-particle for the weak, gluon for the strong nuclear force) have s = 1, they are
“ spin-1 particles”. For each particle the spin quantum number d is fixed, it cannot
be changed by anything, in contrast to /.

Exercise 9.1

For a spin-1 particle, S; has three possible eigenvalues h, 0, —/h. The cor-
responding spin Hilbert space is three-dimensional. As a basis one can again
choose the eigenstates of S;, |z+), |z0), |z—). Apply the same procedure which
was used above for spin % to determine the spin operators Sy, Sy, Sz, S? in this
space. Result:

p (010 p [0—i 0
Ss=— (101}, S§;=—|i 0 —i], (9.16)
2\o010 v2\o i o
10 0
S.=h[00 0 |, S?=2r’1 9.17)

00 -1
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9.2 Addition of Angular Momenta

An often occurring problem in quantum physics is the following: Given are two
different sets of angular momentum operators J1; and Jo; with i € {x, y, z}, acting on
different Hilbert spaces 7{; and H>, so that the entire Hilbert space H of the system
under investigation is the tensor product of the two,

H="H ® H). (9.18)

As operators in the total Hilbert space, Ji; and J»; act in the form Jfll ) = Ji®1

and Jg) = 1 ® Jy;, respectively. One abbreviates here and writes simply Jy; and J2;,
but one should always keep in mind that the operator acts only on one factor of the
Hilbert space, leaving the other one untouched. Since they act in different spaces,
all J1; commute with all J5;. In H, one can therefore simultaneously diagonalize the
operators J2, J1., J % Jo; and obtains the eigenstates

lj1, mys jo, ma) i= [jimy) @ | jamz). 9.19)

For simplicity we assume that the quantum numbers of angular momentum uniquely
characterize a state. In the case of orbital angular momentum this means that we take
only the space of square-integrable functions of (6, ¢) as our Hilbert space, not the
space of all square-integrable functions in three dimensions; i.e. we ignore the radial
functions for the moment. The square-integrable functions of (6, ¢) can be uniquely
expanded in spherical harmonics. Now we consider the operators

Ji=JD1i+hi=J1®14+1Q Jy, (9.20)
V=TT + T2 (9.21)

Exercise 9.2

(a) Show that the J; are again angular momentum operators, i.e.

Ui Jj) = ih ) e, (32,011 =0. 9.22)
k
(b) Show that
(32371 =132 33 = Ui, Ji1 = [J:, 331 = 0, (9.23)

but
2,711 #0, [J% J2] #0. (9.24)
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Expand all tensor products and use

(A®B)(C®D) = (AC) ® (BD). (9.25)

The exercise shows that J*> can be simultaneously diagonalized with J, J% and
J % but not with Ji,; and J,;. This results therefore in a basis of the Hilbert space H
different from the one is (9.19). The notation for this new basis is

|(J1,J2)], m). (9.26)

It remains to show that the four operators J2, J,, J %, J % constitute a complete system
of commuting observables for H, i.e. that no further operator is necessary to specify
the basis states. Also the question arises which values j can take on for given (jij2).
We will come back to that in a moment.

The elements of one basis can be written as linear combinations of the other. The
quantum numbers j1, jo» appear in both bases. The linear combinations therefore have
the following form:

] J2
Groiomy =D D" aljijo.mi.may.jom)lji,mija.my)  (9.27)

my=—ji1 my=—j2

The problem announced in the beginning of this section is: Find the Clebsch-Gordan
coefficients

a(j1, jo, my, ma, j,m) = (ji, my; jo, ma|(j1, jo)j, m). (9.28)

The solution turns out to be quite cumbersome and cannot be written in a closed gen-
eral form. However there is a generally valid algorithm that can be used to determine
the coefficients successively. Before we study this algorithm, we want to give a few
examples for physical situations where this problem is relevant:

e When two particles surround a common center, e.g. the two electrons of a Helium
atom, it makes sense to ask for the total orbital angular momentum L = L; +
L,, and how this is composed of the orbital angular momenta of the individual
electrons. H; and H> are then function spaces spanned by the spherical harmonics.
The elements of | are functions of the angular coordinates (01, ¢1) of the first
electron, the elements of H; functions of the angular coordinates of the second
electron (63, ¢7).

e A quark and an antiquark are combined into a meson. The spin of the meson
results from the spins of the individual quarks, S = S1 + S,. H; and H; are the
two-dimensional spin spaces of the first and the second quark, respectively.

e In the Hamiltonian operator of the real (no longer naive!) hydrogen atom, there is
a correction term due to the magnetic interaction between the electron’s spin and
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the magnetic field created by the electron’s orbit around the nucleus,
Hpag ~L-S (9.29)

where L and S are the orbital angular momentum and the spin of the electron. We
will come back to that in the chapter on perturbation theory. For the treatment of
this system it is useful to consider eigenstates of J* and J,, where J = L + S. The
Hilbert spaces H; and H; are the space of square-integrable functions of (6, ¢)
and the two-dimensional spin space of the electron, respectively.

If more than two generalized angular momenta are to be combined, the procedure
has to be applied successively,

Ja=J1+J, Jg=Ja+J3 et (9.30)

This is the case for hadrons, for example, particles combined out of three quarks (like
proton and neutron), or when for two particles spins as well as angular momenta are
to be combined.

Now we want to describe the algorithm to determine the Clebsch-Gordan coeffi-
cients. The subspace of H containing only states with given ji, jz is closed under the
operations of J;, J 2 J i J %, Joi, J% since all these operators commute with J % and J%.
This follows from (9.23) and the known properties of angular momentum. (Please
clarify that for yourself.) Each subspace of this kind,

H(jj2) = Hi1(j1) ® Ha(j2) (9.31)

can thus be considered separately for our Clebsch-Gordan problem. We therefore
assume in the following j; and j, as given and fixed.

At first we want to figure out which values j and m can have. For m it is rela-
tively simple: due to J, = Ji; + Jo; and [J1;, J2;] = O (why is this latter condition
necessary?) the eigenvalues are simply added, m = m + mjy, implying

a(j1,ja, mi,my,j,m) =0 for m #m; + ms. (9.32)

This also satisfies our “classical” expectation that the z-components of angular
momentum are simply added. The largest possible value of m is thus ji + j», the
smallest —j; — j». What about j? Without loss of generality we assume j; > j,. Clas-
sically, the norm of the sum of two vectors is maximally the sum, minimally the
difference of the individual norms:

[uf + v[ = [u+v[ = [u] —|v], (9-33)
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if Ju] > |v]. In QM, the closest you can get to such a statement is;
Jitjp>=j=j1—j2 (9.34)

‘We want to show that this is indeed satisfied, by counting the number of independent
states for given m. The value m = j; + j» can be formed in exactly one way: from
my = ji and my = j». Therefore, the maximal value of j must be exactly ji + j. If
it were larger, then larger values of m would occur; if it were smaller, m = ji + j»
could not occur at all. Hence

(G2t +J2. 01 +j2) = |j1.J15 2, J2) (9.35)
We have thus found our first Clebsch-Gordan coefficient,
a(ji,ja,my =j1,my =jo,j =j1 +j2,m=j1 +j2) = L. (9.36)

With the state |(j1j2)j1 + j2,j1 + j2), due to the action of the lowering operator J_ the
entire range of states |(j1j2)j1 + j2, m) with j; 4+ jo» > m > —j; — j» must occur in
‘H(j1j2), and that exactly once. We emphasize “exactly once”, because the question
is still open whether the operators J2, Jz, J%, J% constitute a complete system of
commuting observables for H. Since we see here and in the following with given
values of the four quantum numbers occur exactly once in H, we conclude that no
further quantum number is needed to specify a state in H, i.e. that the system of these
four operators is indeed complete in H.

The value m = j; +j» — 1 can be obtained in two ways: with (m; =ji, my =
Jjo — 1)and (m; = j; — 1, mo = j»). Therefore, the valuej = j; + j» — 1 mustoccur,
such that in the |(jij2)jm)-basis a second state with m = j; 4 jo» — 1 exists, but no
second one for m = j; 4 j». The lowering operator then generates the entire range
of states |(jij2)j1 +Jj2 — 1, m) withj; +jo» — 1 > m > —(j; +j2» — 1), which there-
fore exist in H(j1j2), exactly once.

It goes on just like that the value m = ji + j» — 2 can be obtained in three
ways: with (m; =j1, mo =jo —2) and (m; =j1 — 1, my =jr — 1) and (m =
Jj1 — 2, mo =j»). Hence the value j = j; +j>» — 2 must occur, such that in the
|(j1j2)jm)-basis a third state occurs having m = j; + j» — 2, but not a third one hav-
ing m = j; + jo» — 1. The lowering operator then generates the entire range of states
|(jy2)j1 +Jj2 — 2, m) withji +j» —2 > m > —(j1 + j» — 2), which therefore exist
in H(j1j2), exactly once. And so forth.

Things only change when we reach m = j; —j» — 1. Now on the one hand a
new possibility to obtain this value appears at the “bottom end” of mj, namely
(m1 =j1 —2jo — 1, mp =j»), but on the other hand a possibility on the “upper
end” disappears, since (m; = ji, my = —jp — 1) is no longer possible: the value of
my is lower than allowed. The number of states with m = j; — j» — 1 is therefore the
same as the number of states with m = j; — j,. This means that while j = j; — j» was
still required, j = j; — j» — 1 is not, simply because no further states are needed. It
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goes on like that, the smaller values of j are also not required. The inequality (9.34)
has been verified.

Exercise 9.3
The basis {|ji, m1; ja, ma)} of H(jij2) consists of (2j; + 1)(2j2 + 1) states.
Verify that this also holds for the basis {|(j1,j2)jm)}, i.e. show

Ji1+i2
> @i+ =@+ D@+ D). (9.37)
J=ii—j2

Now we get to the actual algorithm. Starting from (9.35), we apply the operator
J_ = Ji_ + Jo_ on both sides:

J1G2lit +j2.01 720 = Gi=1j1,1) @ 12, 2) + 1j1.j1) ® (ja—1j2.72))-

(9.38)
With (9.4) follows
201 +72) G +j2. 1 +j2 — 1) (9.39)
= h/2j1 11,1 — L jasj2) + h/2)2 L1 jis 2, jo — 1)
or
(i)t +Jjasj1 +j2 — 1) (9.40)

J1 .. .. J2 CL .
= | lji.j1 = Lij2, j2) + .| = lji,jisj2, o — 1).
J1+)2 J1+)2

This gives us the coefficients forj = j; + j», m = ji +j» — 1 and all values of m| and
my, where as expected only (my =ji, my =jo, — 1) and (m) =j1 — 1, my = j2)
contribute. By further repeated application of J_, we then obtain the coefficients
for j =ji 4+ j» and all values of m, m; and my, i.e. for the entire range of states
[(j1j2)j1 +j2, m) with j1 +jo > m > —j1 — jo.

Next we consider [(jij2)j1 +j2 — 1,j1 +j2 — 1). Justas |(jij2)j1 +Jj2,j1 +Jj2 —
1) this can have only two contributions, (m; =ji, my =j, — 1) and (m; =j; —
1, my = ja):

[Gu2i +j2.J1 +j2 — 1) = B lj1,j1 — L. j2) + B2 L. jis o, jo — 1)
[Gu2)j1 +j2 = Lj1 +j2 = 1) = v |ji, g1 — L ja,j2) + 72 L ja.ja — 1)

Since the basis states have to be orthogonal,

(Gu2it +j2. v +j2 = UGyt +j2 — Lji +j2 — 1) =0, (9:41)
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it follows
ﬂi"}q + ﬁik’yz =0. (9.42)

Due to the normalization condition
Iyl + Il® =1 (9.43)

~1 and 7y, can be derived, up to a phase, from (9.40):

J2 J1
= 2= (9.44)
n J1+J2 7 J1+72

So, we have determined |(jij2)j1 +Jj2 — 1,j1 +Jj2 — 1). Now we can apply J_ again,
to derive |(jij2)j1 +j2 — 1, m) for all possible values of m.

The next state to tackle is |(j1j2)j1 +Jj2 — 2,j1 +j2 — 2). This state has now
three contributions, (m; =ji, mpy =jo» —2) and (m; =j; — 1, my =jo, — 1) and
(m1 =j1 — 2, mp =j»), i.e. three unknown coefficients. But there are also three
conditions to determine them: |(jij2)j1 + j2 — 2,j1 +j2» — 2) must be orthogonal to
[(J2)jt +Jj2.j1 +j2 — 2) and also to [(jij2)j1 +Jj2 — 1, j1 +j2 — 2); furthermore,
a normalization condition has to be obeyed. Then again J_ takes us down the range
of m-values, then we proceed with the next j-value etc (Fig.9.1).

In this way all coefficients for a given (i, j2) are determined. As a remark, we
could have also started with

(G2t +j2, =it —j2) = lj1, =j1ij2, —j2) (9.45)

and proceed from there via J ;.

We are going to try out the algorithm only for the simplest nontrivial example, the
combination of two spins with s; = sp = 1/2. We expect three states having j = 1
and one having j = 0. Equation (9.35) yields

|(%, %)1, 1) = |z+; z+), (9.46)
Equation (9.40) yields
I(l, 1)1, 0) = L(|z+; z—) +lz—52+) (9:47)
2°2 V2
and (9.45) yields
I(l, 1)1, —1)=lz—;z-). (9.48)

22
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‘jmax, jmax)

J_
) ) orthog. )
|]max, Jmax — 1) — |]max — 17 Jmax — 1>
J_ J_
) ) ] ] orthog. )
|]max, Jmax — 2> |]max - 17 Jmax — 2) |]max - 2, Jmax — 2>
orthog.
J_ J- JJ_
J_ J- JJ_
‘jma)u _jmax + 2> ‘jmax - ]-; _jrnax + 2> |jmax - 2, _jmax + 2>
J- J_
‘jma)u _jmax + 1> ‘jmax - ]-; _jrnax + 1>
J_
|jmax, _jmax>

Fig. 9.1 Graphical representation of the algorithm to determine the Clebsch-Gordan coefficients.
The states refer to the |(jj2)jm)-basis, where we have dropped the indicators (j1;j2) and set jmax =
Jj1 +ja for better readability

Finally, |(%, %)O, 0) has to be orthogonal to |(%, %)1, 0) and so

1
7

We conclude that the triplet with j = 1 is symmetric under the exchange of the two
spins, whereas the singlet is antisymmetric. We already found this constellation in
Sect.2.10 on tensor products.

1 1
I(E, 5)0, 0) = (Iz+; z2=) — lz—; z+)). (9.49)

Exercise 9.4
Apply the algorithm for the determination of Clebsch-Gordan coefficients to

other values of (ji, j2), e.g. (1, %), (1, 1), (%, %) etc. You can find the solutions
on the internet:

http://en.wikipedia.org/wiki/Table_of_ Clebsch-Gordan_coefficients


http://dx.doi.org/10.1007/978-3-319-24526-3_2
http://en.wikipedia.org/wiki/Table_of_Clebsch-Gordan_coefficients
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Self-check questions:

1. Which two orthonormal bases of which Hilbert spaces are connected by the
Clebsch-Gordan coefficients?

2. Which values can the quantum number j take on, given j; and j»?

3. Given two spin—% systems, how are the states with j = 1 and j = 0 combined
from the individual spins?

9.3 SO(3) and SU(2)

One of the most beautiful topics a theoretical physicist or mathematician may deal
with is that of Lie groups and Lie algebras. The connection between spin and
angular momentum is deeply rooted in this topic. Also in the Standard Model of
Particle Physics and in the attempts to construct a “Grand Unified Theory” out of
it, Lie groups and Lie algebras play a central role. We want to develop these two
notions here briefly and explain what they mean for spin and angular momentum.
By the way, Lie was a Norwegian.

From your mathematical studies, you certainly remember the notion of a group.
This is a certain kind of mathematical structure: a set G, on which an operation

GxG—G, (91,9)— 95 =9192, (9.50)

is defined which maps two elements gi, g» to an element g3. The operation can
be written in terms of a multiplication, g3 = g1g> (“multiplicative group”), or in
terms of an addition, g3 = g1 + ¢g» (“additive group”). For abstract groups, where
the elements are not numbers, the notation as a multiplication is most commonly
used. The operation has to fulfill the following axioms:

e Associativity, g1(9293) = (9192)93-

e There is a neutral element e, such that for all g € G one has ge = eg = g. For
multiplicative groups one denotes e as 1 (for obvious reasons), for additive groups
as 0.

e Foreach g € G thereis aninverse g~! (for additive groups: —g), such that gg~! =
g~ g = e (for additive groups: g + (—g) = (—g) + g = 0).

For example, Z, Q, R, C are groups with respect to addition, Q\{0}, R\{0}, C\{0}
are groups with respect to multiplication. (The zero had to be removed, since it has no
inverse.) If the operation is also commutative, g1g2 = g291 (or g1 + 92 = g2 + g1),
the group is calles abelian. For all the groups of numbers mentioned above this is
the case.

A group is called Lie group, if it is also a manifold. We want to avoid introducing
the notion of a manifold (for that, you better attend a course on differential geometry
or general relativity) we simplify this somewhat and simply say: it is continuous (in
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contrast to the finite groups or the discrete Z) and has “sufficiently nice” properties
regarding continuity and differentiability, details of which we are not concerned with.

What is crucial is the notion of a representation of a Lie group and the notion of
the Lie algebra associated with a Lie group. We first write down the definitions of
these in one piece, and will then explain them by means of examples.

A representation of a group G is a combination (G, V) of G with a some vector
space V, on which the elements of G act as linear operators. More precisely: A
representation 7(G) is a map from G into the space of automorphisms Hom(V, V)
of a vector space V:

T:G — Hom(V,V), (9.51)

with the requirement that
T(g192) = T(g1)T(g2)- (9.52)

For finite-dimensional vector spaces, 7(g) can be thought of as matrices. The left
hand side of (9.52) involves a group multiplication, the right hand side a matrix
multiplication. The trivial representation is given by 7(g) = 1 forall g € G.

A Lie algebra L is a vector space whose elements are linear operators and which
is closed under the commutation of these operators, i.e.

A, BeL=[A B]elL. (9.53)

(One can formulate this in a more abstract way, but we don’t want to.) Any A € L
can be written as a linear combination if n basis operators E; (we consider only
finite-dimensional Lie algebras),

n
A= ZaiE,-. (9.54)
i=1

If L is a vector space over R (or C), with the coefficients «; thus real (or complex),
L is called a real (or complex) Lie algebra. In physics, we are mostly interested in
real Lie algebras. We did not specify on which vector space V the operators act; for
L is supposed to be determined by the specification of the commutator relations of
its elements, [A, B] for A, B € L. If all commutators vanish, L is called abelian. On
which vector space V the elements of L act, is again the matter of a representation.
This is defined for L in the same way as for G, as a map which associates with each
“abstract” operator A a linear map 7'(A) € Hom(V, V). Warning: If L is a real Lie
algebra, this does not imply that V is a real vector space or that the components of
the matric T (A) are real!

One can show that for each Lie group G there is a Lie algebra Ls with the
following property: Every element g € G which is connected to the unit element e
by a continuous path (i.e. which “belongs to the connected component of unity”),
can be written in the form g = exp(A) for some A € L. In turn, also exp(A) € G
for any A € Lg. The basis operators E; of Lg are then also called the generators of
G.
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This all sounds quite complicated, but it will appear much less wild when you see
it in action for a few examples.

1st example: G = R\{0}

The nonzero real numbers form a Lie group regarding multiplication. Within this
group, the set of positive real numbers R* is the connected component of unity.
For each positive real number is connected to the number 1 by a continuous path;
the negative numbers however are not, because there is an—infinitely small—gap
between the positive and the negative numbers, due to the missing zero. Any positive
number g can be written in the form g = exp A with A € R, but the negative numbers
cannot. R is a one-dimensional real vector space, the Lie algebra Lg of the Lie group
G. The number 1, as the basis vector of the one-dimensional vector space Lg = R,
is the generator of G. The multiplication of real numbers commutes, hence G and
thus also Lg is abelian.

If we had chosen the complex numbers G = C\ {0} instead, the negative numbers
would have been also contained in the connected component of unity; for then one
can draw a path in the complex plane avoiding the zero. Indeed, for complex numbers
also the negative numbers can be written in exponential form, z = exp(a + im) =
—exp(a).

Back to the real G. A representation can be chosen as any vector space V = R”
or V = C", defining T(g) = gl for g € G, i.e. g acts as g times the unit matrix on V;
vectors in V stretched by T'(g) by a factor of g. The same holds for the representations
of the Lie algebra, T(\) = M for A € Lg.

Already R by itself is a Lie group, since multiplication and division are closed in
it. The Lie algebra of R™ is the same as the one for R\ {0}, namely R (for the group,
only the other connected component is missing, the one containing the negative
numbers).

2nd example: U(1), SO(2), 0(2)

Real Lie groups (that is, Lie groups associated with real Lie algebras) are in general
more complicated than complex ones. This is because one gets a different Lie group
if some generators E, are replaced by iE,, (for complex Lie algebras, iE,, is automat-
ically contained if E,, is, there is no difference). For example, the set of multiples
of i,

L =u(l) = {Ai|\ e R}, (9.55)

is a one-dimensional real vector space (the vector space is real, although it contains

imaginary numbers!), since it consists of real multiples of the basis vector i. As a

vector space, L is isomorphic to R; as a Lie algebra too, since all commutators vanish

in any case. This is in general no longer true for higher-dimensional Lie algebras;

there it makes a difference for the commutators if an operator is multiplied by i.
The Lie group of u(1) is G = U(1), the set of complex numbers of norm 1,

U(1) = {exp(iM)|\ € R}. (9.56)
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U(1) is notisomorphic to R* or R\ {0}, since in contrast to those U (1) is periodic. All
A + 27n generate the same group element. The simplest nontrivial representation of
U(1) acts on the vector space C!, simply by multiplication, 7'(g) = g. This means,
exp(iA) acts on C as a multiplication operator, multiplying any complex number by
exp(i)\), thus causing a phase shift by the angle .

Another interesting representation is given by the rotation matrices in two dimen-
sions, V = R? and

. cos A sin A
T (exp(iN)) = (_ sin \ cos )\) . (9.57)
The corresponding representation of the Lie algebra is
. 01
TN = A (—l 0) . (9.58)

Exercise 9.5
Verify that 7T(g192) = T(91)T(g2) for g1,9> € U(l) and T(exp(i\)) =
exp(T(iN)) for i\ € u(l).

If U(1) appears in this form, the group is also called SO(2). But both are one and
the same, U(1) = SO(2). If in addition to the rotations also reflections are included,
one gets the Lie group O(2). This is the group of all linear maps in two dimensions
which leave the length of all vectors unchanged. SO(2) is the subgroup of those
elements of O(2) having determinant 1 (reflections have determinant —1). SO(2) is
related to O(2) like R to R\ {0}. O(2) contains two connected components: the one
of the rotation matrices, which have determinant 1, and the one of reflection matrices,
which have determinant —1.

An even more interesting representation of U(1) or SO(2) arises when the group
acts on an infinite-dimensional space of functions, for example on the space PR (R?)
of all functions R?> — C that can, in polar coordinates, at each point (r, ¢) expanded
into a Taylor series w.r.t. ¢,

X yn an

foro+X0 = ;0 g 9 9.59)
Then we define 9
T@iN) = )\%, (9.60)
implying
— A" O"

T(exp(i\)) = exp(T (i) = Z 9.61)

s n! Q¢
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which is just the operator that rotates a function f on R? by the angle \,
T(exp(N)f =f. f(r,¢) =f(r, ¢+ N). (9.62)

The generator E1 = i € u(1) of the Lie group appears here in the form of 7(E) = %.
This is—up to a factor —ih—the angular momentum operator in two dimensions.
One therefore says that the angular momentum operator generates rotations.

3rd example: translations

The translations (shifts of the coordinate origin) form an additive group, where the
neutral element is the shift by the null vector. In contrast to rotations, translations of
R? cannot be regarded as the representation of a Lie group, since these by definition
act via matrix multiplication. This changes when we operate on function space again.
The simplest two-dimensional real Lie algebra is the abelian one, spanned by
two commuting basis operators E1, Ea, [E1, E2] = 0. We construct a representation
on the infinite-dimensional vector space V = PR, ,(R?) of function R? — C which
can be expanded into a Taylor series at any point (x, y), this time regarding cartesian
coordinates x and y. The representation of the Lia algebra is now defined via

0 0
T(E) = o T(Ey) = o (9.63)

This is justified, since the two partial derivatives commute,

0 0 0 0
—_—— = . 9.64
Oxdy Oyox ©-64)

The associated Lie group is obtained by exponentiating the Lie algebra representation
(i.e. we specify the Lie group via a representation):

T(exp(aE) + PEy)) = exp(T(aE + SE2)) (9.65)
0 0
0 0
= exp (aa) exp (ﬁa—y) (9.67)

o N ok © A\ o
B E EIETCAR ZO: Tagl = O®

Similar to the Taylor expansion w.r.t. ¢, this operator causes a translation (shift) of
all functions on R2 by (a, 3),

T(exp(aEr + BE))f =f, f,y) =f(x+a,y+ 7). (9.69)
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The generators Ep, E> of the Lie group appear here in terms of partial derivatives
w.r.t. x and y. These are—up to a factor —ih—the momentum operators Py, Py in two
dimensions. One therefore says that the momentum operators generate translations.
Of course, the same holds in three or more dimensions.

4th example: angular momentum and spin

So far we were dealing with abelian Lie groups and algebras. Our first non-abelian
example is already the one which is responsible for our main concern: the connection
between rotations, angular momentum and spin.

We define the Lie algebra so(3) as the three-dimensional Lie algebra whose three
basis operators obey the following commutation relations:

[Ei, Ej] = —e€jjiEx, (9.70)

or
[Ey, E2]l = —E3, [E2, E3]l=—E, [E3, E1]l=—Es. (9.71)

You can easily verify that a possible representation on V = R? is given by

000 00 -1 010
T3(E1)={0 0 1), T3(E)=1{00 0 |, T3(E3)=|—-100]). (9.72)
0-10 100 000

(We denote it T3, in order to distinguish this representation from others to come.)
Analogous to the connection between (9.58) and (9.57) in our SO(2) example, one
has

exp(AT3(E1)) = Ry(N), exp(AT3(E2)) = Ry(}), exp(AT3(E3)) = R (N),
(9.73)
where Ry, Ry, R; are the rotation matrices from (2.140). A Lie group associated with
the Lie algebra so(3) is thus the group SO(3) of rotations in three dimensions. Any
rotation matrix R can be written in the form

R = expla1 T5(E1) + axT3(E2) + a3T3(E3)] (9.74)
Here, the «; are components of the vector in R3 whose direction is the axis of rotation

and whose norm is the angle of rotation. Note that due to the missing commutativity
the exponential functions in general cannot be separated,

explo T3(E1) + axT3(E2) + a3T3(E3)]
# explan T3(E1)] explanT3(E2)] explasT3(E3)]. (9.75)

Similar to SO(2) we can again find a representation in an infinite-dimensional func-
tion space (this time for functions R? — C):


http://dx.doi.org/10.1007/978-3-319-24526-3_2
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Too(E1) = o — g (9.76)
ocoll1) = yaz Zay .
0 0
To(Er) = Za —Xa—z 9.77)
Too(E3) = o — 0 (9.78)
ool £3) = xay yax .

You can easily verify that the commutation relations (9.71) hold, and recognize the
connection to the components L; of angular momentum:

Ly = —ihTso (Ey) (9.79)

Just as in two dimensions, one has T (E3) = 8%, and exp(aTs(E3)) generates
rotations of functions about the z-axis and by the angle a. Since the situation is
rotation symmetric—the choice of the z-direction was arbitrary—we conclude that
the representation of a generic group element

Too(9) = explan Too (E1) + a2Too (E2) + 03 To0 (E3)] (9.80)

causes a rotation of the functions about the axis a/|ca| and by the angle |c|. The
statement that angular momentum generates rotations therefore still holds in three
dimensions.

As a remark, note that SO(3) can also be extended by adding reflections with
determinant —1, resulting in a Lie group O(3) which again has two connected com-
ponents, again defined by the sign of the determinant.

Another representation of the Lie algebra so(3) is given by V = C? and

1 j 1 1 /i
TED = (? (’)) L T =5 (_01 (1)) TaEy = ((’) fl.) NCEY

(Verify the commutation relations!) One immediately recognizes: Up to a factor i/2,
these are the Pauli matrices,

Ty (Ey) = %ak. (9.82)

Exponentiation of the generators in this representation yields (verify!):

cos S isin &
_ 2 2
explaTz(Ey)] = (i sin% cos %> (9.83)
cos % sin &
_ 2 2
explaTz(Er)] = (_ sin 2 cos %) (9.84)

o1
2

explaTy(E3)] = (eo2 63 ) (9.85)
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It is crucial that « on the right hand side always occurs with a factor 1/2. As a
consequence, the such generated Lie group is periodic with a period of 47, in contrast
to SO(3) which is periodic with a period of 27. The Lie algebra is the same in both
cases, but the Lie group is different! It is called SU(2). It is the group of unitary
transformations, i.e. of those linear maps which leave the norm of each complex
vector invariant.

Already in Sect. 2.6, we investigated such unitary maps. If you compare, you will
find that exp[2aT> (E;)] corresponds to UJ' (o) = exp(iaoy). (For a passive transfor-

mation, the components of a spin state transform via UZ.T, not via U;!) We found that
such a unitary “rotation” is associated with a rotation of the spin vector by the doubled
angle. Now we see the deeper reason: The same Lie algebra element >, o;E;—turned
into an element of the Lie group by exponentiation—causes a rotation in both repre-
sentations (or its unitary equivalent) but in the case of SU(2) is only half the size. In
other words: the angle of the corresponding rotation in the real dimensions is twice
as large.

It is experimentally confirmed that spin generates a magnetic moment ft, a vector
in our three-dimensional space. If the coordinate system in this three-dimensional
space is rotated via the matrix exp(>_ ;T3(E;)), then one has to apply a correspond-
ing transformation exp(>_ ;T2 (E;)) to the spin state, so that the relation between
spin and magnetic moment is unchanged. Hence the vector 3 occurring in (2.139) is
indeed a vector in the three-dimensional state we live in (and not just in an abstract
space of “internal” degrees of freedom, like the “color” of the quarks). Due to the
periodicity of 47 one could say that an electron needs to do a 360 rwice for its spin
vector to be the same again. But this does not hold for the spin state. Here the dif-
ference between vector and state becomes important. A rotation by 2 turns the spin
vector |x) into —|y). But these two vectors represent the same spin state. Everything
is consistent: After doing a 360 with the electron, it looks just as before.

Symmetries and conserved quantities

We have seen that certain operators generate certain transformations in function
space. For example, L, generates rotations about the z-axis,

e%“LZf(r, 09) =f(r, 0,90+ ), (9.86)

and P, generates translations in x-direction,

eRPif(x, . 2) = f(x + a, y, 2). 9.87)

This is also true for wave functions, of course, and yields a relation between symme-
tries and conserved quantities, which you may be familiar with from classical physics,
under the name of Noether’s theorem. In QM, a quantity is conserved if the associ-
ated hermitian operator A commutes with the Hamiltonian operator, [A, H] = 0. For
two states [11), |12) this implies:


http://dx.doi.org/10.1007/978-3-319-24526-3_2
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(1 TOAH|eR ) = (1 |H e T Aem ) = (41| H¢bn) (9.88)

This means: If all states are transformed via exp(icA/h),

) = ) = eFpp), (9.89)

all matrix elements of H remain unchanged,

(11H ) = (1| H|22). (9.90)

Such an invariance of H under certain transformations is called a symmetry of
the system. We have therefore shown that a conserved quantity always generates a
symmetry. The inverse statement is also true, for if (9.88) holds for all [¢/1), |1)2), it
necessarily follows that [A, H] = 0.

So, if H commutes with L, then the system has to be invariant under the transfor-
mations generated by L., i.e. under rotations about the z-axis. If H commutes with
all momenta P; (which is only the case for a constant potential), then the system is
invariant under translations (this is just what the constancy of the potential means).



Chapter 10
Electromagnetic Interaction

Abstract Itis shown how electromagnetism enters QM. This provides some insights
into a deeper meaning of gauge invariance. The Aharanov-Bohm effect demonstrates
how the vector potential is much more real in QM than in classical electromagnetism.

The interaction of a particle having charge ¢ with a time-independent electric field
E can still be covered by a scalar potential

V(r) =qor), E()=—-Ve(r). (10.1)

But as soon as time dependency or magnetic fields come into play, a vector potential
A(r) is required, for which we haven’t found a place yet in the Schrodinger equation.

In the first section, we will derive the classical Hamiltonian function of a charged
particle in a space- and time-dependent electromagnetic field, and from that the
Hamiltonian operator. The vector potential appears there as a modification of the
momentum operator,

PP—I4 (10.2)
C

As a next step, we will show what the gauge symmetry of electromagnetism
means for QM. This opens up an intriguing new view of electromagnetism. It looks
like nature necessarily had to create an electromagnetic field in order to provide the
Schrodinger equation with a certain symmetry. The invariance under local phase
shifts of the wave function.

Thirdly, we will investigate the magnetic moment created by the angular momen-
tum and spin of a charged particle. This magnetic moment plays a big role for the
interaction between atoms, within atoms, and between atoms and external magnetic
fields.

Finally, we will study some effects and experiments which confirm these consid-
erations:

e the Zeeman effect, which generates a split of the energy levels of the hydrogen
atom when exposed to an external magnetic fields;
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e the Stern-Gerlach experiment, which demonstrates the existence of the electron’s
spin by splitting a ray of atoms in a spatially varying magnetic field;

e the Aharanov-Bohm effect, which describes a shift of the interference pattern in
the double slit experiment, if an inductor is placed behind the wall with the double
slit.

Particularly fascinating is the Aharanov-Bohm effect, since the particles are influ-
enced by the magnetic field inside the inductor, although they don’t even get in
contact with it on their way from the slit to the screen.

Note that the electromagnetic field occurs here as a classical field. The theory
which incorporates the quantum nature of both the charged particles and the electro-
magnetic field is called quantum electrodynamics (QED), which is however beyond
the scope of this book.

10.1 Hamiltonian Operator

We repeat the classical physics of a particle with ¢ in an electromagnetic field. Due
to the electric force, the particle experiences an acceleration parallel to the E-field,
and due to the Lorentz force an acceleration orthogonal to the B-field and to its own
direction of motion,

mi =g (E(r, 1)+ E x B(r, t)) . (10.3)
C

The fields are expressed via a scalar potential ¢ and a vector potential A,

B=V xA, E:—Vqﬁ—la—A. (10.4)
c Ot

Maybe you have already seen the Hamiltonian function 4 of the particle in a course
on electrodynamics. It reads

h = ﬁ (p - %A)z +q0. (10.5)

Exercise 10.1

Show that Hamilton’s equations associated with the Hamiltonian function
(10.5) lead to the equation of motion (10.3). Proceed component-wise, i.e.
calculate X;. After insertion of (10.4) into (10.3) and expansion of the double
vector product I X (V x A) with the rule

ax(bxc)=Db(a-c)—c(a-b), (10.6)
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(10.3) has the form
10 0 1. 0 0
Gi=g|——A—— 0+ - Gj——A; —%—A)|. (107
A =4 c Ot 8x,-¢+ch:;(x18x,- J xlaxj ) (109

The same should be obtained from

5] 15)
i = ———h, Xxi=—h 10.8
Pi B i ap; ( )
At one point, you have to be careful: When you differentiate the last equation
with respect to time, in order to get X;, then this is a fotal time derivative, i.e.
a time derivative along the direction of motion of the particle, and this means,
according to the chain rule,

0 2.0
A; = EA,' +jZ=I‘XjaTin- (10.9)

The associated Hamiltonian operator is obtained by replacing p — —ihV:

1 . q \?
H= - (—th _ ZA) +qé (10.10)

m

Exercise 10.2
Show that the continuity equation for the probability density is modified in the
presence of electromagnetic fields;

0 . .
E(w V)+V-j=0 (10.11)

now holds for 5
i=5— (W'Y —yVy*) - %Aw*w. (10.12)

2im



256 10 Electromagnetic Interaction

10.2 Gauge Invariance

The Maxwell equations are invariant under the gauge transformation

1
¢a¢/=¢—;g—f, A—> A +Vy (10.13)

with an arbitrary scalar field x(r, #). (At this point we assume that you already know
this transformation from a course on electrodynamics. If not, you can easily verify,

that E and B are not modified by (10.13).) Now, what happens to the Schrédinger
equation

” _
! ot

oY(r, t) _ 1
|:2m (

—inv — LA, t))2 + g, t)i| b, 1) (10.14)

c

under such gauge transformations?

We want to take a different starting point for our discussion, a starting point
which is seemingly unrelated to gauge transformations. We consider the Schrédinger
equation without an electromagnetic field,

O, W
ik 5 _—%Aw(r,t). (10.15)

We know that this equation is invariant under global phase shifts. That means, if
(r, t) is a solution, then due to the linearity of the Schrédinger equation

Y, 1) = eM(r, 1) (10.16)

is also a solution. But what if we make A space- and time-dependent, i.e. introduce
a locally varyiing phase shift,

(e, 1) = MTDy(r, 1)? (10.17)

This is no longer a solution of the Schrodinger equation, for now we get an additional
term with a time derivative of A on the left hand side, and several terms with spatial
derivatives of A on the right hand side. These terms don’t cancel each other, as long
as there are no restrictions for the function \(r, 7).

But what if we absolutely want the 1" in (10.17) to solve the Schrodinger equation,
i.e. require (10.17) to be a symmetry transformation for arbitrary functions A(r, ¢)?
This can only be achieved by adding additional objects to the Schrodinger equation
and transforming them simultaneously with ¢/, and that in such a way that the resulting
additional term exactly cancel the additional terms from the transformation of .
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It turns out that electromagnetism is the solution to exactly this problem. One intro-
duces a scalar function ¢(r, ¢) and a vectorial function A(r, ¢) into the Schrodinger
equation as in (10.14). Then one requires that a transformation (10.17) of the wave
function is always accompanied by a transformation (10.13), defining

h
Y, 1) = e, 1), (10.18)
q
Under these combined transformations, the Schrodinger equation is invariant.

Exercise 10.3

Insert the transformed quantities into the Schrodinger equation (10.14) and
show that the extra term from the transformation of ¢ cancels the change in
%w, whereas the extra term from the transformation of A cancels the change
in V1.

It remains to provide classical field equations which describe the behavior of
the new functions ¢ and A; and which are also required to be invariant under the
transformation. It turns out that the Maxwell equations are the simplest possibility.
Now we get the impression that the entire electromagnetism is nothing but a
consequence of a symmetry requirement for the Schrodinger equation, namely
the invariance under local phase transformations (10.17).

Nerd’s Corner 10.1

This point of view has proven extraordinarily fruitful in particle physics. It
turns out that the weak and strong nuclear forces can be similarly derived
from certain symmetry requirements for wave functions (or quantum fields).
As a consequence, the notion of symmetry has been established as the most
fundamental of all principles in physics. Since then (i.e. since the 1970s) hordes
of theoretical physicists have been occupied looking for the symmetry which
unifies all three interactions relevant for particle physics (electromagnetism,
weak and strong nuclear force) into one Grand Unified Theory. In fact, these
symmetries are expressed in terms of Lie groups.

As you know from the section on Lie groups, (10.17) represents the action
of an element of U(1) on ), separately at each point. This means that v is
now not addressed by U (1) in the infinite-dimensional representation (which
would lead to a rotation in space); instead, at each point in space, v is taken
as a number, as a vector in the one-dimensional vector space C', and each
point in space is associated with an individual element e* € U (1), acting on
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1) in the one-dimensional representation. In the theories of particle physics
(Yang-Mills theories), U (1) is replaced by other Lie groups. Since these no
longer have nontrivial one-dimensional representations, 1/ at each point in
space needs to be an element of a higher-dimensional vector space, i.e. the
state |)) belongs to a Hilbert space which is a tensor product of the space of
wave functions and this “internal” space, similar to our treatment of spin.

The symmetry group of the strong nuclear force, for instance, is SU (3). The
wave functions of the quarks belong to a three-dimensional representation of
SU (3) and have therefore three components, which in the flowery language
of particle physics are associated with three colors.

Exercise 10.4
One can add to A and ¢ constants C and 7, respectively, without changing E
or B,

A, n)=Ar0+C, ¢ 1= 1) +n. (10.19)

Hence, this defines a certain gauge transformation. Show that this gauge trans-
formation transforms the wave function in the following way:

P (x, 1) = e OMFACTEN(x, 1) (10.20)

where « and [ are constants to be determined, and an arbitrary constant -y.
The first term describes an artificial shift of energy by a constant value, due
to the electric potential, whereas the second one describes an artificial shift of
momentum by a constant vector, due to the vector potential. The third term is a
global phase shift. Verify that the difference between ¢ and ¢/’ has no physical
relevance. In particular, the momentum operator P = —i AV is now associated
with the canonical momentum p, which is not p = mr, but, according to
Hamilton’s equation,

mi=p— ZA. (10.21)
C

Show that the expectation value of velocity (r) is unchanged.

Self-check questions:

1. How is the Schrodinger equation modified by the presence of a vector potential
A?

2. What are gauge transformations of ¢ and A?

3. How does v need to transform for the Schrodinger equation to be invariant?
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10.3 Magnetic Moment

In order to obtain the magnetic moment of a charged quantum object, we do our
calculations in Coulomb gauge, V - A = 0. (At this point we assume that you are
already familiar with this gauge from a course on electrodynamics. If this is not the
case: For a given A, one can always find a gauge transformation which annihilates
the divergence of A, and the result are ¢ and A in Coulomb gauge.) In Coulomb
gauge, the Hamiltonian operator (10.10) can be rewritten as

? igh

2m mc 2

H =

+q¢. (10.22)

For when multiplying out the brackets in (10.10), an expression proportional to
(V-A + A - V) arises, which has to be understood in terms of its effect on a wave
function ):

(V-A+A- V) := Z( -(AiY) + A; —w) (10.23)

0 0
—Z[( )’l/J-i-Aa ¢+Aia—n¢] (10.24)

Zo+2Aii¢ (10.25)
— 0x;

2A - V) (10.26)

In the third row, the definition of Coulomb gauge was used. Now let B be a space-
and time-independent magnetic field. Then the vector potential in Coulomb gauge is,
up to physically irrelevant additive constants (see Exercise 10.4) which can be freely
chosen,

A(r) = —%r xB, $=0 (10.27)

Exercise 10.5
Verify this by showing:

V x (r x B) = —2B, V. xB)=0. (10.28)
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For realistic magnetic fields as they can be produced in laboratories, A is small
compared to the momentum expectation value of a particle,

‘;’|A| < [(P)]. (10.29)

and so the expression A? in (10.22) can be neglected in general. Plugging (10.27)
into (10.22), we obtain

hZ
H = ———A+ Hpy (10.30)
2m
where
iqh iqh
Hppg = AV =—-L"(xr xB).V (10.31)
mc 2mc
igh q
=—BrxV)=——B-L. (10.32)
2mce 2mce
‘We have used the vector identity
axv)-w=-v-(Uxw) (10.33)

and identified in —iAhr x V the angular momentum operator L. In classical elec-
trodynamics, the interaction energy of a charge and current distribution is to first
approximation given by

Winag = —p - B, (10.34)

where g is the magnetic moment. Comparison of (10.32) and (10.34) shows that
the operator M of the magnetic moment can be defined as

M=-L1p. (10.35)
2mc

such that
Hpae = —B - M. (10.36)

So, now we know the relation between angular momentum and magnetic moment.
If the magnetic field is in z-direction, only the z-component is relevant, and the

corresponding eigenvalues are

= 2 pm. (10.37)

"~ 2me

Careful! Here m occurs as a mass in the denominator and as a magnetic quantum
number in the numerator. (Finally we know why it is called magnetic.) The best
would be (if possible) to provide masses with an index for the particle species, e.g.
m, for an electron, to avoid confusion.
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The magnetic moment generated by spin cannot be derived so easily, unfortu-
nately. We can assume that the associated operator M has the form

M, = 29

= S, 10.38
2mc ( )

where g is a dimensionless constant called the g-factor (how imaginative!) which
expresses how much the gyromagnetic ratio

49

= 10.39
V=S ( )

deviates from the corresponding factorin (10.35). Only in the relativistic Dirac theory,
g can be determined for an electron, with the result g, = 2, see Exercise 14.2. In
QED, small corrections to this value arise, which were verified by experiments to an
extreme precision.

For the proton one finds experimentally g, ~ 5.6. For the neutron, one would
not expect a magnetic moment at all, since it is electrically neutral. In experiments,
however, one finds a non-vanishing g also for the neutron, of a similar size as for the
electron. This was one of the first indications that the neutron cannot be elementary,
but has a substructure of “smaller” charged particles, the quarks. The same holds for
the proton. If it were elementary, Dirac theory would imply that g, = 2.

Self-check questions:

1. What is the relation between the orbital angular momentum and the magnetic
moment of a particle?
2. Was is the g-factor? What is its value for an electron?

10.4 Effects

In the last three sections we have developed the theory of a charged quantum object
in an electromagnetic field. Now we want to see some applications of this theory.

10.4.1 Normal Zeeman Effect

The Zeeman effect is concerned with a hydrogen atom exposed to a constant magnetic
field B = Be,. How are the energy eigenvalues affected by that? The Hamiltonian
operator is

H = Ho+ Hyag, Hy=—5—A =~ Hpy=3—Le. (10.40)
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We already know the eigenstate [n/m) of Hy. Since Hyae contains only the operator
L, the |[nlm) are also eigenstates of Hp,g. The eigenvalues can be read off directly:

Hupaglnlm) = z;lichmmlm) (10.41)
Altogether we have
(Ho + Hmag)Inlm) = (E© + ES™®)|nlm), (10.42)
EO = mf—e4, gme - B 4 (10.43)
2h2n? 2mec

The n>-fold degenerate energy level E,, is therefore split by the magnetic field into
2n — 1 levels. For the highest /-value for given n is [ = n — 1, and this corresponds
to 2/ + 1 = 2n — 1 possible values m (Fig. 10.1). The energies for fixed n, m are still
degenerate, since an m-value in general occurs for several /-values, namely for all /
withm <[ < n.

This calculation does not yet take spin into account. In the experimental results,
the splitting goes further, in a way that was not understood before the dynamics of
spin was known. That’s why the part of the effect presented here is called normal
Zeeman-Effekt whereas the part caused by the spin is called anomalous Zeeman
effect.

42
+1

— )
=2 g2t 0
el
—2
=1 +1

Fig. 10.1 Normal Zeeman effect: splitting of energy levels for the hydrogen atom
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10.4.2 Stern-Gerlach Experiment

The Stern-Gerlach experiment also uses a magnetic field in z-direction, but its
strength depends on z, B = B(z)e;. A ray of atoms is sent in x-direction through this
magnetic field. A screen registers the point of impact of each atom after it leaves the
field (Fig. 10.2). For simplicity we assume that the ray consists of hydrogen atoms in
the ground state (n, [, m) = (0, 0, 0). (in the original experiment, silver atoms were
used). The magnetic moment of the atoms is thus only caused by the spin (the proton
is shielded by the electron shell),

M, =g g 0 (10.44)

2mec

The interaction energy is given by the following operator:

€Je
Hmag =—-M;B(z), M;:= M), = _2

S, (10.45)

e

x
Yy

Fig. 10.2 Stern-Gerlach experiment: split of a ray of atoms in an inhomogeneous magnetic field
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For an eigenstate of spin, Hp,g describes a z-dependent potential,

ege h
V(i) == =B(2). (10.406)
2mec 2
This causes a force F;, = —0dV(z)/0z. Since the expectation values of the atom

positions (r) behave just as in classical mechanics, the atoms are accelerated upwards
or downwards, depending on the direction of the spin. The ray is thus split into two
parts. The experiment represents a measurement of the spin by the magnetic field.
Each of the electrons is “forced” to choose one of the two eigenstates of S;.

Due to! = 0, a split caused by orbital angular momentum was impossible, so that
the existence of a spin with two possible values in a given direction could be inferred
from the the measurement result.

10.4.3 Aharanov-Bohm Effect

‘We consider a double slit experiment with electrons, where in addition a coil is placed
behind the wall with the slits. The coil contains a magnetic field as soon as a voltage
is applied. The magnetic flux is orthogonal to the plane in which the electrons move.
We are going to show that the interference pattern on the screen is shifted when the
magnetic field is turned on. And this also holds for points on the screen where none
of the two possible paths of the electron got in touch with the magnetic field, i.e. both
paths miss the coil (cf. Fig. 10.3). The reason for this is that electrons, in contrast
to classical objects, directly interact with the vector potential A, see (10.14). The
vector potential does not vanish outside the coil, other than the magnetic field B. In
classical electrodynamics, A is only an auxiliary quantity. In QM, A becomes “real”
in a sense.

At first we want to remind ourselves of Stokes’ theorem and its application to the
vector potential. In general,

electron path 1
source

screen

Fig. 10.3 Experimental setup for the Aharanov-Bohm effect



10.4 Effects 265
j{ dr -u(r) = /dS - (V x u)(r). (10.47)
as N

Here S is a surface, dS the corresponding area element, 0S the boundary of the
surface and dr the line element of the boundary. With the definition of the magnetic
flux,

D, =/dS-B (10.48)
S

this implies for A
7{ dr - A = O, (10.49)
A

In our setup, B vanishes outside the coil. By a theorem from vector analysis, in
this region exists a function y (r) such that A(r) in this region can be written as

A =Vy. (10.50)

Now, can’t we just perform a gauge transformation with the function —y to make
A vanish? If the magnetic field is turned off, yes. When it is turned on, no. For A
is supposed to be continuous and even differentiable at the boundary of the coil.
If A inside the coil can’t be chosen such that it vanishes at the boundary, it can’t
be annihilated from outside. Equation (10.49) holds for any gauge, and therefore A
cannot vanish at the boundary of the coil. We therefore set A = 0 while the magnetic
field is turned off, and A = Vx while the magnetic field is turned on.

Now x can be expressed through A by taking the line integral of (10.50), starting
from an arbitrary point rg,

Y(r) = /rdr/ CA). (10.51)

0

One can easily show, using the analogy with gauge transformations, that if ¥ (r, t)
solves the Schrodinger equation for A = 0 (magnetic field turned off), then

W (r, 1) = exp (—i%x(r)) b, 1) (10.52)

solves the Schrodinger equation for A = V. We choose for ry the position of the
electron source.

At first the magnetic field is turned off. The double slit causes behind the wall a split
of the wave function in two parts: v is the part that results from the wave passing
through the first slit, ¢; the one from the second slit. The observed interference
pattern is a consequence of the probabilities to find an electron at a certain position
on the screen, which is given by the interference of the two parts,

P(r) = P1(r, 1) + Po(r, 1). (10.53)
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When the magnetic field is turned on, 1) changes in the following way, according to
(10.52), where | | and f2 are the line integrals along path 1 and 2, respectively:

w/

Y+ 1)

exp —ii/dr/-A 1 + exp —ii/dr/~A P
he 1 he 2

- /dr’ A

exp| —i— .

P lhc 1

:exp(—i%/ldr’~A
= il /. ; C
_exp( 1hc/ldr A) [1/}1 + exp (z hccbm) wz]

The relative phase between ¢ and ¢, has been shifted by %Cbm, leading to a shift
in the interference pattern.

Self-check questions:

1. What is the normal Zeeman effect?
2. How does the Stern-Gerlach experiment work? What does it prove?
3. What is the Aharanov-Bohm effect?



Chapter 11
Perturbation Theory

Abstract We make use of divergent power series that pretend to be convergent.
They help us to solve some QM problems that cannot be solved exactly. In the end,
this even leads us to the Golden Rule.

There are only a few problems in quantum mechanics which can be solved exactly
by a closed expression. In most cases, approximation schemes are required. The
most widely used one among them is perturbation theory. One starts from a simple
Hamiltonian operator Hy whose exact eigenvalues and eigenstates are known. A sec-
ond, “smaller” Hamiltonian operator H; is then added, describing an interaction that
“perturbs” Hp. We write H; in the form H; = AH, with a dimensionless parameter
A, in which we are going to expand (as a power series) the perturbations of states
and eigenvalues. These power series in general do not converge (they often have a
convergence radius of 0), but still provide excellent approximations after a few terms,
i.e. they are asymptotic series.

One distinguishes between stationary and time-dependent perturbation the-
ory. In the first case, H; is constant in time. Here, the matter of interest are the
changes of eigenvalues and eigenstates compared to those of Hy. We have already
met a simple example of this kind with the normal Zeeman effect. In the second case,
H, is time-dependent, and the matter of interest are now transition rates between
eigenstates of Hy.

There are other approximation schemes, which we don’t investigate here though.
The most prominent are the WKB approximation and the variational method. We
refer you to the literature.

11.1 Stationary Perturbation Theory

11.1.1 Expansion in the Perturbation Parameter

Given is an “unperturbed” Hamiltonian operator Hy whose eigenstates |j () and
eigenvalues E;.O) are known. We take into account that the energy levels can be
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O _ O
i Ejz ’
eigenvalues. Then we add a perturbation to Hy,

degenerate, i.e. it could be E We use j to enumerate the states, not the

H = Hy+ H; = Hy + \H,. (11.1)

Here H; describes an interaction. An example is Hyag in the normal Zeeman effect,
(10.40). It is assumed that Hj is “small” compared to Hy, in a yet to be specified
sense. In particular, we extract a dimensionless parameter A from H; which we use
to produce a power series for the states and eigenvalues, Hyy, = AHj. In the case
of the normal Zeeman effect we might set H; = zenfe"c L, with an arbitrary magnetic
field strength Bp, and A = B/ By, where B is the actual magnetic field strength. The
parameter A\ has no physical significance, it doesn’t even have to be “small”. It is
used only as an auxiliary variable for our power series expansion.

The eigenvalue equation for the total Hamiltonian operator reads

(Ho + AHDIj) = Enlj)- (11.2)

We imagine that at first A = 0 and is then continuously increased or lowered (A
can be negative) by a finite value, thereby shifting eigenvalues from E 5.0) to E; and

eigenvectors from |j©) to |j). E ; and |j) thus become functions of A, and we
attempt a power series expansion

Ej=EY + ) EV + VEP + ... (11.3)

17y =N (17 )+ A D)+ 220D + ). (11.4)

Here N ()\) is a normalization constant, which we extracted in a way such that inside
the brackets the coefficient of |j©) always remains 1. Each |j®) can again be
expressed in the basis | j (), i.e. for i > 0 one has

17D =" a k). (11.5)
k]

Here we have also assumed that | j @) has no contribution from |j(?). For the | j®)
are supposed to be corrections to | j©), which are therefore orthogonal to | j@). A
contribution ~| j @) can always be absorbed by the normalization constant N ()).
We plug this ansatz into the eigenvalue equation (11.2) and compare terms of the
same order in A\. The expression of zeroth order is the equation of the unperturbed
Hamiltonian operator,
Holj @) = EP1j). (11.6)
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More interesting is the first order. Here the left hand side gives a contribution from
Ho|j V) and one from H,|j©), the right hand side one from E;.O)lj(l)) and one

from E;l) |7 @), altogether

Ho D ol k) + H11j ) = EP Y o k) + EV1j@). a1
=y k#j

In second order, we get contributions from Ho| 7@y and H;|j V) on the left, contri-
butions from E;O) i), E ;1) |j Dy and E 5.2) 17©) on the right hand side, altogether

Ho o k) + Hi| i)
k#j
0 2 1 1 2), .
= E§ )Zal({ )|k(0)> + Eﬁ )Zal(c )|k(0)> + Eﬁ )|](0)>. (11.8)
k#j k#j

And so forth. In order to extract E;-i) and a,({i) iteratively from these equations (these
are the unknowns), we use the orthogonality of the basis states. At first we multiply
(11.7) from the left by (j ©)| and receive

ED = (jO1H 1) (11.9)

In many cases this is already everything one wants to know. But there is a little
problem we will discuss in a moment. To determine a,(cl) for k # j we multiply
(11.7) from the left by (k9| and receive

oV EL + kO 1y jO) = o)V EY (11.10)

or
1 0 0 .
o (EY — By = kO Hy ). (11.11)

And here is the problem! For degenerate energy levels, E 5.0) =E ,EO), (kO Hy|jO)
has to vanish, otherwise the equation becomes inconsistent. We therefore have to
choose the basis |j@) from the beginning such that H; is diagonal within the

eigenspace of Hy for the eigenvalue E;O). This can be always achieved, since inside
an eigenspace Hy = E;O)l is a multiple of the unit matrix and therefore commutes
with H; (only inside the eigenspace, not as a whole!). For E §0) =F ,io) then both
sides of (11.11) vanish, and for E;O) #*FE ,EO) one obtains .

a _ (kO1H|jO)

== (11.12)
k EEO) _ EIEO)
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In second order we multiply (11.8) with (j(©| and obtain

E;-2) — Z Ot]((l)(j(o)|Hl|k(0))~ (11.13)
k#m

Inserting (11.12) results in

(U] 1(0)y2

@ _ KK IH )]
EY = > = 0 _ g0 (L14)
KIE £E J k

,((2) and

Next we can multiply (11.8) from the left with kO, k # j, to determine o
then proceed with the third order. This can be continued to eternity.

Now, is this a good approximation? When can it be used? The question seems to
be whether the power series in A converge and what their radius of convergence is.
The bad news is: In most cases there is either nothing known about convergence, or
it is even known that the series does not converge, i.e. has a vanishing radius of con-
vergence. Perturbation theory often has to deal with asymptotic series, which after a
number of terms gets surprisingly close to the exact result, seemingly convergent, but
afterwards diverges hopelessly. One can here only take a pragmatic approach: One
computes the first few terms, checks that it looks convergent so far, and compares the
result with experiments. If this works, one declares H; = A H) as “sufficiently small”
compared to Hy. The good news is: It works surprisingly often and surprisingly well.

The approach depends strongly on the behavior of the matrix elements
(kO H;]j©). The more of them vanish for a given j, the simpler the calculation
becomes. It is therefore helpful to choose the basis |j(?’) such that H; looks “as
diagonal as possible”. It helps if an operator A is known which commutes with both
Ho and Hj. Then |j @) can be chosen as eigenstates of A (simultaneous diagonal-
izability with Hp) and gets (kO |H;|j©) = 0 whenever |j (@) and [k?) belong to
different eigenvalues of A. For then Hj|jp) belongs to the same A-eigenspace as
|jo), cf. (7.33).

11.1.2 Stark Effect

The Stark effect is the electric equivalent of the Zeeman effect: A hydrogen atom is
exposed to a constant electric field E = Ee,, and we want to determine the effect on
the energy levels. The perturbation H is given by the electric potential ¢ = Ez to
which the electron of the atom is exposed (the proton is shielded by the electron and
does not notice the electric field),

He = e¢EZ. (11.15)
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We set H| = eEyZ with an arbitrary field strength Eg and thus A = E/Eq. (Itdoesn’t
matter if we use in H a lower-case z or an upper-case Z. Z is the position operator in
z-direction, acting on a wave function by multiplication with z.) In contrast to Hpyag
from the Zeeman effect, H.] commutes neither with Hy, the Hamiltonian operator
of the naive hydrogen atom, nor with L.

Exercies 11.1
Show that

ieEygh

[Ho, Hi] = — P, [L2 Hi]=2ieEgh(XL, —L,Y). (11.16)

If we use the basis |nl/m), all kinds of non-diagonal entries (n’l'm|H||nlm) # 0
are to be expected. We left m in the bra part unprimed, since H; at least commutes
with L. So, matrix elements between different m-values vanish.

We restrict ourselves to the calculation of the energy corrections to first order,
and even that only for n = 1 and 2. For that, we take advantage of a nice property of
the wave functions vy, (r): they all have a defined parity, i.e. they are even or odd
functions,

Unim (1) = i (r). (L.17)

This follows from the properties of the spherical harmonics. The norm squared of a
function with defined parity is always an even function,

Uratm () Unim (=) = 5, (O) i (1). (11.18)

The function f(r) = z is odd, the product of an even and an odd function is odd, and
the integral over an odd function vanishes. It follows

(nlm|Hy|nlm) = eEo/d3r P O i (£)z = 0. (11.19)

In the |nlm)-basis therefore all diagonal entries of H; vanish! Checking the expres-
sion (11.9) for the first energy correction, we could come to the false conclusion that
all corrections vanish to first order. For n = 1 this is indeed true, but for n = 2 our
little “problem” becomes relevant. The second energy level is fourfold degenerate
with the four |nlm)-states |2, 0, 0), |2, 1, 1), |2,1,0) and |2, 1, —1). Our method
works only in a basis of this four-dimensional subspace where H; is diagonal. We
have to find this basis. For that, we first write H; as a 4 x 4-matrix in the basis
{12,0,0), 2,1, 1),12,1,0), |2, 1, —1)}. This is relatively easy, since we already
know that all diagonal entries and all entries with different m-values vanish. It remains
only
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00¢0
(n,l,m) 0000
H"" =z = eEo | £ (11.20)
0000
with
¢=1(2,1,0Z]2,0,0) = / d*r 5 1 (2,002, (11.21)

Actually, in the third row of the matrix there should be a ¢*, but we know from
our investigation of the naive hydrogen atom that 1), ; ¢ is real: the radial function
is a real function of r, and Y}, is a real polynomial of cos @ times ¢/”"?. But for
m = 0, ¢™? = 1. The integral on the right hand side of (11.21) is therefore also real,
hence also . Now we can easily diagonalize H{|,—, which results in a basis | j (O)),
j=1,2,34

1
10y = —(12,0,0) + 2, 1,0 11.22
[1%7) ﬁ(l )+ | )) ( )
1
20y — —_(12,0,0) — |2, 1,0 11.23
[2%) ﬁ(l ) — | ) ( )
3O =12,1,1) (11.24)
140y = 12,1, -1 (11.25)

In this basis, Hj|,=> is given by the matrix

C 000
0-C00
0000
0000

H |,z = eEg (11.26)

So, among the four states there is one whose eigenvalue is shifted by A\e Eo( = eE(,
and one whose eigenvalue is shifted by —Ae Eo( = —e E(. The two other states keep
their original eigenvalue, to first order.

Exercies 11.2
Determine ¢ by integration in spherical coordinates. Use

Yr.00@) = (32na®) ™2 (2= Z) e/ (11.27)
a
Ya1.0(r) = 32ma®) V2L o112 ¢os g, (11.28)
a

Result:
(= —-3a (11.29)
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In summary, of the four unperturbed stated with the energy Eéo), two keep this
energy to first order, one state gets the energy Eéo) — 3eEa and the last one gets the
energy Eéo) + 3eEa. These shifts are of course independent of the choice of Ej.

11.1.3 Fine and Hyperfine Structure of Hydrogen

Already without an external E- or B-field, the degeneracy of the energy eigenstates
in the hydrogen atom is partially removed. In our discussion of the naive hydrogen
atom we have neglected some interactions inside the atom, in particular the effects
of spin. There are further corrections, for example due to the fact that the momentum
expectation value of the electron is so large that Special Relativity needs to be taken
into account.

There are some effects which lead to energy shifts of the order of magnitude
10~* times the “naive” energy, and others with the order of magnitude 10~7. The
former are known as the fine structure of the hydrogen atom, the latter as hyperfine
structure. The fine structure involves the following effects:

e Relativistic correction: The relativistic energy of the electron consists of the mass
energy and the kinetic energy,

P2 P4
Hpkin =V P22 + m2c* ~ mc® + — + ——. (11.30)

2m  8m3c?

In the last step we expanded the square root to second order in P2. The first term
is an irrelevant constant, the second is the known non-relativistic kinetic term, the
third one is the relativistic correction,

P4

Hiel = ——.
T 8m3c?

(11.31)

e Spin-orbit coupling: The interaction between the magnetic moment generated by
the orbital angular momentum of the electron and the magnetic moment generated
by the spin of the electron leads to a correction term

His= ———L-S. (11.32)

e A further correction is due to the so-called Darwin term Hpgyin, Whose origin is
a bit more difficult to explain; we refer you to the literature.

For all these terms, the shifts of the energy levels can be calculated via first-order
perturbation theory.
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The hyperfine structure finally results from the interaction between the magnetic
moment of the electron (of both spin and orbital angular momentum) and the magnetic
moment generated by the spin of the proton. Of the same order of magnitude is also
the so-called Lamb shift, an effect which can only be explained and computed in
QED.

The anomalous Zeeman effect which takes the electron’s spin into account can
be also treated with stationary perturbation theory. If you are interested into these
things, you should read the corresponding chapter in (Cohen-Tannoudji et al. 1992)
where the topic of stationary perturbation theory is expanded on 200 pp.

Self-check questions:

1. When does the Hamiltonian operator of a perturbation H; count as “small” com-
pared to the unperturbed Hamiltonian operator Hp?

2. What are the corrections to the energy eigenvalues in first order?

3. What needs to be considered regarding the choice of basis for the approach to be
well-defined?

11.2 Time-Dependent Perturbation Theory

11.2.1 Expansion in the Perturbation Parameter

Again we have an unperturbed Hamiltonian operator Hy whose eigenstates |j) and
eigenvalues E; are known, and a perturbation which now depends on time though,

H(t) = Hy+ AH(1). (11.33)

For any time ¢ we could iteratively determine the current eigenvalues and eigenstates
of H, as in the stationary perturbation theory. But this is useless, because the values
and states immediately change again. One therefore eschews this approach, stays
with the eigenstates of Hj and calculates the transition probabilities between these
states, which are induced by H;. Since we don’t determine any corrections to |j)
and E;, we dropped the superscript (0).

Our task is defined as follows: At time t = 0, the system is in a state |i) (an
eigenstate of Hp). What is the probability to find it at time ¢ in the state | /') (another
eigenstate of Hp)? Here i and f stand for initial and final, respectively. We make the
following ansatz:

W) = D ai0eT 1), aj0) =6 wj = (11.34)
J

To understand the form of this ansatz, note that the factor e ~“i! arises from the

unperturbed time evolution induced by Hy. If A = 0, all o; are constant in time. The
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time evolution of «;(¢) arises only due to AH; (). Plugging the ansatz (11.34) into
the time-dependent Schrodinger equation

d
M= (©)) = (Ho+ XHI (0)[(0). (11.35)

the time derivative of e "’ on the left hand side immediately cancels the Hy term
on the right hand side, and it remains

ih Y (e jy =" aj®e INH (1)]]). (11.36)
j '

J

Again we use the orthogonality of the states, multiply from the left with ( f |ei°’f !
and obtain _
ihép(t) = D (FINHL ()] j)a; (1)e! ©r =", (11.37)
J

We can now proceed similar as for the Born series: To zeroth order, a(/.o) (t) = d;j.
Plugged into the right hand side of (11.37), this yields an expression for the first
approximation a;l) 0,

iha' () = (FINHY (1)]i)e! s =", (11.38)

This can be integrated to

ix ! oy
o0 =ty = 2 [an sl . (11.39)
0

Of course, this expression is not only valid for f, but for any j, and thus we can
insert it on the right hand side of (11.37), in order to get an equation for the second
approximation a(fz) (#). This can be integrated again, and one obtains (please verify!)

.)\ t )
P 0) =8y - = / diy (f|H()]i) e/ r=en (11.40)
0

)\2 t 1 . .
w2 / d / dty D (FIH ()] ) GIH (1)]i) € @rmei gl it
0 0 -
J

Again, this can be continued to eternity. Again, we don’t know much about the
convergence properties of the series in A that results in this way. The probability to
find the system at time ¢ in the state | f), after it has been at time Oin the state |i), is
according to our ansatz (11.34) given by

Wri(t) = oy ()] (11.41)
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At the latest when we get Wy; > 1, we know that we have left the region of validity
of this approach. In many cases only the first approximation a( )(t) is required.
With a physicist’s optimism one assumes that the approx1mat10n is good as long
as agcl)(t) & 1 (for f #i). Or that the approximation is the better the smaller ¢ is,
for then the system hasn’t had much time to deviate from the original state. The
results are in most cases very good. The physicist’s optimism is usually rewarded.
Eventually, the method of Feynman graphs in quantum field theory is based on the
same approach and provides results to a precision of many decimals.

11.2.2 Dirac Picture

Maybe you have already noticed that (11.40) has a certain similarity with the first
two rows of the expression (2.175) for the propagator U (t, t). This is not accidental
and can be made more concrete if one moves to the so-called interaction picture,
also called Dirac picture.

The Dirac picture is an intermediate thing between the Schrodinger picture and
the Heisenberg picture. In the Heisenberg picture, the complete time dependency
was shifted from the states to the operators. In the Dirac picture, this is done only
for the time evolution induced by Hy. The propagator U (z, o) is thus split into two
factors,

Ul(t, ty) = Uy(t, 1)U (2, 19). (11.42)

Remember that in the Schrodinger picture we had

[vs(@)) = U(t, 10)|1s(10)) (11.43)

and therefore d
ihEU(t,to) = (Hos + \H15)U (2, 19). (11.44)

Now that we switch forth and back between the pictures, we again use the subscript
S for operators and states in the Schrodinger picture. Uy(?, #) is defined such that

d
iﬁEUo(t,to) = HoUy (2, 1), (11.45)

it is thus the propagator of the unperturbed system. It follows

d d
ihUy(t, to) U1(t ty) = [ tU(r,to)— (EUo(t,to)) U1(t,t0)] (11.46)

= (Hos + AHs(1)U(t, 1) — HosUo (2, o) U1 (¢, to)
= AH 50U (¢, 1) U1 (2, 10).
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The Dirac picture is now defined via

[Un (1) = Uy (2, 10) s (1)), (11.47)
Ap(t) = Uy (1, 1) As() Uo(t, 10), (11.48)

where A is an arbitrary operator. The definition of |¢p(?)) yields

[Yp(1)) = Ug(h 1)U (2, 10) 115 (1)) (11.49)
= Ug(t, 10)Uo (2, 10) U1 (2, 10) 1105 (10)) (11.50)
= U (1, 1) |95 (t0)) (11.51)
= U1(t, 10)|¥p(t0)). (11.52)

The Dirac state |¢)p(t)) therefore evolves according to the propagator Uj. From
(11.48) follows

HsUo(t, t0) = Uo(t, t0) Hip (1) (11.53)

and so (11.46) becomes
ihUo(t, to)%Ul(t, to) = AUo(t, to) Hip (1) U1 (2, to) (11.54)
= ih%Ul (t,10) = AHip®)U (1, 1o). (11.55)

Combined with (11.52), we obtain the equivalent of the Schrodinger equation in the
Dirac picture (no, this is not the Dirac equation!),

ih|Yp (1)) = AHip(D)|¢p(1)). (11.56)
The part of the time dependency of the states induced by Hj is thus no longer present
in this picture, it was shifted into the operators.

Equation (11.55) has the same form as (2.165) and can therefore be solved in the
same way. One obtains a series similar to (2.175):

g
Uit 1) =1 — ’—/ dny Hyp(t) (11.57)
h 10
)\2 t t
- —2/ dtl/ dty Hip(n)Hip(12)
h‘ i) o

i)\3 t t t
+ ?/ dll/ dlz/ dts Hip(t1)Hip(t2) Hip(3)
i) ) 10
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Now we return to the Schrodinger picture and translate (11.57) into a series for
U (t, to). We therefore have to

e multiply the entire equation from the left with Uy(z, #p);

e replace each Hyp(t') with Ug (', to) His (U (t', t).

e This yields products of the form Uy(t”, to)Ug (', to). These can be replaced with
the help of

Uo(t”, to)Ug(t/, to) = Up(t”, to)Uo_l(t/, 10) (11.58)
= Up(t", 1" U(t', 1)Uy (¢, 10) (11.59)
= Up(t", 1. (11.60)

After these steps, we obtain, to second order in A,

i [t
Ul(t, 19) = Up(t, o) — E/ dty Up(t, 1) Hy5(t1)Up(t1, o) (11.61)

to
)\2 t 1
- ﬁ/ dtl/ diy Uo(t, 1)) Hi5(t1) Uo (21, 12) Hi5(22) Up (12, 1o)
o fo

This equation can be interpreted in the following way: In the term of zeroth order,
the system propagates without perturbation from 7y to ¢. In the first order term, the
system propagates without perturbation from 7y to ;. At the time 7, the perturba-
tion Hamiltonian AH strikes, i.e. it transforms the state |v(¢1)) into another state
|1/ (t1)). This new state then propagates again unperturbed from #; to z. The sudden
strike of AHj can happen at any time between g and ¢, therefore the integral. In the
second order term, \ Hj strikes twice, and apart from these two moments, the system
propagates without perturbation. In the next order, AH| appears three times etc.

How do we retrieve from (11.61) for the propagator our (11.40) for the second
order transition amplitude a?)? From (11.34) follows

(fl@) = ay@e . (11.62)
This implies, with [1(0)) = [i),

ap(t) = (fl(0) e/’ (11.63)
= (fIU(t,0)i) &1, (11.64)

Here we insert our expression for U. We only have to use

Uo(t', 1")]j) = e i1 jy. (11.65)
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The term of zeroth order in A is

(fIU(t, 0)i) e'“r" (11.66)
= (fli) e " “r'e™r = 5. (11.67)

This is identical to the zeroth order term for o 7. For the first order term we insert
two additional unit operators in the form 1 = > f |7)(j| between the operators:

_ix g »
= / dny (f1U(t, 1) Hy (1) Uo(tr, O)li) s
0

Y ! i
== Z/O dny (f|Uo(t. 1)1 ) GIH () K (k| Uo (11, 0)lie™!* (11.68)
Jj.k

—i\ t i i
= —;Z/O dty 8y iU (G Hy (1)) k) G e @it 1! (11.69)
J.k
=i\ [ o —iwp(t—t) —iwity jiwt
= dty (fIHy(11)]i)e™wr =10 g=iwitt giwy (11.70)
i) [t )
= %/ dty (f1Hi(t)]i)e!@r—e" (11.71)
0

This is identical to the first order term of v s.

Exercies 11.3

The second order term works in the same way, you only have to insert four unit
operators this time. Perform the calculation and reproduce the second order
term of « . This is a very good exercise, so don’t miss it!

11.2.3 Periodic Perturbation and Fermi’s Golden Rule

An important application of time-dependent perturbation theory is the calculation of
atomic transitions. An atom is in the energy eigenstate |i). What is the probability
to find it in the energy eigenstate | f) at time ¢ when the atom is exposed to a time-
dependent external field? The most important case is excitation by electromagnetic
radiation; the transition from |i) to | f) is then induced by the absorption of a photon.
The exact meaning of absorption can be only understood in QED. Here in QM, we
can model the situation by describing the radiation as a classical electromagnetic
wave of frequency w. The electric and magnetic fields of the wave oscillate with this
frequency, and the interaction between atom and wave can be written in the form
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NH\(t) = AHye ' (11.72)

One speaks of a periodic perturbation. The energy of the corresponding photons
is fw.

To be precise, (11.72) does not describe a proper Hamiltonian operator, since
it is not hermitian. To render it hermitian, one has to add the hermitian conjugate
AH et“" This term represents the spontaneous emission of a photon with energy
hw. In the following, we address to the absorption case alone, but have to understand
that it is always accompanied by the emission term. The calculation for the emission
term is equivalent, the only difference being that a photon is emitted instead of
absorbed.

In first order perturbation theory we obtain, according to (11.39), the following
transition amplitude between two different states f # i:

N\ ) ' /
P =~ /0 diy (f 1y liye! s == (11.73)
i\ - ei(wffw,- —w)t __ 1
= -7 (fIH]i)———— . (11.74)
(W —wi —w)
With the abbreviation
dp =wWf —wj —w (11.75)
this can be further simplified to
i [0t
[€)) i\ - . el — 1
() = ——(fIH|i) —— 11.76
o (0 = =) — (11.76)
iN 2l sin(d,, %)
= —7 (JIHi) 5 : (11.77)
The corresponding transition probability is
w0 =100 (11.78)
A2 - 4sin®(6,5)
= SIS ——2 (11.79)
h? (0u,)?

One therefore obtains to first order an oscillating behavior in time. For small ¢,

W;i.)(t) ~ 12, and for large ¢ the transition probability, averaged over time, is the
larger the smaller 6, is. If §,, is too small though, at the latest when

2

?|<f|ﬁl|i>|2(6wr2 > 1, (11.80)

we know that the first order approximation became useless.
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In practice, w is never exact. Instead we have to assume that the radiation has
a certain bandwidth, i.e. the photons have slightly different frequencies. Each fre-
quency contributes a first order transition probability W}? (t, w) of the form (11.79),
which is now also a function of w. The total transition probability then results as the
integral

40! =/dw PW (1, w). (11.81)

Alsow; and w s are not exact if the atoms are in motion and therefore have different
kinetic energies which have to be added to the internal energy eigenvalues. We are
going to ignore this effect here though.

If we look at Wﬁ.)(r, w) for fixed ¢ as a function of w or ¢, (cf. Fig. 11.1), we find
that the function is strongly peaked at §,, = 0 and that the peak has an approximate
width of 27 /¢. This can be understood as a variant of the Energy-Time Uncer-
tainty Relation: §,, expresses a violation of energy conservation: a photon of energy
hw is absorbed to raise the energy of an atom from hw; to Aiwy. The difference
(atomic energy after the process minus photon energy minus atomic energy before
the process) is just AE = hd,,. The image shows: if the process has only a time At
available, a certain energy change with

27h
AE ~ — (11.82)
At
is allowed.
Fig. 11.1 Dependency of sin2 %)
transition probabilities on 4, 62
w
6 4 2 0 27 A 67
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1 Perturbation Theory
One can show that the family of functions g

)
ge(x) = ;M (11.83)

X

for e — 0 converges to the delta distribution,

lim ge(x) = 5(x). (11.84)

One therefore needs to prove that lim._, ¢ g.(x) = 0 for x # 0 and that f dx ge(x) =
1, which we leave to the diligent reader. From (11.84) follows

4sin®(6,1/2)

Jlim )2 =276 (0y).- (11.85)

As expected, this means that for large times the energy conservation law is valid, and
the transition probability evolves proportional to ¢,

2
W0 = [ do o T IR (11.86)
2mtA?
= plwy —w) T [(FIE1I)P. (11.87)

It makes no sense to speak of a limit # — oo here, as the right hand side becomes
infinite then. The expression is valid for times large enough that frequency differences
0, = 2w/t can no longer be registered by detectors (no deviation from the delta
distribution can be found), but small enough that the right hand side remains «<1.

Whether such a time interval exists at all depends on whether N2|(f|Hii)|? is small
enough.
The transition rate is in general defined as
dWyi(t
Pyi(r) = —(}Z( ). (11.88)

In our case Py; is time-independent (at least for times in the interval mentioned
above). The result is:

Fermi’s Golden Rule

Pri = plwy —wi)—7=[(f1H1li)] (11.89)
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It plays a prominent role not only for atomic transitions, but also for scattering
experiments in particle physics.

Self-check questions:

1. What quantities are determined in time-dependent perturbation theory?

2. How is the Dirac picture defined?

3. What does Fermi’s Golden Rule say, and under what circumstances can it be
used?

Reference

C. Cohen-Tannoudji, B. Diu, F. Laloe, Quantum Mechanics, 2 vols (Wiley, 1992). (Good textbook
with detailed explanations. Particularly extensive when it comes to stationary perturbation theory
and the real hydrogen atom)



Chapter 12
N-Particle Systems

Abstract The weird behavior of indistinguishable particles is discussed. They found
a way to completely hide their individual identities. Then we show how particles can
simultaneously exist and not exist in Fock space. Finally, the density operator is used
to make QM even more probabilistic.

In this chapter we investigate quantum systems involving several particles (quantum
objects). A particularly peculiar behavior occurs for indistinguishable particles: their
state is either completely symmetric or completely antisymmetric w.r.t. exchange of
two particles. In the first case they are called bosons, in the second case fermions.
This implies that it is impossible to “mark” such a particle in some way in order to
identify it later. For fermions furthermore follows the Pauli principle which says that
two fermions of the same kind cannot be in the same state. Without this property
the entire chemistry would be inconceivable, it is absolutely fundamental for our
existence.

Then we briefly discuss the Fock space, a Hilbert space where states with different
particle numbers overlap, and where creation and annihilation operators raise or lower
the number of particles. This space is fundamental for the further development of
QM to quantum field theory.

Finally we introduce the density operator which enables us to compute expectation
values in situations with two nested probabilities: the probability to find a certain
quantum state in a statistical ensemble of particles, and the probability to find a
certain measurement value within this quantum state.

12.1 Bosons and Fermions

12.1.1 Distinguishable and Indistinguishable Particles

We already know from Sects.2.10 and 3.8, that for systems with several quantum
objects tensor products come into play. Consider a situation with two particles, with
associated Hilbert spaces " and H®. Then the state of the entire system live in
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the tensor product H" @ H®). Assume we have an electron and a photon. They can
be easily distinguished, since one of them is charged, the other one not, one of them
has spin 1/2, the other one spin 1, one of them has a mass, the other one is massless.
Due to the different spins, already the Hilbert spaces are different, we can therefore
easily say which one of the spaces H1, H® belongs to which particle. If we have
an electron and a muon instead, the only difference is in the mass. Charge and spin
are identical. But due to the different masses, you can still determine which of the
two particles you have in your hand. The Hilbert spaces are identical copies of each
other though, and only by convention you can decide which one belongs to which
particle.

What happens when we have two electrons? Now there are no differences at all.
Imagine we caught an electron in a box. Later we place another one in the same box.
Even later we fish one of them out. Then we have no possibility to determine whether
this is the first or the second one. It is impossible to mark an electron in order to
identify it later. As we will see, QM ensures this in the most radical way. According to
some interpretation of quantum field theory, one can say that within each interaction,
the old electron is destroyed and a new one created. Then the electron we fished out
is none of the two we put in the box.

One may try to define an electron’s identity by its state or its role. For example,
regarding the atom of an alkali metal, one speaks of the valence electron, the only
electron in the outermost shell, as if this defined an identity (although we don’t
know whether it is really “the same” electron as the one which occupied this shell a
microsecond before). This is as if we assigned an individual identity to the role of
the American president, ignoring that the role was occupied by many men, speaking
of the president as an individual which is now more than 200 years old. For the Dalai
Lama it actually works more or less like that. For an electron, it makes sense to some
extent because it is the only way to give it an individual identity. To avoid a further
drift off into philosophy, we now turn to the hard (i.e. mathematical) facts.

12.1.2 Two Particles

Given are two particles of the same sort, i.e. two indistinguishable particles. The
Hilbert space of such a particle is H1, the two-particle state is thus an element of the
Hilbert space

Hy=H" @ HP. (12.1)

Here we use the following convention: the number in the lower index of a Hilbert
space denotes the number of particles described by it. On the left hand side we
therefore have a two-particle Hilbert space, on the right hand side two one-particle
Hilbert spaces.

The superscript (1), (2) only serves to enumerate the copies of H . For the product
states we abbreviate:

Y15 ¥2) = [¥1) ® [1h2) (12.2)
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To demonstrate how QM enforces the absolute indistinguishability of particles,
we have to make use of the transposition operator 77, and its eigenspaces. This
operator exchanges the states of the two particles,

Ti2|1; Y2) = Iv2; 91). (12.3)

Obviously le2 = 1. Therefore, 71, can only have two eigenvalues, 1 and —1. Eigen-
states of the eigenvalue 1 are called symmetric, those of the eigenvalue —1 anti-
symmetric. The symmetric and the antisymmetric states constitute subspaces of H;.
For one easily shows that the linear combination of (anti)symmetric states is again

(anti)symmetric. The symmetric subspace is denoted H§+), the antisymmetric Hg).
A state of the form

1 92) = N (1 2) + 123 1)) (12:4)
is always symmetric (N is a normalization constant), a state of the form

915 92) ) 1= N7 (915 2) — 1vh; 91)) (12.5)

alWayS antlsymmet} 1C. Dlle to

any two-particle state can be written as a linear combination of a symmetric and
an antisymmetric state. (If |¢01) = |¢»), the antisymmetric part vanishes.) So, Hg—”

and 'Hé_) span the entire Hilbert space . But this holds only for two particles,
not for any higher number! Furthermore, symmetric and antisymmetric states are
orthogonal to each other,

wty e 1P, ey e HS?
= (UHUT) = (WHTpTp[v ) = (W HD(D(W ) = —(wHwr)
= (UHwT)=0.

ForH; = C2, we met the two spaces twice before Hgi), in Sects.2.10 and 9.2. H;H
is the three-dimensional space spanned by the triplet

1
{lzts 24), —=(z+iz=) + 12— 24), lz—1z2—)k (12.7)
V2
Hé_) is one-dimensional and consists of the singlet
1
—(z+;z—) + 1z—; z+). (12.8)

V2
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In general: if {|j)} is an orthonormal basis of H, then the states

lj1; j2) for ji=j2, (12.9)
1
E(Ul; J2) +1j2s j1)) for ji # jo (12.10)

form an orthonormal basis of H§+), the states

%(Ih; J2) =l 1) for ji# ja (12.11)

an orthonormal basis of Hg_).

Exercise 12.1
What is the dimension of Héi) for H; = C"?

Now back to physics. QM (or nature) ensures that indistinguishable particles
are really absolutely indistinguishable by requesting that two-particle states of such
particles live only in the eigenspaces of the transposition operator 77,. Bosons are
particles whose two-particle states live in H§+), fermions those whose two-particle

states live in Hé_). Experiments show that particles of integer spin are bosons, those
of half-integer spin fermions. The spin-statistics theorem of quantum field theory
provides a theoretical foundation to these observations.

Due to their antisymmetry, two fermions can never have the same state. This is
the Pauli principle, also called exclusion principle.

Let’s consider the case where the one-particle Hilbert space H is already a tensor
product of two Hilbert spaces, namely the space H 1, of wave functions and the space
"H 1y of spin states,

H1 = Hiy @ Hiy. (12.12)
Then

— ()] ()] 2 2 12.13
Ha = \Hy, @ Hiy ) @ \Hyy @ Hyy (12.13)
= (1 end) e (1) @Hf) (12.14)
= Hay @ Hay (12.15)

using the definition
Hay = H1) @ i) Hay =H{) @ HY. (12.16)
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The transposition operator acts then separately on both spaces in (12.15),
Tn=TY & T, (12.17)

and the eigenvalues are multiplied. If 7 is an eigenvalue of T(w) and 7, one of Tl(go,
then the corresponding eigenvalue 7 of 775 is

T = 1y7y. (12.18)
It follows
HSP = (H<+) ®H(+)) (sz ®H§‘)) (12.19)
- (e )a (o). e

For bosons this implies that wave functions and spin states are either both symmetric
or both antisymmetric; for fermions one of them is symmetric, the other antisym-
metric.

A standard example is given by the helium atom with its two electrons. Either
their wave functions are symmetric and their spins antisymmetric, implying that
the spin combination of the two electrons is in the singlet state. A helium atom in
such a state is called parahelium. Or the wave functions are antisymmetric and the
spins symmetric, implying that the spin combination belongs to the space spanned
by the triplet. A helium atom in such a state is called orthohelium. Since the wave
functions are differently combined for ortho- and parahelium, they have different
energy eigenstates. The ground state can be only occupied by parahelium. Only
there, both electrons can occupy the state |[nlm) = |100). For orthohelium, this is
forbidden by the exclusion principle.

12.1.3 N Particles

If there are N particles instead of just two, the product Hilbert space is initially given
by
Hy=HPoHP @...oH". (12.21)

We introduce the following notation for the N-particle states to clarify the positions
of the states:

L2 09hos o i N ) = |91) @ [12) @ -+ - @ [Yhw) (12.22)
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The numbers before the colons denote which copy of H the respective one-particle
state belongs to. Now there are (];] ) = N(N — 1)/2 different transposition operators
T;;, which operate on the state |1 : +;...; N : ¢y) by exchanging the positions i
and j,

Tijlloaprsosicbis s jiabys oo s N i)
=1 .icjj s s Ny (12.23)

To ensure absolute indistinguishability, nature now requests that each N-particle
state is an eigenvector of all transposition operators. One can easily show that all of
the corresponding eigenvalues 7;; have to be identical. Either 7;; = —1 for all (i, j)
or 7;j = +1 for all (i, j). The eigenspace with 7;; = —1 for all (7, j) is denoted
’H(_), the one with 7;; = +1 for all (i, j) denoted HE\T). Boson states live in H(+),

fermion states in HEV_).

Exercise 12.2
Verify that
Tniij Tnm Tm' ij = Tij (1224)

Find an equation for the associated eigenvalues and conclude that 7;; has to be
the same for all values of (i, j).

Due to their antisymmetry,

Tl iaprscosicdbis oo j iabjs oo N s oy)
=—1:ypp;..5ipjs jitis .. s N taby) (12.25)

two fermions can obviously again not occupy the same state.

Now what do the states in HSE) look like? To answer this question, we have to
find a basis for these two spaces. The remaining states are then linear combinations
of those. To determine such a basis, we have to briefly discuss permutations. A
permutation ¢ of the numbers 1,2, ..., N is a reordering of these numbers, i.e. o
maps each number i to a number o (i), such that among the ¢ (i) each number from 1
to N occurs exactly once. These permutations form a group X, since permutations
can be performed successively, and they also can be inverted. The unit element is the
permutation which does not permute anything. ¥ is generated by the transpositions,
i.e. any permutation can be represented as a successive execution of transpositions. A
permutation is called even if an even number of transpositions is required, otherwise
odd. The sign p (o) of a permutation is +1 if the permutation is even, —1 if it is odd.
For the Hilbert space H y, eigenstates of all transpositions are also eigenstates of all
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permutations (one only needs to apply the transpositions successively). In H;;r), the
eigenvalue for all permutations is +1, whereas in Hﬁv_) it is given by p(o).

Let {|j)} be a basis of H;. Assume we have an N-boson state |¥V) € Hj(\;r)
describing one particle in the state |j;) and N — 1 particles in the state |j>).
Then |j;) must appear in |¥) in every position,

1
Wy = —(|1:7j1;... 20 LN ). 12.26
|¥) ﬁﬂ Jii o)+ Jiio)F 4] J1) ( )

(The dots inside the terms represent occurrences of j-states.) This is because the
individual terms are exchanged by permutations; for W) to be an eigenstate of all
permutations, all of these terms must be contained in |W); otherwise some permuta-
tion would generate an additional term, and |¥) would not be an eigenstate of this
permutation. One says the N-boson state has been symmetrized over all positions of
the one-particle states. The same holds for all possible constellations of one-particle
states. It only matters which state occurs how many times. A basis state of er) is
therefore characterized by its occupation numbers, i.e. by the set of numbers {n},
where each n; denotes how many particles are in the state |j). We denote such an
N-boson basis state as |{n;})™*).

Exercise 12.3

(a) Show by combinatorial considerations that a state |{n ;}) ) contains

N!

_ 12.27

H jlnj>1"j ! ( )
terms. Hint: figure out how many permutations there are altogether, and
how many of them don’t change anything since they exchange equal states.

(b) Confirm the result for a three-particle state with ny = 2, ny = 1, i.e.
with two particles in the state |1) and one in the state |2). What is the
corresponding basis state |{n j})(+)?

For fermions, things are similar, but with two differences

e Due to the exclusion principle, all occupation numbers can take only the values 0
and 1.

e One has to antisymmetrize instead of symmetrize. This means that terms which
are related via an odd permutation have a relative minus sign.

We denote fermion basis states by |{n j})(_). Since individual states cannot occur
twice, any permutation of a term |1 : ji;...; N : jy) generates a different term.
Therefore, there are always N! terms in |{n j})(_). If the fermions occupy the states
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[j1) ..., |ljn),1e.nj, =nj =---=nj, =1, all other n; = 0, the corresponding
basis state is

N . . .
linjh ) = WZP(U)H1]cr(l)§23]0(2);-~-§N1]U(N)>- (12.28)
° ag

This reminds us of the expression for a determinant. Indeed one can formally express
this state in terms of the so-called Slater determinant,

Lofji)y 2:0j1) -+ N :|j1)

1 Lilja) 2:0j2) -+ N :lj2)
det . . .

V' N!

;N = (12.29)

Loljn) 22 1jn) -+ N 2 |jn)

At this point, we want to emphasize the importance of the Pauli principle for
nature. Among other things, it ensures that each |n/m)-state in an atom can be occu-
pied by only two electrons (because of two independent spin states). For the higher
elements, the shells are therefore occupied step by step from inside to outside. This is
what gives the elements their characteristic properties and makes chemistry thereby
possible.

After we have investigated N-particle states and found we have to symmetrize
or antisymmetrize over all particles of a species, the question arises why it is still
possible to study individual particles. The (anti-)symmetrization constitutes a kind
of entanglement, cf. the definition of entanglement in Sect.2.10. If every particle
is entangled with all other particles of the same species, why is it still possible to
pick one and plug it into the one-particle Schrodinger equation? This question is
not that trivial to respond to. A similar problem exists already for generic kinds of
entanglement. In QM, everything is entangled with everything in a quite esoteric way,
and it is not always so clear by which criteria a system can be decoupled from the rest
of the universe and described in isolation. In many cases, the spatial distance helps
(small overlap of wave functions), or the weakness of interactions (small tendency
for further entanglement). This also holds for N-particle systems. In Shankar (2011)
and Messiah (2014) you can find calculations which demonstrate how small the error
is that you produce if you ignore the existence of other particles, given a sufficient
spatial separation.

Self-check questions:

1. How does nature ensure that indistinguishable particles cannot be “marked”?

2. What are occupation numbers? How are they used to construct a basis for N-boson
and N-fermion Hilbert spaces?

3. What is the difference between orthohelium and parahelium?
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12.2 Fock Space

The Fock space H™® of a given particle species is the direct sum of all its N -particle
Hilbert spaces,

HE =(oeHioH oM @ - (12.30)

Here |0) is the zero-particle state, called vacuum. So far we were only dealing with
Hilbert spaces describing a fixed number of particles. In the Hilbert space of an
electron, all kinds of strange things could happen, but at least it was clear that there
was one electron. In the antisymmetric Hilbert space of two electrons, even stranger
things could happen, in particular entanglement, but at least it was clear that there
were two electrons. In Fock space you can’t even rely on that. Now there can be
superpositions between states of different particle numbers. If for example

1
U) = —(|¥ v 12.31
|v) ﬁﬂ 1)+ ¥2)), ( )

W) = [192)® e HSD, [Wy) = |1 ¢a3) @ € HE, (12.32)

then there is a superposition of a two-particle and a three-particle state. In Fock
space there are raising and lowering operators, so-called creation and annihilation
operators, which interfere between the individual N-particle spaces. Let {|j)} be
a basis of Hj. Then the creation operator AT (the notation is mherlted from the

harmonic oscillator) maps a subspace H( ) to the subspace HE N +1 ,

AL H > HY), forall N, (12.33)

by creating an additional particle in the state |j). The corresponding annihilation
operator A; removes such a particle if it exists. Using the exchange properties of
bosons and fermions one can easily show that the creation operators commute in the
case of bosons, but anticommute in the case of fermions,

+) . T AT AT At =) . ToaT 7oAt
H Aj]Ajz_AjzAj], H . Aj1Aj2__AjzAj|' (12.34)

The Fock space plays an important role in quantum field theory (QFT) where particles
are created and annihilated all the time. It is foundational for the concept of virtual
particles: If you have another look on the second order term in time-dependent
perturbation theory, (11.40), you find appearances of H; at times #» and #1 (¢ is the
earlier moment, hence the order). In between, there is a state | j) which was “created”
by Hj(t) and “annihilated” by Hj(#;). If H; contains creation and annihilation
operators, then this corresponds to the actual creation and annihilation of a particle;
this is what is called a virtual particle.
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Nerd’s Corner 12.1
Things become even wilder in QFT on curved spacetimes, i.e. in combination
with general relativity. This is not yet Quantum Gravity, since the gravitational
field (the spacetime geometry) is here only used as a background, as a classical
field which is not influenced by the quantum objects under study. This is analo-
gous to our treatment of a charged quantum object in an electromagnetic field.
The latter was considered as a classical field which acts on the quantum object
via the Hamiltonian operator, without begin influenced in turn by the quantum
object. For that reason, what we did was not yet quantum electrodynamics.
So, in QFT on curved spacetimes it happens that it depends on the reference
frame to which part of Fock space a state belongs. In flat space we have seen
that a rotation or translation of the coordinate system is accompanied by a
transformation of the Hilbert space. The wave functions themselves had to be
rotated or shifted. The number of particles remained unchanged, of course.
For the transformations on curved spacetimes this is no longer true. The most
extreme example may be the evaporation of black holes: For an observer in
an inertial frame at the event horizon there is only vacuum, the zero-particle
state. For an observer outside, this vacuum appears as a mixture of N-particle
states, streaming out of the black hole.

12.3 Density Operator

Given is aray of electrons half of which have spin state |z4-), the other half |z—). If we
consider the ray as a huge N-particle state, we can say that the occupation number of
|z+) equals that of |z—), namely N /2. Doesn’t this contradict our claim that fermion
occupation numbers are maximally 1? No, because electron states are tensor products
of wave function and spin state. Only the combination has to be unique. As long as
two electrons don’t have the same wave function, they can occupy the same spin
state. Assume the electrons are as wave packets spatially sufficiently separated, so
that we can regard them as individual objects (see the remark at the end of Sect. 12.1).
At time ¢ one of these electrons runs into a detector which measures its spin (in an
arbitrary direction).

How do we determine the probability for the measurement results? We see that we
have nested probabilities: At first there is a probability that we got an electron in the
state |z+) (or |z—)). And then there is the probability to get a certain measurement
result for this state. If we measure the spin in i-direction (i stands for x, y or z), then
the probability p(i+) for finding the value +4/2 is given by

1 1
pG+) = pilli+lzH) P+ palli+1z—)* = 5|<i+|z+>|2+5|<i+|z—>|2, (12.35)
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where pj > are the “outer” probabilities that the electron was in the state [z+) before
the measurement, and | (i 4 |z=)|? is the “inner” probability that for a given state the
measurement yields the result (i+). The expectation value for the S;-measurement is

(Si) = p1{z + |Silz+) + palz — |Silz—). (12.36)

Exercise 12.4
Show that in our case for any i = x, y, z the result is p(i+) = 1/2 and
(Si) =0.

Exercise 12.5
Repeat the calculation for the case that half of the electrons have spin state
|z+), the other half spin state |x+).

Can we avoid the nested probabilities by incorporating the outer probabilities into
the state? What if we set .

) =—

X NG

for the spin state? Doesn’t this give the same result? Is a mixture of |z+) and |z—)
states not the same as a superposition of them? You can easily verify thatfori =y, z
the result is indeed the same, but not for i = x, since |y) = |x+), and so (Sy) =
—+h/2. Or if we set instead

(Iz4) + 1z—)) (12.37)

1
|X>=E

then (Sy) = 0, but (Sy) does not vanish. No matter what we try, a mixture is not
the same as a superposition, and therefore we are dealing with two different kinds of
probabilities. A problem of this kind is in general treated using the density operator,
also called density matrix.

Given a Hilbert space H with basis |j) and a set of indistinguishable particles
whose one-particle Hilbert space H; contains the factor H,

(Iz+) +ilz—)), (12.38)

Hi = H ® Hyest- (12.39)

In the example above H was the space of spin-% states and Heg; the space of wave
functions. The particles are w.r.t. H in n different states |4 ),k = 1, ..., n, where the
ratio of particles occupying such a state is py. This means: if one randomly picks up
one of the particles, then it is with probability py in the H-state |¢x). In the example
above we had n = 2, |[¢1) = |z+), |¥2) = |z—), p1 = p2 = 1/2. In contrast to
many other books we don’t assume here that the |¢x) are orthogonal to each other.
In the second exercise above, for example, |¢)1) = |z+) and |¢») = |x+) were not
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orthogonal. In the case n = 1 (all particles occupy the same H-state, p; = 1) one
speaks of a pure state, otherwise of a mixture.
The density operator p is defined as

p= > Pk ) (tl. (12.40)
k

We remind ourselves that |1x) (1| is the projection operator on the state |1/ ). The
density operator is thus a sum of projection operators on the occurring states, weighted
with the respective probabilities. It is obviously hermitian. We further remind our-
selves that the matrix components of an operator A in a given basis are given by
Ajj = (ilAl]j), and that the trace is a basis-independent property of an operator,
which however can within a given basis be determined as the sum of the diagonal
entries,

tr(A) = D" Ay = D (i|Ali). (12.41)

1

i

For infinite-dimensional Hilbert spaces, the trace is in general not defined, since the
sum does not necessarily converge. Even if it converges, it may depend on the order
of the terms, it is then no longer basis-independent. We therefore consider the trace
of an operator A on an infinite-dimensional Hilbert space as well-defined only if A
operates only on a finite-dimensional subspace H 4 of H. This means that there is a
subspace H 4 of H with the following properties:

e In the orthogonal complement of /4 (i.e. in all directions orthogonal to H ) A
vanishes identically.

e H 4 contains Image(A), i.e. all vectors A|v) for |¢) € H.

e H 4 is chosen minimally, i.e. there is no smaller smaller subspace of H with the
two properties mentioned above.

e H 4 is finite-dimensional.

Then we define the trace of A via restriction on this subspace, tr(A) := tr(Als,).
The trace of the density operator is

tr(p) = > _(jlplj) (12.42)
J

=" piljli) (Wl j) (12.43)
j.k

=" piltel i) 1) (12.44)
J.k

=D pelnlt) =D pe =1, (12.45)
k k
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where we have used > j |7)(jl = 1. This trace is well-defined, since we have assumed
that p consists of only finitely many states |1x); p operates therefore only on the
subspace H, spanned by these n states. So, we found the first important property of
the density operator:

tr(p) =1 (12.46)

For a pure state, p = |¢1) (2| and

p* = 1) (1 1) (1| = [1) (@] = p. (12.47)

The inverse statement also holds: if p?> = p, then p is a projection operator (this is
just the abstract definition of a projection operator). A projection operator P projects
states into a subspace H'. Inside of this subspace, P equals the unit operator, in
the orthogonal complement it vanishes. Its trace is therefore just the dimension d
of H'. The operator p has a trace of 1, hence the projection can occur only into a
one-dimensional subspace, i.e. on a single state, which implies that p describes a
pure state. So, we found the second important property of the density operator:

p2 =p <& pure state (12.48)

The expectation value of an operator A is

(A) =D prlul Alyx) (12.49)
= ipkwuiximumww (12.50)
= £<i|A|j>2pk<j|wk><wk|i> (12.51)
= iAijpj,’ =ktr(Ap). (12.52)

ij
Again, this trace is well-defined.
Exercise 12.6

What is H 4,? Hint: the dimension d of this subspace obeys d < 2n, where n
is the number of states of which p is composed.

So, we found the third important property of the density operator: The expectation
value of A is given by the trace of Ap,

(A) = tr(Ap). (12.53)
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Exercise 12.7

Compute the expectation values from Exercises 12.4 and 12.5 again, this time
using the density matrix. In each case, determine the density matrix in the basis
{|z+), |z—)} using matrix multiplication,

[« ¢ ax _ [0 BFa
la(z+) + Bz—))(a(z+) + B(z—)| = (ﬁ) (a B ) = (Oé*ﬂ ﬁ*ﬁ) .
(12.54)
Check that tr(p) = 1.

Exercise 12.8

(a) Determine the density matrix for the pure state |x+) in the basis
{|lz+), |z—)} and verify that p*> = p.
(b) Given the density matrix

1( 4 4-2i
p=§(4+2i s ) (12.55)

Show by taking the square that this describes a pure state. Which one? Use
(12.54) and choose « to be real. This is always possible, because the state
is not changed by a phase rotation.

Finally we investigate the time evolution. We use the die Schrodinger equation
and its hermitian conjugate,

ihl) = H|Y), —ih(ih| = (¢|H. (12.56)
It follows

d

ihp = ii— > Pl (Yl (12.57)
k

=ih > pr (19 (Wl + 140 (W) (12.58)

k
= > pr (H |y (W] — 1) (x| H) (12.59)

k

= [H, pl. (12.60)
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So, we found the fourth important property of the density operator: its time evolution
is given by the von Neumann equation,

ihp =[H, p]. (12.61)
In summary:
Density operator
e Definition:
p="> pr 1) (Wl (12.62)
k
e Trace:
tr(p) = 1 (12.63)
e Pure state:
p2 =p <& pure state (12.64)
e Expectation values:
(A) =tr(Ap) (12.65)
e Time evolution (von Neumann equation):
ihp =[H, p] (12.66)

The density operator can not only be applied to particles, but also to larger quantum
systems. It can be used to describe ensembles of quantum systems in the sense of
statistical mechanics.

Self-check questions:

1. How is the density operator defined and in which situations is it needed?
2. How is it used to determine expectation values?
3. How can you check if the density operator describes a pure state?

References

R. Shankar, Principles of Quantum Mechanics, 2nd edn. (Springer, 2011). (Excellent textbook. Two
extensive chapters on the path integral)

A. Messiah, Quantum Mechanics (Dover Publications, 2014). (A classic and still one of the best
textbooks on QM. Particularly excellent regarding relativistic generalizations)



Chapter 13
Path Integral

Abstract We demonstrate how path integrals can be made sense of mathematically.

The path integral is a method to determine the spatial propagator U (', t', ro, 1)
without using the Schrodinger equation. Here the spatial propagator is defined via
the normal propagator U (¢, ty) by

U, v, ro, 10) = (r'|U', t0)Iro). (13.1)

The norm squared of U (r/, ', rg, fo) is the probability density for finding a quantum
object at time #” at the position r’ when it has been at time 7y at the position ro. A
standard example is the double slit experiment, for example with electrons: ry is
the position of the electron source which emits an electron at time #y. What is the
probability density for finding the electron at a later time ¢’ at a position r’ on the
screen? The answer, leading to the famous interference pattern, is that one has to add
up two contributions of the wave functions, where each contribution results from one
of the two paths the electron can take, with a phase that depends on this path:

U, 1 xo, 1) ~ D e/Phseloa® (13.2)
paths

The idea of the path integral is to generalize this summation: a quantum object takes
all possible paths to get from ry to r’. The phases resulting from each of these paths
interfere at (r/, '), where a certain amplitude is left over, namely U (r/, ¢, ro, to). In
short, the claim made by the theory of the path integral is:

Path integral

U, t,ro, ty) = /D[l‘([)] eSIr1/h (13.3)
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“What the heck does this mean?”, you may ask. In the literature you will find some
“proofs” why the statement above is equivalent to the Schrodinger equation (see e.g.
Shankar (2011)). The proofs all have some pitfalls, their open or hidden assumptions,
and are all to be treated with caution. And good authors (Shankar is one of them)
point that out. We don’t even want to be so ambitious here to show the equivalence
or even to calculate something useful with this formalism (for that, Shankar (2011)
also gives some nice examples). Here we only want to try to clarify what the right
hand side of (13.3) actually means. For that, we restrict ourselves to a single space
dimension and replace r with x,

U, 1, xo0, 10) = /’D[x(t)]eis[x(’)]/h. (13.4)

The expression f Dlx(t)] is the “integral over all paths”, which we want to define
in a moment by taking three subsequent limits. But before that, we try to make sense
of the exponential expression ¢! S*(1/" Here S[x(r)] is the classical action

/

t
S=/ dtL(x(t), x(1)). (13.5)
1

0

L =T — V is the Lagrangian function (kinetic minus potential energy), which does
not explicitly depend on time here (no time-dependent potential). The action S[x(¢)]
is a functional, i.e. it maps each function x (¢) to a number. The function x(#) obeys
the boundary conditions x(#p) = x¢ and x(¢') = x’. The functional S[x(r)] has the
property that it is extremal for the classical path x.(#) (Hamilton’s principle), i.e.
for the path which leads from x (f9) = xo to x(¢') = x’ and thereby obeys the classical
equations of motions (assuming such a path exists and is unique).

Hamilton’s principle is also the reason why S (up to a factor) is such a good
candidate for the phase in the path integral (that’s at least the common folklore):
One can imagine that S oscillates very fast for paths which deviate strongly from the
classical one, so that the different phases average to (almost) zero in the summation
“over all paths”. Only in a small region around the classical path, the variation of S is
small, due to the extremum, so that paths in this region interfere constructively, due
to their similar phases, and thereby provide the main contribution to the path integral.
This is what one expects for quantum theory (according to the folklore). Classical
physics is in many respects a good approximation. In particular, expectation values
obey the classical equations of motion. Therefore the assumption seems justified that
QM only induces “quantum fluctuations” around the classical path. We are not going
to discuss here how far this folklore is justified. (Only one remark: the tunnel effect
does not fit into the picture. In this case there is no classical path leading through the
potential barrier.)

A different more formal motivation for choosing S as the phase in the path integral
is given by the connection between QM and the Hamilton-Jacobi formalism, see
nerd’s corner 3.3. The action of the classical path occurs there as a solution for the
phase of the wave function in the classical approximation.
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As a little example that will turn out to be useful in a moment, we calculate the
action of a free particle (V = 0), moving on the classical path, i.e. with constant
velocity v, from xg to x':

!

t t
S[x(t)]:/ dtL(x(t)):/ ar 22 (13.6)
o fo 2
/ 2 / 2
() X0
—(t—to)z(t/_to) = 7 n (13.7)

Now we turn to the main problem: the strange expression f Dlx(2)], the “integral
over all paths”. Here we have to go a bit further afield. Initially, we restrict the allowed
values of x to a finite interval [—a, a] and discretize spacetime for ¢ € (19, t'] and
X € [—a, a]. That is, we calculate with finitely many spatial points and finitely many
points in time, with uniform distances

2a ' — 1
Ax =€ = —, At=¢ = .
N N>

(13.8)

We have thus reduced the aforementioned region of two-dimensional spacetime to
(N1 + 1)(N2 + 1) points. The points in time are enumerated by 1, = #y + ney, for
n=0,1,..., Na,in particular #’ = ty,. Now we form all possible functions x(¢) on
this lattice, with boundary conditions x (fp) = xo and x (ty,) = x1. (We assume that
xo and x’ are on the lattice. Otherwise we shift the origin and change a accordingly.)
For each moment #; to ty,—1, the x-values can be freely chosen from the Ny + 1
possibilities, we therefore get (N1 + 1)V2~! possible “paths” from xg to x’ we have
to sum over. But first we have to define S[x(¢)]. We denote the function values x (%)
by x,. The action S[x(¢)] is the sum of the actions S, (x,—1, x,) of the individual
time slices [t,—1, t,], withn =1, ..., N»,

N>
S (D] =D Sy (a1, ). (13.9)
n=1

Here we define that S, (x,,—1, x,,) results from a uniform motion from x,—1 to x,,, and
the potential V is evaluated at the point W That is, we set per definition

m G =)y (—x”‘l +x”)2, (13.10)

Sn(Xn—1,xp) = 3 pn B

where we have used the result (13.7) for the kinetic term. The summation over all
paths in (13.4) currently reads

SIS s, (13.11)

Xp X2 XNy—1
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where each sum has to be performed over the Ny + 1 possible values of x,,, and for
S the (13.9) and (13.10) have to be inserted. This is a well-defined expression. Now
we proceed to the actual path integral by taking three subsequent limits:

e At first we take €; — 0. Thereby the sums become integrals, and the expression
for the path integral now reads

a a a X
/dxl/ dx2-~-/ dxy,_1 eSFOVR, (13.12)
—a —a —da

So far no problem, everything is still well-defined.

e Next, the limit @ — oo shall be taken. Now it gets problematic. The exponential
function oscillates faster and faster when some x;, is increased, due to the quadratic
term in (13.10). The integrals therefore don’t converge. However, such a behavior
is not new to us. We remember the formal integral

1 [ .
— dx % = §(k). (13.13)
27 J_ oo

This integral also doesn’t converge, actually, for k % 0 (for k = 0 it doesn’t any-
how), and still we use it successfully. How can that be justified? We can help
ourselves by defining the limit such that it “averages” over the integral at infinity.
For example, one can use the following definition:

oo 1 2L L
/ dx f(x) = LImeZA dL//L/ dx f(x) (13.14)

In other words, we nest the actual integral inside a second one, which averages over
several limits of the actual one. We demonstrate this for the example f(x) = e/**
with k # 0. The inner integral is then

L' ) 2
/ dx ™ = Zsin(kL'). (13.15)
L k
The outer integral
1 /22
— / dL'= sin(kL") (13.16)
L)/ k

takes the average over the sine function in the interval L < L’ < 2L, and this
average value converges to 0. With this definition, ffooo dx e* = 0is fork #0
well-defined. For functions which are integrable from —oo to +00 in the ordinary
sense, nothing changes, since
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1 2L L
—/ dL// dx f(x) (13.17)
LJL y

L

1 2L —L L
:/ dxf(x)+z/ dL/|:/ dxf(x)+/ dxf(x)i|.
_L L -L L

In the limit L — oo, the first term becomes the ordinary ffooo dx f(x), and the
expression in square brackets converges to zero. The definition (13.14) makes
sense. The path integral thus becomes

o 0 o X
/ dxl/ dx; -- / dxy,_1 SFOVR, (13.18)
—00 —0o0o —00

e Before we turn to the final limit, we remember that we want to obtain (13.4) in
the end, an expression for the spatial propagator. It turns out that therefore each
integral in (13.18) has to be provided with a constant factor 1/C, which we don’t
further specify here, to give the correct result. Another factor has to be applied to
the entire expression. The path integral now reads

l/oo dﬂ/oo dﬂ.../w dXNy—1 istew/h, (13.19)
cl.c).<c )¢

e The final limit is e, — 0, i.e. N, — o00. This takes us from discrete to continuous
time. This limit should not be taken too soon, for otherwise one gets a meaningless
C®° in the denominator and infinitely many integrations. The integrations have to
be performed first and combined with the factors of 1/C, only then the limit
€2 — 0 can be taken.

So, we have explained how the right hand side of (13.4) is to be interpreted, i.e.
what a path integral is. How to perform calculations with it, is a different question.
In the end, it almost always amounts to an expansion around the classical path. For
examples we refer you to Shankar (2011). In QFT, path integrals are primarily used
as a purely formal tool to derive Feynman diagrams, using a certain heuristics. An
interesting aspect is the formal similarity with the partition function of statistical
mechanics. For that, we also refer you to the literature.

Reference
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Chapter 14
Dirac Equation

Abstract We show how a glance of beauty entered QM, and in what way we live
on an infinite sea of particles with negative energy.

Glorious moments of theoretical physics come about when a representative of this
guild s able to derive from a few simple but fundamental principles an equation which
is friendly approved by nature and which explains a number of until then unexplained
phenomena. This was for example the case when Einstein found general relativity.
In QM things looked totally different. The theorists were driven by seemingly con-
tradictory, absurd observations; only with great effort they were able to bring some
order into the chaos, with Heisenberg’s matrix mechanics or Schrodinger’s wave
mechanics; but the interpretation and deeper meaning of the whole thing remained
unclear. Only with the Dirac equation, the glory of theory entered QM. With a few
simple considerations, Dirac found an equation which at one blow

e provided a relativistic generalization of the QM of the electron,
e explained the electron’s spin

e described the interaction between spin and a magnetic field,

e explained the spin-orbit interaction of the hydrogen atom,

e predicted the positron, the first example of an antimatter particle.

In the following we set for simplicity the speed of light ¢ = 1, as itis often done in
theoretical physics. This means that we measure temporal as well as spatial distances
in meters, with the conversion factor provided by ¢ = 1, i.e. Is = 300.000 km.

In relativistic mechanics, position r and time ¢ are combined into a four-position
xt = (t,x,y,z), similarly momentum p and energy E into a four-momentum
p" = (E, px, py, p;). There is an aspect of QM which encourages a relativistic
generalization: the association of E with a time derivative (the operator H of energy
is in the Schrédinger equation identified with a time derivative) and p with spatial
derivatives fits well into this four-schema.

The nonrelativistic energy of a free particle is E = p?/(2m), and therefore the
Schrodinger equation contains only a first derivative w.r.t. time, but second derivatives
w.r.t. space. Relativistically, EZ = p* + m?; on the level of operators we therefore
set

H ) = (P +m*) ). (14.1)
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With the replacement

H — ih%, P — —ihi, (14.2)

this becomes the Klein-Gordon equation

2 2
[% — A+ 'Z—z] p(r. 1) =0. (14.3)
It has the disadvantage that it is second order in time, which goes against a fundamen-
tal property of QM, namely that the time evolution of a state can be deduced from
the knowledge of the state alone (and the Hamiltonian operator), without knowledge
of its first derivative w.r.t. time. (There are further problems with the Klein-Gordon
equation, which we don’t discuss here; we refer the interested reader to Messiah
(2014).) But maybe an equation of the form

0
ih—|¢y)=H 14.4
ih [¥) V) (14.4)
is still possible? The simplest would be to take the square root of H> = P2 4 m?
0
iﬁ@l?ﬁ) =V P2 +m?[y), (14.5)

as we have done already for the relativistic correction to the hydrogen atom, and
to expand it in powers of P. But this equation violates the spirit of relativity: on
the right hand side, spatial derivatives of arbitrary order occur, and the symmetry
between space and time is broken. Dirac’s goal was to find an equation which is first
order in space and time and which implies the Klein-Gordon equation and hence the
Lorentz symmetry. Therefore he had to extend the space H, of wave functions via
a tensor product with a d-dimensional space H,

H="H, ® Hy. (14.6)

similar to what we have done for the spin. (At this point we assume that we don’t know
yet anything about spin.) An element of H is called Dirac spinor. If one expresses
a state |¢)) as a wave function, this has d components, v, (r,1),a = 1,...d. Now
Dirac made the following ansatz for the Hamiltonian operator:

3
H:Za;®P1+mﬂ®1 (14.7)
i=l1

Here o; and 3 are (d x d)-matrices acting in M. If one can accomplish that

a~2 = ﬂz =1, ot + ooy = 25,‘/1, ;B + Ba; =0, (14.8)
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then it follows (please verify!)

H>=1@ P? +m’1®1, (14.9)
which is the correct relativistic expression, only enhanced by irrelevant unit matrices

in H. With (14.7) One obtains as a relativistic generalization of the free Schrodinger
equation

Dirac equation

3
ihj—thm = (Z @ ® P +mB® 1) ). (14.10)

i=1

In a more modern notation one defines 4° = /3, 7/ = Sy, for then one can rewrite
(14.10) to

thw@——m W(r, 1) =0, (14.11)

where (r, t) is to be understood as a d-dimensional vector in H¢. Since we are
interested in energy eigenvalues, the notation (14.10) is more useful to us.

So far everything was hypothetical, for we first have to find matrices with the
properties (14.8). It turns out that d has to be at least 4. Then, a possibility is, written

in 2 x 2 blocks,
(0 0o (10
o = (Ui 0), 0= (O _1) (14.12)

(other possibilities can be obtained via unitary transformations in ).

Exercise 14.1

Verify using the known properties of the Pauli matrices o; that these matrices
«;, 0 have the properties required by (14.8).

At this point it appears somewhat disturbing that we have four spinor components.
We expected only two! To solve this puzzle, we write down the energy eigenvalue
equation,

(Za,@P +mﬁ®1)|w E1). (14.13)

i=1
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Next, we split the four-component spinor 1 into two two-component parts y and &,

P X1
v | xe
al=1<l (14.14)
Wy )

Each component is to be understood as a function of space and time. Inserting (14.12)
into (14.13), we obtain

(E—m)l —o-P X\ _ 0
( —o P (E+m)1) (5 = o (14.15)
with the definition X
a-P:Zai®P,-. (14.16)
i=1

Now we have a look at an eigenstate of momentum with p = 0. Since we have a
free particle (no potential in the Dirac equation), this is automatically also an energy
eigenstate. For the energy eigenvalue we expect £ = m. But let’s keep this open for
the moment and plug p = 0 into (14.15):

(E —m)l 0 x\ _ (0
(5™ e L) ()= 6) 117

This gives (E — m)x = 0 and (E + m)¢& = 0, with two possible solutions: E = m
and £ =0, or E = —m and x = 0. For the expected solution with £ = m there
are only two possible spinor components, the other two components correspond to
strange states with negative energy £ = —m. Now what is that supposed to mean?
One can easily verify that also for p # 0 these circumstances are obtained: there
are two eigenspinors for the energy E =/ p? + m? and two for the energy E =
—/p? + m2. Only the eigenspinors of positive energy are physically meaningful.
The two-dimensional subspace of H; spanned by them is the spinor space we know
from nonrelativistic QM.

Dirac interpreted this in the following way: If the states of negative energy were
unoccupied, then all electrons would drop down into these states and set free huge
amounts of energy. This does not happen, and so they have to be already occupied.
Infinitely many electrons fill this “Dirac sea” of negative energies, so that all these
states are occupied. If one of the sea electrons receives an energy of 2m, for example
by absorption of a photon, it can jump from E = —m to E = +m and become a
“real” electron in this way. In the sea this creates a hole. This hole has properties
similar to those of the electron, but with positive charge. It is a piece of antimatter,
a positron. In this way Dirac predicted the positron, and a short time later it was
discovered. The sea interpretation with its infinitely many sea electrons is still quite
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adventurous, and was in the mean time replaced by more modern but also more
complicated points of view.

Finally we want to derive the interaction between spin and magnetic field as well
as the g-factor g, = 2 from the Dirac equation. In the following, instructions are
provided; the details of the calculations are left to you as an exercise.

Exercise 14.2
(a) Conclude from (14.15) that

o-P

€=E+m

X. (14.18)

Estimate for the nonrelativistic case v < 1 (we are only interested in this
case) the relative sizes. We consider here only solutions with positive
energy! Make the approximation

£~ — . (14.19)
2m

(b) Plug this result back into (14.15) and obtain for x in the nonrelativistic
approximation the equation

(o -P)(o-P)

> x=(E —m)x =Egx. (14.20)
m

Here Es = E — m is the energy as it appears in the Schrodinger equation
(the energy associated with the rest mass is missing there).

Now we introduce again an electromagnetic potential A (we don’t need the
electrostatic one, as we are only interested in a constant magnetic field).

Again we replace
P—P—gA (14.21)

and obtain the Pauli equation

[o- (P —qgA)llo- (P —qgA)]
2m

x = (E—m)x = Esx. (14.22)

(c) Show, using the properties of the Pauli matrices, the general relation
(0-U)(o-V)=U-V+4+ioc-(UxV). (14.23)

(d) Why do vectorial operators U not necessarily obey U x U = 0? Show that

(P — gA) x (P — gA) = ighB, (14.24)
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where B is the magnetic field corresponding to A.
(e) Conclude

(P —qA)? gh
2m 2m

o B] x = Esx. (14.25)
and from that g, = 2.

For a deeper understanding of these topics we recommend (Messiah 2014).

Reference
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Solutions to the Exercises

Solution 2.1

(a)
=)0
W A© = (10) ((1) (1)) =(01)
WA = (10) ((1)) —1=(01) ((1)) — W@ A© @)
(b)

W= (10), )= ((1))

2
1
Alf) = Aler) = le2) = 51f2)

Al f2) = 2Alez) = 2|er) = 2| f1)
A = (0 2)
70

. 1 X X
= A(f)|v(f)> — (0) , <u(f)|A(f) — (0 2)
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Scalar product in the f-basis:

(0 1)'((1))=<f2|f2>=4 = (a 5).@):@%4@;

= (u(€)|A(€)v(€)) =1, (u(e)A(€)|v(f)> —4
Solution 2.2
It is sufficient to show: [(AB)©|v®)]; = [(A® B©)|v©)];
With AB|v) = A(B|v)) we compute:

[(AB)(C))M)(C)))] [A(E)(B(e)lv(e))):l

_ZA(E)(B(e)h)(e) ZA(E) ZB(€)|U(E)

J
=> [ a9B89 | v —(A@B(f)) [0©)
= Ay B k= TR
k J
=[(A(")B(e))|v(e))]
i

Solution 2.4
Characteristic polynomial:

det()\l—cry)z)\z—l = Eigenvalues + 1
1 i «
()~
-1 i « .
DR

= The eigenspace for A = 1 is spanned by (}), that of A = —1 by ().

Eigenvalue 1:

Eigenvalue —1:

Solution 2.5

(a) The characteristic polynomial is (A — 1)?, giving 1 as the only eigenvalue. The
corresponding eigenspace is spanned by ((1)) which is only a subspace of H.

(b) The characteristic polynomial is (A — 1) (A — 2). The eigenvalues are 1 and 2, the
corresponding eigenspaces are spanned by (') and (;), respectively. They are not
orthogonal.
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Solution 2.6 | |
1 .

ly=) 1(1) 1<+| (1,0
—_) = — . . _— = ,l,
Y 2 \! \/Ey

pro+=5( 7). Pe=oo-1=5(L 1
Py = |y+)(y sl ) Pe=bo-1=512)

therefore Py, + Py = 1.

(V] Py [v) = %( ") (1 _l) (g)

| »
5 (a7 57) (f‘a +’g) = §<a* +if*)(a—if)

PO+

and similarly
1
piy—) = E(a* — i) (a+ipB).
In combination we get again
pO+) +pOy—) =a‘a+ B =1
Solution 2.7
Simply plug |x+) = \%(%) and [x—) = \%(_11) into the known expressions for

p(y=£) and p(zx). Same for |y+) and |z£).

Solution 2.8

=A== ==X - A=) -1),
so the eigenvalues are 0 and 1. Similarly for P,_.

Solution 2.10
Just as for o, one has
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It follows

-nan

> l
Ue(a) =e 0% ="
n=0

( it l)k(2k)| (=) 2po(— Dkggszll)')

2k+1

k_o k
(— l)Zk 0( D (2k+1)‘ Zk 0( 1) 013}
[ cosa —isina
T \—isina cosa J°
The result for U, («) can be read directly from o, since o is diagonal.

Solution 2.11
The result follows using

4 cosa isina cosa sina
Ux(oz):(.. ) Uj.(a):( . )

1SIo CosS« — Sin & COS &

+ ei(y 0
UZ (Oé) == ( O e_ia) .

Solution 2.13
With

U T 1 1 —i
one derives

U i _ U ™ o
X(Z)|y+> = |z+), X(Z)Iy—) = —ilz—),

U T . U T .
x(Z)|Z+) =ly—), X(Z)|Z_> = —i|y+).

The phase factor i is irrelevant. With arbitrary « one finds

I fcosa—isina Zia
Us(@lx+) = J2 (cosa —isin a) =e¢ )

and similarly .
Ur(@)]x—) = €'|x—).

With .
s 1—i O
vp=5('0"%)
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one derives

T 1—1i T 1-—
U(D)x+) = —=1y—=), U()x—) =

+ b
) 7 1 7 ly+)
Ul = ), v Dyly—) = 2
— = —|X , — —) = X—
Z 4 y \/i Z 4 y \/5
Directly from the matrix U («) one can read off
U (a)|zt) = eT'|z+).
Solution 2.14
After the matrix multiplication one has to apply the identities
cos? v — sin o = cos(2a), 2sin acos o = sin(2c).

Solution 2.16

The observable a takes on the values ;. In the corresponding orthonormal basis {|e; ) }
of eigenvectors, A® is diagonal with the values a@; on the diagonal. The observable
b takes the values b; = > a, af’. The eigenvectors are the same. Therefore B g
diagonal with values b; on the diagonal. This is the matrix of the operator >, o, A".

Solution 2.17

From the product rule follows
d 4 d ld , 1d 3
A DA AT A3
i’ TatTrat Teat T

1. N . )
=A—|—E(AA+AA)+E(AA2+AAA+A2A)+---,

where we used the notation A for %A. Only if A commutes with A, one can pull A
to the front of the products, and it follows

d 4 A+AA+1AA2+
—e — — PR
dt 2
. 1, _—

With
d ! ! !/ H
— [ d'H{') = H(1),
dt/m () (0

(2.168) is a solution of (2.165) if and only if %eA = Ae” can be applied, that is, if
H (t) commutes with ft; dt’ H(t'). In general this is not the case.


http://dx.doi.org/10.1007/978-3-319-24526-3_2
http://dx.doi.org/10.1007/978-3-319-24526-3_2
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Solution 2.18

Exchange the names of the integration variables in the second term, #; <> f,. Then
it remains to show:

t 1 t t
/ d, / diy H(t)H (1) = / dns / dn H(i) H (1)
1o to fo 5]

The integrals are identical: In both cases one integrates over the area of the triangle
with vertices (o, ty), (¢, to) and (¢, t) in the (¢, t2)-plane. You should draw it to verify
this.

Solution 2.19
For the example of [0, o] (the other cases are analogous):

[ox,0y] = 0x0y — 0y0y
(01 (0 —i 0—i\ (01
—\1toJ\io) \io)J\io
i 0 —i0 (10 .
=(0—i)_(0 i)zz’(O—l):z”’Z

Solution 2.20
Similar to Eq. (2.182).

Solution 2.22

Sp(AB) = Z(AB)ii = zAiiji
i ij

=D _Bjidij =D (BA);; =Sp(BA)

iJ J
= SplA, B] = Sp(AB) — Sp(BA) =0

But M1 has the trace Ad, where d is the dimension of the Hilbert space.

Solution 2.23
The pairs of eigenvalues (1, 1), (1, —1), (—1, 1) and (—1, —1) of A and B have the
corresponding eigenvectors

1 1 0 0
1 [1 1 | =1 1 [0 110
Alo] alo] Bl 2|

0 0 1 —1


http://dx.doi.org/10.1007/978-3-319-24526-3_2

Solutions to the Exercises 319

Solution 2.24
The pairs of eigenvalues mentioned in the previous exercise characterize their respec-
tive states completely, since the corresponding eigenspaces are one-dimensional.

Solution 2.27
With Eq.(2.161) we have:

. —iwt
U(l‘,O) — e—lwtaz — (e‘ 0 ei(‘)ut)

0 eZiwt
(e—Ziwt )

0 —i eZiwt
(l e—Ziwt

=M&M=Umﬁ€@Umm=
T h
(%szUﬂEQU@mz

Expectation value in the Heisenberg picture:

(sx())y = (x + [(S)H @) |x+)

()
2°¢

h
4 ( 2iwt e—2lwt) 05(2 t)
Expectation value in the Schrédinger picture:

(sx(D)v 1= (Sx)vry = (O[S [v(1))

h . _ —iwt
— Z (ezwt tu)t ( ) ( it )
h
2

h 5
=_(621wt+ —le[) OS(ZWI)

Solution 2.28
We assume that

w=(arel" + ael’) ® (b1l + brel?)

) 2 (1 ®e(2)

® €| %

@)

® €| %

=aiby e, +aibs e +abi e, + axbs (1)®e2 .

Comparing with (2.254) yields:
arb; = —axby =1, arby =axb; =0

The second set of equations requires two coefficients to be zero, which is in contra-
diction with the first set of equations.


http://dx.doi.org/10.1007/978-3-319-24526-3_2
http://dx.doi.org/10.1007/978-3-319-24526-3_2
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Solution 2.29
0001 000—i
0010 00i0
w®n=gig0| “®=|gi00 |
1000 i 000
000 —i 0 00-1
00—i 0 0010
OE=1g;i0 0] D=l o100
i00 0 ~100 0
Solution 2.30

[AD, BYJu@v) =A@ D1 B)u®Y) — (18 B)(AQ HuaV)
=(A®1Du® Bv) — (1Q® B)(Au® V)
=Au® Bv—Au® Bv=0

Solution 2.31
The claim follows from
1 1
1 -1
|x+’x+)_§ 1 ) X—, X ) E -1 )
1 1
1 1
1 1
ly+,y—) = i | ly— y+) = 5| =
1 1
Solution 2.32
Already known:
PY = diag(1,1,0,0), PV = diag(0,0, 1, 1)
. = diag(1, 1,0, 0), . = diag(0, 0, 1,
Still required:

1100

1 (11 11100

2 _ — _ —
Px+—1®IX+)(x+|—1®2<11)—2 0011
0011



Solutions to the Exercises 321
1 -1

11 =1\ 1[=11

2) _ i o - _ -
PP =1® |x—)(x |—1®2(_11)—2 0 0
0 0

o o

0
0
I -1
1

[y

We calculate the conditional probability for the spin of system 1 to be measured
positive in z-direction, if the spin of system 2 was measured positive in x-direction:

P z+D) = pet.x)  wlPY P w)
+ = =
x PaF®) PP )
The denominator evaluates to
1100 1
! 1100) (o] 1
ZOOOD oo11|lo] =2
0011 1
The numerator is
1000 1100 1
1 o1oo0)[1100] (0] 1
ZUOOU 0000|]oo11]]o]| ™ &
0000/ \00O11 1

As a result, one gets p, z+D) = % All other conditional probabilities are
obtained similarly. The correlation is

010 0
100 O
00 0 —1
00-10

(1001)

1
(wloz ® ox|w) = 7

—_—O O =

Solution 2.33
A spin in direction %ﬁ(ex + e;) is measured with the operator Sy, = %iaxz, where

1( +o) 1(11)
Ox; = —=(0y +0;) = — .
\/5 \/E 1 -1

The correlation is
1 0 0
1 0 0
wlo, @ oy Jw)y=——=(1001
(wloz @ oxzl) = == ( )

Sl

1
1
0 —1 -1
0 1

and is thus between 0 and 1.



322 Solutions to the Exercises

Solution 3.1
The proof is obtained by induction. Assume {| f1), ..., | fx) is known to be ortho-
normal. It is then sufficient to show orthogonality for £ + 1. For j < k we have:

=

(Filfer1) = (Filews1) — D (Filfi)(filexs1)

i=1

=~ |l

= (filexs1) — D> dij(filex+1)
=1

= (filex+1) — (filex+1) =0

Solution 3.3 f
1 5
Pox)=—=., Pr(x)=—=0Cx*-1)
’ V2 g 272
1 1 ﬁ
Pyles) = dx—x4=_
(Poles) 5 s
b5 V5 (6 2\ 4
Prley) = dx—3x2—1x4:—(___)=_\/§5
aled /—1 Zﬂ( ) 222\7 5) 7
|Py) = les) — | Po)(Poles) — | P2)(Pales)
~ 1 2 6 3
P =xt—--Z 3 2—] =x* - 242 —
= Px)=x 5 7( X )=x 7x +35
o ! 12 6 36 36 9
— 8 6 4 2
A e e e ]
2 24 444 72 18 128

A R T B S A - A EO S

128 \7'2/, 6, 3
= P‘*(x):(m) ( -7 +£)

= X — =X J—
82 7 35

ST (4 3, 4 3
= XP}()C)—Z (X —gx)_ﬁP4(x)+ﬁP2(x)

S
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Solution 3.4
The calculation yields

1 V7
0 L o0 ¥
50 &m0 P)
—1
AGX(9Aw = f ) 85 \ﬁ 7 Xy
V15 s '
00 % 0

Here, the indicator (4) denotes the restriction of the matrices onto Pol3([—1, 1], R).
The deviation results from the fact that Pol3([—1, 1], R) is not closed under the action
of X. X|e3) = |e4) contains portions of | Py) and | P,) which are not accounted for
in the backtransformation with A(_4§ and are therefore being lost.

Solution 3.5
Each of these properties is preserved under the addition of two functions and under

multiplication by a real number.

Solution 3.6

1
1
(v2n—11X1vo) :/ dx —x sin(nmx)
-1

V2
/1d L 1 cosnmx) + ——[x cos(amx)]!
= X — — nmTx X nmTx
1 J2nm J2nw -
1 (=D)"V2
=0 D (=)r= LV
+ \/Emr =D nm

The coefficients (v2,|X|vg) vanish, because they represent integrals over odd func-
tions.

Solution 3.7
For k € Z\{0} one has:

1 ) 1 . 1
/ dx etkﬂ')( = — I:ezkﬂx:l =0
-1 ikm -1

(wolwan) = (wolwau—1) = (waulway—1) =0

It follows:

(Wan|way) = (Wop—1|way—1) = Oy
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Solution 3.8
anloan 1) = 5 [ 11w -1) = (wsalwsa)] =0
For n # n’ one reads off:
(vanlvan) = (Van—1lvaw—1) = (V2nlv2w—1) =0
For then all |w;) appearing on the right hand side of (3.91) and (3.92) are different.

Solution 3.9
Because of the block diagonal shape the following calculation is sufficient:

i1 i
(72 %)(0 —m)(—% 7
_ i 1T M\ur o0 I
V2 V2 2 V2
Solution 3.10

Jo  _de-w?
r2

w(p)=\/ﬁ7r1/4e 2
e g
(X)y = (GIX) = ih / A ()00

ioc [ d o2 _02<szpo>2
= — _— — e h
N p( hz)(p Po)

=0

[ee) 5 dZ 5
(X% = (WIX21) = —I2 / dp () 5 p)

—00 14
ho [ ot o2 _tw-r?
- dp [F(P—Po)z—ﬁ]e n2
—0Q
ho | V7 (B)® o* \/_h o?
= —— —_— — _— m——=
Jr| 2 \o) n* o h?
T2
Solution 3.11 . 2
. PO _xZ
PY(x) = ——=—z€' hre 272
ﬁﬂl/4


http://dx.doi.org/10.1007/978-3-319-24526-3_3
http://dx.doi.org/10.1007/978-3-319-24526-3_3
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e d
(P = (0|Ply) = —ih/ dx g7 () 5

ih o ipo X a2

= - dx \— — = )e 2
o7 oo h o2
Do o0 _ 2

= — d
v xe

= Po

QN‘ =

(P)y = (IP2) = 1 / dxw*m w<x>

h2 0 [po X 2 1 _x2
=——— dx |[{—-5) -5 |e &
oNT ) oo ho o? o2

ONT J—oo
e S OV pi 1
— W[FT’ YT\ pt s
h2
_ .2
—p0+202

Solution 3.12 , ,
~ a=(p—pg) ipxi
V(p) = G T
Vhrl/4

00 B d -
(X)y = (GIX[6) = ik / A (D) 00

io °°d o? iXo _M
— _ — - = h
AL () e-m-Te

=_x0

(X%)y = WX ) = —1? [ dpw*(p) w(m

ho [ o2 ixg 2 52 M
= —— d _— _ — h2
NN ”H( )wem- ] -

ho [ 4 x2 a2 _02(17—21’0)2
= —=——=)e
N i = (p po)* 2
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ho ho JTh xé o2
T ER R LR

20'2
_02

The uncertainty is unchanged, (AX), = % The values of (P), (Pz)w and (AP)y
are unchanged, because the phase cancels in the multiplication.

Solution 3.14
) d d
(XiPj — P Xp))Y(r) = —ih (Xid—w(l‘) - —(xiw(l‘)))
Xj i

d d

=—ih [xi T P(r) — X w(r) ( ) w(r)}
Xj Xj

= ihd;; P(r)

Solution 3.16
The identities for the Poisson brackets are obviously fulfilled, in particular

P =(p,—x}={x, p)=1.

Therefore the wave function can be written in the form 1Z(x/ ) = 1&( p). The corre-
sponding operators act in the following way:

X)) =xPx") = PY(p)=pd(p)
- d - ~ d -~
PG = —ih-— () = —X(p) = —ih——(p)
X dp

Solution 3.18
) )
= n @ — n
=T L0 @R L
o _ox" a9 ox? 9 d 9

= + - 4
Oxsi Oxs; 8xl‘(l) Oxs; 8xlg2) 8)([.(1) 8xi(2)

o oxV 9 . o 9 m® o m® B
8xRi B 8le~ axi(l) 8xRi 8)(7[(2) B m(l) +m(2) axi(l) m(l) +m(2) 8xi(2)

Insertion into (3.289) and comparison with (3.287) and (3.288) gives the required
result.


http://dx.doi.org/10.1007/978-3-319-24526-3_3
http://dx.doi.org/10.1007/978-3-319-24526-3_3
http://dx.doi.org/10.1007/978-3-319-24526-3_3
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Solution 5.1

(a)
[e'e) 00 2 [e'e) 21 ) 00 )
/ dx/ dye & +y)=/ dp/ dppe” :27r/ dppe™”
—o0 —00 0 0 0
o0
= 71'/ due™ = -7 [e_“](o)o =
0

(b) If a is complex, after substitution the path of integration is a sloped line in the
complex plane. Connect this line to the real axis via two vertical lines at u = £R
(where R is arbitrary). The integral along the resulting contour vanishes by the
Residue theorem. For R — oo the integral along the vertical pieces vanishes. The
integral along the sloped line is therefore equal to the integral along the real axis.

(©)

00 -2 o0 u?
/ dyye ~a =/ du (u+ yg)e  «

—0o0 —00
o0 2
=/ duype « = 4/mayy
—00

(d) Partial integration yields:

o 1 [ 1
/ dunle™ = —/ duu (Zu e_“2) ==
2 2

—0Q —0o0 —0oQ
It follows:
[e9) (r—y0)2 o0
/ dy yze’ =0 :/ duJa(Jau + yo)267"2
—00 —00
o0 2
= ﬁ/ du (au® + y(%) e "
—00
o0 2
:ﬁ(y§ﬁ+a/ duu*e™ )
—00
~ v (44 )
= ) Yo
Solution 5.2

- Jo _2(p—pp)? _ipTzz’
Y(p,t) = me 212 2mh
e a
(X)y = (VI X]e) = zh/ A () p)
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1 oo 2 1 o2(p—pp)?
o dp (—%(p—po)—g) R

- ﬁ 0 mh
ioc [ int\ _2w-p?
= — dp —L e K2
N2 mh
ot s _2-p)?
= — d e h2
mh/m /_oo pp
_ ot
m

The first term in the second line doesn’t appear afterwards, since it is an odd function
in (p — po) whose integral vanishes. In the end we used (5.3).

00 5 d2 »
(X%)y = (IX2Y) = —h? / dp w*(p)ﬁw(m

_ ho ood [ 0'2( ) ipt o? it _02(1;—170)2
N A | AL B R
A e | B Oy 0T R
Nl | mh 2 mh
ho ood [o* 12 2io%t] 5, pit? 0% it _2g
= M e T [ T e T |
5 R (o* 12 n 2io3t h pgtz n o2 n it
= —No —_— —_— = — —_— _ — —_— —_— —_—
203 \ 4 m2R? mh3 o \ m2h? K2 mh
B pgtz o2 242
T om? 2 202m?
Solution 5.3

The exponent is brought into a convenient form by completing the square:

2

P o*(p—po))? . p
I—X — —1 t

h 2h? 2mh
__ith+m02 , ihx+a*po _021)5
= 2w P Y

ith+ma? 2 2mh?  ihx + 0% po 0'2[7%
iz \ P T Pihtmer B2 212

B ith+ mo? mh?  ihx +o%po 2
 2mh? P ith + mo? h?
n mh? ihx 4+ o2 po 2 azp(z)
2(ith 4+ mo?) h? 2h2



http://dx.doi.org/10.1007/978-3-319-24526-3_5
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It follows:

Vel e 202 2mh
Jo 2mh? (m(ihx + 02 pp)? azp%)
X

Jo * (.p o*(p—po)? . p? )
pexp|ix— —1i t

= 2 hrA\ ith+ mo? 202(ith + mo?) 2R

io2p 2
o (=) o

€X —

; p -
wl/A g2y il 2(02_,_1-%) 2h2

For the equivalence with (5.13) it remains to be shown:

_ i02p0)2 2
) I I Y
T (w22 (e my R\ 2m
2(0 —i—l;) 2(0 +l;)
This is verified by multiplying both sides with 2 (02 +i %), multiplying out the
brackets and comparing the terms.

Solution 5.4

) ~ el kx—Et/ M —  wavefronts of constant phase move to the right for growing
t.

Solution 5.5
For simplicity we set a( ) = 1. Then the four solutions are:
ki —k 2k
&) (1 _ MR (1) I (1)
ap- =1, b ay = ——— by =0
kl + ki’ ki + ki1
ki —k 2k
= o =
k[ + ki’ ki + ki1
_o, p» - Pk e _ki—ko e
= 1 an » bn =
ky + ki’ ki +kn
@ _  2kn @ “) @ _ ko —kt
4 o b =0, ap =1 by =
k[ + kit ki + ki1

It is easy to check:

ki +k ki —k
Lsg 3 = 1+ kn 1l 1
2k

Lsg 2 + Lsg 1


http://dx.doi.org/10.1007/978-3-319-24526-3_5
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ki + ki ki — ky
Lse 4 = Lsg 1 Lsg 2
sg k sg 1+ % sg
Solution 5.8 5 5
hkilar| ) hkylam|
Jo = s Jd = ——————
m m
_ lal _jam
[ jol a
B 1622
= [(Z i l)gefzikuxo —(z— 1)2€2ikuxo] [(Z + 1)2€2ikuxo —(z— 1)2672ikux0]
. 162>
@+ D+ (2= D* = 2(z2 — 12 cos(dknx)
B 162>
C @D+ = D =222 = D2 (1 = 2sin® ki)
472

T 222 4 (22 — 1)2 sin? 2knxo)
In the second last line we used:
cos 2¢p = cos> ¢ — sin® ¢ = cos” ¢ + sin’ ¢ — 2sin® p = 1 — 2sin’ ¢

The reflexion coefficient follows from R =1 —T.

Solution 5.9
The numerator of R vanishes for kjj = % with integer n. The corresponding energies
are
2k h2n*m?
E=—+VW= 5 + Vo
2m 8mx;
Solution 5.10

The continuity conditions are identical up to the replacement iky — ky. This
replacement runs through the entire calculation and implies

iz —>w, 12 — —wz,

sin(2kxg) — sin(—2ikpxg) = —i sinh(2kxg),

sin®(2kyixo) — — sinh?(2kxo).
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Solution 6.2
(a)

ih (A} - AA,)

1
=iho (=iXPy+iPY —iXPy,+iP.Y)
=XP,—YP, =L

(b) to (d) are obtained by inserting the definitions of Ay and A.
(e)

1
o
AR_ﬁ(
_L@ LAY S A
2 Y mwox mw Oy

_mw(+) h 3+,8
_471le Ox l@y

Al + iA;)

- ’Z;: :ei¢r_nTZ(COS¢__lSIH¢—¢+1S1n¢ +—cos¢ ¢):|
mw [ h
=V _e r—m—<(cos¢+lsm¢)—+ (cos¢+lsm¢)a_¢)]

_ M s _i 9,19
~V 4n " ar  rdo

A; equivalently, only replacing i — —i.
(f) and (g) are obtained directly by insertion.

Solution 7.1
The sum of three non-negative integers adding up to n can be symbolically repre-
sented via delimiters, for example 7 = 4 + 1 4 2 can be written like this:

That’s n + 2 symbols, 2 of them delimiters. There are ("}?) possibilities for their
arrangement.

Solution 7.2
1 2 2 2
A, Ll = o~ [P2+ P2+ P2 XP, —YP]
1 2 2
= o (1P2. X1P, — [P} YIPY)
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1
% (Px[Px, X]Py + [Px, X]PxPy - Py[Pyv Y]Px - [Pyv Y]Pypx)

1
5 (Z2ihPy Py +2ihPyPy) =0

m

Similarly Ly und L.

Solution 7.3
For simplicity we suppress the quantum number «.. From (7.61) we get

Lill, =) =hy/Q@2D -1, =1+ 1)
Loll,~l+1)=hJ/Q@ —1)-2|l, — +2)

etc., So

L™, =1y = i /eD@E—1) - —m + DV +m)! |1, m)
JF

QDI + m)!
= [T ).
(d —m)!

Similarly L_.

Solution 7.4
For |z£) we have [ = %, m = :l:%. We therefore have to show

Silz—) = hlz+), S+lz+) =0, S_|z—)=0, S_|z+)=hlz—).

This follows directly from

h . 01 h . 00
St = E(O'x +l0'y) = h(o 0) , S_= E(Ux _lay) = h(l O) .
Solution 7.7
L? (sinlﬁeﬂw)

2 1 2 .
= _h? (8_ + coté’2 + 0 ) (sinl 9e‘”¢)

06? 90 " sin20 0¢?
= —1? [(% + cot 0) Isin'~' 0 cos 0 + sin' 2 9(—12)] el

=K [l(l — 1)sin' ™20 cos? 0 — [ sin' 6 + 1 sin' % 0 cos® 6 — 1% sin’ 2 9] e i9

= —h’lsin' 20 [l cos? § — sin” § — 1] o—ilo


http://dx.doi.org/10.1007/978-3-319-24526-3_7
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= —h%lsin' 720 [l cos? 0 — sin® 0 — I(cos? O + sin? 9)] e ile
= R+ 1)sin he= 10

Solution 7.10
Equation (7.80) gives:

A1_182 1 _1821_0
_rarzr o o

r r
Determination of the gradient:

01 @ I

x
Oxr  Ox /x24y24 72 /x2+y2+z23 r3

X

etc., So

V1 . r
r o I"3 '
It follows
1 1 2 1
/dS~(V—) =/ dcos@/ do e, - (—1)— = —4m,

s r -1 0 r
for on the unit sphere one has e, - (—r) = —1 and r% =1.
Solution 7.11

The case n = 1 is obvious. Assume the claim is fulfilled for n.

n n—1
S+ =>@+D+@n+)=n"+21+1=@n+1)>
=0 [=0

Solution 8.1
Simply plug i and 1) into (3.239).

Solution 8.2
Equation (7.80) implies for » > 0:

A k2 e:l:ikr 1 2 ik k2 e:l:ikr
(A -+ r ror ¢ + r
e:l:lkr e:l:lkr

The 6 term follows from (7.151).
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Solution 8.3
Set
Uu(r) = ei(kr—'ylnkr)

and ignore terms of order » ~2 during the differentiation:

i nl(r) — (lk _ lz) ei(kr—’ylnkr)
dr r
d? Y\? iGkr—yInk 2 Y\ itkr—~Ink
L Un(r) = (ik —i—) ol kr=yinkr) _ (_k +2_) i tkr—yInkr)
dr? r k
Plugging this into (8.39) we get

27,2 2 272

h_k _ M + g el kr=ylnkr) _ h”k ol kr=yInkr)

2m rm r 2m

— gm

This equation is fulfilled if v = ok

Solution 8.4
o0 1 2T ] —Br
fl@) = -9 dr/ dcos&/ d(brzelqrcosee
27Th2 0 1 0 r
1
= —@/wdr/ d cos O r e costg=br
2 Jo 1
— _@ Oodr .ie—ﬂr [eiqr cose:ll
nJo o iq 1
= _.m_g /oo dre=Pr [eiqr _ e—iqr]
igh? Jo
__my (1 [e(fmiq)r]‘” ! [e(fﬂfiq)r]oo
iqhz —B+iq 0 -0 —iq 0
__mg ( 1 1 )
T igiP\B—iq P+iq
_ 2mg 1
TR B4q?
Solution 9.1

Equations (9.3) and (9.4) yield
Silz—) = vV2Rh|20), S41z0) = v2h |z+4),

S_|z4) = V2h|20), S_|z0) = v2h|z—)
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and therefore

010 000
Sy =2h[001), S_=+v2h|100
000 010

Now follow the same steps as in the case of Spin—%.

Solution 9.2
(@)
[Ji, 1=V ®@1+1Q® Joi, J1; @1 +1® Joj]
=[Ji®1 Ji; 1]+ [1® J2i, 1Q Joj]
=[J1;, J1;1©1+1® [ 2, J2j]

= ihzez'jk(hk R1+1R® Jo)
k

= ihZijJk
k

In the third line, (9.25) was used. [J2, Ji] = 0 follows as before from [J;, Jil.
(b)

)P = Z(Ju R1+1Q Jy)?

1

=D JE®1+1®J5 +2/,; ® L

1

=H+B+2D 1i®

]

3%, )31 = [J%®1+1®J§+22J1,-®12,», J%®1]

1

=04+0+2> [/, Ji1® /2 =0

l
3N =1V ®1+1® Jy, 2 @1]
= [, J1®1+0=0

92, Ji:] = [J%®1+1®J§+2ZJ1,- ® Ji, J11®1}
i
=0+0+ ZZ[JM, Ji1]1 ® i
i
= 2il(—J1y ® Jox + Jix ® Joy)

Similarly J>.
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Solution 9.3
The proof goes by induction over j. For j, = 0 the relation is obviously fulfilled.
Induction step jo — j» + 1:

Jit+ja+1 Jiti2
S @i+ h= > @iAD+2Gi— - D120+ + D+
j=h—j-1 J=ih—j
=Qh+DHCp+1)+4)+2
=Qh+DR2G2+D+1]

Solution 9.5

T (exp(i A1) T (exp(iA2))
[ cos Ay sin ) cos Ay sin A\
“ \—=sin A cosA\; ] \—sin Ay cos Ay
B ( cos A1 coS \a — sin A\ sin Ay cos A\p sin Az + sin A\ cos )\2)

—Cos A1 sin Ay — sin A\j cos A\» cos A\j cos Ao — sin Ay sin Ay

_f cos(A1 + X2) sin(A1 + Ap)
T \=sin(A\; + \2) cos(A + o)
= T (exp(i(A\1 + A2)))

= T(exp(iA) exp(iX2))

Compare the calculation of Uy () in Sect. 2.6.

Solution 10.1 5
1 2
h:z—(pz——qp~A+q—2A2)+q¢>
m c c
0
s 9,
Pi ox;
1 2q ) q? 5, 0
- (-2 A2 A A =
2m c Zjlp‘/ ax; + c? ZJ: Tox; q@xi¢
q q 0 0
=7 TA)) A —g—
mc ( I '/) ox; 7 q@xi(b
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. . q
mi; = p; — —A;
Cc

q q 0 0 g (0 0
ch(p] C ]) axi J qaxi(b 8t +;X1 8xj
0 1 0 0
— A - — _ {— A — % —A;
c 5‘xi¢+ c ;(x] Ox; 7 Y Ox )

Solution 10.2
The new current density is obtained with the replacement

iV — —ihV — LA
c
and the complex conjugate replacement
ihvy* — ihve* — Layr,
c

Solution 10.3
The additional terms ~ % resulting from time derivation and ¢-transformation are
identical:

0 S0 i N e in 0 O i
lhatﬂ}_)lhﬁt (e w)_the atw h@te P
. oy . O\
g — qoe ™y — LN = goeMy — BNy
c Ot ot

The additional terms from Ve'* and A’ cancel each other:
(—ihV — %A) W — (—ihV - ‘ciA/) [e%]
— ¢ (—ihV + RV — %’A - %I(VX)) "
— ¢ (—ihV - %A) "

It follows:

(—ihV - %IA’)Z [e%] - (—mv - %A’) e (—ihv - ‘—’A) b

c

— ¢ (—ihV - %IA)Z b

The Schrédinger equation is therefore also valid for the transformed ¢. There is only
an additional factor e”\, but all additive extra terms cancel each other.
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Solution 10.4
The gauge transformations imply

=sx=C-r—cnt+a

with an arbitrary constant a.

@W:exp[i (—%nt—%Cm—}- %)] ¥

From the Ehrenfest equations we get

o=t

After the transformation (p) = ()| —ihV|1)) is increased by %C, but %A is increased
by the same value. The changes cancel each other, and the velocity does not depend
on the gauge.

Solution 10.5
For vectors we have the identity

ax(bxc)=Db(a-c)—c(a-b).

If the nabla operator is involved, one has to take care of the order. In components we
get

0 0
[Vx@xB)i=2 (gxi) B - (ng) B,
j J J

= > 06ijBj — 0;;Bi = Bi —3B; = —2B;.
j

Second equation:

B) d
v-(pr)=Z$(pr)i =Zeijk (ax,-) B =0

i ijk

Solution 11.1
P2 e?
Hy=———, Hy =eEyZ
2m r
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ieEgh

eky 5 eEy
[HO,H1]=%[PZ,Z]=E(Pz[Pz,Z]-F[Pz,Z]Pz):— P;

[Ly,Z] = [YP, — ZP,, Z] = —ihY
similarly : [Ly, Z] = ihX, [Ly, X]= —ihZ, [Ly,Y]=ihZ

[Lx, X]1=[Ly,Y]=[L;,Z]=0

= [L?, Hi] = eEo[L} + L3, Z]
= eEo (Lx[Lx, ZI + [Lx, ZILx + Ly[Ly, Z1 + [Ly, Z]Ly)
=iheEg (—LyY — YLy + LyX + XLy)
= iheEo (—2LyY + [Ly, Y14+ 2XLy +[Ly, X])
= iheEo (—2LyY +ihZ +2XLy — ihZ)
2iheEg (XLy — LyY)

Solution 11.2

(= /d3r V3 1.0(0)%2,0,0(r)z
0 1 27
1
= dr dcosf dor? (=LY e/ cost reosd
0 —1 0 327‘(613 a a
1 00 r5 1
— dr | 2r* = — Je77/@ d cos 0 cos> 0
16614 0 a —1
1 00 o0 r5
= / dr 2rte™"/ — / dr —e™"/a
24a4 0 0 a
1 o0 o0
= |:/ dr48ate™"/ —/ dr 120a4e_r/”:|
24a 0 0

o
=— / dre™"" = 3a
0

The first term in the second last line was obtained after applying partial integration
four times, the second term after five times.

Solution 11.3

_)\2 t 1 P
= / d, / dts (FIUo(t 1) Hy (1) Uo (1, 12) H (1) Up(ta, 0)]i) 7"
0 1o
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_)\2 t I3l
- ?/O an [“dr 3 UG 01 G @) UG )
fo

J.k,l,m
(I Hy (t2)Im) (m|Uo(t1, 0) i) ™1

_)\2 t n
= ?/0 dll/ dn Z (JIH\ (t)]k) (L1 H (12) 1)
fo

J.k,,m
. e—iwf(l‘—tl)(sfj e—iwk(tl—tz)(skl e_lw[tzémi elwft

_)\2 t n X ) » )
R / dn / dty D (fIH (t)k) (k| H) (1) i) & ©F =0 g (eidia
0 o k

Solution 12.1

nn+1)
2

nn—1)

, dim H;i) = 5

dim ng) =

The number of dimensions is the number of possibilities to choose two basis vectors
of H;. In one case, the same basis vector can be chosen twice, in the other case not.

Solution 12.2
One can check the equation by following the positions of the states on the left hand

side, e.g. j — m — n — i. For the eigenvalues we get
2.2 =71 = —
i Toj Tn = Tij Tmn = Tij
for arbitrary i, j, m, n.

Solution 12.3
(a) For nj > 1 there are n;! permutations, exchanging only equal states. For each
such j the number of possible permutations therefore has to be divided by 7 !.

(b) The number of terms in the sum is % =3:
1
P = —((1:2,2:1,3: 1)+ (1:1,2:2,3:1)+]1:1,2:1,3:2))
J \/g

Solution 12.5

() = S PP+ S = s L2
x+) = =|(x —{x + |x =—-4+-=-,
p 2 ¢ 2 17271
) = 1+ P+ S+ =4 1]
pOTI=3lyTiz QTR =TTy
() = s P+ S+ P = s 222
pt) =z +lz Sl +1x =5t1=12
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g _h(1 1 _h
(Sx) = 5 (§<Z+|0x|2+>+§(X+|Ux|x+)) =5

h
similarly : (Sy) =0, (S;) = 1

Solution 12.6

H, is the space spanned by the n states p consists of. AH,, is the image of Ay,
i.e. the restriction of A on H,. Then H 4, is the space spanned by H, and AH,,
consisting of all linear combinations of vectors in H, and AH,. Since H, and AH,,
are each not more than n-dimensional, 4, can be maximally 2n-dimensional.

Solution 12.7

(1)
_! 1 110
p=3leN)e+1+ slz-)e = | =3 (0 1)
sy =sp(oit1) = "spon =0
(Si) = P(EU:E)—Z p(oi) =
(i)

p= %Iz+><z+ |+ %Ix—i-)(x +|= % (:1)’ i)
1=t (e () -t -
1=t (e ()29 () -
=il () - (3 2)-

Solution 12.8
(b)

Solution 14.1
With
{0}, Uj} =0i0j +0j0; = 25ij1
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(cf. Exercise 2.26) one gets

2
! o; 0 0 criz

i oian — (0190 T oo 0 25
aiojtajoi = ( 0 0i0;j +0'j0'i) = 20,1

) ) 0 —0j 0 g
061/8 ﬁa[ = ( ; 0 ) ( ; 0 ) =0.
Solution 14.2

(c) We need the relation
gi0j = 5,']'1 +i Zeijko'k’
k

which can be easily derived from

{oi, 0} =261, [Ui,Uj]=2izﬁijk0k-
X

Using this we obtain

(@- U)o V)= (0:®U)(o; ®V))
ij
= Z(Ui(fj) ® (Ui V))
i.j
= Z(Sijl Q (Ui Vj) + ziEiijk ® Ui V)
ij i,j.k
=>1QUiVi+ D io;y ® (Ux V)
i k
=U-V+io-(UxV).
(d) U x U is not necessarily zero, since the commutator U; U; — U ;U; does not nec-
essarily vanish. But since derivatives with respect to different coordinates commute,
we have
PxP=0.
For Q := (P — gA) x (P — gA) follows:

QilY) =[P —qA) x (P —qA)]; [¥)
=—q[PxA+AxP]; )
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=ihg [V xA+ A xV]|yY)

—lthEUk( Ak+A )W})
=ihg Zeijk (
j.k
0
=ihg ) ciji (8 (Akl)) — Ak—lw )
ok i
0
=ihg Zei]k (— )
T Ox;

= ihq Bi|y)

- Ak —Ak )|¢)

In the fifth line €;5; = —¢;j; was used.
(e) One gets (14.25) by plugging the results of (c) and (d) into the Pauli equation.
The result g, = 2 is obtained when we compare with Hpag:

q9e qgeh

Hmgg = -B-M=—""‘B.-S=—"""0 B


http://dx.doi.org/10.1007/978-3-319-24526-3_14

Index

A
Action, 302
Aharanov-Bohm effect, 264
Angular momentum

generalized, 234

in three dimensions, 182

in two dimensions, 176
Angular momentum algebra, 185
Angular momentum operator, 183
Angular momentum quantum number, 177
Annihilation operator, 293
Anticommutator, 51
Anticorrelation, 67
Antisymmetrization, 291
Approximation

Born, 222, 223

classical, 117
Asymptotic series, 270
Automorphism, 74

B
Bell’s inequality, 3
Bessel functions
spherical, 205
Bohmian mechanics, 139
Bohr radius, 207
Born approximation, 222, 223
Born series, 221
Boson, 288
Bra vector, 18

C

Canonical transformation, 114
Central force, 171, 177
Centrifugal term, 178
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Chance, 129
Characteristic polynomial, 23
Classical approximation, 117
Clebsch-Gordan coefficients, 238
Collapse

by consciousness, 142

by quantum gravity, 142

dynamic, 142

in the apparatus, 142
Collapse of the wave function, 141
Commutator, 47
Commute, 22
Completeness relation, 29
Conserved quantity, 58, 251
Continuity equation, 112, 116

in the electromagnetic field, 255
Copenhagen Interpretation, 13, 137
Correlation, 5, 66

maximal, 67
Correspondence Principle, 101
Coulomb gauge, 259
Coulomb potential, 206
Creation operator, 293

D

Darwin term, 273

De Broglie relation, 103
De Broglie-Bohm theory, 139
Decoherence, 129, 134
Degeneracy, 154

Density matrix, 295
Density operator, 295, 299
Determinism, 129

Dirac delta distribution, 90
Dirac equation, 309

Dirac picture, 276
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Dirac sea, 310

Dirac spinor, 308

Direct sum, 59

Dirichlet conditions, 83
Double slit experiment, 264
Dual space, 18

E

Ehrenfest equations, 101

Ehrenfest theorem, 58

Eigenspace, 23

Eigenvalue, 11, 23

Eigenvalue equation, 11
Eigenvector, 11, 23

Eikonal equation, 119
Einstein-Podolsky-Rosen paradox, 6
Energy quantum number, 197
Energy-Time Uncertainty Relation, 58, 281
Entanglement, 6, 61

Epsilon tensor, 183

Exclusion principle, 288
Expectation value, 33

F

Fermi’s Golden Rule, 282
Fermion, 288

Feynman graph, 276

Fine structure, 273

Fock space, 293

Fourier expansion, 83
Fourier series, 84

Fourier transformation, 95
Functional, 91

Function space, 73

G
Gauge invariance, 256
Gauge transformation, 256
Gaussian wave packet, 105, 149
Gelfand triple, 93
Gram-Schmidt process, 77
Green’s function, 220
Ground state, 43, 110
harmonic oscillator, 167
Group, 244
Guiding equation, 140
Gyromagnetic ratio, 261

H
Hamel basis, 74

Hamiltonian function, 100
Hamiltonian operator, 40

in the electromagnetic field, 255
Hamilton-Jacobi equation, 118
Hamilton’s equations, 100
Hamilton’s principle, 302
Harmonic oscillator, 165

isotropic, 171, 178
Heaviside step function, 83
Heisenberg equation, 57
Heisenberg picture, 55, 276
Heisenberg’s Uncertainty Relation, 53
Helium atom, 289
Hermite polynomials, 79, 168
Hermitian, 14
Hidden variables, 139
Higgs boson, 236
Hilbert space, 10, 14
Hydrogen atom

naive, 207
Hydrogen spektrum, 210
Hyperfine structure, 273

I
Information, 129
Interaction picture, 276

J
Jacobi identity, 47

K
Ket vector, 18
Klein-Gordon equation, 308

L

Laguerre polynomials, 79, 210
Laplace operator, 191
Legendre polynomials, 78, 195
Lie algebra, 245

Lie group, 244

Linear form, 18

Locality, 3

Lowering operator, 167, 234

M

Magnetic flux, 265

Magnetic moment, 260
Magnetic quantum number, 185
Many Worlds Interpretation, 130

Index
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Mass

reduced, 123
Matter waves, 108
Measurement Problem, 128
Mixture, 296
Momentum operator, 104
Momentum transfer, 223

N
Neumann functions, 205

0
Observable, 10
Occupation number, 291
Operator, 10
adjoint, 20
angular momentum, 183
annihilation, 293
antihermitian, 22
creation, 293
Hamiltonian, 40
hermitian, 21
Laplace, 191
lowering, 167
momentum, 104
position, 104
projection, 27, 32
raising, 167
spin, 27
time evolution, 44
time ordering, 45
transposition, 287
unitary, 35
vector, 114
Optical Theorem, 227
Orbital quantum number, 188
Orthohelium, 289
Orthonormal basis, 15

P

Parahelium, 289

Parity, 271

Partial wave expansion, 225

Particle, 109
free, 111, 149, 201
indistinguishable, 285
virtual, 293

Path integral, 301

Pauli equation, 311

Pauli matrices, 23, 235

Pauli principle, 288

Permutation, 290
Perturbation
periodic, 280
Perturbation parameter, 267
Perturbation theory
stationary, 267
time-dependent, 267
Photon, 4
Pilot wave, 140
Pilot-wave theory, 139
Planck constant, 12
Poisson brackets, 114
Polar coordinates, 174
Position-Momentum Uncertainty, 105
Position operator, 104
Positron, 310
Postulates of Quantum Mechanics, 10
Potential
Coulomb, 206
effective, 177, 197
of the harmonic oscillators, 165
piecewise constant, 153
spherically symmetric, 197
Yukawa, 224
Potential barrier, 164
Potential step, 155
Potential well, 159
Principal function, 118
Probability amplitude, 108
Probability current density, 112
Probability density, 101
Probability wave, 109
Projection operator, 27, 32
Propagator, 44
Pseudo-basis, 89
Pseudo-vectors, 89

Q

QED, 254

QFT, 293

Quantization, 40
Quantum Information, 33
Quantum numbers, 50
Qubit, 32

R

Radial equation, 178, 197
Raising operator, 167, 234
Ray, 16

Reality, 3

Reduced mass, 123
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348 Index

Reflection coefficient, 157 Symmetrization, 291
Relativistic correction, 273 Symmetry, 251, 256
Representation, 245
Rutherford scattering formula, 225
Rydberg energy, 207 T
Tensor density, 184
Tensor product, 60

S Time evolution operator, 44
Scalar product, 14 Time ordering operator, 45
Scattering, 217 Transformation
elastic, 215 canonical, 114
Scattering amplitude, 218 gauge, 256
Scattering cross section Transition probability, 274
differential, 216 Transition rate, 282
totaler, 216 Translation, 248

Scattering phase shift, 226
Schauder basis, 74
Schrodinger equation

Transmission coefficient, 157
Transposition operator, 287
Triangle inequality, 16

in position space, 115 Triplet, 287
one-dimensional, 110 Tunnel,effeCt 165
stationary, 42, 110, 116 Two-body problem, 123

time-dependent, 12, 110, 115
Schrodinger picture, 54, 276
Schrodinger’s cat, 128 U
Schwarz inequality, 15
Separation of variables, 172
Sign of a permutation, 290
Singlet, 287
Slater determinant, 292
Spatial propagator, 301
Spectrum

continuous, 110

discrete, 110
Spherical harmonics, 193
Spherically symmetric potential, 197
Spin, 234 w .

in external magnetic field, 41 Wave function, 100
Spin operator, 27 Wavenumber, 103
Spin-orbit coupling, 238, 273 Wave number vector, 202
Spin state, 26 Wave packet, 105
Wigner’s friend, 128

Uncertainty, 34
Uncertainty Relation, 11, 53

A\

Vacuum, 293

Vector operator, 114

Von Neumann equation, 299

Spin-statistics theorem, 288
Square-integrable, 76
Standard deviation, 34

Stark effect, 270 Y
State Yang-Mills theory, 258
bound, 159 Yukawa potential, 224
entangled, 61
free, 162
pure, 296 Z
stationary, 42 Zeeman effect
State vector, 10 anomalous, 234, 262
Stern-Gerlach experiment, 234, 263 normal, 261

Superposition principle, 42 Zero-point energy, 43
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